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Preface

The last fifty years have witnessed dramatic changes in the world of congenital
heart disease; innovative cardiac surgeries, noninvasive imaging, and intensive
care have all resulted in the successful survival of the majority of babies born
with congenital heart disease. Now, there are approximately one million adults
in North America with congenital heart disease, some of whom have had prior
surgery and others who were surprised to learn as adults that they were born
with heart disease. Although there are now more adults than children with
congenital heart disease, the medical community has been ill-prepared to deal
with their complex problems. The American College of Cardiology/American
Heart Association have recently recognized the importance of this patient pop-
ulation by publishing guidelines to help medical practitioners manage some
of their problems. The aim of this book is to offer further practical advice to
physicians about common congenital anomalies and associated complications
seen frequently in practice.

I believe our best learning experiences result from our clinical cases, and so
each chapter of this book begins with a common clinical scenario related to
each anomaly. This is followed by a description of the anatomy, features of
the clinical diagnosis, a discussion of the imaging modalities, and appropriate
treatment strategies. Each chapter then concludes with a discussion about the
treatment used for each case and the outcome that resulted. Separate chapters
on arrhythmias and imaging are also included.

The authors are an international group of experts in their field, and their
contributions are very much appreciated. I hope the readers will benefit from
the wealth of clinical experience included herein.

Carole Warnes, MD

xi



P1: SFK/UKS P2: SFK

9781405175340 BLBK141-Warnes February 6, 2009 22:21

Foreword

The strategic driving force behind the American Heart Association’s mission
of reducing disability and death from cardiovascular diseases and stroke is
to change practice by providing information and solutions to health care pro-
fessionals. The pillars of this strategy are Knowledge Discovery, Knowledge
Processing, and Knowledge Transfer. The books in the AHA Clinical Series, of
which Adult Congenital Heart Disease is included, focus on high-interest, cutting-
edge topics in cardiovascular medicine. This book series is a critical tool that
supports the AHA mission of promoting healthy behavior and improved care
of patients. Cardiology is a rapidly changing field and practitioners need data
to guide their clinical decision-making. The AHA Clinical Series serves this
need by providing the latest information on the physiology, diagnosis, and
management of a broad spectrum of conditions encountered in daily practice.

Rose Marie Robertson, MD, FAHA
Chief Science Officer, American Heart Association

Elliott Antman, MD, FAHA
Director, Samuel A. Levine Cardiac Unit,

Brigham and Women’s Hospital
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Chapter 1

Secundum atrial septal defect
Sabrina D. Phillips

A 20-year-old woman presented for evaluation of palpitations and one episode of near
syncope after exertion. Her past medical history was remarkable only for a diagnosis
of exercise-induced asthma. She was involved in competitive sports at her University,
participating on the track team. She denied any chest discomfort, dyspnea at rest, or
perceived exercise limitation. She had never had lower extremity edema, orthopnea, or
paroxysmal nocturnal dyspnea. There was no history of cardiac or pulmonary disease
in her family. Physical exam revealed a normal jugular venous pressure. The carotid
upstroke was normal. The lungs were clear to auscultation and percussion bilaterally.
The cardiac exam was notable for a 1+ right ventricular impulse with a normal left
ventricular impulse. The first heart sound (S1) was normal, but the second heart
sound (S2) was persistently split, with no variation with respiration. The pulmonary
component of S2 was mildly accentuated. A systolic crescendo–decrescendo murmur,
grade I/VI, was heard at the upper left sternal margin. No diastolic murmur or added
heart sounds were heard. There was no evidence of cyanosis, clubbing, or edema of the
extremities.

Evaluation included a chest x-ray (Fig. 1.1) that demonstrated increased pulmonary
vascular markings, enlarged central pulmonary arteries, and cardiac enlargement
involving the right heart chambers. An electrocardiogram revealed normal sinus rhythm
with right axis deviation and right bundle branch block. The P-R interval was normal.
Two-dimensional (2-D) echocardiogram was notable for moderate–severe right heart
enlargement, mild tricuspid valve regurgitation, and a secundum atrial septal defect
(ASD) measuring 22 mm. The estimated pulmonary artery systolic pressure was 40
mm Hg. The pulmonary valve was normal. A Holter monitor revealed no atrial or
ventricular arrhythmias.
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2 Adult Congenital Heart Disease

Fig. 1.1 Chest x-ray demonstrating enlarged cardiac silhouette, enlarged central
pulmonary arteries, and increased pulmonary vascularity.

Embryology and anatomy

Atrial septation is a complex embryological event that occurs in the first 60
days after conception. Throughout the septation process, a channel for blood
flow must be maintained between the left and right atria so that placental
blood (oxygenated) that is entering the right atrium can be shunted to the
left atrium and into the systemic circulation. As endocardial cushion tissue
closes the ostium primum, the ostium secundum forms via fenestrations in the
anterosuperior position of the septum primum. The septum secundum then
develops and eventually provides partial closure of the ostium secundum. At
the completion of atrial septation, the limbus of the fossa ovalis is the septum
secundum and the septum primum is the valve of the fossa ovalis. Secundum
ASDs occur when there is inadequate septum primum. The underlying cause of
this malformation is usually multifactorial, although there are a few recognized
genetic defects that result in secundum ASD, such as Holt-Oram syndrome.

Pathophysiology

A secundum ASD allows blood to cross the atrial septum. The amount of shunt
is determined by the end-diastolic pressures of the ventricles, the size of the
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Chapter 1 Secundum atrial septal defect 3

defect, and the status of the atrioventricular valves. Usually, the right ventricular
end-diastolic pressure is lower than the left ventricular end-diastolic pressure,
creating a left-to-right shunt. Right-to-left shunting can occur when there is
significant tricuspid valve disease or when the right ventricular end-diastolic
pressure is elevated by pulmonary valve disease, abnormal compliance of the
right ventricle, or pulmonary hypertension.

A left-to-right shunt at the atrial level results in volume overload of the
right atrium and right ventricle. Volume overload leads to dilatation of these
chambers, which can eventually result in right ventricular systolic dysfunction.
Tricuspid valve regurgitation can also progress as a result of right ventricu-
lar enlargement and subsequent annular dilatation. Pulmonary artery systolic
pressure is proportional to the pulmonary vascular resistance multiplied by the
pulmonary arterial flow (PAP ≈ PVR × Qp). Therefore, mildly elevated pul-
monary artery pressures are not unexpected, even when the pulmonary vascular
resistance is normal, since the pulmonary arterial blood flow is increased sec-
ondary to the left-to-right shunt. However, increased blood flow through the
pulmonary arteries increases shear stress on the arterial wall and can lead to
changes in the pulmonary vasculature that result in increased pulmonary vascu-
lar resistance and pulmonary hypertension. In the setting of severe pulmonary
hypertension, a right-to-left shunt at the atrial level results in systemic desatu-
ration that is unresponsive to supplemental oxygen. This right-to-left shunt in
the setting of pulmonary vascular disease is called Eisenmenger Complex and
occurs in approximately 5% of secundum ASDs, most commonly in women.
Left atrial enlargement will occur, but left ventricular enlargement is unusual
given the compliance characteristics of the left ventricular myocardium.

Natural history

The presentation of secundum ASD depends on the size of the shunt and the
associated cardiac status. Defects associated with very large shunts may present
in infancy with failure to thrive, but it is not uncommon for large defects to be
diagnosed for the first time in adulthood. Left ventricular compliance tends
to diminish with age, often in association with the onset of hypertension or
coronary artery disease. The stiffer left ventricle then increases the left-to-right
shunt through the ASD, causing progressive right ventricular and right atrial
enlargement. Often patients present for the first time in their 40s and 50s with
atrial fibrillation. Other symptoms include exercise intolerance, frequent upper
respiratory tract infection, and palpitations.

Diagnosis

The physical exam may demonstrate a pronounced right ventricular impulse,
but the left ventricular impulse is usually normal. The second heart sound
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4 Adult Congenital Heart Disease

(S2) may be widely split, with no variation with respiration. The pulmonary
component of the second heart sound (P2) is variably accentuated, depending
on the pulmonary artery pressures. A systolic murmur from increased flow
through the pulmonary valve is heard at the upper left sternal margin. If the
left-to-right shunt is significant (Qp:Qs > 2.5:1), a diastolic murmur representing
increased flow across the tricuspid valve can be heard.

The chest x-ray findings of secundum ASD include cardiomegaly related
to right-sided cardiac enlargement, central pulmonary artery enlargement,
and prominent pulmonary vascularity secondary to pulmonary overcircula-
tion.

The electrocardiogram will usually demonstrate a right bundle branch block
with right axis deviation. Crochetage (Fig. 1.2 ), a notch seen in the QRS in lead
II and III, has also been reported in secundum ASD [1].

Transthoracic echocardiography is invaluable in the diagnosis of secundum
ASD. Even if the defect itself cannot be visualized, the hemodynamic conse-
quence of the shunt can be assessed by an evaluation of the right heart size and
function. Identification of the defect by surface echocardiogram is influenced by

Fig. 1.2 Crochetage. Note the notch at the peak of the QRS complex in leads II, III, and
aVF.
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Chapter 1 Secundum atrial septal defect 5

Fig. 1.3 Transthoracic echocardiogram, parasternal short axis view. The atrial septal
defect measures 1.88 cm.

the size of the defect. The subcostal window provides a good look at the atrial
septum and should be used. The parasternal short axis view at the base of the
heart may also demonstrate the defect (Fig. 1.3). The apical four-chamber view
can be misleading; when the atrial septum is parallel to the echocardiographic
signal, drop out may occur. Tilting the apical view off-axis will align the atrial
septum at an angle and allow for better 2-D and color interrogation. The degree
of tricuspid valve regurgitation should be assessed, as this may influence the
mode of repair. The pulmonary artery pressures should be estimated via the
modified Bernoulli equation (�P = 4v2), with the systolic pressure calculated
from the tricuspid valve regurgitation velocity (assuming there is no pulmonary
stenosis) and the diastolic pressure estimated from the pulmonary regurgitation
end-diastolic velocity. There is very little usefulness in calculating the ratio of
pulmonary blood flow to systemic blood flow (Qp:Qs) by echocardiography, as
the measurements are often inaccurate.

Transesophageal echocardiography allows improved visualization of the
atrial septum and therefore enhanced diagnostic accuracy. Transesophageal
echocardiography should be employed if the diagnosis is in question or if there
is a concern about the adequacy of the residual atrial septal tissue when device
closure is being considered. Transesophageal echocardiography also allows
improved visualization of the pulmonary venous return and can be used to
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rule out anomalous pulmonary venous connection, which is an important dif-
ferential diagnosis if a patient is found to have right ventricular enlargement
and no ASD.

Cardiac catheterization provides accurate pressure measurements. Flow mea-
surements can be obtained through various methods. These measurements can
then be used to calculate pulmonary vascular resistance and quantitate the
shunt volume. However, in the modern era, cardiac catheterization is unneces-
sary unless coronary angiography is being performed or the patient has impor-
tant pulmonary hypertension. Cardiac catheterization should be employed
when there is a question regarding pulmonary artery pressure and vascular
resistance before committing to defect closure. Currently, the main role for car-
diac catheterization in the patient with isolated secundum ASD is therapeutic.

A secundum ASD that is associated with right ventricular volume loading
should be considered for closure. The demonstration of a Qp:Qs greater than
1.5:1 is not required. Magnetic resonance imaging (MRI) can detect ASDs and
can provide right ventricular volume measurements, as well as an evaluation of
the pulmonary venous return [2,3]. Shunt calculations can be also be determined
[4]. MRI is not a first-line test in the evaluation of secundum ASD because of cost,
time, and availability constraints, but it should be considered as an excellent
alternative in patients who cannot undergo transesophageal imaging.

Treatment

Hemodynamically significant ASDs (those that have resulted in right heart
enlargement) should be closed to prevent the complications of right heart fail-
ure, atrial dysrhythmia, and pulmonary hypertension. Closure of important
secundum ASDs before the age of 25 years results in an excellent long-term
prognosis. Closure after the age of 40 years reduces the complications related
to right heart failure, but the increased risk of atrial dysrhythmia remains [5].

Closure of a secundum ASD can be accomplished surgically or percuta-
neously. Surgical closure has been performed successfully since 1953 [6]. The
surgical approach is via midline sternotomy or right thoracotomy. Minimally
invasive technique through a right thoracotomy is currently being used in
some centers. At the time of surgery, the ASD can be suture closed or patched,
depending on the size. Patch closure may involve autologous material, bovine
pericardium, or artificial material. The mortality for surgical closure of ASD is
reported as 0.3% in the STS database [7] for procedures performed between 1998
and 2002. Complications include incomplete closure, obliteration of the inferior
caval orifice, heart block, and atrial arrhythmias.

Percutaneous closure can now be accomplished. There are several devices
available for use. Percutaneous closure can be considered for defects up to
38 mm in stretched diameter, but closure becomes more difficult for defects
greater than 30 mm. Adequate septal tissue rims must be present to anchor the
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Chapter 1 Secundum atrial septal defect 7

device, but patients with deficient retro-aortic rims have undergone successful
percutaneous closure. The success rate of percutaneous closure is greater than
90%, with a complication rate of about 7%. Reduction in right ventricular size is
seen in the majority of patients. Complications include atrial fibrillation, cardiac
perforation, device migration, and access site complications [8]. Infection and
thrombosis of the device have been reported after successful closure.

The mechanism of closure should be determined based on anatomic charac-
teristics and patient preference. Patients with other cardiac anomalies that need
treatment, including anomalous pulmonary venous return, should undergo
surgical repair. Patients with more than moderate tricuspid valve regurgitation
may need to be considered for combined surgical ASD closure and tricuspid
valve repair. Patients with a history of atrial fibrillation may benefit from a sur-
gical MAZE procedure, although catheter-based arrhythmia management can
be considered in conjunction with device closure. Any catheter-based arrhyth-
mia procedure must be performed prior to device closure, as access to the left
atrium will be difficult after device implantation.

Patient follow-up

The patient elected to proceed with percutaneous closure of the defect. The closure was
successful without residual shunt. On a follow-up visit, 1 year after the procedure,
the patient was asymptomatic and had improved her 200-meter race times dramati-
cally. Echocardiogram was notable for normal right ventricular size and function, mild
tricuspid valve regurgitation, and an estimated pulmonary artery systolic pressure of
28 mm Hg.
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Chapter 2

Atrioventricular septal defects
Frank Cetta

Case #1

A 17-year-old girl born with partial atrioventricular septal defect (AVSD) had closure
of the primum atrial septal defect (ASD) and repair of a cleft in the anterior leaflet
of the mitral valve when she was 18 months of age. She did well and her growth and
development were normal. She participated in high school sports and had no limita-
tions. It was noted several years prior to the current presentation that she had devel-
oped a systolic ejection murmur. Echocardiography demonstrated the images shown in
Fig. 2.1. That echocardiogram also demonstrated trivial mitral valve regurgitation and
mild aortic valve regurgitation.

The echocardiograph in Fig. 2.1 demonstrates tissue in the left ventricular outflow
tract (LVOT) that represents accessory connections from the anterior leaflet of the mitral
valve to the septum.

Case #2

A 58-year-old woman originally presented at age 45 years with progressive dyspnea
on exertion. She was an aerobics instructor at the time and noticed that her work-
out routine had become progressively more difficult over the previous 3–4 years. She
denied any chest pains, palpitations, or other symptoms. She had never had cardiac
rhythm issues. Her work-up 13 years before included a chest x-ray that demonstrated
cardiomegaly. This prompted an echocardiogram that showed a large primum ASD
and moderate mitral valve regurgitation. At that time, she underwent repair of a pri-
mum ASD and closure of a cleft in the anterior leaflet of the mitral valve. It was

9
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Fig. 2.1 Parasternal long axis projection demonstrating a subaortic membrane (arrow)
that developed in a teenager, 15 years after repair of partial AVSD.

noted immediately postoperatively that there was mild narrowing of the LVOT. A soft
systolic ejection murmur was present, and Doppler echocardiography demonstrated
a mean gradient of 12 mm Hg across the LVOT. She had mild residual mitral valve
regurgitation.

Now, at age 58 years, she has not seen a cardiologist for 5 years. Her primary care
physician noted a loud systolic ejection murmur during a routine physical exam. This
prompted re-evaluation in an adult congenital heart disease clinic. She has two systolic
murmurs. The first is a harsh 3/6 ejection murmur best at the mid left sternal border
radiating toward the right upper sternal border. There is no ejection click. The second
heart sound is physiologically split. The second murmur is a 2/6 harsh holosystolic
murmur best at the apex radiating to the left axilla. She has retired from her job as an
aerobics instructor since her previous cardiology evaluation. She currently lives a more
sedentary lifestyle and does not note any significant limitations. She denies symptoms
of palpitations or chest pain.

Echocardiographic examination at this time demonstrates severe LVOT obstruction
with a mean gradient of 60 mm Hg. There is mild aortic valve regurgitation and
moderate mitral valve regurgitation. The anterior leaflet of the mitral valve is markedly
thickened and, during systole portions of the anterior leaflet, appears to obstruct the left
ventricular outflow tract (Fig. 2.2).
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Fig. 2.2 Intraoperative transesophageal echocardiogram performed prior to
cardiopulmonary bypass from a 58-year-old woman with a history of repair of partial
AVSD and now with LVOT obstruction due to a combination of septal hypertrophy and
redundant accessory mitral attachments.

Case discussion

Progressive LVOT obstruction occurs in up to 15% of patients after repair of
partial AVSD. It occurs more frequently in patients with the “partial” form of
AVSD than in patients with the “complete” form. Several factors contribute to
this anatomic substrate. The LVOT in AVSD is more elongated than in nor-
mal hearts, displaying the so-called “gooseneck deformity.” In these hearts, the
distance from the aortic valve to the cardiac apex is longer than the distance
from the mitral valve to the apex (in normal hearts, these distances are roughly
equal; Fig. 2.3). In addition, subaortic membranes and ridges may develop de
novo in this area. Accessory mitral valve tissue can also contribute to subaor-
tic obstruction. The papillary muscle positions may be rotated anteriorly in
AVSD, contributing to outflow obstruction. For these reasons, after “repara-
tive” surgery, these patients require meticulous and lifelong surveillance for
development/progression of LVOT obstruction as well as development of aor-
tic valve regurgitation and progression of mitral valve regurgitation.

NOMENCLATURE (synonyms):
� Atrioventricular Septal Defects (AVSD)
� Atrioventricular Canal Defects (AV Canal)
� Endocardial Cushion Defects
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OUTLET
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INLET

INLET

NORMAL

ATRIOVENTRICULAR SEPTAL DEFECT

Fig. 2.3 (Diagrams) In the normal heart, the distance from the apex to the aortic annulus
and the distance from the apex to the mitral annulus are roughly equal. In contrast, in
patients with AVSD, the distance from the apex to the aortic annulus is greater than the
distance from the apex to the mitral annulus. (With permission from Robert Anderson,
MD) This occurs because the aortic valve is “sprung” anteriorly. (Right) Pathologic
specimen demonstrating the anteriorly displaced aortic valve (arrow) in complete
AVSD. (Bottom) Two-dimensional echocardiograph from a subcostal frontal projection
demonstrating the elongated LVOT “gooseneck.”
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FORMS OF AVSD:
� Complete:

◦ Common AV valve + large primum ASD + large inlet ventricular septal
defect (VSD)

� Partial:
◦ Primum ASD + cleft anterior leaflet of the mitral valve

This group of lesions will be referred to in this chapter as “atrioventricu-
lar septal defects” (AVSDs). AVSDs are anomalies that have a defect of the
atrioventricular septum and a variety of abnormalities of the atrioventricular
valves. AVSDs are divided into “partial” and “complete” forms. In “partial”
AVSD, a primum ASD is always present and there are two distinct mitral and
tricuspid valve annuli. The mitral valve is always cleft. In “complete” AVSD,
a primum ASD is contiguous with an inlet ventricular septal defect (VSD) and
a common atrioventricular valve has a single annulus. Several other subclassi-
fications have been used to describe AVSDs. “Transitional” AVSD is a subtype
of partial AVSD. This term is used when a partial AVSD also has a small inlet
VSD that is partially occluded by dense chordal attachments to the ventricular
septum. “Intermediate” AVSD is a subtype of complete AVSD that has distinct
right and left atrioventricular valve orifices despite having only one common
annulus. These separate orifices are referred to as “right” and “left” atrioven-
tricular valve orifices rather than “tricuspid” and “mitral.” This description is
also used after repair of complete AVSD. Rather than relying on the terminology
of these subtypes, the clinician, echocardiographer, and surgeon should com-
municate by simply describing the anatomy and shunting observed (Fig. 2.4)
[1]. Two-dimensional echocardiography is the primary imaging technique for
diagnosis of AVSD [2–4]. It is particularly useful for delineating the morphology
of the atrioventricular valves.

Partial AVSD

Pathology
In partial AVSD, the mitral and tricuspid annuli are separate. The most frequent
form of partial AVSD consists of a primum ASD and a cleft anterior mitral
valve leaflet. Most primum ASDs are large and located anteroinferior to the
fossa ovalis. The defect is bordered by a crescentic rim of atrial septal tissue
posterosuperiorly and by mitral–tricuspid valvular continuity anteroinferiorly.

The mitral and tricuspid valves achieve the same septal insertion level
because the mitral annulus is displaced toward the apex. The defect imparts
a “scooped-out” appearance to the inlet ventricular septum, and the distance
from the mitral annulus to the left ventricular apex is less than the distance from
the aortic annulus to the apex (Fig. 2.3).

The cleft in the anterior mitral leaflet is usually directed toward the mid-
portion of the ventricular septum, along the anteroinferior rim of the septal
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Complete Intermediate Transitional

Similar AV valve anatomy:
A tongue of tissue divides the common AV valve
into a right and left component by connecting the
anterior and posterior “bridging” leaflets centrally.

Partial

Similar physiology – VSD & ASD Similar physiology – ASD

AVSD Summary

Fig. 2.4 Diagram depicting the physiologic and anatomic similarities and differences of
the different forms of AVSD.

defect (Fig. 2.5). In contrast, isolated mitral clefts (not otherwise associated with
AVSD) are directed toward the aortic valve annulus [5]. The mitral orifice is
triangular, rather than elliptical as in a normal heart, and resembles a mirror-
image tricuspid orifice. The cleft mitral valve usually is regurgitant and, with
time, becomes thickened and exhibits secondary hemodynamic alterations in
morphology that resemble mitral valve prolapse.

Clinical presentation
The child with partial AVSD is usually asymptomatic. Frequently, the lesion is
detected at a young age because of a murmur. In the current era, the primum
ASD is closed and the cleft in the mitral valve is addressed usually by 2 years
of age. Surgical intervention in a very young child may be suboptimal if the
cleft cannot be adequately closed without creating hemodynamically important
mitral stenosis. If the patient with partial AVSD escapes diagnosis in childhood,
then presentation in adulthood occurs due to symptoms of exercise intolerance,
dyspnea on exertion, or palpitations from a new atrial arrhythmia. The patients
may exhibit the typical physical exam findings of an ASD (systolic ejection mur-
mur at the left upper sternal border, a widely split and fixed second heart sound,
and a diastolic rumble along the lower left sternal border from increased flow
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Fig. 2.5 (Top) Pathologic specimen demonstrating a cleft (arrow) in the anterior mitral
leaflet. (Bottom) Intraoperative transesophageal echocardiogram demonstrating a large
primum ASD in partial AVSD.

across the tricuspid valve). The diagnosis may also be serendipitous when a
chest x-ray demonstrates cardiomegaly, an electrocardiogram demonstrates left
axis deviation, or an echocardiogram is performed. A murmur of mitral regur-
gitation (due to the cleft anterior leaflet) may also prompt echocardiographic
evaluation. Rarely, mitral stenosis will develop in an adult with unrepaired
partial AVSD. These patients usually have a single left ventricular papillary
muscle.
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Once detected, repair of partial AVSD is typically recommended due to vol-
ume overload of the right-sided chambers caused by the left-to-right shunt at
atrial level. In addition, closure of the mitral cleft is indicated to hopefully halt
progression of mitral regurgitation. Echocardiography performed in an imag-
ing laboratory experienced with children and adults with congenital heart is
preferred. Electrocardiography will demonstrate left axis deviation in at least
two-thirds of patients. Chest radiographs may demonstrate cardiomegaly with
increased pulmonary vascularity. The role of cardiac catheterization is limited to
adult patients if concern exists that pulmonary vascular resistance is elevated.
Typically, one would prefer pulmonary arteriolar resistance to be less than
6 units (m2) to consider safe repair. If baseline resistance is elevated above this
value but reactivity with provocative testing in the catheterization laboratory
is demonstrated, then cautious postoperative care including use of nitric oxide
may be indicated. In patients age 40 years and older, noninvasive assessment
for coronary artery disease is typically performed prior to surgery for the con-
genital cardiac defect. Coronary angiography may also be performed if these
patients are having hemodynamic catheterization performed. Primum ASDs
are not amenable to closure with transcatheter devices.

Echocardiographic evaluation of partial AVSD
Echocardiographic evaluation of a patient with partial AVSD needs to include
assessment of right atrial and right ventricular sizes. Volume overload will
produce right atrial and right ventricular dilation early in childhood. Right
ventricular volume estimation should be made from multiple imaging planes
due to the inherent flaws in this assessment. The finding of ventricular septal
flattening is useful for assessment of right ventricular volume overload; how-
ever, its utility in prediction of right vetricular pressure in this clinical setting
has been questioned [6].

The internal cardiac crux is the most consistent echocardiographic imaging
landmark, typically imaged in the apical four-chamber imaging plane. The
primum ASD is seen as an absence of the lower atrial septum. The size of the
primum ASD is made reliably from this imaging position (Fig. 2.5). Accurate
visualization of the cardiac crux also permits assessment of the atrioventricular
valves. Several two-dimensional echocardiographic features are shared by all
forms of AVSD: deficiency of a portion of the inlet ventricular septum, inferior
displacement of the atrioventricular valves, and attachment of a portion of the
left atrioventricular (mitral) valve to the septum. The atrioventricular valves
are displaced toward the ventricles, with the septal portions inserting at the
same level onto the crest of the ventricular septum. Therefore, in these defects,
the two separate atrioventricular valve orifices are equidistant from the cardiac
apex (Fig. 2.6).

Spectral and color flow Doppler hemodynamic assessment are useful to deter-
mine the severity of atrioventricular valve stenosis or regurgitation, and to
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Normal Partial
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Complete
AVC

Internal Cardiac Crux

Fig. 2.6 Diagram depicting the normal inferior displacement of the septal leaflet of the
tricuspid valve relative to the insertion point of the anterior mitral leaflet as compared
with the relationship of the atrioventricular valves in AVSDs.

quantitate right ventricular systolic pressure. Doppler echocardiography is not
reliable for evaluating mitral stenosis in the setting of a primum ASD because a
large interatrial communication will decompress pressure from the left atrium.

Other mitral valve abnormalities are typical with both the partial and com-
plete forms of AVSD [1]. The most common abnormality, a cleft, is best visu-
alized from the parasternal and subcostal short axis imaging planes. Rarely, a
parachute or a double-orifice mitral valve also occurs.

Associated anomalies

The most common associated anomalies with partial AVSD are a secundum ASD
and persistence of a left superior vena cava connecting to the coronary sinus.
Less frequently, tetralogy of Fallot, double-outlet right ventricle, pulmonary
valve atresia, and anomalous pulmonary venous connections are associated
with complete AVSD but are less frequent with partial defects. In contrast,
atrioventricular valve abnormalities and left ventricular hypoplasia are more
frequent in two orifice atrioventricular connections. Coarctation of the aorta
occurs with equal frequency in partial and complete AVSD [7–9].

Surgical treatment of partial AVSD
The objectives of surgical repair include closure of the interatrial communi-
cation and restoration and preservation of mital valve competence (Fig. 2.7).
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Fig. 2.7 (Left) Pathology specimen of a heart with patch (arrow) closure of a primum
ASD. In addition, the anterior leaflet of the mitral valve is thickened in the region of the
cleft repair. (Right) Corresponding apical four-chamber echocardiograph.

These objectives can be accomplished by careful approximation of the edges
of the valve cleft [10]. This repair results in a two-leaflet valve. In an alterna-
tive technique, the left atrioventricular valve is considered a trileaflet valve,
considering the cleft as a commissure. With this approach, the cleft remains
unsutured and various annuloplastic sutures are placed to enable coaptation
[11–13]. Long-term survival after surgical repair in childhood has been excel-
lent, and cumulative 20-year survival of 95% has been reported. In 1995, the
Mayo Clinic group reported a 6% early mortality for patients with partial
AVSD who had surgical repair after 40 years of age [14]. Long-term issues
in this group were uncommon, but continued surveillance is warranted for late
arrhythmia. Postoperative echocardiographic surveillance is indicated at least
every few years after surgery. Reoperation awaits at least 25% of patients due to
progressive mitral valve regurgitation or development of left ventricular out-
flow tract obstruction [15].

Complete atrioventricular septal defect

Pathology
The complete form of AVSD is characterized by a large septal defect with inter-
atrial and interventricular components and a common atrioventricular valve
that spans the entire septal defect [16]. The septal defect extends to the level of
the membranous ventricular septum, which is usually deficient or absent.

The common atrioventricular valve has five leaflets (a posterior bridging
leaflet drapes over the inlet ventricular septum, two lateral leaflets, a right-sided
anterior leaflet, and the so-called anterior bridging leaflet). The extent to which
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the anterior bridging leaflet actually straddles into the right ventricle varies
considerably and has formed the basis for a classification system of complete
AVSD into Rastelli types A, B, and C [17]. In the modern era, its clinical and
surgical significance has become less important. The common atrioventricular
valve may be divided into distinct right and left orifices by a tongue of tissue
that connects the two bridging leaflets, representing the “intermediate” form of
AVSD.

Clinical presentation of complete AVSD
The child with complete AVSD typically presents with a loud systolic ejection
murmur or failure to thrive. This defect may have been detected during prenatal
ultrasound screening due to the markedly abnormal apical four-chamber image.
A child born with Down syndrome should have echocardiographic screening
in the newborn period. Children with Down syndrome have a 40% incidence of
congenital heart disease, and approximately 40% of these children will have an
AVSD. Chest radiographs typically demonstrate cardiomegaly and increased
pulmonary vascularity consistent with the large left-to-right shunt. Electrocar-
diographs typically demonstrate a superior frontal plane axis (extreme left-axis
deviation) and voltage criteria for ventricular hypertrophy.

Children with complete AVSD usually have surgical repair at 3–6 months of
age, depending on issues with growth and development. Children with Down
syndrome may have persistent pulmonary hypertension despite early repair.
Similarly, patients with complete AVSD who are not repaired in the first 9
months of life are likely to have persistent pulmonary hypertension.

Patients with complete AVSD followed in an adult congenital heart disease
clinic typically had repair of the lesion in early childhood and require continued
meticulous surveillance for development of hemodynamically important left
AV valve regurgitation or stenosis. Some of the patients may require reoperation
in adulthood. The left AV valve is frequently replaced, but the surgery should be
performed by a congenital cardiac surgeon with expertise in the care of children
and adults with congenital heart disease. The patient stands a better chance of
having successful re-repair and preservation of the native left AV valve with an
experienced congenital heart disease surgeon.

Currently, another group of patients with complete AVSD followed in adult
congenital heart clinics are those who did not benefit from repair in child-
hood. Although born with a large left-to-right shunt, they developed irre-
versible pulmonary vascular obstructive disease and have Eisenmenger phys-
iology as adults. Patients with pulmonary hypertension can be treated with
pulmonary vasoactive agents, such as sildenafil, bosentan, or flolan, and sub-
jective improvement in symptoms may occur. These patients also suffer from
progressive left and right AV valve regurgitation as well as progressive biven-
tricular systolic dysfunction. Survival for this subgroup of patients beyond the
fifth decade has been reported but is rare. These patients require management
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of secondary erythrocytosis, urate nephropathy, hemoptysis, thromboembolic
events, and usually succumb from arrhythmia. Consideration of these patients
for heart–lung transplantation is controversial.

Echocardiographic assessment of complete AVSD
Two-dimensional echocardiography is the primary diagnostic tool for evalua-
tion of complete AVSDs [18,19]. As described earlier, assessment of the internal
cardiac crux from the apical and subcostal four-chamber projections provides
excellent detail of the size and locations of defects in both the atrial and ven-
tricular septa. Additional secundum ASDs, a fairly common associated find-
ing, can be detected from the subcostal four-chamber coronal view and with
clockwise rotation of the transducer from the subcostal sagittal imaging plane.
The VSD is located posteriorly in the inlet septum. Both right-sided and left-
sided components of the common atrioventricular valve are displaced toward
the ventricles and are associated with variable deficiency of the inflow ventric-
ular septum. Spectral and color Doppler serve as adjuncts to assess the sites
of shunting, severity of atrioventricular valve regurgitation, and connections
of the pulmonary veins. Anomalous pulmonary venous connections are rarely
associated with complete AVSDs and can be assessed with two-dimensional and
two-dimensional Doppler echocardiography from multiple imaging planes.

Other atrioventricular valve abnormalities
Double-orifice left atrioventricular valve occurs rarely in AVSDs. This abnor-
mality occurs usually when two distinct right and left atrioventricular valve
orifices are present. The combined effective valve area of a double-orifice valve
is always less than the valve area of a single-orifice valve. This predisposes the
valve to postoperative stenosis. Standard subcostal and parasternal short axis
views usually demonstrate the double-orifice valve characteristics.

Another rare association with complete AVSD is a single left ventricular pap-
illary muscle. Similar to the double-orifice valve, a single papillary muscle will
reduce the effective valve area. In patients with a single left ventricular papillary
muscle, valve repair may be compromised due to relative leaflet hypoplasia.
Echocardiographic imaging techniques for this abnormality are similar to those
for double-orifice left atrioventricular valves.

The term “unbalanced AVSD” has been applied when one ventricle and its
corresponding atrioventricular valve are hypoplastic while the other ventricle
receives the larger portion of the common atrioventricular valve. In this cir-
cumstance, the most common arrangement is a dominant right ventricle with
a hypoplastic left ventricle. The left-sided component of the common atrioven-
tricular valve may be stenotic after two-ventricle repair has been performed.
Depending on the size of the diminutive ventricle, some of these patients
may be best managed with a surgical strategy designed for patients with
functional single-ventricle physiology. This would ultimately result in a Fontan
operation [1].
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Surgical repair of complete AVSD
The objectives of surgical repair include closure of interatrial and interventric-
ular communications, construction of two separate and competent atrioven-
tricular valves from available leaflet tissue, and repair of associated defects.
Techniques for the surgical repair of complete AVSD have been standardized
and are based on the use of a single patch or double patch (separate atrial and
ventricular patches) to close the ASD and VSD and then reconstruction of the
left atrioventricular valve as a bileaflet valve. Puga and McGoon have described
these techniques in detail [20].

In contrast, other groups [12,21] consider the cleft of the left atrioventricu-
lar valve a true commissure and envision this valve as a trileaflet valve. On
the basis of these concepts, Carpentier [11] prefers the two-patch technique.
The left atrioventricular valve remains a trileaflet structure. In most centers, the
two-patch technique has become the method of choice.

Clinical evaluation after repair of AVSD
Over the last four decades, surgical repair of AVSD has been one of the success
stories in congenital heart disease. However, as with most congenital cardiac
lesions, these patients require lifelong cardiology surveillance at centers that
specialize in the care of adults with congenital heart disease. Patients who are
doing well after repair of AVSD are typically seen every 2–3 years and have
electrocardiographic and echocardiographic testing performed. Exercise tread-
mill testing is useful to periodically obtain objective evidence of patient fitness.
Many of these patients are able to participate fully in sports activities. Preg-
nancy results for women with AVSD have been good [22,23], although a recent
review indicated that atrial arrhythmia may complicate as many as 10% of preg-
nancies in women with AVSD [24]. It is generally recommended that women
with unrepaired AVSD undergo repair prior to contemplating pregnancy, but
in women with partial AVSD, pregnancy is usually well tolerated. Pregnancy
is contraindicated in women with unrepaired AVSD who have Eisenmenger
physiology.

Rarely, these patients will have hemodynamically significant residual shunts
after surgery. These shunts are typically not amenable to closure with com-
mercially available closure devices due to the proximity of the atrioventricular
valves. If a patient with history of AVSD repair requires repeat surgery for atri-
oventricular valve surgery or relief of LVOT obstruction, this is best managed by
a surgeon skilled in the care of children and adults with congenital heart disease.

Patient follow-up

Both of these cases illustrate a common consequence of repair of AVSD. In the first case,
the patient was a small child at the time of the initial repair, and it is not surprising
that residual LVOT obstruction developed once she was fully grown. The second case
is illustrative of the fact that, even in an adult, progressive LVOT obstruction may
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occur after “successful” repair of partial AVSD. The surgical approach to both patients
differed due to the etiology of the obstruction.

Case #1
This patient underwent repeat cardiac surgery for excision of the accessory mitral valve
tissue. The mitral valve remained intact and competent. There was no change in the
severity of mitral regurgitation as compared with her preoperative echocardiogram.
Two years after that surgery, her echocardiogram demonstrated no residual LVOT
obstruction, no aortic valve regurgitation, and only mild mitral valve regurgitation. She
remained active and is currently a college student participating in intramural athletics.

Case #2
The cardiologist and congenital cardiac surgeon who cared for the patient believed that
the abnormal morphology of the mitral valve was contributing to the LVOT obstruction,
and it was anticipated that she would require mitral valve replacement with a mechanical
prosthesis. However, at the time of surgery, an extended septal myectomy/myotomy
was performed; in addition, fibrous tissue was peeled from the ventricular surface of the
mitral valve (Fig. 2.8). The native mitral valve was preserved, and the patient left the
operating room with no residual LVOT obstruction and only mild mitral regurgitation.

Fig. 2.8 A similar image to Fig. 2.2 from the same patient after septal myectomy/
myotomy and peeling of fibrous tissue from the undersurface of the anterior mitral
leaflet. This image demonstrates no residual obstruction. The patient’s mitral valve was
preserved and she has only mild residual regurgitation.
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Chapter 3

Pulmonary stenosis/right ventricular
outflow tract obstruction
Elyse Foster and Katy Lease

A 67-year-old man with a history of congenital valvular pulmonary stenosis had a
history of surgical pulmonary valvotomy at age 14. He was referred for evaluation of
a heart murmur, and also had a history of hypertension, hyperlipidemia, and diabetes
mellitus type II. At the initial evaluation, he was feeling well, with no cardiac symptoms,
but did not exercise regularly. He was able to climb two flights of stairs but did report
tiring easily on longer distances. The physical exam revealed an absent P2 component
of the second sound and a mid-peaking systolic murmur in the left parasternal region
with no diastolic murmur but was otherwise normal. Electrocardiogram revealed right
ventricular hypertrophy with incomplete right bundle branch block. Echocardiogram
showed right ventricular hypertrophy (Fig. 3.1) with preserved right ventricular systolic
function. The pulmonary valve appeared thickened and there was a peak gradient of
61 mm Hg across the valve in parasternal views. Subcostal views revealed a peak
gradient of 89 mm Hg. There was an associated late-peaking dynamic gradient in the
right ventricular outflow tract reaching 25 mm Hg (Fig. 3.2). The main pulmonary
artery appeared to be significantly dilated.

Introduction

Pulmonary stenosis (PS) is almost always a congenitally acquired obstruction
to right ventricular outflow. The site of right ventricular outflow obstruction
can be valvular, subvalvular, or supravalvular. Of the three types, valvular PS
is by far the most common and accounts for approximately 10% of congenital
heart defects [1]. The lesion may be associated with other congenital defects,
but isolated PS will be the primary focus of this chapter. Among congenital
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Fig. 3.1 Echocardiography reveals significant right ventricular hypertrophy in the
subcostal view. (Courtesy of Dr. George Cohen.)

heart defects, PS is a disorder with a comparatively mild clinical course and an
excellent prognosis. For this reason, it is a congenital heart condition that may
present relatively late and may be first diagnosed in adulthood. Many patients
will never require treatment, and those who do will often be successfully treated
with percutaneous approaches.

Valvular pulmonary stenosis

Pathology
The pulmonary valve in valvular PS is usually trileaflet; however, fusion of
the commissures leads to a narrowed central orifice. The valve leaflets remain
thin and during systole display a doming appearance as they restrict right
ventricular outflow of blood. Varying degrees of fibrous thickening of the leaflets
may be seen; however, calcification is rare. Less commonly, the pulmonary valve
leaflets are not fused but instead are myxomatous, dysplastic, and immobile,
thereby restricting right ventricular outflow [1,2]. A bicuspid pulmonary valve
is a very rare congenital etiology for PS. Finally, PS may be acquired in few
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(a)

(b)

Fig. 3.2 (a) Continuous wave Doppler in the parasternal short axis view reveals a peak
gradient across pulmonary valve of 61 mm Hg. (b) Imaging in subcostal plane reveal
significantly higher Doppler gradient, measuring 89 mm Hg. Note superimposed late
peaking gradient which measures 25 mm Hg (arrow), representing dynamic outflow
obstruction due to infundibular hypertrophy. (Courtesy of Dr. George Cohen.)
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cases of the uncommon condition, carcinoid syndrome, usually with associated
involvement of the tricuspid valve.

Congenital PS may be seen in association with one of several inherited con-
ditions. Noonan syndrome is a genetic condition with cardiac involvement in
about half of cases. The most common cardiac malformation is PS, frequently of
the dysplastic valve type. Williams syndrome and congenital rubella syndrome
are other rare conditions usually associated with supravalvular PS.

Pathophysiology
The hemodynamic consequences of PS vary depending on the severity of the
fixed stenosis. Transvalvular gradients can reach suprasystemic levels with
a severe increase in right ventricular afterload. There is compensatory right
ventricular hypertrophy. Secondary subvalvular stenosis due to infundibular
hypertrophy may occur and result in a dynamic component of right ventricular
outflow obstruction. Pulmonary arterial pressure remains normal or low in PS,
due to decreased pulmonary blood flow in the face of obstruction. Anatomically,
however, post-stenotic dilatation of the main and left pulmonary arteries is
common in the doming form of valvular PS. This is likely due to a high-velocity
jet of blood flow through a narrowed orifice, anatomically aimed more toward
the left pulmonary artery. Interestingly, PS with a dysplastic pulmonary valve
usually does not demonstrate this post-stenotic dilatation of the pulmonary
artery.

Clinical features
Patients with PS are often asymptomatic, even when stenosis is severe. Thus, it
is a congenital lesion that is relatively frequently detected in adults. In infancy,
the condition is usually detected when a characteristic murmur is heard on
physical examination. Similarly, in adulthood, the diagnosis may be made after
an incidental detection of a murmur or increased transvalvular gradient on
echocardiography. When PS is critical, patients most commonly present with
dyspnea, or, less commonly, arrhythmia, chest pain, or syncope may be the
presenting symptom. Chest pain may be due to right ventricular ischemia in
the setting of hypertrophied myocardium. Other symptoms are generally felt
to be due to the inability to augment right ventricular output.

The physical examination in PS is notable for a crescendo–decrescendo ejec-
tion murmur heard best in the second intercostal space. As in aortic stenosis, the
shape of the murmur changes with severity of the valvular lesion. As severity
increases, the murmur peaks later in systole and extends in length such that, in
the most severe cases, the murmur extends beyond the aortic component of the
second heart sound. Another characteristic finding on auscultation is a high-
pitched ejection click heard after the first heart sound (S1). With milder stenosis,
the click occurs later following S1, whereas in severe PS, the click occurs earlier
and may merge with S1. Unlike other right-sided heart sounds, the ejection
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click in PS decreases in intensity with inspiration. This respiratory decrease in
intensity as well as the location of the click helps distinguish it from an aortic
valve ejection click. Additionally, as severity of PS increases, the splitting of the
second heart sound gets wider, and, in some severe cases, the P2 component
may decrease in intensity and even become inaudible [3]. The jugular venous
pulsation usually shows a prominent “a” wave that reflects increased atrial
pressure as the right atrium contracts to fill the noncompliant right ventricle.

In addition to the physical exam, diagnostic studies can help determine sever-
ity of PS. The electrocardiogram may be normal but often displays evidence of
right ventricular hypertrophy, right axis deviation, and right atrial enlargement.
The height of the R wave in V1 has been shown to correlate with severity of PS
[1,2].

Echocardiography can characterize the location, morphology, and severity
of obstruction. The basal parasternal short-axis plane is typically the best two-
dimensional echocardiographic view to image the pulmonic valve and right
ventricular outflow tract (Fig. 3.3). If imaging is inadequate in this plane, the sub-
costal short axis is an additional view that is often useful. Doppler echocardiog-
raphy allows for measurement of the PS gradient using the modified Bernoulli
equation. Continuous wave Doppler is useful to obtain the peak instantaneous

Fig. 3.3 Thickened pulmonary valve leaflets seen by echocardiography in parasternal
short-axis view of right ventricular outflow tract.
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gradient. Color and pulsed wave Doppler are helpful to locate the site of obstruc-
tion and thereby distinguish valvular PS from subvalvular or supravalvular PS.
Morphologic features such as doming of the pulmonary valve may be seen
in most common types of valvular PS. In addition, post-stenotic dilatation of
the pulmonary artery can often be appreciated [4]. Myxomatous, fused valve
leaflets are seen in the less common dysplastic form of PS, and, in this disorder,
the main pulmonary artery is not dilated. A challenge for the echocardiogra-
pher is to measure the severity of subvalvular dynamic obstruction that often
accompanies valvular PS, due to secondary infundibular hypertrophy, which
is characterized by a late-peaking jet similar to that of dynamic left ventricular
outflow tract obstruction. Subcostal views often provide more accurate mea-
surement due to optimal alignment of the Doppler with the high-velocity jet of
flow across the pulmonic valve.

Cardiac magnetic resonance (CMR) imaging is an adjunctive imaging modal-
ity that may be useful in certain cases of PS. CMR provides detailed imaging
of the right ventricle and outflow tract, offering an additional method to iden-
tify the site of obstruction. This can be especially useful when valvular PS is
accompanied by, or to be distinguished from, subvalvular obstruction, such as
in the case of hypertrophied muscle bands or supravalvular obstruction, such
as branch pulmonary artery stenosis. Additionally, CMR provides a method
to quantify right ventricular size and function, which are notoriously more
difficult to assess by conventional two-dimensional echocardiography [5].

Cardiac catheterization is an alternative, albeit invasive, method to assess
severity of PS. However, due to the accuracy of Doppler echocardiography,
diagnostic catheterization is reserved for the unusual cases where severity
remains uncertain. Catheterization should be performed in combination with
an interventional procedure to relieve the stenosis: percutaneous valvuloplasty.
Pressure tracings at the time of catheterization may reveal right ventricular sys-
tolic pressure that approaches or exceeds left ventricular pressure as well as an
enhanced “a” wave on the right atrial recording in severe PS. Angiography is
performed in a straight lateral or anteroposterior view, demonstrating a stenotic
valve orifice and often a hypertrophied right ventricular outflow tract [6].

Therapeutic approach
Prior to the 1980s, surgical valvotomy was the preferred therapy for patients
with PS. The surgical approach may include simple valve commissurotomy or
a more complex reconstruction of the right ventricular outflow tract with or
without graft material. A pulmonary valve replacement may be required for a
dysplastic pulmonary valve.

In 1982, percutaneous balloon valvuloplasty was described for PS in children
[7] and in adults [8]. Because of excellent results, this has become the pre-
ferred method of treatment in both age groups. The technique most commonly
described involves usage of the Inoue balloon, a short and flexible balloon used
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to minimize trauma to the right ventricular outflow tract, with short inflation
times to minimize hemodynamic compromise [9–12]. Double balloon [13–16]
and even triple balloon [17] techniques have been described when annulus size
is large, as in adults. In general, the balloon size used is slightly larger than the
pulmonary annulus diameter.

Prognosis
Multiple studies have shown that the prognosis of PS is excellent. The largest
body of evidence regarding outcomes in PS is the Second Natural History
Study of Congenital Heart Defects. This study followed clinical outcomes in
592 patients with valvular PS who were originally enrolled in the First Natu-
ral History Study of Congenital Heart Defects from 1958 to 1969. The data on
all patients with PS suggest that overall 25-year survival is similar to that of
the general population. In the study, most patients with peak gradients greater
than 80 mm Hg received surgical therapy, most patients with peak gradients
less than 25 mm Hg received no intervention, and those with gradients between
25 mm Hg and 80 mm Hg received either surgical or no therapy. Results of the
study suggest that, if the peak gradient is less than 25 mm Hg, the likelihood of
needing an operative repair is essentially nil, whereas patients with gradients
of 25–49 mm Hg have a 20% chance of needing repair eventually. Patients with
peak gradients of greater than 50 mm Hg will usually need repair at some point.
Regardless of severity of disease and whether the patients were treated medi-
cally or surgically, patients were usually asymptomatic at follow-up [18]. When
exercise tolerance on a Bruce protocol was examined at follow-up, patients with
PS performed at a near normal level, with mean exercise duration of 94% pre-
dicted [19]. Patient quality of life was assessed and was deemed comparable
to that of the general population [20]. The rate of bacterial endocarditis in both
medically and surgically treated patients was exceedingly low [21]. On contin-
uous electrocardiographic monitoring, there was an increased incidence of both
ventricular and supraventricular ectopy compared with normals; however, no
increased incidence in ventricular tachycardia was detected [22].

Additional follow-up studies of patients who received surgical valvotomy
as children agree that outcomes are excellent with very low mortality. After
10 years of follow-up, re-intervention rates are low, from 3% to 4% [6,23]. Longer
follow-up studies, however, suggest that there is a higher re-intervention rate
after 20–30 years, ranging from 15–53%, with the most common indication being
pulmonary valve regurgitation [24,25]. Thus, in adult patients who have had
prior surgical pulmonary valvotomy, any atrial or ventricular arrhythmia, exer-
cise intolerance, or cardiomegaly on chest x-ray should prompt the search for
pulmonary regurgitation. Pulmonary valve replacement should be undertaken
before there is any significant reduction in right ventricular systolic function.

During the 1980s, percutaneous valvuloplasty became more readily
employed as a therapy for PS, and prognosis has been shown to be equally
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Table 3.1 Follow-up studies after balloon pulmonary valvuloplasty involving
primarily adults with at least eight subjects.

Age � Gradient Gradient at Length of
range in mm Hg follow-up follow-up

Author No. patients (mean) (pre → post) in mm Hg (mean)

Al Kasab
et al. [26]

21 15–37
(24)

93 → 26 23 12–26
months
(17 months)

Sievert et al.
[27]

24 17–72
(39)

92 → 43 33 3 months to
3 years

Herrmann
et al. [28]

8 23–66
(40)

62 → 20 20 (24 months)

Kaul et al.
[29]

40 18–56
(27)

107 → 37 31 (24 months)

Chen et al. [9] 53 13–55
(26)

91 → 38 19 0.2–9.8 years
(6.9 years)

Sadr-Ameli
et al. [30]

127 16–54
(30)

108 → 22 20 6–8 years

Teupe et al.
[31]

24 (n = 14 at
follow-up)

19–65
(41)

82 → 37 25 4.5–9.0 years
(6.5 years)

Lip et al. [32] 22 16–46
(28)

53 → 15 N/A (20 months)

Fawzy et al.
[33]

90 (n = 85 at
follow-up)

15–54
(23)

105 → 34 26 2–17 years
(10 years)

promising as for those patients treated with surgery. Immediate results follow-
ing percutaneous valvuloplasty show extremely effective lowering of transpul-
monary gradients [9,26–34] (Table 3.1). When symptomatic patients undergo
the procedure, there is almost uniform relief of symptoms and improvement
in New York Heart Association functional class [30,31]. The complication rate
of pulmonary valvuloplasty is extremely low, with most series reporting no
significant complications. Rare complications encountered may include tran-
sient ventricular arrhythmias or premature contractions that are self-limited
[33]. One complicating factor following the procedure is the not infrequent
residual dynamic gradient across the right ventricular infundibulum that
can occur immediately after relief of fixed valvular obstruction, the so-called
“suicide right ventricle.” This is likely due to hypertrophied and hypercon-
tractile infundibular muscle tissue. At times, this gradient may reach systemic
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levels and rarely may cause hemodynamic consequences, such as hypotension
or syncope. Acutely, beta-blockers such as propranolol are sometimes given to
decrease or prevent high gradients. Follow-up studies reveal a decrease in this
residual gradient over months, associated with regression of hypertrophy in
the infundibular region [9,26–29,31,33]. It is rare (0–9%) that patients require
a second intervention. Mild pulmonary regurgitation is not infrequently seen
following valvuloplasty but is of little hemodynamic significance [9,29,31,34].
Rates of at least moderate pulmonary regurgitation immediately or at follow-
up are 2–7% [30,33], significantly lower than that reported following surgical
valvotomy.

Pregnancy
The prognosis in PS remains excellent in studies of women with the condition
who become pregnant. Even when gradients suggest that the stenosis is severe,
if patients are asymptomatic or only mildly symptomatic prior to pregnancy,
the hemodynamic challenges during gestation are well tolerated with few car-
diac complications [35,36]. There is some research suggesting that hypertensive
disorders are increased in patients with PS. One possible explanation for this
may be endothelial dysfunction in patients with congenital heart disease [37].
When pregnancy is rarely complicated by severe, symptomatic PS refractory to
medical therapy, balloon valvuloplasty has been successfully performed [23,38].

Guidelines
The most recently published American College of Cardiology/American Heart Asso-
ciation Guidelines for the Management of Patients with Valvular Heart Disease pro-
vides a recommended approach to therapy for adults with PS. They do not
recommend (Class III) routine diagnostic cardiac catheterization. A catheteri-
zation is recommended (Class I) only if the echocardiogram reveals significant
PS with a peak gradient by Doppler of greater that 36 mm Hg and if pulmonary
valvuloplasty is planned if indicated. Balloon valvuloplasty is recommended
(Class I) in patients with a gradient across the pulmonary valve of greater than
30 mm Hg (peak-to-peak gradient by catheterization) and symptoms, such as
dyspnea, chest pain, or syncope. For asymptomatic patients, valvuloplasty is
recommended if the gradient is greater than 40 mm Hg. Furthermore, valvu-
loplasty can be considered (Class IIb) for asymptomatic patients with gradi-
ents from 30 mm Hg to 39 mm Hg [39]. Though not specifically addressed in
the guidelines, it is generally accepted that surgical therapy with pulmonary
valve replacement is reserved for cases involving dysplastic pulmonary valves,
associated cardiac lesions which also require surgery, or the presence of hyper-
trophied muscle bands in the right ventricle which require resection. Of note,
based on data from the Second Natural History Study of Congenital Heart
Defects [21] and the most recent American Heart Association guidelines [40],
patients with isolated PS without implanted graft or prosthetic material do not
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require infective endocarditis prophylaxis prior to dental or other nonsterile
procedures.

Subvalvular pulmonary stenosis

Subvalvular pulmonic stenosis is often seen in association with a ventricular
septal defect and rarely may occur in isolation. The site of stenosis may be
either in the infundibular portion of the right ventricular outflow tract, due to a
fibromuscular obstruction, or in the right ventricular cavity, due to anomalous
muscle bands and resulting in a double-chambered right ventricle [1]. In the case
of double-chambered right ventricle, the site of the obstructing muscle bands
may vary greatly in location and in severity of obstruction [41]. They result
in a division of the right ventricle into high- and low-pressure chambers and
therefore may be difficult to diagnose accurately. The severity of subvalvular
PS tends to increase with time, and therefore may be first discovered during
adulthood when symptoms manifest [42]. The pathophysiology is that of a
dynamic obstruction to right ventricular outflow, rather than a fixed obstruction
as in valvular PS. Consequences, however, are similar with increase in right
ventricular pressure leading to right ventricular hypertrophy. When the VSD
remains open, the direction of shunting depends on its location. When the VSD
connects to the proximal high-pressure chamber, the shunt may be right-to-left,
resulting in systemic desaturation either at rest or only during exercise. If the
connection is at the level of the distal low-pressure chamber, the shunting is
left-to-right.

Clinical manifestations are similar to those in valvular PS, resulting from
right ventricular outflow obstruction. Patients may complain of dyspnea, chest
pain, or, rarely, syncope. Because these symptoms may be a result of more com-
mon acquired heart disease, such as coronary artery disease, a high index of
suspicion is required for the diagnosis. Physical exam reveals a systolic outflow
murmur in the pulmonary area, which may be more harsh than that of valvu-
lar PS due to the dynamic obstruction. The absence of a pulmonary ejection
click is helpful in distinguishing from a valvular stenosis [1]. If right ventricu-
lar hypertrophy has occurred, evidence of this may be seen on physical exam
and electrocardiography. Diagnosis can usually be suspected by echocardio-
graphy, revealing a dynamic gradient in the right ventricular outflow tract.
Two-dimensional echocardiography, often in subcostal images, usually reveals
the site of morphologic obstruction as infundibular or due to anomalous hyper-
trophied muscle bands, as in double-chambered right ventricle. Imaging of the
pulmonary valve is important, to exclude associated valvular PS, as is imaging
of the ventricular septum with color Doppler to assess for associated ventricular
septal defect. If ultrasound imaging is inadequate, magnetic resonance imaging
may be helpful to identify anatomy [43,44]. Catheterization can be definitive in
the diagnosis of double-chambered right ventricle, by delineating high-pressure
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inflow and low-pressure outflow chambers. Right ventricular angiography may
also provide good imaging of the narrowed outflow tract or trabeculated right
ventricular chamber [41], although cardiac catheterization is seldom necessary
to make the diagnosis in the current era.

Treatment of subvalvular PS is usually surgical via resection of a portion of
the infundibulum or the hypertrophied anomalous muscle bands. Percutaneous
methods such as balloon dilatation [45,46] and even alcohol ablation [47] have
been reported, but are not well established as in valvular PS. Limited follow-up
data is available; however, surgical outcomes are good for both fibromuscular
infundibular [48] stenosis and for double-chambered right ventricle [49,50]. It
is rare that reoperation is necessary; however, long-term care by a cardiologist
is recommended to screen for sequelae of the condition.

Supravalvular pulmonary stenosis

Congenital isolated supravalvular PS, or stenosis of the pulmonary arteries, is
very rarely seen in adult patients. Children diagnosed with the condition often
have it in association with Williams syndrome or Alagille syndrome, and it is
also seen in the presence of other congenital heart lesions, such as tetralogy
of Fallot. Nevertheless, it is possible to diagnose peripheral pulmonary artery
stenosis in the adult, and it may be misdiagnosed or confused for thromboem-
bolic disease. Symptoms include dyspnea and fatigue, and diagnostic eval-
uation reveals lung perfusion defects and elevated right ventricular systolic
pressure on catheterization. Balloon dilatation and stenting have been reported
with good success [51,52].

Case

This patient was referred for catheterization and pulmonary valvuloplasty based on
his markedly elevated gradients and the presence of right ventricular hypertrophy. A
gradient of 80 mm Hg across the pulmonary valve was measured. Angiography revealed
a doming pulmonary valve with a narrowed orifice and infundibular hypertrophy. The
main pulmonary artery was massively dilated, measuring 6 cm (Fig. 3.4). Valvulo-
plasty was performed successfully by using a double-balloon technique. Post-procedure,
the peak-to-peak transvalvular gradient was 14 mm Hg with a late-peaking dynamic
gradient of 10 mm Hg (Fig. 3.5). The procedure was performed without complications,
and the patient continues to do well, without hemodynamically significant pulmonary
insufficiency, 1 year later. Given the exceedingly low rate of pulmonary artery rupture
or dissection in the absence of pulmonary hypertension, surgical intervention for the
post-stenotic dilatation alone is considered unnecessary.
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Fig. 3.4 Angiography in multiple views demonstrating narrowed infundibulum (single
black arrow), domed pulmonary valve (white arrow), and severe post-stenotic dilatation
of the pulmonary artery (double black arrow). (Courtesy of Dr. Thomas Ports.)
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(a)

(b)

Fig. 3.5 (a) Pre- and (b) post-valvuloplasty hemodynamics reveal significant decrease in
transvalvular pulmonary gradient. (Courtesy of Dr. Thomas Ports.)

Summary

Pulmonary stenosis is a congenital heart lesion that may be detected in adult
patients when they present with dyspnea, chest pain, or palpitations. In addi-
tion, due to excellent outcomes after surgical valvotomy or pulmonary balloon
valvuloplasty, most children with PS will reach adulthood and require peri-
odic assessment by a cardiologist for the development of recurrent stenosis or
pulmonary insufficiency. Echocardiography and, more recently, magnetic res-
onance imaging are useful noninvasive methods for measuring the degree of
outflow tract obstruction and right ventricular function. Balloon valvuloplasty
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is now the preferred therapy for both children and adults for the doming type of
valvular PS. Guidelines recommend the procedure for adults with symptoms
and a transvalvular gradient of greater than 30 mm Hg or in asymptomatic
patients with a gradient of greater than 40 mm Hg. Subvalvular PS is less com-
mon; however, it may be encountered in adult patients. Treatment is usually
surgical with good results.
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Chapter 4

Ventricular septal defect
Naser M. Ammash

A 24-year-old lady with known ventricular septal defect since childhood presented for
evaluation of dyspnea on exertion, fatigue, and atypical chest pain. She denied any
orthopnea, nocturnal dyspnea, or edema. Her examination revealed a blood pressure of
120/70 mm Hg, with a heart rate of 56 bpm. The jugular venous pressure and carotid
pulse were normal. The lungs were clear on auscultation. The cardiac examination
demonstrated no heave or thrill. Heart sounds were normal with no additional sounds.
There was a grade 3/6 holosystolic murmur at the apex and left sternal border with
no diastolic murmur. The remainder of her examination was normal with no edema,
clubbing, or cyanosis noted in the lower extremities. Her electrocardiogram and chest
x-ray, were unremarkable with no definitive signs of left ventricular enlargement.

This case illustrates a common adult presentation of isolated ventricular
septal defect (VSD). VSDs vary in size, location, and can be complicated by
heart failure, endocarditis, aortic regurgitation (AR), pulmonary hypertension,
or right ventricular outflow obstruction due to pulmonary valve stenosis or
double-chambered right ventricle (DCRV) [1]. Management of the case illus-
trated above requires basic knowledge of the different types of VSD and their
potential complications. The investigative approach must assess the specific
features pertinent to these defects and help in the care of patients with one of
the most common congenital cardiac malformations.

Anatomy and pathophysiology

The ventricular septum is a nonplanar, three-dimensional partition that divides
the heart into five components: membranous, infundibular (or subarterial), inlet,
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Fig. 4.1 Diagrammatic illustration of the different segments of the ventricular septum
(a) left ventricular aspect, (b) apical aspect: membranous (MS), infundibular (IS),
trabecular (TS), inlet (IN), atrioventricular (AVS). Ao, aorta; LA, left atrium; LV, left
ventricle; PT, pulmonary trunk; RA, right atrium; RV, right ventricle.

muscular (or trabecular), and the atrioventricular septum (Fig. 4.1). Deficient
growth or incomplete fusion of any of those components leads to VSDs that
are accordingly classified into membranous (Fig. 4.2), infundibular (also called
subarterial or supracristal; Figs. 4.2 & 4.3), inlet, muscular, and atrioventricular
(also known as Gerbode) defects [2,3]. Membranous VSD, the most commonly
seen defect (80%), is inferior to the aortic valve and borders the septal leaflet
of the tricuspid valve (Fig. 4.2). It can extend into the muscular septum (per-
imembranous VSD) and can be associated with AR due to prolapse of the right
or noncoronary cup into the defect. In adults, these defects are often associated
with accessory septal tissue arising from the tricuspid valve that would account
for partial or complete closure of the defect (up to 60%) and, at times, aneurysm
of the membranous septum. Membranous VSDs can also be complicated by
DCRV (3–10%) due to hypertrophy of anomalous muscle bundles in the direc-
tion of the jet created by VSD dividing the right ventricle into two chambers:
proximal high-pressure and distal subpulmonic low-pressure right ventricular
chambers (Fig. 4.4) [4].

Infundibular VSD (5–7% of VSDs in the U.S., 30% in southeast Asia) is a
defect located beneath the pulmonary and aortic valve [2]. These defects do
not close spontaneously but can get smaller because of the prolapsing right or
left coronary cusp with associated increased risk of AR (Figs. 4.2 & 4.3). The
risk of AR increases with age (87% of patients by age 20) and is 2.5 times that
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Fig. 4.2 (a) Standard parasternal short-axis echocardiographic view showing the
membranous (MS), the infundibular (IS), and the atrioventricular septum (AVS) and the
location of membranous (B) and supracristal or subarterial defects (C). Ao, aorta; AS,
advice septum; LA, left atrium; LV, left ventricle; RV, right ventricle. (b) Color flow
Doppler demonstrating a membranous ventricular septal defect with a left-to-right
shunt in proximity to the tricuspid valve (TV) (red flow from LV to RV). (c) Color flow
Doppler demonstrating supracristal or subarterial ventricular septal defect in the right
ventricular outflow tract in proximity to the pulmonary valve (PV). Ao, aorta; LA, left
atrium; PA, pulmonary artery; RA, right atrium; RV, right ventricle; P, posterior; R, right;
L, left aortic cusps.
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(a)

(c)

(b)

Fig. 4.3 Transthoracic echocardiogram showing a supracristal defect with and without
color flow Doppler in systole and diastole. The aortic valve prolapse in seen in early
systole (a), as blood is ejected blood from the left ventricle, the anatomically
unsupported coronary cusp and aortic sinus are driven into the right ventricle (RV) by a
Venturi effect. Color flow Doppler show left to right shunt across the VSD (b). In diastole
(c), the intra-aortic pressure forces the aortic valve leaflet to close, but the unsupported
cusp (right or noncoronary) is pushed down into the left ventricular outflow tract away
from the opposed coronary cusp, resulting in AR.

associated with membranous VSDs because of deficiency or hypoplasia of the
conal septum in its superior border given its proximity to the semilunar valves
[1,2,5,6]. Inlet VSDs are large defects that separate the mitral and tricuspid valve,
lie beneath both atrioventricular valves, and extend to the chordal attachments
of the tricuspid valve. Despite its proximity to the atrioventricular valves, this
defect is not associated with mitral or tricuspid regurgitation unless in the
setting of an atrioventricular septal defect [7]. When unrepaired, this defect in
adult patients is commonly associated with pulmonary hypertension. Muscular
VSDs (5–20% of VSDs) can be small or large defects, single or multiple, and
located anywhere in the muscular septum. Finally, the atrioventricular defect
is a rare defect in the atrioventricular septum leading to left ventricular to
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Fig. 4.4 Transesophageal echocardiographic view at the base of the heart showing
hypertrophy of the right ventricular wall as noted in this example of a double chambered
right ventricle (DCRV) with a proximal high-pressure (PC) and distal low-pressure (DC)
chambers. Ao, aorta; LA, left atrium; RA, right atrium; TV, tricuspid valve.

right atrial shunt that has been reported following endocarditis and could be
associated with tricuspid regurgitation and sinus node dysfunction [8,9].

The direction and severity of the left-to-right shunt created by the VSD
depends on the functional size of the defect, systemic blood pressure, and the
presence of AR, DCRV, and pulmonary hypertension. In adults, the shunt is pre-
dominantly systolic and left-to-right in the absence of severe pulmonary hyper-
tension or right ventricular outflow obstruction. The resultant volume overload
affects the pulmonary artery, left atrium, and ventricle. The right atrium can
be enlarged in the presence of pressure (pulmonary hypertension, DCRV) or
volume overload (Gerbode defect). The presence of AR, DCRV, and pulmonary
hypertension also affects the severity of the shunt and ultimately the manage-
ment of these patients. In presence of severe pulmonary vascular obstructive
disease from long-standing, unrestricted left-to-right shunt, the right ventricu-
lar pressure is at or near systemic; as a result, there is minimal shunt across the
VSD and, at times, reversal of the shunt with associated cyanosis. This right-to-
left shunting known as Eisenmenger complex develops in 10–15% of patients
with VSD, most commonly in the 2nd or 3rd decade of life [2,10]. In contrast, the
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presence of significant pulmonary stenosis or DCRV limits pulmonary blood
flow and prevents pulmonary hypertension at the cost of right ventricular out-
flow obstruction and hypertrophy. Finally, the presence of AR due to prolapse
of a coronary cusp can result in reduction of functional size of the defect and the
left-to-right shunt, but at the expense of aortic valve distortion, AR, and further
volume overload of the left ventricle.

Practical approach to VSD in adults

Adults with isolated VSD commonly present as a small restrictive defect with
small left-to-right shunt (“maladie de Roger") or possibly a larger defect that
is partially closed by the fibromuscular proliferation or adherence of the septal
leaflet of the tricuspid valve or hypertrophy of the ventricular septum. Depend-
ing on the size and type of VSD, and associated complications, patients can
be asymptomatic, present with new onset dyspnea or fatigue, or present with
heart failure, endocarditis, syncope, arrhythmias, or sudden death [1,2,11]. Syn-
cope is often exertional and can be due to arrhythmias or significant right
ventricular outflow obstruction caused by a large prolapsing aortic valve cusp,
large aneurysm of membranous septum, or DCRV. Patients can also present
with a changing murmur; a new murmur, such as the development of dias-
tolic murmur due to AR; or heart failure because of progressive left ventricular
volume overload and/or pulmonary hypertension. Patients with significant
pulmonary hypertension or right ventricular outflow obstruction due to pul-
monary stenosis or DCRV can present in adolescence with symptoms that could
be wrongly attributed to childhood asthma, such as dyspnea, exercise intoler-
ance, and cyanosis.

Most VSDs can be identified by auscultation, depending on their size and
associated complications (Fig. 4.5). A palpable thrill in the third or fourth inter-
costal space is not uncommon in small VSDs or those defects associated with
DCRV. The typical VSD murmur is harsh and holosystolic and is best heard
in the left third and fourth intercostal spaces. However, a decrescendo systolic
murmur that ends before the second heart sound is sometimes observed in small
muscular defects due to complete obliteration of the defect in the later part of
systole. A loud systolic ejection murmur at left sternal border is suggestive
of severe right ventricular outflow obstruction and can obscure the holosys-
tolic murmur of the VSD. The presence of left parasternal heave and thrill is
suggestive of DCRV. On the other hand, a mid-systolic click followed by a late-
systolic murmur is suspicious for an aneurysm of the membranous septum.
Additional findings on examination that are of clinical importance include the
presence of A wave on jugular venous examination caused by right ventricular
hypertrophy and decreased compliance in presence of right ventricular out-
flow obstruction or severe pulmonary hypertension. The latter condition could
also be associated with other exam findings including: (1) V wave and systolic
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Small VSD VSD/pulmonary VSD/pulmonary VSD/aortic
stenosis hypertension regurgitation

Cardiac exam Palpable thrill Prominent jugular Clubbing/cyanosis Wide pulse pressure
A wave

Normal P2 Palpable thrill Prominent jugular Pistal shot
A ± V waves

± systolic click Right ventricular Right ventricular Prominent carotid
heave heave pulses

Systolic murmur Delayed or absent Palpable pulmonary Sustained left
of VSD P2 closing sound ventricular impulse

Systolic murmur Pulmonary ejection Systolic murmur
of VSD click of VSD

No VSD murmur Diastolic murmur
of AR

Pulmonary
regurgitation (PR)

Late tricuspid
regurgitation (TR)

P2 TR

AR

PP22

PRPR

CC

AA22

PP22

SS11

SS11

SS11

SS11

AA22
AA22
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Fig. 4.5 Graphic illustration of the cardiac examination in small VSD, VSD with
pulmonary stenosis, VSD with pulmonary hypertension, and VSD with aortic
regurgitation. Please note the typical holosystolic murmur in small VSD that starts after
the first heart sound (S1) and that could be shortened when the VSD is muscular. In
presence of pulmonary stenosis, the murmur could be systolic ejection type due to the
more prominent pulmonary stenosis with delayed and reduced pulmonary closure
sound (P2). When the VSD is complicated by pulmonary hypertension (Eisenmenger
Syndrome), there is no VSD murmur but a pulmonary ejection click (C), a loud palpable
P2 and pulmonary regurgitation diastolic murmur (PR). If such patient develops
significant tricuspid regurgitation (TR), then a holosystolic murmur could be
appreciated in the lower sternal border. Finally, in presence of aortic regurgitation, the
VSD murmur is followed by the diastolic murmur of aortic regurgitation (AR). This
diastolic murmur starts after the aortic closure sound (A2).

murmur that increases with inspiration in association with a failing right ven-
tricle and tricuspid regurgitation, (2) pulmonary ejection click due to dilated
pulmonary artery, (3) palpable loud pulmonary closure sound, (4) absence of
the typical holosystolic murmur of VSD due to systemic right ventricular pres-
sure that abolishes the left-to-right shunt, and (5) diastolic blowing murmur of
pulmonary regurgitation that may be heard in the left upper sternal border.

A normal 12-lead electrocardiogram is seen in up to 66% of patients [12].
Nonspecific intraventricular conduction delay and right bundle branch block
are the most common abnormalities seen in patients with isolated VSD. The
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presence of right axis deviation, right atrial enlargement, or right ventricular
hypertrophy is suggestive of severe pulmonary hypertension or DCRV. On the
other hand, the presence of electrocardiographic signs of left atrial, ventricular
enlargement, and/or hypertrophy is not uncommon in the presence of volume
overload of the left ventricle due to VSD shunt and/or associated AR.

The presence of a normal cardiac silhouette and pulmonary vascularity on
chest x-ray is indicative of a small, uncomplicated VSD. On the other hand,
cardiomegaly with left ventricular contour is directly related to the magnitude
of the shunt and is often seen when ratio of pulmonary to systemic flow [Qp/Qs]
> 2. Less commonly, the left ventricular enlargement is due to the presence of
significant AR. In contrast,, cardiomegaly with right ventricular contour and
possibly right atrial enlargement is suggestive of pulmonary hypertension or
severe right ventricular outflow obstruction. In the presence of Eisenmenger
complex, the chest x-ray also shows large proximal pulmonary arteries with
pruning of outer pulmonary vessels, whereas in the presence of right ventricular
outflow obstruction, the pulmonary vasculature is often reduced.

Echocardiogram
A thorough echocardiographic examination is the single most important non-
invasive diagnostic test needed in the evaluation of VSD, associated congen-
ital defects, and potential complications. It is most sensitive for VSD larger
than 5 mm and those located in the membranous, inlet, or infundibular sep-
tum; it is least sensitive for those involving the apical septum. The ventricular
septum and surrounding structures can be imaged in multiple planes by using
color flow and spectral Doppler. The parasternal long axis views allow the
distinct visualization of muscular, membranous, and infundibular defects. The
latter two defects are seen below the aortic valve and are sometimes difficult
to differentiate without parasternal short axis imaging that clearly and con-
fidently demonstrates membranous defect in close proximity to the tricuspid
valve, whereas infundibular defects are below the pulmonary valve (Fig. 4.2).
The parasternal short axis view also allows visualization of an aneurysm of the
membranous septum and assists in the evaluation of DCRV and/or AR. The api-
cal views are best used to assess inlet, muscularand ventriculoatrial defects. It is
often the best view to obtain a clear, distinct, noncontaminated tricuspid regur-
gitant velocity signal that allows an accurate estimation of the right ventricular
and pulmonary artery systolic pressure [13]. If a clear signal cannot be obtained,
then the pulmonary artery diastolic pressure or mean pulmonary artery pres-
sure can be obtained by using end diastolic pulmonary regurgitant velocity
and acceleration time, respectively [14,15]. Color flow and spectral Doppler
analysis, when performed across the VSD, can determine the severity and the
direction of the shunt. A proper continuous wave Doppler velocity signal of
≥4 m/s is suggestive of small restrictive VSD with small left-to-right shunt
in the absence of significant systemic hypertension. On the other hand, smaller
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values are observed in the presence of DCRV, pulmonary stenosis, or pulmonary
hypertension. Under those conditions, the right ventricular pressure is elevated,
and as a result, the pressure difference between the left and right ventricle is
reduced with a resultant smaller Doppler-derived instantaneous gradient across
the VSD. Finally, the echocardiographic examination can facilitate assessment
of volume overload; for example, a normal left ventricular size is suggestive of a
small left-to-right shunt, whereas enlargement of the left ventricle, atrium, and
pulmonary artery is indicative of a large left-to-right shunt. Thus, a comprehen-
sive echocardiographic examination allows the accurate identification of the
morphologic features of the defect and its size and borders; provides an accu-
rate hemodynamic assessment of the shunt severity and the secondary volume
overload of the left atrium and ventricle; and assesses the presence and severity
of DCRV, AR, pulmonary hypertension, or aneurysm of membranous septum
[1,16–20]. In addition, serial echocardiographic imaging provides an accurate
assessment of the progression of the lesion and associated complications. The
latter has important prognostic implications, especially with regard to timing of
intervention or surgical repair. Transesophageal echocardiography is reserved
for the patient with poor precordial echocardiographic windows.

Additional diagnostic tests
Given the concerns about adaptability and the lack of reported symptoms in
adult patients with congenital heart disease, it is not uncommon for a clinician
to rely on exercise testing to document changes in exercise capacity over time,
which may be useful in defining optimal timing of intervention. An unexplained
decline in exercise tolerance might be an early sign of functional deterioration,
even in the absence of reported cardiovascular symptoms.

Cardiac magnetic resonance has emerged as an accurate and reproducible
technique for assessment of cardiac structure and function. This technique has
advantages over echocardiography; images are not compromised by air, bone, or
surgical scar, allowing unrestricted evaluation of cardiac chambers. Application
of Simpson’s rule for multiple tomographic slices acquired during ventricular
systole and diastole permits direct and accurate measurement of left ventricular
volume and function. In addition, phase contrast imaging provides an accurate
method of evaluation of velocity, volume, and the pattern of blood flow that
would allow accurate mapping and measurement of both systolic and diastolic
pulmonary artery flow and calculation of shunt severity fraction [21]. However,
until now, this technique has not gained wide recognition in the evaluation of
VSD and has the disadvantage of radiation exposure.

Cardiac catheterization and left ventriculography performed using a large-
volume contrast bolus given over a short time is an important adjunctive tech-
nique usually reserved for evaluation of VSDs whose hemodynamic signifi-
cance is questionable. It is also very useful in the assessment of complicated
VSDs, such as those that are multiple and especially those involving the apex,
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ventriculoatrial septum, or VSD associated with DCRV, AR, or pulmonary
hypertension. Cardiac catheterization can accurately assess the direction and
severity of the shunt by angiography, indicator dilution curves, or calculation
of the pulmonary to systemic flow ratio (Qp/Qs) using oximetry [7,11,16,22]. In
the presence of DCRV or pulmonary stenosis, this technique can reliably mea-
sure the pressures in the different segments of the right ventricle and pulmonary
arteries. Those findings have significant therapeutic implications. Similarly, car-
diac catheterization is also the investigative method of choice in the assessment
of VSD with pulmonary hypertension to accurately determine pulmonary artery
pressure, pulmonary vascular resistance, and their reversibility in response to
oxygen, vasodilators, or nitric oxide. This is very important in determining the
suitability for surgical intervention. Finally, for those patients with suspected
AR, additional aortography allows detection of aortic valve prolapse and helps
grade the severity of AR [23].

Indication for intervention

Spontaneous closure has been reported to occur in 50–75% of membranous and
muscular VSDs and occurs predominantly in childhood, but has been reported
in 10% of adults between the ages of 17 and 45 years [2,24]. Defects that do
not close spontaneously may predispose to arrhythmias, heart failure, AR, pul-
monary hypertension, and endocarditis; therefore, periodic evaluation is recom-
mended for optimal timing of intervention. The American Heart Association
does not recommend antibiotic prophylaxis in the acyanotic uncomplicated
VSD with no prior history of endocarditis [25]. Patients with small, uncompli-
cated, isolated VSD, especially those involving the muscular and membranous
septum, do very well as long as they do not develop volume overload of the left
heart chambers. In a study by Gabriel [26] of 222 patients (with a mean age at
last follow-up of 30 ± 10 years), only one patient needed surgical repair. Thus,
continued observation is recommended in small, isolated VSD until patients are
symptomatic or have unexplained left ventricular dilatation or decline in func-
tional aerobic capacity on stress testing (<70%). Medium or large VSD, when
seen in adults, are almost always associated with some degree of pulmonary
hypertension. The exceptions are those defects that have become functionally
smaller due to prolapse of the aortic valve with AR or those defects with asso-
ciated pulmonary stenosis that produces right ventricular hypertension and
limits the left-to-right shunt.

The indications for intervention in adult VSD are summarized in Table 4.1. The
optimal timing of operation in patients who have VSD and AR is controversial.
The usual guidelines for valve replacement in isolated AR do not apply to these
patients, and surgical repair of VSD with AR should not be delayed until there is
significant left ventricular enlargement or dysfunction [27]. Early intervention,
with closure of the VSD and repair of the aortic valve, is feasible and indicated
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Table 4.1 Indication for intervention in isolated VSD.

1 Attributable symptoms or signs
a Dyspnea on exertion, fatigue
b Decline in functional aerobic capacity on stress test

2 Significant left-to-right shunt
a Unexplained left ventricular enlargement
b Qp/Qs ≥1.7 by cardiac catheterization

3 Unexplained deterioration of left ventricular function
4 Recurrent endocarditis
5 Aortic valve cusp prolapse with more than mild or progressive regurgitation
6 Pulmonary stenosis or DCRV with associated symptoms or peak gradient of

≥50 mm Hg
7 Pulmonary hypertension with:

a Pulmonary artery systolic pressure or vascular resistance less than 2/3 systemic
b Pulmonary artery arteriolar resistance less than 8 Wood units
c Reactive pulmonary vasculature with a net Qp/Qs ≥1.5/1

depending on the defect type (subarterial or membranous), defect size, and
degree of valve distortion, with better results achieved in younger patients [28–
33]. In patients in whom aortic valve repair is not feasible because of extensive
distortion, fenestration, or significant fibrosis or calcification, valve replacement
should be considered [6]. The choice of valve prosthesis depends on the age of
the patient and comorbidities.

Surgical closure of VSD decreases the risk of endocarditis by at least half,
reduces pulmonary artery pressure, improves functional classification, and
improves long-term survival [12,34–36]. Operative mortality of uncomplicated
VSD is <2% [11]. This increases with multiple defects, moderate pulmonary
hypertension (>50% of systemic), and in the presence of AR [12,36].

More recently, there has been an increased interest in trans-catheter device
closure of VSD [37,38]. The latter has been successfully performed in children as
well as adults and could be considered as a treatment option for isolated, uncom-
plicated muscular or membranous VSD in the presence of suitable anatomy.
Recently, Butera reported his experience in 104 patients with membranous VSD.
The defect was successfully closed in 100 patients (96%). The total occlusion rate
in the latter group was 47% after the procedure, but increased to 99% after a
median follow-up of 38.5 months [37]. Such promising nonsurgical techniques
could also be used to repair ventriculoatrial shunts (Gerbode defect). However,
the proximity of conduction system, the aortic and tricuspid valve to the bor-
ders of the defects, and the possible encroachment on the surrounding structures
such as the aortic root and valve should be thoughtfully evaluated before such
consideration. Butera reported complete heart block necessitating pacemaker
implantation in 6% of his study cohort [37].
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Prognosis

The prognosis of patients with isolated VSD is very favorable unless it is
complicated by pulmonary hypertension. Asymptomatic patients with small
VSD and normal left ventricular size and function have an excellent prognosis
[26,39]. Gersony and colleagues [26,35] have demonstrated that more than 85%
of patients treated medically or surgically were in good or excellent health while
continuing to lead a productive life. Only 4.8% were in New York Heart Associ-
ation functional class III or IV. In addition, natural history studies have demon-
strated that the 25-year survival after surgical repair of VSD is 89% [12,40].
Although survival has been reported into the seventh decade, long-term sur-
vival is less favorable in presence of pulmonary hypertension [2,34,41]. In the
setting of Eisenmenger syndrome, the reported 25-year survival rate is 41.7%
compared with 95.9% for small VSD. Patients with Eisenmenger complex are at
increased risk for endocarditis, hyperviscosity syndrome, stroke, renal dysfunc-
tion, gout, as well as heart failure and atrial and ventricular tachyarrhythmia
[1].

For patients who had previous VSD repair, the potential late complications
include the following:
� Conduction defects, most commonly right bundle branch block in association

with left anterior hemiblock especially after ventriculotomy and patch closure
of the defect. Late sinus node dysfunction, including complete heart block
requiring pacemaker placement, is infrequent (≤2%) [36,42–44].

� Tachyarrhythmia, especially with increased pulmonary artery pressure.
� Residual VSDs irrespective of surgical approach, but these are often hemo-

dynamically insignificant with fewer than 10% of patients needing a second
operation [7,12,36].

� Infective endocarditis, which occurs more in the presence of residual defect
or AR.

� Residual ventricular dysfunction from long-standing volume overload that
could be aggravated by acquired cardiovascular disease, such as hypertension
and ischemic coronary disease.

� Residual AR (15–20%) necessitating reoperation in approximately 5% [45].
� Tricuspid regurgitation due to septal leaflet distortion during VSD repair.
� Residual pulmonary hypertension that compromises long-term outcome and

might necessitate treatment with vasodilators, endothelin receptor antago-
nists, or prostacyclin analogs.

Conclusion

Isolated VSDs are variable in size and location and can be complicated by AR,
DCRV, PHTN, or aneurysm of the membranous septum. All of these compli-
cations may influence their clinical presentation, cardiovascular examination,
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as well as the hemodynamics significance of the VSD. As a result, a thorough
clinical and echocardiographic assessment is very important in the evaluation
of these patients to prevent the development of irreversible pulmonary vascu-
lar obstructive disease and to preserve the integrity of the aortic valve and left
ventricular function. Medical as well as surgical expertise is essential for the
optimal management of these patients. Adult patients with VSD, even those
with Eisenmenger complex, when cared for appropriately, can lead productive
lives.

Outcome of case

This young adult had a known VSD and now presents with dyspnea, fatigue, and atyp-
ical chest pain with no clinical signs of cyanosis, pulmonary hypertension, heart failure,
or AR. Her electrocardiogram and chest x-ray showed no definitive signs of enlarge-
ment of the left ventricle, right heart chambers, or pulmonary arteries. A transthoracic
echocardiogram demonstrated a membranous VSD (Fig. 4.2) underneath the aortic
valve with left-to-right shunt by color flow Doppler. Most importantly, borderline left
ventricular enlargement was noted with an end diastolic diameter of 54 mm (normal
39–53), moderate left atrial enlargement with a volume of 37cc/m2 (normal <32), and
a normal pulmonary artery diastolic pressure of 8 mm Hg. There were no complicating
features, such as aortic valve prolapse, AR, or evidence of right ventricular outflow
obstruction. The presence of left ventricular and atrial enlargement was indicative of
volume overload of the left heart chambers without pulmonary hypertension. A cardiac
catheterization was performed to exclude coronary artery disease as an alternative cause
of left ventricular enlargement and to confirm the severity of the left-to-right shunt. It

(a) (b)

Fig. 4.6 Chest radiograph done before (a) and after (b) surgical repair of VSD defect,
demonstrating a reduction in size of the cardiac silhouette.
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demonstrated a moderately sized membranous VSD with left-to-right shunt, Qp/Qs =
1.74, as well as mild left ventricular enlargement with an end diastolic volume of 196
cc (112% of normal), a pulmonary pressure of 27/5 mm Hg, and normal coronary
arteries. Given those findings, we recommended surgical repair based on the presence
of symptoms and volume overload of the left heart chambers. The patient underwent
suture closure of VSD via a median sternotomy. Her postoperative course was unevent-
ful. On follow-up evaluation, she reported resolution of her fatigue and dyspnea and
had no residual murmur or conduction defect on electrocardiogram. Her chest x-ray
demonstrated improvement in her heart size with a reduction in cardiothoracic ratio
from 54% to 44% (Fig. 4.6).
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Chapter 5

Pulmonary arterial hypertension
in Eisenmenger Syndrome
Kevin Owusu-Ansah, Zeksen Lim, and Gruschen R. Veldtman

A 45-year-old woman with Noonan syndrome, had cardiology screening at 8 years
of age demonstrating severe pulmonary arterial hypertension, a large arterial duct,
and arterial desaturation (80%). Diagnostic cardiac catheterization showed systemic
pulmonary artery pressures (110/65, mean 80 mm Hg), a left-to-right shunt of 0.9:1, and
pulmonary vascular resistance of 30 Wood Units, confirming Eisenmenger syndrome.
She was advised against pregnancy and various contraceptive options were discussed.

At 36 years of age she was advised to have a venesection by her local physicians (Hb
of 21.4 g/dL with a HCT of 65%). She declined because of needle phobia. Over the next
5 years, she did, however, have three venesections at times of presumed hyperviscosity
symptoms. At age 40, she had moderate thrombocytopenia with a platelet count of
83,000 (saturations 75%). Her blood film is shown in Fig. 5.1.

During admission for surgical biopsy of a uterine mass, she became syncopal deteri-
orating into frank cardiorespiratory arrest from which she was fortunately successfully
resuscitated.

At age 43, she had angina on effort. She then developed atrial flutter, congestive heart
failure, and acute on chronic renal failure with frank proteinuria. Renal biopsy demon-
strated mesangio-proliferative glomerulonephritis. Her proteinuria responded to ACE
inhibition and steroid therapy. Her isthmus-dependent atrial flutter was successfully
ablated. She was commenced on diuretics, ACE inhibition, low-dose beta-blockade, and
anticoagulation. She was then referred to the adult congenital heart disease team for
further management.

On physical examination, the following observations were made. There was upper
body acne. Her toes were clubbed and had saturations of 75%. Right upper limb satura-
tion was 94%. Jugular venous pressure was 9 cm above the angle of Louis, and there was
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Fig. 5.1 Blood film of our patient demonstrating classical features of Eisenmenger
syndrome. Polychromasia with increased reticulocytes (black arrows); spherocytes
(white arrows); reduced platelet count (thin black arrows); and normal lymphocyte
count (gray arrows).

peripheral edema. She had a right ventricular (RV) lift, loud P2, and a Graham Steele
murmur. She had a bilateral expiratory wheeze. Her 12-lead ECG is shown in Fig. 5.2.

Two-dimensional echocardiography and MRI showed severe biventricular systolic
dysfunction, moderate left ventricular hypertrophy, severe RV hypertrophy and dilation,
septal flattening (Fig. 5.3), and moderately severe tricuspid regurgitation. The estimated
RV systolic pressure was 130–135 mm Hg. Her chest x-ray is shown in Fig. 5.4 and
CT scan in Fig. 5.5.

Discussion

Introduction
Pulmonary arterial hypertension (PAH) is defined as resting mean pulmonary
artery (PA) pressures >25 mm Hg or exercise-induced PA pressures >30 mm
Hg. It is classified as idiopathic (IPAH), familial, or PAH secondary or associated
with known risk factors [1]. In the past, PAH complicated approximately 10–20%
of congenital heart disease (CHD) cases. This figure has declined in recent years
as operative intervention is now extensively available. Current estimations are
approximately around 4%.
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Fig. 5.2 12-Lead ECG of our patient with Eisenmenger syndrome. ECG shows
p-pulmonale, right ventricular hypertrophy, strain, and right axis deviation.

Outcomes
Survival in Eisenmenger syndrome (ES) is distinctly better than in IPAH. A
contemporary cohort suggests survival beyond 50 years is now common [2].

Patients with greater disease complexity, poor functional class, arrhythmia,
Down syndrome, heart failure, longer QRS and QTC intervals, low serum
albumin, and higher uric acid levels have worse outcomes. Modes of death

RV

LV

RA

LA

Ao

Fig. 5.3 MRI heart of our patient – four-chamber view. There is marked RVH and
dilation with relative compression of LV cavity. Ao, aorta; LA, left atrium; LV, left
ventricle; RA, right atrium; RV, right ventricle.
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Fig. 5.4 Chest x-ray of our patient shows scoliosis, calcified and dilated pulmonary
artery and patient ductus arteriosus (thin arrow), enlarged RA (big arrow), and
increased cardiothoracic ratio.

are multifold. Noncardiac surgery (up to 38%) and pregnancy (40%) carry a
particularly high mortality risk. Other mortality causes include sudden car-
diac death (21–47%), congestive heart failure (23–42%), hemoptysis (3–29%),
infective endocarditis (6%), and cerebrovascular accidents (6%) [3–5].

History
In 1987, Victor Eisenmenger described a 32-year-old man with a perimembra-
nous ventricular septal defect (VSD) 2–2.5 cm in size who was cyanosed and
in heart failure; he eventually died of hemoptysis. Only 50 years later was it
revealed that such cases have systemic PA pressures and a right-to-left shunt.
Paul Wood accordingly redefined the physiology of Eisenmenger complex as
follows: “PAH at systemic level, due to high PVR (>800 dynes. s/cm-6), with
reversed or bidirectional shunting through a large VSD 1.5 to 3 cm in size” [5].
Wood noted that a large number of CHD lesions causing direct communication
between the systemic and pulmonary circulations (>15 mm for VSD, 7 mm
for aortopulmonary window, and >30 mm for atrial septal defect [ASD]) may
cause this physiology (Table 5.1).
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(a)

(b)

Fig. 5.5 CT angiogram of patient. (a) Markedly dilated central pulmonary arteries (thin
arrow); extensive in situ thrombosis in proximal left pulmonary artery (LPA) (big arrow)
with calcified older thrombus (dashed arrows). (b) Three-dimensional reconstruction:
filling defect in proximal LPA and occluded upper lobe branch.
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Table 5.1 Congenital lesions causing direct communication between the systemic
and pulmonary circulations.

No. with Frequency of
Total No. Eisenmenger Eisenmenger
of cases reaction reaction (%)

Patent Ductus Arteriosus 180 29 16

Aortopulmonary Septal Defect 10 6 60

Persistent Truncus Arteriosus 4 4 100

Transposition of the Great Arteries with
Ventricular Septal Defect

12 7 58

Congenitally Corrected Transposition of the
Great Arteries with Ventricular Septal
Defect

3 3 100

Single Ventricle 6 6 100

Ventricular Septal Defect 136 21 16

Common Atrioventricular Canal or
Persistent Ostium Primum

21 9 43

Single Atrium — — —

Atrial Septal Defect 324 19 6

Common Atrium Hemi-anomalous
Pulmonary Venous Drainage

3 0 0

Total Anomalous Pulmonary Venous
Drainage

6 1 17

Site Uncertain 22 22 —

From: Wood’s Croonian lectures.

The pathophysiology and genetics of PAH in ES

Multiple biologic pathways regulate PA pressure through vasoconstrictor and
vasodilator interaction [6] (Fig. 5.6). These pathways are potentially subject to
genetic mutation and resultant PAH. In CHD shunt lesions, there is high flow
and/or pressure. The prominent shear stresses consistent with these lesions
injure the pulmonary vascular endothelium. This injury triggers disorganized
cellular proliferation and apoptosis, smooth muscle cell migration, fibrosis,
inflammation, and disrupts normal endothelium function (i.e. activation of
clotting pathways, release of growth factors, and altered release of vasoactive
substances). Endogenous elastases and matrix metalloproteinases contribute to
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Vasoconstriction
Thromboxane A2
Angiopoeitin 1
Endothelin 1
Growth factors
Serotonin Vasodilation

Kv1.5
Kv2.1
Prostacyclin
Vasoactive intestinal peptide
Nitric oxide

Fig. 5.6 Vasoconstrictor and vasodilatory homeostasis in the regulation of pulmonary
artery pressures.

disruption of the extracellular matrix. Tenascin and fibronectin release magnify
proliferative responses and promote smooth muscle cell migration.

Pathologically, early disease (potentially reversible) is marked by medial
hypertrophy of small PAs and extension of muscularization into the intra-acinar
pulmonary arterioles. Eventually there is loss of the PA bed through obliterative
changes, loss of intra-acinar PAs, and development of the so-called plexiform
lesions and necrotizing arteritis (considered irreversible). Pulmonary vascular
resistance (PVR) rises due to this “fixed” reduction in the PA bed, compounded
by a small dynamic component [7,8].

Sixty to eighty percent of familial PAH, and 6% of PAH secondary to CHD, is
associated with germline mutations of bone morphogenetic protein receptor II,
located on chromosome 2q33. Mutations in Alk 1, located on 12q13, have also
been identified in IPAH and familial PAH [9].

In secondary PAH, such as ES, mechanisms other than those mediated by
TBF beta mutations must be at work. Angiopoetin-1 [10], for example, a 70-kDa
angiogenic factor essential for vascular lung development, is highly expressed
in PAs affected by secondary PAH. It causes almost complete steady-state
down-regulation of BMPR1A, an essential cofactor for heterodimerization of
the BMPRII receptor. Without this heterodimerization, downstream SMAD sig-
naling may be compromised. The resultant effect may be signal transduction
failure, as in the primary BMPRII mutations. Not surprisingly, angiopoeitin-1
expression is closely correlated with measurements of PVR in patients with
secondary PAH.

The evaluation of PAH in ES

ES is a multisystem disorder, and medical management must focus on the whole
patient. The disease impacts physical, social, and emotional functioning, quality
of life, and the ability to procreate. Good management necessitates multidis-
ciplinary involvement (specialist nurse, surgeon, cardiologist, pulmonologist,
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anesthesiologist, gynecologist and family planning expert, hematologist, ortho-
pedic surgeon, psychologist, and physiotherapist).

General examination
Cyanosis, plethora, and conjunctival injection are characteristic features. Physi-
cal assessment includes evaluation of the integument for acne, which is common
in ES. The joints and long bones are prone to hypertrophic osteoarthropathy,
clubbing, and gout. The thoracic cage frequently has evidence of kyphoscol-
iosis, resulting in marked restrictive lung disease. In our experience, patients
frequently have associated osteoporosis/osteopenia. A history of obstructive
sleep apnea, which may exacerbate PAH, should be sought. The patient’s gen-
eral nutritional status also should be assessed.

Cardiac examination
Residua of the underlying clinical lesion may persist (e.g. wide splitting of the
second sound in ASDs). Right ventricular lift and a retractile apex indicate RV
hypertrophy. Tricuspid regurgitation may occur late and sometimes is loud and
at higher frequency because of elevated RV pressures. Because of preserved
right atrial compliance, V waves may not always be a reliable sign of severe
tricuspid regurgitation. Venous pressures remain low for the same reason until
late in the disease. The Graham-Steele murmur of high pressure pulmonary
regurgitation and an RV third heart sound may be present.

Special investigations
Special investigations should be used to: confirm PAH and define the underlying
anatomic lesion; establish disease severity; determine whether the cardiac lesion
is operable; identify complications of ES; assess therapeutic responses; and
prognosticate outcomes.

A 12-lead ECG usually demonstrates features of the underlying anatomic
defect and additionally may indicate RA and RV hypertrophy with right axis
deviation.

Two-dimensional echocardiography (± transesophageal echocardiography)
together with bubble contrast study will often establish the underlying shunt
lesion and any associated defects and will determine PA systolic and diastolic
pressures. In the absence of tricuspid regurgitation, pulmonary acceleration and
deceleration times [11], pre-ejection times, D-shaped ventricular septum, and
steep early mitral inflow pattern are useful markers of PAH. Myocardial func-
tion, ventricular interaction, and left ventricular deformation can be assessed.

Cardiac catheterization is usually not necessary in the adult ES patient, per-
haps with the following exceptions:
� The new patient with incomplete diagnostic information;
� Assessing operability where a significant left-to-right shunt is suspected;
� In complex lesions, e.g. single ventricle physiology, where common mixing

makes the diagnosis of ES difficult.



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 6, 2009 22:19

Chapter 5 Pulmonary arterial hypertension in Eisenmenger Syndrome 65

Cardiac catheterization provides information on vasoreactivity (i.e. 20–30%
decrease in PVR). Up to 29% of ES patients are responsive to inhaled nitric
oxide, and these patients have a better midterm outcome [12]. Patients with a
dominant right-to-left shunt are unlikely to be reactive. The Fick principle is
commonly used to determine flow and resistances. Significant error is intro-
duced when O2 consumption is estimated and when the FiO2 > 50%. In the
latter situation, dissolved O2 should be included in all hemodynamic calcula-
tions. PVR of greater than 6 Wood Units in the presence of vasodilators should
be considered high risk if reparative surgery is undertaken.

CT and CTPA scan provide useful information regarding underlying lung
pathology and the pulmonary vascular bed (thrombosis, neovascularization,
PA size, hemorrhage, compression lesions) [13].

MRI complements functional and anatomic information obtained from the
echocardiogram and additionally can elicit the resting right-to-left shunt and
potentially detect enhanced PA flow in 100% oxygen.

Hemostatic defects
The patient in this case study had thrombocytopenia. She also had in situ PA
thrombosis. ES patients have a hemostatic diathesis coexisting with a throm-
botic tendency. The bleeding diathesis is characterized by prolonged INR, pro-
thrombin, and activated partial thromboplastin times, thrombocytopenia, and
thrombasthenia. Vitamin K-dependent clotting factors, including II, VII, IX, X,
and factor V are reduced, as is von Willebrand factor antigen [14]. Tissue plas-
minogen activator is increased, promoting protein C-dependent anticoagula-
tion. Thrombocytopenia is inversely correlated to the magnitude of right-to-left
shunt and may be attributable to diminished megakaryocyte fragmentation in
the lungs as the right-to-left shunt progresses [15]. Platelet release abnormalities
correlate with erythrocytosis (PCV > 59%) and patient age (>45 years). Throm-
bocytopenia and platelet dysfunction improve quickly (within hours) follow-
ing phlebotomy and also improve when better saturations are established with
disease-targeting therapies. ES patients are therefore at increased risk of hemop-
tysis, gastrointestinal bleeding, and bleeding related to procedures such as den-
tal intervention. In the presence of severe hemorrhage, consider replacement
of coagulant factors, desmopressin when von Willebrand antigen is depressed,
and platelet replacement.

The prothrombotic tendency may be in part attributable to the PA endothe-
lial injury inherent to the disease [16] and activation of the clotting cascade.
D-dimers increase with advancing patient age and lower saturations. These
findings suggest increased cross-linked fibrinogen breakdown, i.e. following
intravascular coagulation. This prothrombotic tendency, along with erythro-
cytosis and hyperviscosity-related sludging in the microcirculations, promotes
thrombosis. The increased red cell mass causes hyperviscosity, leading to vas-
cular stasis and poor perfusion. This could result in widespread intravascular
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deposition of fibrin and platelet thrombi and consumption of platelet and coagu-
lation factors, leading to disseminated intravascular coagulation. Dilated vessels
with slow flow, as in the PAs in ES, are at high risk of thrombosis.

Intrapulmonary thromboses
This occurs at a high frequency of up to 30% [17]. Our patient had extensive left-
sided thrombosis. Her risk factors were older age, female gender, severe dilation
of proximal pulmonary arteries, history of atrial arrhythmia, and presence of
ventricular dysfunction.

Female patients with lower oxygen saturations and an age >35 years are
at highest risk. Recently Broberg and colleagues [18] demonstrated additional
risk factors, including lower peak PA systolic velocities, greater PA size, and
ventricular dysfunction.

Secondary erythrocytosis, iron deficiency, and stroke risk
Our patient had a total of three venesections. These were instituted because
of presumed hyperviscosity symptoms. The isolated erythrocytosis seen in ES
is secondary to tissue hypoxemia driving renal erythropoietin release. When
serum erythropoietin levels normalize, appropriate red cell mass has been
achieved, the so-called compensated state. With systemic arterial saturations
<75%, homeostasis may not be achieved, resulting in hyperviscosity symptoms.
When iron stores are low (previous phlebotomy, gastrointestinal or genitouri-
nary bleeds), in the presence of a decompensated state, the risk of cerebrovas-
cular accidents, either venous or arterial, is increased up to 14.7% [19]. Micro-
cytosis and adversely altered rheology in the microcapillaries are believed to be
responsible. The risk is highest in older patients or in the presence of arrhythmia
and hypertension.

Routine venesection in asymptomatic patients who are iron-replete with high
hematocrits is considered poor practice. Higher hematocrits are necessary for
better oxygen transport and improved exercise capacity [25]. However, it is
important to consider venesection when hyperviscosity symptoms are present
(usually headache and poor concentration). The hematocrit in relation to iron
status should dictate the approach to venesection (Table 5.2). Hyperviscosity
symptoms are correlated with higher hematocrit but are not necessarily with
associated iron deficiency. Venesection of one unit only with an equal volume
of fluid replacement, and using air filters, needs to be undertaken slowly (over
1 hour) with adequate monitoring as sudden drops in systemic vascular resis-
tance may occur. The ideal hemoglobin for a given degree of hypoxemia does
not exist in the literature, but when symptoms are present, 500 cc venesected
blood is usually sufficient.

Noncardiac surgery
Our patient had a syncopal episode while awaiting a surgical biopsy of her
uterine mass. Potential reasons for this are dehydration, vasovagal syncope,
and arrhythmia-related syncope.
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Table 5.2 Management of Symptomatic Hyperviscosity

Hyperviscosity
Symptoms Hematocrit/Fe Action

No Any No venesection (unless preoperatively)

Yes >60/Fe replete
Not dehydrated

Isovolumic venesection
∼400 ml

Yes <65/Fe deficient Treat underlying cause of Fe deficiency.
No venesection.
Consider low dose Fe

Yes >65/Fe deficient Treat underlying cause of Fe deficiency.
Avoid venesection.
Cautious Fe +/− Hydroxyurea

Fe, iron.

Admission for noncardiac surgical procedures presents a potentially haz-
ardous time for ES patients with an up to 30% mortality risk. A decrease in
systemic vascular resistance (SVR) may promote right-to-left shunting, precipi-
tating cardiovascular collapse and death. Where there is no ventricular or great
arterial shunt (e.g. ASD), relative increases in PVR above SVR may precipitate
RV ischemia and ventricular dysrhythmia as RV coronary supply is compro-
mised. Sudden increases in SVR, on the other hand, may lead to depressed
ventricular function as the fixed PVR remains high, adding to the ventricular
systolic afterload. Patients with overt RV dysfunction and tricuspid regurgi-
tation appear to be particularly at risk. Chronic hypoxia leads to reduction in
ventricular diastolic compliance and overall myocardial reserve.

Preoperative starvation not appropriately managed may cause dehydration,
potentially triggering venous and/or arterial thrombosis. Sedative premedica-
tion, popular because of its potential ability to reduce oxygen consumption,
may reduce SVR.

Barbiturates tend to cause potent peripheral vasodilatation. In general, how-
ever, the rate and dose administered are more important than the actual drug
used. The effect of right-to-left shunting on delaying the uptake of inhaled
drugs is rarely problematic, although inhaled induction of anesthesia is pro-
longed. The bleeding diathesis of ES increases risk of hemorrhage, which may
lead to a sudden decreased pre- and afterload that may precipitate cardiovas-
cular collapse. Epidural and spinal anesthesia, though successfully applied in
minor and short procedures, also has the potential hazard of dropping pre- and
afterload. Perioperative arrhythmia may further destabilize hemodynamics.

In the postoperative phase, the patient is at risk of venous thrombosis and
thromboembolism. Early after surgery, the relative postural hypotension that
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occurs may drop SVR acutely. Good postoperative analgesia is essential in
avoiding sympathetic overdrive, but care needs to be taken to avoid precipitous
reduction in SVR.

The following measures may assist in reducing risk of noncardiac surgery in
ES patients:

1 Careful preoperative evaluation (history, examination, ECG, x-ray, CT scan,
full blood count, clotting profile, blood chemistry, echocardiography). The
risk–benefit profile of the noncardiac surgery should be reviewed by the
most experienced members of the team.

2 Preoperative venesection may be considered if the hematocrit is >65%. This
usually relieves the thrombocytopenia, and there may be a relative increase
in cardiac output.

3 Air filters should be used on intravenous lines to avoid air embolism.
4 Intravenous fluids should be used when the patient is fasting. We normally

would start intravenous fluids at midnight on the day prior to the proposed
intervention.

5 Preoperative planning should permit the most capable surgeons and cardiac
anesthesiologists to manage or contribute to the perioperative care of the
patient.

6 The procedure should be as short and complication-free as possible and
hemorrhage avoided. Changes in hemodynamics should be detected and
treated early. This requires meticulous intraoperative monitoring with cen-
tral venous and intra-arterial pressure monitoring and pre- and postductal
saturations where appropriate. Direct PA pressure monitoring is not usually
necessary as most patients with ES have an unrestrictive communication
between the systemic and PA circuits necessitating equivalent systemic and
PA pressures. Anesthetic agents that minimally alter the vascular tone are
preferred. Our preferred strategy is a standard benzodiazepine/opiate car-
diac anesthetic as it is the most neutral, with attention paid to preload using
volume and manipulating SVR with phenylephrine.

7 Phenylephrine may be useful for treating systemic vasodilatation, although
the combination alpha and beta agonist may also be considered.

8 Bleeding may respond to platelet transfusion, vitamin K-dependent clotting
factors, and, when acquired von Willebrand syndrome is present, desmo-
pressin.

9 Postoperatively deep venous thrombosis prophylaxis with elastic stockings,
pneumatic venous compression devices, and heparin when the bleeding risk
has been assessed.

10 General anesthesia is generally preferable to epidural and/or spinal anes-
thesia.

11 Local anesthesia is preferable whenever feasible.
12 Adequate pain management is crucial but not at the expense of dropping

SVR.
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13 When postoperative ventilation is necessary, the cardiopulmonary interac-
tion needs to be critically evaluated. Paralysis and IPPV is generally prefer-
able to avoid deep anesthesia and reflex movements in response to pain, and
it also allows better control of carbon dioxide and hypoxia. Ventilator set-
tings should preferably be kept around or just above the functional residual
capacity.

Renal dysfunction
Our patient also had chronic renal failure with underlying mesangiocapillary
glomerulonephritis. Though this likely reflects a non-ES cause for her renal dis-
ease, the histological characteristics of ES nephropathy are not well defined.
Renal dysfunction is often present at the time of diagnosis of ES. Indeed,
of all cyanotic patients, at least 30% have renal dysfunction, particularly in
those with longer duration cyanosis and higher hematocrits [20]. They present
with proteinuria and reduced glomerular filtration rates. Potential mechanisms
include raised viscosity and microembolism. Hyperviscosity due to erythrocy-
tosis may induce an angiogenic increase in the glomerulocapillary bed, causing
glomerumegaly. Megakaryocyte shunting into the arterial circulation bypass-
ing normal fragmentation in the lungs has been documented in the glomerulus
[21]. Glomerulopathy is probably the predominant lesion, although tubular
dysfunction does coexist. This includes proximal and distal renal tubular aci-
dosis [22]. In addition, there may be a failure of compensatory mechanisms to
respond to reduced renal plasma flow by hyperfiltration, causing progression
of nephropathy. ACE inhibitors are beneficial in reducing protein excretion but
not other renal parameters [20]. Steroid therapy has variable success. Hyper-
uricemia reflects a decline in GFR as its excretion is reduced. Elevated uric acid
levels are a risk for poor outcome in ES patients.

Coronary ischemia
Our patient had intermittent angina, particularly during exertion or tachycar-
dia. RV ischemia in PAH is well recognized. Right coronary arterial flow is
best autoregulated when there is both systolic and diastolic flow and when
the PA pressures are low. In PAH, the RV functions at systemic pressures,
making right coronary arterial flow predominantly diastolic. At high PA pres-
sures, coronary flow autoregulation fails much earlier during systolic stress.
The RV end-diastolic pressure rises, RV stroke volume decreases, and cardiac
output falls, with a decrease in aortic pressure and therefore further reduction in
coronary perfusion pressure.The patient therefore enters a spiral of decompen-
sation, ending in cardiovascular collapse and ventricular dysrhythmia. These
observations draw attention to the importance of maintaining good systemic
blood pressures, preference given to selective pulmonary vasodilators, and
aggressive management of events that raise myocardial oxygen demand acutely,
e.g. arrhythmia.
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More recently, left coronary arterial compression by either the main pul-
monary trunk or the proximal right pulmonary artery as an additional mech-
anism of coronary insufficiency has been documented [23]. The enlarging RV
displaces the left ventricle more apically and forces anticlockwise rotation of the
heart relatively to the aorta. This combined with aneurysmal pulmonary arter-
ies provides the anatomic substrate for left coronary ostial compression and
associated ischemia. This has been successfully treated with coronary stenting
while awaiting heart–lung transplantation. Our patient’s symptoms improved
significantly once sildenafil was started.

Contraception
Because of the high risk of mortality (up to 50%) that pregnancy carries in ES
and PAH associated with CHD, effective contraception is imperative [24]. The
choice of contraception should take into account not only the presence of PAH,
but also the presence of a right-to-left shunt (risk of paradoxical embolism),
previous thrombotic events, including in situ pulmonary arterial thrombosis,
presence of atrial fibrillation, previous endocarditis, ventricular dysfunction,
and drug therapy that may interfere with the effectiveness of the contraceptive
choice, and vice versa. By and large, estrogen (combined oral contraceptive
pill)-containing contraceptives are contraindicated because of their prothrom-
botic risk, including both arterial and venous thrombosis, and barrier methods
alone do not have a high enough success rate. Progesterone-only methods are
recommended. These include the following:
1 Progesterone-only pill (Cerazette), which has a 12-hour window of safety

if the pill has been omitted; Cerazette may affect the INR, and this has to
be checked more frequently during initiation. Progestogens may cause fluid
retention and therefore more careful monitoring of the patients is neces-
sary if they already have congestive heart failure. Hepatic enzyme-inducing
drugs (bosentan, antibiotics) reduce its efficacy and additional protection is
required.

2 Depo-Provera injections, best given every 12 weeks, carry a high efficacy
similar to sterilization. In the presence of Coumadin, however, there is a signi-
ficant risk of hematoma formation. Many women become amenorrheic with
Depo-Provera, and this carries an advantage when anticoagulated. As with
all progesterone-based methods, caution should be exercised in the presence
of congestive heart failure and when hepatic-inducing drugs are taken.

3 Implanon (subcutaneous implant) is highly effective, similar to sterilization.
It can be inserted under local anesthesia and provides protection for a 3-year
period; then it needs to be re-implanted. Hematoma formation is less of a
problem. Around 20% of women become amenorrheic. This method is ideal
for women with ES.

4 The Mirena implant can be implanted in nulliparous women and has high
efficacy similar to contraception. Implantation, however, carries a very sig-
nificant risk of vasovagal syncope in up to 5% of women, which may be fatal
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in women with ES. It also carries a risk, albeit small, of infective endocardi-
tis. Given these concerns, it is not the ideal first choice in women with ES,
although in selected cases it may be necessary.
Sterilization causes some concerns in women with ES. It requires a surgical

procedure, albeit possible through a mini-laparotomy, and carries a late failure
rate especially in younger women. Ectopic pregnancy may occur in sterilized
women, and this would be particularly problematic in a woman with ES, who is
anticoagulated. Occasionally, however, this method is the only feasible option,
and then it can be undertaken with relative safety using a combined low-dose
epidural–spinal approach, and low-volume CO2 (<200 cc). Careful patient mon-
itoring in the presence of experienced and specialized staff used to dealing with
such patients is necessary. More recently, hysteroscopic sterilization, using the
Essure microinsert device, has been accomplished successfully and avoids the
problems associated with surgical sterilization [25].

In summary, progesterone contraceptive methods are the method of choice
for ES patients. The subcutaneous implant has many attractive features, making
it the most ideal method. Other acceptable methods include a progesterone-only
pill (Cerazette) and Depo-Provera.

Managing ES

General principles
Patients with ES should be assessed and followed up at a specialist adult CHD
center with PAH expertise, or that has connections with such a center. The
general and specific assessment of the ES patients has already been discussed
above.

Patients should be advised on the following:
1 Exercise recommendation: avoidance of strenuous exercise.
2 Avoidance of dehydration.
3 Signs and symptoms of endocarditis and brain abscess so that the patients

can help facilitate early detection and treatment.
4 Pregnancy and contraception need detailed discussion. Menstrual problems

may need further evaluation.
5 Avoidance of cigarette smoking and recreational drugs.
6 Flying recommendations: air cabin pressures are maintained at a level equiv-

alent to 2000 m. This is well tolerated by most patients with ES. General
deep venous thrombosis prophylaxis precautions are also useful, including
avoidance of dehydration, elastic leg stockings, and prolonged immobility.

7 The benefit of annual influenza vaccination and pneumovax.

Further considerations

Home oxygen
Early studies demonstrated a survival benefit in children with ES. This, however,
has not been demonstrated in adults with advanced disease. In our experience,
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some patients have, however, benefited symptomatically from having home
supplemental oxygen, although its use is debated given the obligatory right-
to-left shunt. Supplemental oxygen does raise arterial hemoglobin saturation
in some adult ES patients, however, presumably through oxygen-mediated
pulmonary vasodilatory effects [26].

Anticoagulation
Due to the coexistence of a bleeding tendency as well as a thrombotic tendency,
anticoagulation is not routinely advised. In patients with in situ pulmonary
thrombosis, the risk of anticoagulation needs careful evaluation against the risk
of PA rupture and bleeding as well as bleeding from distal pulmonary infarcts.

Erythrocytosis
Maintaining a well-compensated, stable secondary erythrocytosis that is iron-
replete is fundamental to ensuring good oxygen delivery and preventing stroke
and hyperviscosity symptoms.

Heart–lung transplantation
Contrary to idiopathic PAH, the natural survival of patients with ES is often
better than the survival benefit obtained with lung–heart transplantation (73%
at 1 year, 51% at 5 years, and 28% at 10 years) [27]. This means that transplan-
tation referral in clinical practice is a complex decision to make. Patients who
are markedly symptomatic and who demonstrate risk factors for a poor life
expectancy (poor functional class, congestive heart failure, poor saturations,
onset of atrial and ventricular dysrhythmia, and patients beginning to demon-
strate renal compromise) should be evaluated.

Disease-targeting therapies

Prostacyclin and its derivatives
Prostacyclin has well-established efficacy in IPAH with improved survival,
functional class, and quality of life. In ES, its efficacy has been established
in two small, open-label cohort studies [28,29]. It improved functional class
in up to 80%, improvement in arterial saturation of 0–16%, decreased PVR
by 50%, and improved 6-minute walk distance. The dosage of prostacyclin
used in these trials was 14 ng/kg/min and 82 ng/kg/min. Prostacyclin is
limited by its need for intravenous administration and side effect profile (jaw
pain, headache, diarrhea and nausea, rash, extremity pain, impotence, weight
loss, infection, thrombo-emboli, systemic hypotension, worsened ascites, coro-
nary steal, rebound PAH upon cessation of infusion, and thrombocytopenia).
These limitations have kindled important research into modifying delivery of
prostacyclin and its analogues. These include subcutaneous Treprostinil, oral
Beraprost, inhaled Iloprost and Treprostinil, and oral UT 15-C. Current reports
on these agents in ES are limited, but small series demonstrate a beneficial effect.
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Endothelin receptor blockade
Bosentan is a dual endothelin receptor antagonist that reduces PA resistance and
the degree of fibrosis and inflammation in the lungs. It has established efficacy
in ES. It results in improved functional class (57–100% improve by at least 1 class
[30,31]. Arterial saturations improved by 5%, 0%, and 11%. PVR was reduced at
16 weeks by 9% versus a 5% worsening in the placebo group. Six-minute walk
distance improved by 13% (43 minutes ± 8 minutes) during the same time. One
patient had significant side effects necessitating cessation of treatment, and
two (5.5%) in the treatment arm needed to stop treatment because of elevation
in liver enzymes. Long-term survival benefit still needs evaluation. Another
endothelin receptor antagonist is Sitaxsentan, which is a selective endothelin A
receptor inhibitor. There are currently no data of its use in ES.

Phosphodiesterase Inhibitors
Phosphodiesterase type 5 inhibitors have proven effective in the management of
IPAH. The best known amongst this group is sildenafil. Others include Tadalafil
(longer half-life) and Vardenafil. A small number of open-label studies looking at
the acute hemodynamic effect and longer outcomes have demonstrated not only
safety but also effectiveness in terms of modulating the ES hemodynamic profile.
Saturations improved by 10% at 6 months, 7% at 19 months, and 5% at 3 months.
PVR dropped by 50% at 6 months, 30% at 3 months, and 43% at 19 months [32–
34]. SVR did not change except when a higher dose of sildenafil (276 mg/day)
was used. This was associated with a significant increase in cardiac output (2.9–
3.7 L/min/m2). There are currently no randomized, placebo-controlled trials
confirming its efficacy. More recent data demonstrate that phosphodiesterase
inhibition may stimulate inotropy in hypertrophied right ventricles [35].

Future therapeutic strategies
Future drugs are likely to tackle a number of the pathways outlined above that
regulate intracellular signaling, smooth muscle cell migration, and membrane-
bound receptor proteins, including Kv channels.

Case study

This patient was started on sildenafil 20 mg t.i.d., home oxygen therapy, and her heart
failure therapy was intensified. This resulted in improved functional class and general
sense of well-being.
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Chapter 6

Congenitally corrected transposition
of the great arteries
Sara A. Thorne

A 30-year-old business woman was referred for a second opinion after a single episode of
atrial fibrillation. The initial diagnosis was congenitally corrected transposition of the
great arteries (cTGA) with ventricular septal defect (VSD) and subpulmonary stenosis.
She had undergone surgical repair with closure of the VSD and subpulmonary resection
20 years before. She was NYHA I. She was known to have at least moderate systemic
tricuspid regurgitation (TR).

Physical examination revealed a right ventricular heave, single second heart sound,
and a pan-systolic murmur at the left sternal edge. The electrocardiogram (ECG) is
shown in (Fig. 6.1). The chest x-ray showed normal situs and heart size, scoliosis, and a
straight left heart border. Her echocardiogram confirmed the diagnosis. There was severe
central TR. The right ventricle (RV) was hypertrophied but not dilated, and function
was preserved. She exercised for 8 minutes of the Bruce protocol.

Definition

Both the atrioventricular and ventriculoarterial connections are discordant in
cTGA. Thus, systemic venous blood passes from the right atrium (RA) through
a mitral valve (MV) into a morphologic left ventricle (LV), and then into the
pulmonary artery (PA). Pulmonary venous blood passes from the left atrium
(LA) through a tricuspid valve (TV) into a morphological RV and into the aorta
(Fig. 6.2).

As a result, deoxygenated blood reaches the appropriate pulmonary circula-
tion, and oxygenated blood reaches the systemic circulation, i.e., the circulation
is physiologically “corrected." However, it is not anatomically correct, since the
RV and TV support the systemic circulation.

76

Adult Congenital Heart Disease   Edited by Carole A. Warnes
© 2009 American Heart Association.  ISBN: 978-1-405-17820-4



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 5, 2009 19:59

Chapter 6 Congenitally corrected transposition of the great arteries 77

V4V1a VRI

II

III

II

a VL

a VF

V2

V3

V5

V6

Fig. 6.1 The ECG shows sinus rhythm with right axis deviation, RV hypertrophy, and
widespread T wave inversion.
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Fig. 6.2 Multislice CT scan of a 28-year-old man with cTGA. The systemic RV is dilated
and hypertrophied, and the interventricular septum bows to the LV. There is apical
displacement of the TV (arrow). The artefact across the MV is due to a pacing lead in the
subpulmonary LV. He has a large right pleural effusion. LA, left atrium; LV, left
ventricle; MV, mitral valve; RA, right atrium; RV, right ventricle; TV, tricuspid valve.
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Terminology
� Atrioventricular discordance: The atria are connected to the wrong ventricles;

the RA connects to the LV via an MV, and the LA connects to the RV via
a TV.

� Ventriculoarterial discordance: The great vessels connect to the wrong ventricles
(i.e., they are transposed), the aorta arises from the RV and the PA from the
LV.

� cTGA is also known as L-TGA, from the abnormal left looping of the embry-
onic cardiac tube that underlies this defect. It results in the aorta lying ante-
riorly and to the left of the pulmonary trunk. By comparison, in simple TGA
(d-TGA), there is right looping of the embryonic cardiac tube that usually
results in the aorta lying anterior and to the right of the pulmonary trunk.

Incidence

cTGA is rare, accounting for <1% of all congenital heart disease. There are
associated cardiac anomalies in 95% of cases. The diversity of these associated
defects accounts for the broad clinical spectrum of cTGA and its presentation at
any time from the neonatal period to the seventh decade of life.

Associated defects include:
� Ventricular septal defect (VSD)
� Pulmonary stenosis (PS) and atresia
� Ebstein-like anomaly of the TV
� Atrioventricular septal defect (AVSD)
� Coarctation of the aorta
� Abnormalities of situs, dextrocardia, mesocardia
� Congenital complete heart block

A VSD is present in 70% of cases and is usually perimembranous. If it is large
and there is no protective PS, presentation will occur in early life, with heart
failure.

PS occurs in 40% of cases. It may be valvar or subvalvar and due to a fibrous
ring or an aneurysm of the interventricular septum.

The combination of a VSD and PS with cTGA is common, and if “well-
balanced," patients may survive well into adult life without intervention, with
minimal symptoms or cyanosis.

When there is an Ebstein-like anomaly of the TV, its orifice is displaced toward
the apex of the systemic RV. In other respects, however, the abnormality of the
TV is quite different than that of Ebstein’s anomaly when it occurs in a normal
heart and the valve is not amenable to repair. Some degree of abnormality of the
TV is present in 90% of cases of cTGA. This, combined with its position in the
systemic circulation and the inherent fragility of the TV, means that abnormal
valves are likely to be regurgitant early in life, burdening the systemic RV with
additional workload.
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Where there is a coexistent VSD, the TV attachments may straddle the defect,
making a biventricular repair difficult or impossible.

The atrioventricular (AV) node lies in an abnormal position and may be dual,
with a long bundle of His that is susceptible to fibrosis. As a result, complete
heart block may be present at birth or may occur at any time of life; it has a
progressive incidence of around 2% per annum. The AV node is also susceptible
to damage at the time of TV surgery.

Presentation

The timing and mode of the first presentation depends on TV and RV function
and on the severity of associated lesions. Severe cases will present in neonatal
life, but those without associated defects and with good TV and RV function
may not present until late into adulthood, sometimes as a chance finding in the
sixth decade.

Misdiagnosis is not uncommon for adults presenting for the first time, even
after cardiac imaging. The most common presenting symptom is breathlessness,
associated with systemic RV dysfunction, systemic TV regurgitation, or AV
block [1].

This chapter will consider two variants of cTGA: (1) isolated, without other
lesions, and (2) cTGA in association with VSD and PS.

Assessment and investigations

Examination findings depend on associated lesions. An RV heave is expected
and there may be a pansystolic TR murmur. Cyanosis may be present if cTGA
coexists with PS and a VSD. Signs of heart failure should be sought.

Following surgical repair with a conduit, there may be signs of conduit
obstruction or regurgitation.

ECG
There are signs of RV hypertrophy. The right and left bundles are transposed
along with the ventricles, so the activation pattern is abnormal, with septal acti-
vation occurring from left to right. As a result, the ECG may be misinterpreted
as showing an inferior myocardial infarction with Q waves in leads II, III, and
avF. There may be varying degrees of AV block.

Chest radiograph
If there is isolated dextrocardia, cTGA should always be suspected. There is
usually a narrow pedicle, due to the abnormal relationship of the great vessels.
The left heart border is unusually straight, as the aorta arises from the RV above
a “shoulder" due to RV hypertrophy. Cardiomegaly is a late sign indicating
cardiac failure.
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Echocardiography
The characteristic two-dimensional echocardiographic appearances of cTGA
may cause confusion to those without experience in congenital heart disease
starting their examination in the parasternal long axis view. The subcostal and
apical four-chamber views are most helpful in determining situs and AV–VA
connections. The morphological TV is identified by its septal attachments and by
its position more inferiorly toward the ventricular apex than the morphological
mitral valve. Identification of the AV valves allows the ventricles to be identified:
the morphological RV is served by a TV, and the LV by an MV. In addition, it
may be possible to visualize the coarse trabeculations and moderator band of the
morphological RV. The high parasternal short axis view shows the abnormally
related great vessels. The aorta lies anteriorly and usually to the left of the PA.
It may be possible to see the great vessels lying parallel to one another or to
visualize them both on end.

MRI
MRI has a useful role in quantifying systemic RV volume and function and in
describing the anatomy of other associated defects.

Cardiac catheterization
Cardiac catheterization is important to assess hemodynamics, ventricular func-
tion, AV valve regurgitation, and pulmonary vascular resistance.

Management

RV failure and TR
The failing systemic RV is the major problem for patients with cTGA and is
often preceded by systemic TV regurgitation. Once symptomatic, the outlook
is poor. TR and RV dysfunction often coexist; the two are closely related and
appear to be the main determinants of long-term outcome.

Controversy exists over which is the primary abnormality; there are two main
hypotheses that are not mutually exclusive.

First, the TV is morphologically abnormal in a large proportion of patients,
so it may be that over time, progressive TR exerts an increasing volume load on
the systemic RV, causing annular dilatation, worsening TR, and eventual failure
of the RV.

The second hypothesis for the failure of the systemic RV is coronary perfusion
mismatch [2]. The coronary supply to the systemic RV is different than that of
a systemic LV, and may provide inadequate myocardial perfusion to meet the
demands of a systemic ventricle. Even in those with normal resting myocar-
dial perfusion, coronary reserve, assessed by adenosine-induced hyperemia, is
decreased [3].
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Whatever the pathogenesis, congestive cardiac failure is common in adults
with cTGA. One-third of patients with isolated cTGA and-two thirds with asso-
ciated lesions and previous surgery are likely to develop heart failure by their
forties [4]. Furthermore, once more-than-moderate TR is present, the mean time
to developing cardiac failure is 5 years. In addition, TR was the major inde-
pendent risk factor of death in a long-term study of 40 patients with cTGA.
Unoperated 20-year survival with moderate or severe TR was 49% compared
with 93% without TR, and postsurgical repair survival was 60% with TR com-
pared with 100% with no TR [5].

If RV dysfunction is detected and significant TR is present, the TR should
be assumed to be the underlying cause and consideration given to surgery to
restore TV competence. However, although TV replacement can be performed
with low operative mortality, there is little evidence that it alters the natural
history, with continuing attrition that is largely due to progressive heart failure.
Outcome is influenced by ventricular function at the time of surgery and sup-
ports the notion that patients should be referred early to centers with expertise
in adult congenital heart disease for consideration of TV replacement. In one
large single-center study, initial referral was late with the majority of patients
being symptomatic with severe TR and a mean RV ejection fraction of 39% [6].
Although long-term survival may be improved if TV replacement is performed
while RV function is “normal," i.e., RVEF >55%, no such studies have been
reported.

The term “physiological repair" is used to describe any surgical approach
that leaves the RV in the systemic circulation. An example is repair of cTGA
with a VSD and PS with an LV to PA conduit and closure of the VSD so the RV
ejects into the aorta. The problems of the systemic RV and TV have driven the
development of “anatomical" surgical repairs that restore the LV and MV to the
systemic circulation. Different operative approaches are discussed below.

Anatomical repair: operations to restore the LV and MV to the
systemic circulation
The double-switch operation comprises both an atrial switch (Senning proce-
dure) and an arterial switch operation. It is performed for cTGA with or with-
out VSD in the absence of pulmonary stenosis or LV outflow tract obstruction
(LVOTO).

For patients who have LVOTO, e.g., cTGA with VSD and PS, the double-
switch approach would leave the patient with aortic or subaortic stenosis.
Instead, a Senning procedure and a Rastelli procedure (closing the VSD so
the LV connects to the aorta, ligating the main PA and placing an RV to PA
conduit) are performed.

Both of these operative approaches restore the LV and MV to the systemic
circulation. However, in order to be successful, a fundamental issue must be
addressed, namely, whether the LV is able to support the systemic circulation.
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For patients without LVOTO, the LV involutes rapidly after birth, since it
only supports the pulmonary circulation. By as young as 6 weeks of age, such
an LV would be unable to support the systemic circulation without first being
“trained" by placing a PA band. The LV responds by becoming hypertrophied.
It is likely to be suitable for a later double-switch operation and to support the
systemic circulation if:
� It is able to generate pressures of 70% systemic without failing in the operating

room, immediately after PA band placement.
� It maintains pressures of 70–80% of systemic pressure in the months prior to

double switch.
� The posterior wall thickness reaches that of a normal systemic LV.
� There is no evidence of LV dysfunction.
� The LV pressure rises appropriately to dobutamine stress.

For patients who are born with LVOTO, the LV does not involute and so
maintains its normal myocyte mass and function. Providing the LV pressure is
>70% of systemic pressure, it is likely to support the systemic circulation after
a Senning-Rastelli procedure.

These approaches to anatomical repair have a high early success rate, provid-
ing that patients are carefully selected [7]. Late complications include the need
for conduit replacement after the Senning-Rastelli operation, atrial pathway
obstruction after the Senning operation, neo-aortic regurgitation, and systemic
LV failure in patients. Risk factors for LV failure include aortic regurgitation,
pacemaker requirement, and a need for PA banding to train the LV prior to
double switch [8].

Late LV failure in previously banded patients may reflect the fact that LV
hypertrophy is a pathological process; the “trained," hypertrophied LV may
be a very different ventricle than the LV that always maintained a normal
myocyte mass because of LVOTO. The response to pressure loading of an LV
that has been “untrained" for many years is therefore unlikely to allow it to
support systemic pressures in the long term. It is generally accepted that, after
the age of ∼14 years, attempting to train the LV is very unlikely to result in
a successful double-switch operation [9]; therefore, conventional repairs are
usually performed in adults.

A meta-analysis of reports on outcomes of anatomical repairs (restoring the
LV to the systemic circulation) and traditional repairs (leaving the RV in the
systemic circulation) suggests that the Rastelli-Senning procedure is associated
with the best long-term outcomes [10].

Medical management issues

As with other forms of heart failure, a multidisciplinary team approach is
helpful. Nurse specialists in adult congenital heart disease, heart failure, and
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palliative care are all effective at improving quality of life, reducing hospital
admissions, and optimizing drug therapy.

There is evidence of neurohormonal activation in cTGA and other patients
with congenital heart disease with systemic ventricular dysfunction, systemic
AV valve regurgitation, impaired exercise tolerance, and poor functional class
[11,12]. However, there are scant data on the role of heart failure medication in
cTGA, or in most forms of congenital heart disease. There are no large random-
ized studies; whether data from heart failure studies in patients with normally
connected hearts can be extrapolated to those with cTGA is unclear. Studies of
heart failure management in the general population naturally focus on those
with a systemic LV and atherosclerotic risk factors and those who are older than
the population with cTGA. The systemic RV, which responds so differently to
pressure loading than the LV, is also likely to respond differently to heart failure
interventions.

There are conflicting reports as to whether angiotensin converting enzyme
inhibitors (ACEI) or angiotensin receptor blockers improve exercise capacity
or RV function [13]. Furthermore, many studies combine patients with cTGA
with those who underwent Mustard or Senning operations for simple TGA (VA
discordance). The Mustard/Senning patients have abnormal restrictive atrial
function and are likely to respond differently to ACEI therapy compared with
those with cTGA. A small pilot study suggests that carvedilol may improve RV
function in Senning and cTGA patients [14].

Little is known about the effects of cardiac resynchronization therapy for
patients with cTGA and heart failure. However, there are concerns about failure
of the subpulmonary LV after resynchronization pacing; prospective trials are
needed before it can be considered a realistic therapy for patients with cTGA
[15].

Transplantation is an option for patients with cTGA and a failed systemic
ventricle. However, if there is abnormal situs, abnormal venous drainage, or
scarring from previous operations, then the risk of transplant surgery is in-
creased.

Pregnancy
The maternal risk of pregnancy depends on systemic ventricular function and
the presence of any hemodynamically significant lesions. The risk is increased
if the RV ejection fraction is <40%, especially if there is also moderate or severe
TR, because the extra volume load of pregnancy may precipitate heart failure
from which the ventricle may not recover. Stenotic lesions carry a high risk
during pregnancy, so the patency of conduits and post-Senning pulmonary
venous pathways should be demonstrated before pregnancy is considered.

Reliable contraception is important for all women with heart disease in whom
an unplanned pregnancy may be dangerous. Estrogen-containing preparations
can only be considered safe if there is no increased risk of thrombus formation.
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As a result, the many women with significant TR and a dilated LA should use
progestogen-only alternatives.

Follow-up
All patients with cTGA should have lifelong follow-up in a specialist adult con-
genital heart disease center. Most patients should be seen at least annually, with
vigilance to detect heart block, TR, and ventricular dysfunction. For those who
have undergone surgical repair, conduit function, venous pathways, and the
neo-aorta should also be assessed. Electrocardiography and echocardiography
should be performed as a minimum, and exercise testing and MRI should also
be considered.

Case study

For this patient, TV replacement was recommended before she developed significant
systemic ventricular dysfunction. The options of a tissue or mechanical valve were
discussed. Her preference was a mechanical valve because she wished to avoid further
surgery in the future. She accepted that this choice of valve would increase the risk of
any future pregnancy because of the need for anticoagulation.

She underwent uneventful TV replacement with a 33-mm St. Jude prosthesis, but
developed complete heart block postoperatively (Fig. 6.3). A permanent pacemaker was
then implanted (Fig. 6.4). RV function remained good postoperatively.

She and her partner discussed the risks of pregnancy at a combined obstetric and
cardiac pre-pregnancy counseling clinic. In view of the risks of anticoagulation and
potential deterioration of ventricular function in pregnancy, they elected not to start a
family. She had already been fitted with a Mirena R© coil for contraception.

a VR V1 V4I

a VL V2 V5II

a VF V3 V6III

Fig. 6.3 The postoperative ECG shows complete heart block.
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Fig. 6.4 Postoperative chest x-ray of a patient with cTGA, mesocardia, and a scoliosis.
There is a dual-chamber permanent pacemaker. The ventricular lead is in the
subpulmonary morphological LV. There is a 33-mm St. Jude TV.

At follow-up 7 years later, she continues to work and travel abroad. She has had
no further atrial fibrillation, and her TV prosthesis functions normally. She now has
NYHA II symptoms and echocardiography shows that her RV function has gradually
deteriorated, now being moderately impaired.
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Chapter 7

Left ventricular outflow tract
obstruction
Craig S. Broberg

A 24-year-old woman was born with coarctation of the aorta, bicuspid aortic valve,
and muscular subaortic stenosis. At 4 months of age, she underwent coarctation repair
with an end-to-end anastomosis. At 3 years of age, resection of a subvalvular band and
septal myectomy were performed. Residual stenosis was still present, so at age 5 she had
an aortic root enlargement with an aortic valve replacement (19 mm St. Jude) as well
as further myomectomy with patch enlargement of the left ventricular outflow tract
(LVOT). A small perforation of the anterior mitral leaflet occurred at the time.

She continued to have regular follow-up with her pediatric cardiologist and remained
asymptomatic. Echocardiography consistently showed a velocity of 4.1 m/s through her
LVOT. She was advised to avoid strenuous activity, but no intervention was pursued
given her lack of symptoms and multiple prior surgeries. The gradient remained stable
over many years. She finished high school and went to college, although she gradually
found it increasingly difficult to do physical activities.

She presented again after finishing college. Her blood pressure was 105/68, her pulse
86. She was thin and short for her age, but healthy in appearance. Her jugular venous
pulse was mildly elevated. A 3/6 systolic murmur was best heard at the left of the upper
sternum, radiating into the neck, as well as a holosystolic apical murmur. The apex
beat was mildly displaced laterally. Her peripheral pulses were mildly diminished. Her
electrocardiogram (ECG) showed sinus rhythm with left ventricular hypertrophy and
occasional premature ventricular contractions. On a 24-hour ECG recording, she had a
5-beat run of ventricular tachycardia. Findings by echocardiography included moderate
left ventricular hypertrophy but normal systolic function. There was moderate mitral
regurgitation. The LVOT velocity was 4.8 m/s, with a mean gradient of 54 mm Hg.
This was confirmed at catheterization; there was a 15 mm Hg subaortic gradient, and
35 mm Hg through the valve, in addition to a 10 mm Hg gradient across the coarctation.
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Her left ventricular end-diastolic pressure was 24 mm Hg. She was seen at follow-up
to discuss the appropriateness, timing, and type of further intervention.

General considerations

Obstruction of the LVOT is not benign. The normal complex interplay between
LVOT, aortic valve, and root as a unique, integrated system has been masterfully
described [1]. Because its constituent parts must work in harmony, disruption
or alteration of one element can have consequences for the others. Although
a wide spectrum of severity exists, many forms of LVOT obstruction can at
times create serious dilemmas for the provider and patient because of the high
prevalence of coexisting defects, the need for serial surgery, and the potential
long-term strain on the left ventricle (LV), as the above case demonstrates. No
patient with LVOT obstruction should go without routine clinical follow-up by
an experienced provider. Even with close follow-up, clinical decisions can be
difficult to make, with significant impact on the patient’s life and outcome.

The topic of LVOT obstruction includes several congenital abnormalities
that may be considered together because of their overlapping hemodynamic
effects and because they often coexist. Obstruction can be valvular, subvalvu-
lar, or supravalvular, in descending order of prevalence. Although the major
hemodynamic insult of each is similar, specific aspects of the various types of
obstruction are worth considering and understanding separately. What follows
is a review of “fixed” forms of LVOT obstruction. Dynamic outflow obstruction
from eccentric septal thickening can complicate any form of LVOT obstruction,
but its presence in the setting of hypertrophic cardiomyopathy merits its own
discussion and is not included here.

Signs and symptoms of any type of LVOT lesion are not dissimilar to
acquired aortic stenosis. Typical physical exam findings have recently been
well-summarized [2] and depend on severity of obstruction. Auscultation may
reveal a simple systolic ejection-type murmur or a severe ejection murmur with
a thrill. The apex beat may be normal or displaced. Peripheral pulses may be
diminished if the stenosis is severe. The ECG may be normal or show LV hyper-
trophy with strain. A bicuspid valve often produces a systolic ejection click,
which occurs from the valve restricted in its opening (Fig. 7.1).

When significant obstruction is present, there is a theoretic risk of exertionally
related syncope if cardiac output cannot increase to meet metabolic demand.
Therefore, most providers will recommend avoidance of intense aerobic activ-
ity when moderate or severe stenosis is present. However, even intense aero-
bic exercise is unlikely to alter the natural progression of disease for a given
patient [3].

Obstructive lesions during pregnancy are not as well tolerated as regurgitant
lesions [4], and therefore the LVOT obstruction patients should have a careful
assessment prior to an anticipated pregnancy, ideally with cardiopulmonary
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Fig. 7.1 Parasternal long-axis transthoracic echocardiogram of a patient with a normally
functioning bicuspid aortic valve (BAV). During systole, the valve leaflet opening is
limited by the leaflet size, forming a doming of the leaflet and creating an audible
systolic ejection click. This finding is very typical of a BAV. LV, left ventricle; LA, left
atrium; Ao, aorta.

exercise testing. Any pregnant patient with LVOT obstruction of any sort should
be referred to a center with cardiology and obstetrical experience with such
patients. Details regarding management through pregnancy and delivery are
discussed elsewhere.

Valvular stenosis

Congenital valvular stenosis is almost always due to a bicuspid aortic valve
(BAV). BAV is more common than all other congenital lesions combined. At
times, the distinction between true bicuspid and “functionally bicuspid” is soft.
Because the pathophysiology and prognosis for a BAV differs from a tricuspid
valve, the distinction is important and an accurate diagnosis worthwhile. It
is usually well recognized by echocardiography and can easily be shown by
cardiac MRI or computed tomography when sought (Fig. 7.2).

Other causes of congenital aortic valve stenosis include unicuspid valves and
quadricusp valves. Unicusp valves are far less common but more consistently
cause stenosis at a younger age [5]; thus, they are clinically addressed in much
the same way. These patients are also more predominantly male [5]. Quadricusp
valves are even rarer and sometimes accompany other congenital abnormalities,
such as conotruncal abnormalities, ventricular septal defect, or other forms of
LVOT obstruction. Usually the valve is regurgitant rather than stenotic [6].
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Fig. 7.2 BAVs as viewed using various imaging modalities. Echocardiography is the
standard. MRI and CT offer some additional resolution of imaging the ascending and
descending aorta when needed, but are otherwise not necessary if acoustic windows are
adequate. As with echocardiography, MRI can also measure velocity and flow through a
stenotic valve, but CT cannot. CT also requires contrast and radiation.

Despite being conceptually “simple,” the management of BAV is one of the
most difficult and common clinical challenges in adult congenital heart disease.
In fact, it has been claimed that, “BAV disease is responsible for more deaths
and morbidity than all other congenital heart defects combined” [7]. Observa-
tions that support this claim are its common prevalence, its association with
coarctation and aortopathy (discussed in more detail in Chapter 8), and the
imperfect options available when valve replacement is necessary. Because of
its association with other conditions, BAV can be viewed as part of a systemic
disorder with specific molecular/subcellular abnormalities of the vascular wall
[8,9]. With this in mind, providers who encounter patients with BAV should
consider more than just the function of the valve and/or consider referral to a
congenital heart specialist.

Prevalence
Approximately 1–2% of the population has a BAV, with varying estimates
depending on the population studied. A large screening study of over 1000
neonates found BAV in 4.5%, one of the highest prevalence figures reported
[10]. Obligatory screening of male recruits for the Italian police force found
0.8% with BAV, the majority of whom had some degree of valve dysfunction,
usually regurgitation [11]. Many studies find prevalence figures between these
extremes. One study found that 2.5% of otherwise healthy adults had BAV, in
whom the majority already had valve dysfunction, an interesting finding con-
sidering these were all well-trained athletes [12], which ought to select out some
of the more severe cases. Almost all prevalence studies show a predominance
of male gender.

The function of a BAV can vary widely on the spectrum from severe stenosis,
to normal function, to severe regurgitation. The valve may be severely stenotic
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in childhood, or, at the other extreme, only mildly dysfunctional in a 70-year-old.
The mechanical reasons for this wide variation are not fully known, although the
degree of leaflet deformity at birth likely determines the clinical course to some
extent. Although mild regurgitation is very common in population-screening
studies, valvular stenosis is the more common complication that requires sur-
gical intervention [2].

Pathophysiology
There are several possible mechanisms for progressive stenosis of a BAV. Bicus-
pid valves tested in pump preparations show abnormal shear and turbulence
created by the valve, with leaflet deformation and creasing [13]. There is a
relationship between form and function; congenital fusion of the right and non-
coronary cusps is associated with more valve dysfunction than fusion of the
right and left coronary cusps [14]. Consistent with this, leaflet orientation also
changes the type of aortopathy seen, even when function of the valve is the same
[15]. Pathophysiologic studies show evidence of inflammation, calcification, and
fibrosis, similar to a stenotic valve with three cusps, and progression may even
be related to hyperlipidemia [16]. Therefore, flow abnormalities coupled with
an underlying vulnerability at the subcellular level both likely contribute to
progressive valve dysfunction and aortopathy.

Intervention
BAV stenosis is predominantly a surgical disease, and the clinical management
generally addresses only the timing of such surgery. Because symptoms may be
subtle or not subjectively expressed, exercise testing is sometimes necessary to
objectify patients symptoms, or lack thereof [17,18]. Yearly echocardiography
in patients with more than trivial stenosis is generally recommended.

Options for intervention are surgery or balloon valvuloplasty. For a young
patient in whom somatic growth is still expected, balloon valvuloplasty is often
preferred and therefore more commonly used in pediatric centers. However,
recurrent stenosis is likely. Once a patient reaches adulthood, there is usually
little justification for balloon valvuloplasty when a more definitive surgical
option is possible.

However, the surgical alternatives all have drawbacks. Options for valve
replacement are a mechanical prosthetic valve, a bioprosthesis, or a pulmonary
autograft with replacement of the pulmonary valve (Ross procedure). Mechan-
ical valves require daily warfarin. Bioprosthetic valves have a finite durability,
and a young patient will no doubt require further surgery. A Ross procedure
does not prevent further aortic dilatation and has been criticized as a valid
option in the BAV population. Some have used a modification to prevent this,
with limited early success [19]. Still, the Ross procedure is certainly no guaran-
tee against future aortic valve surgery. Another surgical option for children or
young adults is a surgical valvotomy, though also usually palliative, as 40% will
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require reoperation in 25 years [20]. Valve repair is possible for aortic regurgi-
tation, although the need for additional surgery later is still likely [21].

BAV patients are younger, more likely to have concomitant aortic enlarge-
ment, more likely to consider pregnancy later, and far more likely to need suc-
cessive surgery later in life than patients with tricuspid aortic stenosis. Because
of this, no universal recommendation can be made regarding type of valve
surgery. The diameter of the ascending aorta must be considered, and a com-
bination valve-sparing root replacement or valved conduit in the ascending
aorta (Bentall procedure) [22] is often desirable. Institutional surgical experi-
ence, comorbidity, patient lifestyle, and preference should all be considered in
the decision-making process. The surgeon, cardiologist, and patient need to
discuss the various options and hopefully reach an agreement about the best
approach.

Long-term follow-up
Because of the above-mentioned complexities, no patient with prior surgery
for BAV stenosis should be considered “cured,” and all should be seen reg-
ularly. Aortic regurgitation following valve-sparing replacement of the aortic
root is common [21]. Bioprosthetic or autograft valves have a known failure rate.
Patients should be educated about associated problems such as aortopathy (see
Chapter 8) or endocarditis, and, when appropriate, women should have ded-
icated conversations about the appropriateness of future pregnancy. For all of
these reasons, annual review including regular echocardiography is warranted
for any patient with prior congenital aortic stenosis.

Endocarditis
BAV increases the risk of endocarditis. In a large series of endocarditis patients,
13% had BAV [23], an incidence far higher than what would be expected from
the normal population. It affects 10–30% of patients with BAV over their lifetime
[24], with a reported risk of 27/10,000 person-years [20]. Isolated bacteria are
often streptococcal variants, including normal flora.

Previous publications nearly universally recommended antibiotic prophy-
laxis prior to dental work or other invasive procedures in contact with a nonster-
ile environment [24]. However, the recent 2007 AHA/ACC guidelines reverse
this recommendation [25]. These new guidelines, written by a large multispe-
cialty task force after consideration of all available data, concluded that current
evidence does not justify antibiotic pretreatment for most patients. For dental
work in particular, the point was made that bacteremia is common even with
daily brushing and flossing, and not solely during dental intervention. The
guidelines therefore emphasize the need for good routine oral hygiene and rec-
ommend antibiotics only in patients with recent prosthetic material insertion
or in whom endocarditis would be particularly complicated, such as a patient
with cyanosis. Therefore, most patients with BAV stenosis do not fall into this
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Fig. 7.3 Examples of types of SAS as viewed in the parasternal long-axis view by
transthoracic echocardiography. LV, left ventricle; LA, left atrium; Ao, aorta.

category and no longer qualify for antibiotic prophylaxis under these new rec-
ommendations. This significant shift and its implications should be thoughtfully
considered by each provider. For a full consideration of the guidelines and their
rationale, the reader is encouraged to study the document in detail [25] and
consult with patients on an individual basis.

Subvalvular aortic stenosis

Almost one-third of LVOT obstructions can be classified as subaortic stenosis
(SAS). Predominantly this is excessive fibroelastic tissue spanning some part of
the LVOT. It can be a discrete shelf-like ridge or, less commonly, circumferential
narrowing forming a tunnel (Fig. 7.3). Degrees and types of defects vary con-
siderably over a wide spectrum. Because such lesions can be thin and subtle,
imaging may not demonstrate the full extent of the abnormality compared to
intraoperative inspection [26]. As with many congenital defects, the literature
often originates from surgical series at large tertiary institutions and therefore
reflects a certain selection bias of more severe cases requiring intervention. Still,
the reported experience with this type of defect highlights many important
features relevant to the patient’s management.

SAS is often associated with other congenital defects, and coexisting prob-
lems are almost the rule rather than the exception. Most commonly, a ventric-
ular septal defect is found in up to one-third of patients [27]. Malalignment
between the septum and the valve annulus or the distance between the aortic
and mitral annuli can contribute to the obstruction [28]. Also common, BAV
is present in nearly one-fourth of patients with SAS [29], although it is not
more likely to become dysfunctional than a tricuspid valve in the same setting
[2]. Other defects found together with SAS include coarctation, patent duc-
tus arteriosus, left superior vena cava, hypoplastic aortic root, or mitral valve
abnormalities. The mitral support system may contribute to the obstruction
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from abnormal septal insertions near the LVOT [30]. Shone syndrome [31] is a
collection of such stenoses serially, namely, coarctation, SAS, parachute mitral
valve, or supravalvular ring. Multiple stenoses, as demonstrated in the case
above, add complexity and worsen prognosis [32]. An acquired form of SAS
may develop after repair of other types of congenital defects, including atri-
oventricular septal defect (where the aorta is in an unwedged position and the
outflow tract is elongated), and Rastelli-type repair of double-outlet right ven-
tricle [33]. Like any form of increased afterload, hypertrophy of the subvalvular
chamber may cause dynamic outflow obstruction in and of itself, creating a
cycle of worsening obstruction and hence more hypertrophy.

Intervention
Like valvular stenosis, SAS is predominantly a surgical disease, and intervention
is common. Sixty percent of patients with SAS assessed in infancy will have
undergone surgery by the age of 17 [34]. The lesion should not be considered
lightly, nor the risks of intervention, as early deaths are reported, often in the
perioperative period [35]. Therefore, intervention is best performed by a surgeon
familiar with the spectrum of SAS and its long-term complications.

A difficult clinical question is when to operate. Symptoms are not reliably
indicative of the severity of obstruction [29]. A gradient of >50 mm Hg has a
poor prognosis without intervention [36], and therefore, even in the absence
of symptoms, resection should be offered when the peak instantaneous gra-
dient is significantly elevated. Below this level, however, it is more difficult
to say with certainty when an intervention is worthwhile, and most patients
should be seen by cardiologists with expertise in this area to help guide these
decisions.

Prospective randomized trials on the best management strategies and timing
of intervention do not exist, but the general consensus from multiple surgical
series tends to favor earlier rather than later intervention (i.e., >30 mm Hg mean
gradient), particularly in children [34], female patients considering pregnancy,
or athletes [2]. In otherwise asymptomatic adults, however, there seems to be
little evidence that early intervention is favorable. A recent editorial summary
suggested that adults with an echocardiographic gradient <50 mm Hg and no
LV hypertrophy or symptoms should be watched, and that earlier operation
as a way to maintain integrity of the aortic valve (see below) was not a justi-
fication for surgery [36]. Longer follow-up will determine the validity of these
recommendations for adults.

Most operations are successful in the short term, ideally with no residual
obstruction (Fig. 7.4). The outcome depends on the individual lesion and how
aggressive the surgeon is in removing tissue. More resection increases the
risk of atrioventricular conduction block, damage to the mitral valve leaflets
or support apparatus, or creation of a septal defect. The surgeon may only
remove the obstructing membrane, or, more commonly, do a more extensive
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(a)

(c) (d)

(b)

Fig. 7.4 Transesophageal echocardiography (110-degree rotation) both before (a, b) and
after (c, d) surgical resection of a subaortic ridge, shown without (a, c) and with (b, d)
two-dimensional color Doppler. Preoperatively, there is a discrete ridge (a), and
subvalvular flow acceleration is easily appreciated in early systole (b); note that the
valve leaflets are just starting to open. Postoperatively, the membrane has been removed
(c), and laminar flow through the LVOT has been restored (shown at midsystole; d).

myectomy. For tunnel-like stenoses, an LVOT enlargement with placement of
a diamond-shaped patch is typical, known as a Konno procedure [37], or its
modification of leaving the aortic valve in place.

Long-term complications
Recurrence of obstruction is common, which, again, justifies careful long-term
follow-up. Some degree of stenosis is often present even right after surgery [38],
and 20–30% will have significant restenosis within 10 years [29]. Predictors of the
need for repeat operation include the degree of stenosis preoperatively [34,39], a
tunnel-like obstruction [29,40], and the degree of LVOT obstruction immediately
after surgery [29,41]. These findings reinforce arguments for earlier intervention
before the gradient becomes severe in childhood [29], although restenosis is less
common when the patient is operated on as an adult [36].

Possible reasons for recurrence were explored in depth in an editorial pub-
lished over a decade ago [26], and little has changed in the interim to clarify or
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refute those arguments. The risk is higher in patients where the LVOT is inher-
ently longer or narrower, where there is malalignment of the septum giving a
steeper “aorto-septal” angle, and where the cellular response of the endothelium
to altered flow mechanics and/or increased sheer leads to further fibroelastic
growth or hypertrophy of existing muscle [26].

SAS is also associated with progressive aortic valve regurgitation, typically
present in about one-fourth of cases followed over 10 years [40]. Regurgita-
tion tends to be mild [42], although the need for aortic valve surgery late after
subaortic resection occurs in nearly half of patients with a high gradient preop-
eratively [29]. The likely mechanism of aortic valve disease in the setting of SAS
is believed to be turbulence striking the aortic leaflets and causing distortion,
endothelial damage, leaflet redundancy, prolapse, and dysfunction [2]. Earlier
intervention may mean less deterioration of the valve and hence preserved
function [43], although not all studies reach similar conclusions [44].

Endocarditis
As with BAV stenosis, there is a known risk of infective endocarditis from SAS
[2]. In contrast to previous recommendations [2,24], the current guidelines do
not recommend routine antibiotic prophylaxis for SAS [25]. However, prophy-
laxis is still recommended in patients with “repaired congenital heart disease
with residual defects at the site or adjacent to the site of a prosthetic patch or
prosthetic device (which prevents endothelialization)” [25]. Some SAS patients
with prior patch repair may potentially fall into this category. Therefore, the
new guidelines should not be interpreted as a carte-blanche recommendation
to give up the practice entirely. Again, all patients should be encouraged to
practice good oral hygiene, and providers should educate their patients about
the rationales for the new guidelines.

Supravalvular stenosis

Supravalvular aortic stenosis is the least common form of LVOT obstruction. It
typically occurs at or near the sinotubular junction. Like valvular and subvalvu-
lar aortic stenosis, there may be a preponderance of male gender in reported
literature [45].

Most often, supravalvular narrowing is encountered in patients with
Williams-Beuren syndrome, which accounts for approximately 60% of cases.
This rare syndrome, first defined in 1961, is an autosomal dominant defect
characterized by vascular stenoses (aortic, pulmonary arterial, coarctation,
and/or renal arterial stenoses), together with typical occulo-facial and psy-
chosocial/cognitive characteristics, described in detail elsewhere [46,47]. Supra-
aortic stenosis, present in the majority [46], together with the other endovascular
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malformations no doubt reflects an arteriopathy. In both Williams syndrome and
sporadic supravalvular obstruction cases, evidence of elastin gene mutations
have been described [48]. Coexisting congenital lesions are the rule rather than
the exception [49]. In addition to the above, BAV is common, as are coronary
anomalies of both origin and form. Hence, whenever supravalvular stenosis is
identified, the clinician should feel obligated to investigate both the pulmonary
and systemic vascular trees further for other associated abnormalities, including
the coronary arteries [50], rather than assume that the defect exists in isolation.
In fact, due also to the relative hypertension in the coronaries, which arise
proximal to the obstruction, patients should be screened for coronary artery
disease and cautioned heavily about the need to modify atherosclerosis risk
factors.

Supravalvular stenosis is likely to progress over time [51]. Surgical resection
is typically indicated when significant stenosis is found, as determined by pres-
ence of symptoms, significant LV hypertrophy, or a worsening gradient over
time. Unlike subvalvular stenosis, supravalvular stenosis, once resected, has a
much lower incidence of late restenosis [52]. Long-term follow-up is warranted
for management of hypertension and detection of other vascular stenoses which
may become manifest over time.

Case conclusion

Considering the severity of the patient’s subtle symptoms, the LVOT gradient, the
relatively small St. Jude valve, and the raised LV end-diastolic pressure, and after much
discussion with the patient, family, and extended care team at a center for congenital
heart disease, a decision was made to proceed with redo aortic valve replacement with
subaortic resection. Surgery was planned for the summer before the patient began an
internship in her chosen profession.

Surgery was complicated by significant scarring. In resecting the previous St. Jude
valve, the surgeons observed that there was disruption of the anterior mitral leaflet from
the prior patch myectomy, with Dacron extending onto the anterior leaflet. The annular
ring was no longer intact. The surgeons therefore needed to recreate this junction
and repair the mitral valve. In the aortic position, even after extensive debridement of
scar tissue, the annulus would only hold a 19-mm St. Jude valve, which would be no
improvement over her prior situation. For this reason, the surgeons elected to replace it
with a pulmonary autograft (Ross procedure). The surgery was extensive and long, but
the patient was returned to the intensive care unit in stable condition.

Her recovery was extremely difficult. The patient had significant LV dysfunction
requiring multiple inotropes and pressors. Her care was complicated by pulmonary
edema necessitating prolonged intubation, acute renal failure treated with hemodial-
ysis, atrial flutter, and complete heart block, eventually necessitating a permanent
pacemaker. After 3 weeks, her condition had stabilized and she was discharged home
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with family support. Her echocardiogram at discharge showed moderately reduced LV
systolic function, but no significant outflow tract gradient.

Over the ensuing weeks, she made little progress and had several repeat admissions.
Transplantation was considered but could not be offered acutely. Ten weeks after surgery,
she was still not coping well and family members drove her back to the hospital; she
passed out in the car. On the evening after admission, she had a cardiac arrest. She
was stabilized initially, but over the ensuing days, her condition deteriorated further,
despite aggressive inotropes and vasopressors. Her blood pressure fell and she could
not be resuscitated. Autopsy showed intact surgical repair but severe LV hypertrophy
with diffuse subacute myocardial necrosis probably from the time of her most recent
cardiopulmonary bypass.

The patient’s eventual demise reflected a combination of complex prior surgeries,
LV hypertrophy with tenuous LV function preoperatively, the difficult dilemma intra-
operatively regarding her aortic valve size, and prolonged cardiopulmonary bypass,
culminating in severe ventricular dysfunction that could not be stabilized. Though
tragic, her case is not extraordinary and is a reminder of the underlying complexities of
this and many other types of congenital heart disease.
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Chapter 8

Coarctation of the aorta and
aortic disease
Michelle Z. Gurvitz

A 23-year-old female presented to an adult congenital heart clinic after 8 years with
no follow-up. Her chief complaint was mild fatigue with exertion. She had a history
of coarctation of the aorta and ventricular septal defect that were repaired in infancy.
She had an initial patch repair of the aorta and required a second aortic surgery at age
10 due to recurrent coarctation. The second surgery was also performed with a patch
aortoplasty.

On exam, she had a decreased left upper extremity pulse and right femoral pulse. She
also had a right upper to lower extremity systolic blood pressure gradient of 32 mm
Hg. Her echocardiogram had limited views of the arch, but showed a residual Doppler
peak gradient of 41 mm Hg, blunted flow in the descending aorta with diastolic run-off,
and mildly decreased left ventricular systolic function with an ejection fraction of 45–
50%. MRI revealed a residual coarctation and aneurysm in the area of the patch repairs
(Fig. 8.1).

Introduction

Congenital heart defects affect the heart and great vessels arising from it: the pul-
monary artery and the aorta. This chapter focuses on abnormalities of the aorta.
The topics discussed include coarctation of the aorta and conditions related to
connective tissue abnormalities of the aorta. The diagnosis, presentation, treat-
ment, and follow-up of these conditions are reviewed, concentrating on the
conditions presenting in adulthood and the long-term sequelae of repaired or
treated aortic conditions.
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Fig. 8.1 MRI image of residual coarctation and aneurysm after patch aortoplasty.

Aortic embryology and development

The aorta is a complex structure in both its embryologic origin and tissue com-
position. Embryologically, the aorta is pieced together from parts of the truncus
arteriosus, aortic sac, 3rd and 4th brachial arches, and the dorsal aorta. It is ini-
tially a paired structure, but multiple parts regress to give a single aortic arch.
Segments of the truncus arteriosus and aortic sac form the ascending aorta, the
3rd arch forms part of the carotid and subclavian arteries, and the 4th arch helps
complete the transverse aorta. The descending aorta is then formed from the
embryologic dorsal aorta. The ductus arteriosus arises from the 6th arch, just
beyond the left subclavian artery [1].

Irregularities in any of these segments can lead to aortic malformations or
variations in the normal left-sided aortic arch. Examples of this include the aber-
rant right subclavian artery arising from the descending aorta and a right-sided
aortic arch from abnormal regression of left-sided structures during develop-
ment. The mirror-image right-sided aortic arch is rarely associated with coarc-
tation, but is commonly found with other congenital heart anomalies, such as
tetralogy of Fallot [2].

In histologic specimens, the aorta is a three-layered structure consisting of an
intima, media, and adventitia. The intima is the innermost layer and is covered
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by an endothelial lining. The media is the muscular layer and includes smooth
muscle cells, fibrillin, elastin, and collagen, along with an extracellular matrix.
The adventitia is the outer lining of the aorta [3].

Coarctation of the aorta

Definition and prevalence
Coarctation of the aorta is a narrowing in the aorta that causes a restriction of
blood flow to the more distal vessels and organs and hypertension proximally.
The severity of narrowing is variable, and it occurs most frequently in the
proximal thoracic aorta just beyond the origin of the left subclavian artery in
the area of the original ductus arteriosus. Less frequently, the narrowing occurs
in the abdominal aorta, or there can be a diffusely hypoplastic transverse aortic
arch.

Coarctation is a relatively common congenital heart condition comprising
6–8% of patients with congenital heart disease [4–6]. It occurs at least 1.5–2
times more often in males than females. Although the majority of cases are not
inherited, recent articles have identified possible genetic associations with left-
sided obstructive lesions that include coarctation of the aorta [7,8]. Coarctation
is also associated with other genetic conditions, such as Turner syndrome (TS)
[9,10].

The presentation of coarctation can be in isolation or in association with other
congenital heart anomalies. Most often, the associated lesion is a bicuspid aortic
valve (BAV), reported in 20–40% of patients [4,11]. Others associations include
ventricular septal defect, patent ductus arteriosus (PDA), aortic stenosis, and
mitral valve abnormalities [12]. In some cases of long-standing coarctation,
a compensatory collateral circulation develops from the internal thoracic and
intercostal arteries, bypassing the coarctation to provide circulation to the lower
extremities.

Although the exact etiology of coarctation is unclear, there are two predomi-
nant theories. The first holds that coarctation is a flow-related phenomenon in
which embryologic limitation of aortic blood flow causes abnormal arch devel-
opment [12,13]. This theory is consistent with the common findings of BAV and
ventricular septal defect. The second theory regards coarctation as the result
of abnormal aortic tissue. Part of this tissue is that which extends from the
ductus arteriosus into the aortic arch, causing varying degrees of constriction
when the ductus closes. In pathologic specimens, the area of narrowing shows
thickening and disruption of the aortic media and intimal hyperplasia. Recent
studies also show abnormal tissue in the areas of the pre- and post-coarctation
aorta, including collagen disarray, loss of smooth muscle, and increased aortic
stiffness [14–16]. The recent evidence is more consistent with an underlying
tissue abnormality; however, the hemodynamic effect of decreased flow may
also play a role.
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Presentation and diagnosis
Although aortic coarctation is a congenital malformation of the aorta, many
patients are not diagnosed until childhood or adulthood. The presentation at
diagnosis depends on the age of the patient. The most severe forms of coarc-
tation of the aorta present in the neonatal period as the systemic blood flow is
dependent on flow through the PDA, which bypasses the narrowed area. The
diagnosis may be difficult if the PDA is open; however, some infants manifest
differential cyanosis with increased cyanosis of the lower extremities. These
infants will often present in severe distress with heart failure or cardiogenic
shock when the PDA closes. Fortunately, they can be managed with intra-
venous prostaglandin to maintain patency of the ductus arteriosus, preserving
systemic blood flow until surgery can be performed.

Less severe types of coarctation present later in childhood or adulthood.
Although most patients will be asymptomatic, a small number will complain
of cool feet or of leg fatigue or claudication with exercise. More commonly, the
coarctation is diagnosed due to refractory hypertension or due to a murmur
from the coarctation itself or an associated lesion.

A complete cardiovascular examination may strongly suggest the diagnosis
of coarctation. In normal circumstances, the lower extremity blood pressure is
higher than that of the upper extremities. The typical coarctation patient man-
ifests a lower blood pressure in the leg than in the right upper extremity. In
the unusual cases of large collaterals or an aberrant right subclavian artery, the
blood pressure differential may be decreased, making the diagnosis more diffi-
cult. The brachial, radial, and femoral pulses should be checked for amplitude
and timing. Like the lower extremity blood pressure in patients with coarc-
tation, the femoral pulses are typically diminished in volume and delayed in
timing compared with the right upper extremity pulses. The left arm pulse and
blood pressure can be variable depending on the location of the left subclavian
artery relative to the coarctation site.

The cardiac exam reveals an increased left ventricular impulse that may also
be displaced due to the development of left ventricular hypertrophy. The usual
murmur of coarctation is systolic and may extend briefly into diastole; it is most
prominent in the left paravertebral region near the left scapula. If significant
collateral circulation has developed around the coarctation site, continuous
murmurs may be heard throughout the back. If the patient has an associated
lesion, additional murmurs may be heard. The most common are the systolic
and diastolic murmurs of aortic stenosis or regurgitation due to a BAV. The BAV
may also have an audible systolic click.

Testing and imaging
If coarctation of the aorta is suspected, various tests can make a definitive diag-
nosis. Sophisticated cross-sectional imaging studies provide excellent anatomic
information, but they are not always readily available. Other, more accessible
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Fig. 8.2 Chest x-ray from an adult with an unrepaired coarctation. Note the dilated
aortic shadow reflecting the dilated aorta above and below the coarctation. The black
arrow indicates rib notching.

tests, such as a chest x-ray and electrocardiogram, are also useful. The chest x-ray
in an older patient with coarctation may show mild cardiomegaly, mild dilation
of the ascending aorta, prominence of the upper descending aorta, localized
narrowing of the distal aortic arch, and mild dilation of the descending aorta.
These dilations result in a classically described “figure 3” appearance of the
descending aorta, although it is not commonly seen on many chest x-rays. The
x-ray may also show “rib-notching,” which appears as erosions in the underside
of the posterior mid-thoracic ribs and comes from enlargement of intercostal
arteries due to the coarctation (Fig. 8.2).

The electrocardiogram in coarctation is relatively normal with the exception
of chamber hypertrophy. Infants have pure right ventricular hypertrophy. Con-
versely, in older patients, the electrocardiogram shows left ventricular hyper-
trophy.

The most easily accessible and often definitive imaging test beyond a chest
x-ray is two-dimensional (2D) and Doppler echocardiography. The echocardio-
gram provides excellent anatomic and hemodynamic information. At the same
time, it gives information on the presence of additional congenital heart abnor-
malities. The aortic arch is best imaged from the suprasternal notch or high
parasternal long axis views, where the presence of narrowing in 2D images and
high velocity flow with antegrade diastolic run-off on spectral Doppler can be
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(a) (b)

Fig. 8.3 Echo Doppler images suggesting coarctation. (a) Continuous wave Doppler
showing increased peak velocity with antegrade diastolic run-off through the area of
coarctation. (b) Blunted abdominal aortic flow.

seen (Fig. 8.3a). The peak and mean velocity detected with continuous wave
Doppler through the coarctation site may help define the severity of the coarcta-
tion but may overestimate the gradient with long-segment stenosis or increased
arterial stiffness. In the subcostal views, the abdominal aorta flow profile shows
blunting of peak velocity and antegrade diastolic run-off (Fig. 8.3b).

In some patients, anatomic evaluation by echocardiography is limited due to
poor imaging windows. Additional anatomic imaging with magnetic resonance
imaging (MRI) or computed tomography (CT) scanning has proven useful in
the diagnosis of coarctation and definition of aortic anatomy [17–19]. Both imag-
ing modalities provide views of the aorta in multiple 2D planes as well as 3D
reconstructions (Fig. 8.4). However, they remain expensive and many institu-
tions do not have the experience or equipment for cardiac studies. Although
MRI is often the test of choice, as it avoids radiation exposure and can pro-
vide some hemodynamic information, it is currently contraindicated in various
patients, such as those with pacemakers or other metal devices. Like other x-ray
imaging, the CT scan exposes patients to radiation but can be performed in
patients with metal devices. Ultimately, the choice of imaging should be deter-
mined individually for each patient by providers with experience in congenital
imaging.

Information regarding the significance of the coarctation, the true pressure
gradient across the arch, or other invasive hemodynamics is obtained with
cardiac catheterization. Because noninvasive imaging often suffices for accurate
diagnosis, catheterization is otherwise reserved for therapeutic intervention,
usually when the peak gradient exceeds 20 mm Hg.

Treatment
Once a diagnosis of coarctation is made, treatment options including both
surgery and catheter-based interventions can be considered for relief of the nar-
rowing. The coarctation requires repair at the time of diagnosis, as long-term
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Fig. 8.4 CT scan of an adult with unrepaired coarctation. Note the dilated aorta above
and below the narrowed segment. Arrow indicates collateral vessels.

outcome studies show worse morbidity and mortality in those who remain unre-
paired or are repaired later in life [20–28]. In one study, patients with unrepaired
coarctation had a high early mortality rate with a median age at death early in
the fourth decade and 75% mortality by age 46 years [20]. Common causes of
death in this group and by other autopsy studies were congestive heart failure
and aortic rupture as well as endocarditis and intracranial hemorrhage [20–22].
Even in the more recent era, patients with repaired coarctation were found to
have a limited life span, particularly if repaired after early childhood [23–28].
These patients have a high incidence of hypertension, and the leading causes
of death include premature coronary artery disease (CAD), sudden death, and
heart failure [23,26].

The indications for intervention in coarctation include a gradient that is
greater than 20 mm Hg (by systolic blood pressure or by corrected gradient
on echocardiogram or catheterization), evidence of hypertension, left ventric-
ular dysfunction, or congestive heart failure. The development of collateral
circulation is also an indication for repair, as the gradient may be underesti-
mated in this situation. Currently, both surgical and catheter-based techniques
are options for intervention, and, in many circumstances, the treatment of choice
remains controversial.
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Surgery
Coarctation of the aorta was one of the first surgically repaired congenital heart
lesions. In the mid-1940s, Drs. Crooford and Nylin in Sweden and Dr. Gross
in the United States successfully performed the first surgical repairs of aor-
tic coarctation [29,30]. Since that time, surgical techniques have changed and
improved, and the current surgical options include:
1 End-to-end (or extended end-to-end) anastomosis. The diseased segment is

removed and the proximal and distal ends are sewn together.
2 Subclavian flap repair. The left subclavian artery is transected and the proxi-

mal portion is used to widen the narrowed aortic segment.
3 Bypass graft or interposition graft. A tube graft is used to bypass the narrowed

segment.
4 Patch aortoplasty. A patch is sewn to the aorta to widen the narrowed seg-

ment.
The type of initial repair depends on the age and size of the patient, the

anatomy of the aortic arch, and coarctation and presence of additional lesions.
In neonates and infants, an end-to-end or extended repair is the most common
surgery, with the subclavian flap repair reserved for longer segment lesions. In
older children, adolescents, and adults, the end-to-end type of repair is usually
performed; however, bypass or interposition grafts may be required for longer
or more complex narrowings. Although the subclavian flap repair is a common
option in neonates, there are some reports of decreased growth and neurologic
pain syndromes in the left arm [31]. The patch aortoplasty is seldom used now,
as it has been associated with aneurysm development and rupture over time
and also with a relatively high risk of recurrent coarctation.

When performed by experienced congenital heart surgeons, surgical repair of
coarctation carries a low mortality and morbidity. The complication rate may be
increased in older patients and those with additional congenital heart lesions.
Due to the proximity of the coarctation to other critical structures, complications
can occur during the operation. These include injury to the recurrent laryngeal
nerve or phrenic nerve, leading to vocal cord paralysis or diaphragmatic paral-
ysis, respectively. One of the most serious, but uncommon, complications is
that of spinal cord injury and paralysis. This is more likely in adults and chil-
dren than neonates and probably results from spinal cord hypoperfusion and
ischemia at the time of aortic cross-clamping in patients with inadequate col-
lateral circulation [32–34]. Greater awareness of distal hypoperfusion, shorter
cross-clamp periods, or partial cardiopulmonary bypass has further reduced
the incidence of spinal injury.

The most common postoperative issue is paradoxical hypertension. The ele-
vated blood pressure is likely secondary to increased catechol release and
baro-receptor-mediated sympathetic activity as well as changes in the renin-
aldosterone axis [35,36]. It often requires aggressive intravenous antihyperten-
sive therapy in the initial postoperative period, but patients can usually be
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converted to enteral therapy within a few days as the hypertensive response
wanes. A more unusual complication is post-coarctectomy syndrome involving
abdominal pain, distension, and vomiting. This may be related to hypertension
and increased flow to the mesenteric vessels after repair, and can be prevented
or managed with postoperative blood pressure control and no enteral intake
for the immediate postoperative period.

Interventional catheterization
For almost 40 years, surgical intervention was the only option for treatment of
patients with coarctation of the aorta. In the early 1980s, the first successful per-
cutaneous balloon angioplasty was performed in a neonate [37]. More recently,
catheter-based intervention with balloon angioplasty (with or without endovas-
cular stent placement) has increased in prevalence and successful outcomes for
native and recurrent coarctation (Fig. 8.5a,b).

Initially, balloon angioplasty enjoyed fairly good short-term success rates for
native coarctation but had relatively high rates of recurrence and aneurysm
formation when compared with surgical intervention. It also carried a risk of
aortic dissection and rupture [38–41]. The clinical significance of small aneurysm
formation is yet to be determined, as most have not required intervention in
intermediate-term follow-up studies. Nonetheless, the persistent presence of
abnormal aortic tissue, which would be removed in surgery, may play a role in
increasing the risk of aneurysm formation or dissection.

The addition of expandable endovascular stents to angioplasty is thought to
improve outcomes by providing a support structure to the expanded vessel,
alleviating aortic overexpansion, and preventing elastic recoil of the aorta [38].

(a) (b)

Fig. 8.5 Catheterization images of native coarctation pre-stent placement (a) and
post-stent placement (b), showing relief of the coarctation.
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In older children and adults, short-term studies show that balloon angioplasty
with expandable stents for native and recurrent coarctation is a successful proce-
dure with relief of coarctation in up to 98% of patients. This approach, however,
carried a fairly high acute complication rate (14%). Although the majority of
complications were minor and did not require intervention, the complications
included aneurysm formation, aortic dissection, and death [42]. Other studies
report similar results to surgery in relief of obstruction and hypertension, but
the stent patients have a higher rate of recurrence and need for later interven-
tion [43]. Certain patients, such as those with aortic atherosclerosis, vasculitis,
connective tissue disease, or TS, require special consideration for catheter-based
intervention due to their abnormal aortic tissue, as they may be at higher risk of
complications. In sum, although the results of angioplasty and stent placement
are intriguing and promising and the procedure avoids the need for surgical
incision and prolonged recovery, the indication for the procedure in native
coarctation remains controversial.

Recurrent coarctation
The recurrence of coarctation is relatively common, occurring in at least 5–10%
of patients [23–28]. It is highest in neonatal repair, reported as up to 44% in this
group. The recurrence is most likely related to scar formation and fibrosis in
the area of repair. Newer techniques using resection with extended end-to-end
anastomosis will likely have a lower recurrence rate.

When a recurrence is suspected, the evaluation and indications for interven-
tion are similar to that for native coarctation. In postoperative patients, however,
echocardiography may be more difficult to interpret and the additional sequelae
of interventions, such as aneurysm formation, should be sought.

Depending on clinical and anatomic features, the recurrent coarctation may
be treated with either surgical or catheter-based intervention. In some cases,
such as aneurysm formation, recurrence near the origin of a carotid vessel,
or additional lesions such as aortic valve stenosis, surgery may be preferred
[44]. When patients have concomitant ascending aortic dilatation, aortic valve
disease, or coronary disease, repair can be accomplished via a single median
sternotomy by using an ascending–descending aortic bypass [45].

Most postoperative recurrent coarctation, however, is now treated with
catheter-based intervention with balloon angioplasty with or without stent-
ing. Catheter-based techniques for recurrent coarctation have an 80% success
rate. The incidence of aneurysm, tear, or rupture in this circumstance is smaller
than with native coarctation (∼1.5%) [38]. The decreased complication rate is
thought to be secondary to the prior surgical removal of abnormal tissue and
the formation of scar in the aortic wall. Although the catheter-based approach
is most common, there has been no large randomized, controlled trial between
surgery and angioplasty/stent in this population.
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Intervention summary
The decision for the type of intervention on native and recurrent coarctation
is not straightforward and requires a discussion of the risk and benefits of dif-
ferent types of intervention for each patient. It is important to obtain opinions
of those with experience in both types of interventional options, postprocedure
complications, and long-term outcomes. Most neonates and infants less than
1 year of age will undergo surgical repair of native coarctation. For recurrent
coarctation, there is general agreement that an attempt should be made with
balloon angioplasty, with or without stent placement, if anatomically feasible.
In older children and adults, both angioplasty with stent placement and sur-
gical intervention are viable options. Ultimately, the decision will depend on
the individual patient’s anatomy, wishes, and balance of risks, as well as the
experience of the surgeon and interventionalist available. If a catheter-based
intervention is chosen, this type of procedure should only be performed in
centers that have extensive experience in the procedure and have congenital
cardiac surgical support.

Additional medical considerations

Hypertension
Patients with unrepaired coarctation of the aorta often present with hyper-
tension. Hypertension can also persist after relief of the coarctation gradient,
particularly if the repair occurred in later childhood or adulthood [23,25–27,46].
The increased incidence of hypertension in the absence of residual coarctation
is likely due to underlying vascular abnormalities, including impaired periph-
eral vasoreactivity and increased aortic stiffness [46–48]. Another contributing
factor may be the hyperdynamic state of the left ventricle, particularly if it is
hypertrophied.

It is important to evaluate for hypertension at every clinical visit in patients
with a history of coarctation. Aside from routine cuff pressure, some practition-
ers perform 24-hour blood pressure monitoring to diagnose an elevated mean
blood pressure [49]. The presence of hypertension is thought to contribute sig-
nificantly to the early mortality by increasing the risks of premature CAD and
cerebrovascular accident, and thus requires prompt treatment.

Aside from resting hypertension, some patients will have an exaggerated
blood pressure response to exercise. The meaning of this response and the need
to treat it remains controversial. Correlation of peak exercise blood pressure with
outcomes or with 24-hour ambulatory monitoring is variable [50–53]. Many
specialized adult congenital heart disease practitioners treat exercise-induced
hypertension with medication, commonly beta blockers. This is in an effort to
reduce the shear stresses on the aorta, which has the inherent aortopathy and
vulnerability to aneurysm, dissection, and rupture.
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Coronary artery disease
Premature CAD is a common cause of death and morbidity among patients with
coarctation [23,25–27]. The etiology of this finding has not been fully explained.
It is likely at least partially related to hypertension. There may also be intrinsic
arterial mechanisms involved. It is known that patients with impaired arterial
vasoreactivity are at risk of CAD, and studies have shown some patients with
coarctation to have this functional vascular abnormality [14,47,54]. Patients with
repaired or unrepaired coarctation should have aggressive CAD risk factor
screening and modification, including cholesterol levels, smoking cessation,
and diabetes. Any anginal symptoms should prompt a complete evaluation for
CAD impairment.

Cerebrovascular aneurysms
Another complication and cause of death in patients with coarctation is sub-
arachnoid hemorrhage secondary to aneurysms. In the early 1900s, Dr. Maude
Abbott noted this as a common cause of death in autopsy studies [22]. More
recently, a series of patients with repaired coarctation were screened for brain
aneurysms at the Mayo clinic [55]. Of 100 patients, 10 patients had aneurysms
and 9 of them were asymptomatic. Most of the aneurysms were small, but the
rate of occurrence was higher than that seen in the general population. The rate
of rupture of small aneurysms is thought to be small, at least in the short term;
however, the treatment for each individual patient is best left to the specialists
in that field. At this time, there are no studies screening for aneurysms in chil-
dren or in adults repaired at younger ages. The utility and benefits of routine
screening for aneurysms in patients with coarctation are not clear at this time,
but it remains a topic of interest for future care.

Aortic aneurysm and dissection
Aortic aneurysms and dissections can occur in the area of prior coarctation
repair or in conjunction with a catheter-based procedure. There is also an asso-
ciation with ascending aortic aneurysm and dissection in patients with coarcta-
tion of the aorta. Mostly, this occurs in patients who also have a BAV, and it is
unclear whether the risk among those with BAV and coarctation is greater than
the risk with BAV alone. Ascending aortic aneurysm and dissection are also
described in coarctation patients with worse or poorly controlled hypertension
[24,56].

Routine follow-up
It is clear that coarctation of the aorta is a lifelong disorder that affects not just the
narrowed aortic segment, and patients have persistent need for close follow-up
after surgical or catheter-based intervention (Table 8.1). It is recommended that
patients are followed by a center that specializes in adults with congenital heart
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Table 8.1 Routine follow-up evaluation for patients with coarctation.

History Annually to include symptoms of angina,
exercise intolerance, heart failure, and
claudication

Physical exam Annually to include new murmur, upper and
lower pulses, and blood pressures

Echocardiogram Annually to include assessment of ascending
aorta, aortic valve, LV size/wall thickness/
function, aortic gradient, descending and
abdominal aortic doppler

CT or MRI scanning Variable frequency, more often with higher risk
of aneurysm

Exercise testing Variable frequency for hypertension

24-hour ambulatory BP monitor Variable frequency for hypertension

Cardiac catheterization Usually for intervention when required

CT, computed tomography; MRI, magnetic resonance imaging; BP, blood pressure;
LV, left ventricle.

disease [57]. Most patients are followed at least yearly with a detailed history to
exclude angina, heart failure, and claudication and a physical exam including
upper and lower extremity pulses and blood pressures. Echocardiography is
usually also performed on an annual basis to screen for recurrence, aneurysm,
and left ventricular function and hypertrophy.

The performance of additional imaging studies, such as CT or MRI scanning,
is dependent on the institution and the clinical situation, although serial CT
scans expose the patient to considerable radiation. Patients with a repair or
intervention should have at least one of these studies performed to screen for
aneurysm formation. The frequency at which they are repeated varies, and there
is no evidence-based standard. For patients at higher risk of aneurysms (e.g.,
patch aortoplasty, older age at repair, balloon angioplasty), this should be more
frequent. In patients with endovascular stents, a CT scan may be required rather
than an MRI due to stent artifact with MRI.

Blood pressure screening is important at every visit. As mentioned previously,
consideration should be given to exercise testing or 24-hour ambulatory blood
pressure monitoring as screening. Any evidence of hypertension should be
treated accordingly to attain normal levels.

Many patients, particularly those of high school and college age will inquire
about sports participation. Exercise and physical fitness are encouraged for these
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patients, particularly because they are at higher risk for hypertension and early
CAD. However, there may be some competitive sports limitations even for those
with repaired coarctation, depending on any residual or associated lesions. The
recommendations for competitive sports participation are reviewed in the 36th
Bethesda Conference Guidelines from the American College of Cardiology [58].

When repaired patients require medical or surgical intervention, it is often for
more than just a single condition, including any combination of hypertension,
recurrent coarctation, coronary disease, aneurysms, or valve disease. An indi-
vidualized and thorough approach is imperative. It is hoped that with regular
follow-up, early intervention, and risk factor modification, survival and quality
of life in this condition will continue to improve.

Aortopathy

Definition and pathology
Aortopathy is defined as any disease of the aorta. This section specifically
considers inherited diseases of the aortic media (Table 8.2), BAV aortopathy,
and the associated development of aortic aneurysms. Aneurysms are defined
as an aortic size >1.5 times normal, and they predispose patients to the life-
threatening consequences of aortic dissection and rupture. This section focuses
on describing these inherited conditions and also provides a general approach
to screening, monitoring, and intervention.

Most often, inherited aortic disease is related to abnormalities of the connec-
tive tissue of the aorta. There is degeneration and disruption of the balance of
smooth muscle, collagen, elastin, and fibrillin in the aortic media. The histologic
finding is termed “cystic medial necrosis” and is found in genetic conditions
but is also seen as a part of the aorta with BAV, aging, and in association with
hypertension [59].

Table 8.2 Inherited connective tissue syndromes with related aortic disease.

Marfan syndrome

Other fibrillinopathies

Ehlers-Danlos syndrome (types I, II, and IV)

TGFBR
Loeys-Dietz syndrome

Familial TAAD

Turner syndrome

TGFBR, transforming growth factor beta receptor mutation; TAAD, thoracic aortic
aneurysm and dissection.
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Connective tissue disorders

Marfan syndrome
Marfan syndrome (MFS) is a well-described autosomal dominant inherited
connective tissue disorder. It results from a mutation in the fibrillin 1 gene with
variable phenotypic expression and manifestations mainly in the cardiovascu-
lar, skeletal, and ocular systems. The diagnosis is made by clinical presentation
using the revised Ghent nosology [60]. Genetic testing for the fibrillin mutation
is also available.

The major cardiovascular manifestations of MFS include aortic root dilation
(Fig. 8.6a) and mitral valve prolapse. The dilation most often occurs at the level
of the aortic sinuses, and the aorta is prone to dissection or rupture. Patients
with MFS are also at risk of dissection and aneurysm in the descending aorta,
but this is much less common [61].

Other syndromes involve abnormalities in fibrillin and can have aortic root
dilation without meeting clinical MFS criteria. These include MASS phenotype
(Myopia, Aortic enlargement, nonspecific Skin/Skeletal findings), familial aor-
tic aneurysm syndrome, and mitral valve prolapse syndrome [62].

Ehlers-Danlos syndrome
Ehlers-Danlos syndrome (EDS) has multiple types that manifest different clini-
cal features. The type most associated with severe aortic manifestations is type
IV EDS, or the malignant type. This is an autosomal dominant disorder with
an abnormality of type III collagen. Patients with type IV EDS are at risk for
large-vessel dissection, including the aorta, cerebral, and abdominal arteries.
They typically do not have the skin and joint findings of the more common
classic forms of EDS [63].

The classic forms of EDS, type I and II, have hyperextensibility and fragile
skin and also have a small association with mitral valve prolapse and aortic root

(a) (b)

Fig. 8.6 Dilated aorta by echocardiography. (a) Dilated sinuses in a patient with Marfan
syndrome. (b) Effacement of the sinotubular junction and dilation of the proximal
ascending aorta in a patient with a BAV.
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dilation. These patients have a lower risk of aneurysm and dissection than those
with type IV. The most common type of EDS is type III, which has hypermobility
but lacks aortic manifestations and does not require cardiology follow-up.

Transforming growth factor beta receptor mutations
(Loeys-Dietz syndrome)
Transforming growth factor beta receptor (TGFBR) mutations have recently
been implicated in conditions with aortic dilation and dissection. Mutations in
TGFBR 1 and 2 are associated with a newly described condition called Loeys-
Dietz syndrome (LDS). This syndrome has specific cardiac, skeletal, and neu-
rologic manifestations, including hypertelorism, bifid uvula, and arterial tortu-
ousity and aneurysms of the aorta. LDS appears to be a particularly aggressive
type of aortic disease with a high rate of aneurysm formation and early mor-
tality. In one retrospective study, 6 of 71 patients had dissection or rupture at
aortic dimensions <4.5 cm and as young as 6 months of age [64,65].

Thoracic aortic aneurysm and dissection syndrome
Familial nonsyndromic thoracic aortic aneurysm and dissection syndrome is
a genetic disorder with a pattern of autosomal dominant inheritance with
decreased penetrance and variable phenotype. In this condition, there is famil-
ial clustering of aortic disease without the clinical features of other syndromes.
One recent study showed a possible association with a TGFBR mutation [66].

Turner syndrome
TS is a genetic disorder (45,X) with a known association with hypertension,
coarctation of the aorta, and BAV. Aortic root dilation occurs in up to 40% of
TS patients, and there is a known increased risk of aortic dissection [9,10,67,68].
This risk is thought to exist beyond that of the other cardiovascular conditions
associated with TS. The aorta has decreased compliance, and an intrinsic tissue
abnormality has been implicated in dissection. Unlike some of the other condi-
tions, however, this abnormality may be related to the lymphatic anomalies in
TS [69].

Bicuspid aortic valve
BAV is a common condition affecting 1–2% of the general population. In addi-
tion to the abnormality of the valve, patients with a BAV are also at risk for
aneurysms of the aortic root and ascending aorta [70]. Unlike MFS, where dila-
tion is mostly at the level of the sinuses, patients with BAV have effacement
of the sinotubular junction and dilation in the proximal ascending aorta (Fig.
8.6b). Patients with BAV have aortic dilation even in the presence of a hemody-
namically normal valve. Super-imposed hemodynamic burdens, such as aortic
stenosis or regurgitation, however, likely increase the degree of dilation or
aneurysm formation [70,71].
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Although not a typical connective tissue disorder, BAV is included in this sec-
tion because recent pathology studies suggest an intrinsic tissue abnormality
in the ascending aorta of patients with BAV. The medial irregularities iden-
tified include abnormalities in smooth muscle cells, elastic lamellae, inflam-
matory response, or expression of matrix metalloproteinases. The aortic tissue
differs from the aorta of those with trileaflet valves and functionally has abnor-
mal elastic properties with decreased vasoreactivity and decreased compliance
[70-73].

Screening and monitoring
Aortic disease is difficult to diagnose as it is typically asymptomatic until a
catastrophic event, such as dissection or rupture, occurs. When patients are
diagnosed early, it is usually due to either a family history of an aortic event
or a genetic condition or due to phenotypic characteristics of one of the related
conditions. In conditions at risk of aortic disease, regular interval screening for
aneurysm formation or growth is advocated. For all the conditions described
previously, the screening recommendations are similar unless otherwise noted.
For those with BAV, screening of first-degree relatives should also be performed
since almost 20% will have either a BAV or some other cardiovascular anomaly
[74].

Yearly imaging with a transthoracic echocardiogram is the recommended
method of screening. Patients with a particularly aggressive form of disease,
additional valvular lesions, or rapidly progressing aortic size (>0.5 cm/6
months), should be assessed at least every 6 months. Most patients should
also have a baseline MRI or CT scan as part of the evaluation. This type of imag-
ing is repeated at variable frequencies, depending on the individual. It is more
frequent if the patient has changes noted on transthoracic echocardiogram, has
symptoms, or has poor echocardiographic images. The impact of the radiation
exposure from CT imaging requires consideration as these patients are usually
relatively young and some may have scans as often as every 1–2 years [75].
Transesophageal echocardiography is another potential method for aortic eval-
uation; however, it is more invasive than CT or MRI and does not provide much
additional information. It is usually reserved for evaluation of dissection in an
emergent situation.

Treatment
Medical and surgical treatment options for aortic aneurysms in connective tis-
sue disorders vary based on the underlying disease. Whereas recommendations
are well described for certain conditions, like MFS, others remain less clear, like
BAV. As most inherited conditions are relatively uncommon, many of the recom-
mendations are extrapolated from literature on MFS and from aortic dissection
in the general population.
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Medical therapy
The mainstays of medical treatment for aortic dilation in MFS are beta block-
ers, aggressive treatment of hypertension, and lifestyle modification. The beta
blocker medications are used in an attempt to delay progression of aortic dila-
tion and decrease shear forces on the aorta. In recent years, the efficacy of beta
blockers has come into question, and there is information showing angiotensin
converting enzyme inhibitors to be potentially beneficial in delaying aortic root
progression [76,77]. Even more recently, a murine model has shown substantial
benefits from angiotensin receptor blockade, and trials with these medications
are ongoing [78,79].

Additional noninvasive medical intervention includes family education and
counseling about precautions for competitive sports and physical activity, such
as limitations on contact or high-static activities [80,81]. It is also important
to educate patients and families on the symptoms for which to seek medical
attention, including severe chest or back pain as a sign of dissection. Pregnancy
should be avoided if the aortic root exceeds 4 cm in diameter.

Other connective tissue disorders do not have additional evidence-based rec-
ommendations. Treatment of hypertension is important in any patients with
aortic disease. There is, however, no universal recommendation for beta block-
ade in other connective tissue conditions beyond MFS. The angiotensin receptor
blockers may be beneficial in LDS and are recommended by some practitioners
for this condition. It is reasonable to extrapolate the activity limitations and
symptom warnings for MFS to the other conditions. There are separate activity
recommendations for patients with BAV and a dilated aorta [82].

Surgical therapy
Given the high risk of aortic dissection in MFS when the aorta reaches a certain
size or is growing rapidly, prophylactic surgery may be recommended. The
criteria are derived from retrospective studies of aortic dissection and MFS.
When the aortic dimension reaches 6 cm, there is a 10% chance of dissection
or rupture within the subsequent year, regardless of the etiology of the aortic
dilation [83,84]. As such, prophylactic surgery is generally recommended at
5 cm or if rapid dilation is occurring (>0.5 cm/6 months) [61]. The European
Society of Cardiology recommends surgery at 4.5 cm in MFS [85]. If there is
moderate or more aortic regurgitation or a family history of dissection at a
smaller aortic diameter, surgery is considered earlier.

There is scant literature in the other connective tissue conditions; however,
given the data on aortic dissection in the general population, a criteria of 5 cm is
often used as a level for consideration of prophylactic surgery. The recommen-
dations for consideration for surgery in BAV with aortic dilation are discussed
in the most recent American College of Cardiology/American Heart Associ-
ation guidelines. The guidelines advocate surgery at 5 cm or at growth rates



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 5, 2009 20:19

120 Adult Congenital Heart Disease

greater than 0.5 cm/year with root replacement considered at smaller diameters
if aortic valve surgery is being performed [86].

Some conditions may warrant surgery at a size smaller than 5 cm. Early
reports show that LDS appears to be an aggressive form of aortic disease, and
surgery is advocated at 4 cm for adults [64,65]. In TS, women are shorter than
the general population, and dissection has been reported at dimensions <5 cm.
In this case, using an indexed measurement of aortic size, such as >2.5 cm/m2,
has been suggested [10].

When surgery is considered as prophylaxis, it is important to have a cardio-
thoracic surgeon with specific experience in operating on patients with connec-
tive tissue disorders. These surgeries can be more difficult due to the abnormal
aortic tissue involved. Elective replacement of the aortic root can be performed
with or without replacement of the aortic valve. If valve replacement is required,
as in MFS with aortic regurgitation or BAV with aortic stenosis or regurgitation, a
Bentall procedure is usually performed. This surgery incorporates replacement
of the aortic root and ascending aorta from the valve to the innominate artery
with reimplantation of the coronary arteries [87]. A prosthetic valve is employed
within the graft, and patients require life-long anticoagulation. This procedure
has 5-, 10-, and 20-year survival rates of 88%, 81%, and 75%, respectively [88].
More recently, valve-sparing procedures have been performed, where the aorta
is replaced from the sinuses to the innominate artery with placement of a tube
graft and reimplantation of the coronary arteries. The valve remains intact
either implanted in the tube graft or left in situ below the graft [89–91]. The
timing and type of surgery and risk involved is best discussed among the
surgeon, cardiologist, and patient to make the best decision for that indivi-
dual.

Case summary

The case at the beginning of this chapter described a 23-year-old woman with a recurrent
coarctation and aneurysm at the site of her prior coarctation repair. She had a significant
residual gradient by blood pressure and echocardiogram. The options for intervention for
this woman were complicated by multiple factors, including the two prior patch repairs,
the aneurysm, and the location of the head and neck vessels relative to the coarctation
sites. The patient also had a history of some developmental delay and cerebral injury,
possibly related to her prior operations. Given these considerations, an unusual hybrid
approach was undertaken for her repair. She underwent a surgical intervention that
first included relocation of her innominate and left common carotid arteries to a more
proximal segment of the aorta. In the same procedure, she then had intraoperative
placement of an endovascular covered stent for relief of the coarctation. The procedure
was performed without the use of cardiopulmonary bypass and with maintenance of
cerebral perfusion. She has had an excellent result so far with a <5 mm Hg gradient in
the operating room, a 12 mm Hg mean gradient by echo with no diastolic run-off, and a
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14 mm Hg systolic gradient by blood pressure. A 3-month follow-up CT scan revealed
a patent stent, no residual coarctation, and no new aneurysm formation.
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Chapter 9

Transposition of the great arteries
after a Mustard atrial switch
procedure
Folkert Meijboom and Gary Webb

A 28-year-old man was born with “simple” transposition of the great arteries, that is,
with no significant associated anomalies (Fig. 9.1). He was cyanotic as a newborn and
was palliated with a Rashkind balloon atrial septostomy (Fig. 9.2). By improving mixing
of his venous and arterial circulations, his cyanosis improved, and he was 2 years old
when he had a Mustard atrial switch procedure (Fig. 9.3). His childhood was uneventful.
By age 14, he had developed a junctional rhythm. By age 21, moderate right ventricular
(RV) systolic dysfunction was present. Mild systemic tricuspid regurgitation appeared.
Inferior vena caval baffle stenosis was also identified and successfully treated by stent
placement. As a young man, he enjoyed partying and drinking beer. His weight ballooned
to 115 kg. By age 24, tricuspid regurgitation had become moderate. He took a job doing
heavy physical work. He married and then became the father of a healthy daughter.
Soon thereafter, he had his first episode of syncope while at a pub. A 24-hour Holter
monitor showed junctional rhythm without ventricular tachycardia. Soon thereafter,
an episode of documented ventricular fibrillation occurred, and he was resuscitated.
An AICD was placed, and amiodarone was begun. His physical capacity had slipped.
He could climb two flights of stairs, but not three. Systemic RV hypokinesis was now
moderately severe. He had stopped drinking alcohol and was complying with his medical
treatments. Transplantation is being considered.

This case presentation illustrates many of the problems that can occur in
patients with transposition of the great arteries (TGA) after an atrial switch
procedure in childhood. Some atrial switch patients do well and have no prob-
lems at all over many years. However, most of these patients do have problems,
although they are seldom as extensive as in our patient. Congenital heart dis-
ease, in this case TGA, is a lifelong illness and not a disease that is cured by
surgery.
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Fig. 9.1 Schematic drawing of a normal anatomy and circulation on the left side and a
transposition of the great arteries with the resulting abnormal circulation on the right
side. The anatomical description of a heart with a transposition of the great arteries is
concordant AV (atrioventricular) connection and discordant VA (ventriculo-arterial)
connection. RV = right ventricle. RA = right atrium. RV = right ventricle. LA = left
atrium. LV = left ventricle. PA = pulmonary artery. Ao = aorta.

(a) (b) (c)

Fig. 9.2 A sequence of fluoroscopic images of the Rashkind balloon atrioseptostomy.
(a) shows a catheter, coming from the inferior caval vein, going through the right atrium,
having crossed the interatrial septum through a patent foramen ovale, with the
balloon–locatrd at the tip of this catheter–inflated in the left atrium. In (b), the catheter is
pulled out and the balloon is deformed when it is pressed against the interatrial septum
and even more when it passes through the foramen ovale, tearing the fossa ovalis
membrane (the actual goal of this procedure). (c) the inflated balloon is visible low in the
right atrium; it has made a tear in the fossa ovalis membrane, which allows left-to-right
shunting of oxygenated blood towards the systemic circulation.
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Fig. 9.3 In (a), a schematic drawing is shown of a TGA (transposition of the great
arteries) after an atrial switch according to Mustard. Note that the superior baffle passes
from right to left anterior from the pulmonary venous atrium and that the inferior baffle
runs from right to left posteriorly in the right atrium, posterior from the connection
between pulmonary venous atrium and right atrium. (b) shows a right lateral view of a
Mustard situation, with both superior and inferior baffles connecting to the left-sided
LA (left atrium). To the right of the junction of the baffles and the left atrium, a small
part of the RA (right atrium) is visible. VCS = vena cava superior. VC = vena cava
inferior. (c) is a CMR–image of the same patient. LV = left ventricle. LA = left atrium.
RA = right atrium. RV = right ventricle. The left ventricle is squashed by the leftward
bulging of the interventricular septum, a result from the high (systemic) pressures in the
right ventricle (R = right). Posteriorly–left in this picture–the connection between the
pulmonary venous atrium and the RA (= right atrium) is shown.

Background

TGA is one of the common cyanotic congenital cardiac malformations; approx-
imately 5% of all the newborns with a congenital cardiac malformation have
this lesion [1]. The cause is unknown. In general, it occurs spontaneously and
is not familial. There is no known association with syndromes or chromosomal
abnormalities. There is a 2:1 male preponderance. In two-thirds of patients, it is
an isolated finding (i.e., without concomitant intracardiac defects) and so may
be referred to as a “simple TGA.” In one-third of cases, it occurs with other
structural defects (most often a ventricular septal defect) and may be referred
to as a “complex TGA.” As a rule, these two groups of patients have differ-
ent clinical presentations and natural histories. For patients with a “complex
TGA,” other types of surgical treatment can be offered, with uncommon names
like the Rastelli operation, the Kawashima procedure, or REV [2,3]. These are
beyond the scope of this chapter. The natural history of “simple TGA” (to be
referred to as TGA) known from the era before cardiac surgery is very poor:
only 10% survived the first year of life [4]. The possibility of making the correct
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diagnosis and offering surgical treatment, introduced by the surgeons Mustard
from Toronto and Senning from Zurich in the beginning of the 1960s, dramat-
ically changed the prospects for children born with transposition [5,6]. These
surgical techniques share the basic principle of the atrial switch: the TGA is left
untouched and the systemic venous return is re-routed through surgically cre-
ated tunnels (called baffles) to the left ventricle and then the pulmonary artery,
leaving enough space behind the intra-atrial baffles for the pulmonary veins to
drain into the right ventricle and then the aorta. The techniques differ in the
choice of the material used for the baffle construction. In a Mustard, fabric is
used (most often Dacron) and in a Senning, the baffles are made of tissue from
the interatrial septum and atrial wall of the patients themselves.

Surgical mortality, morbidity, and long-term outcomes are similar for the two
techniques [7]. The atrial switch is rarely performed anymore; since about 1985,
it has been almost entirely replaced by the arterial switch operation, which
is performed in the first 2 weeks of life. As a consequence, most adults born
with transposition who are alive today will have had one of the atrial switch
procedures, and most of today’s children and adolescents with transposition
will have had an arterial switch operation. The focus in this chapter is on
adults with a TGA, therefore patients after a Mustard or a Senning atrial switch
procedure. The most common problems in these adult TGA patients are:
1 Ventricular dysfunction;
2 Arrhythmia; and
3 Baffle-related problems.
These will be discussed below. Because of these problems, atrial switch patients
should be regularly seen by a cardiologist with expertise in the care of patients
with complex congenital heart defects.

Ventricular function
In patients who have had a Mustard or Senning operation, the main problem
is that the right ventricle has to perform as the systemic ventricle. In contrast
to the left ventricle, the right ventricle was not "designed" as a pressure pump.
Its shape and orientation of muscle fibers in the ventricular wall are such that
it performs best in the transport of large volumes of venous return against a
low afterload, in the form of a low pulmonary vascular resistance. When the
afterload of the right ventricle is not low, as in a patient with TGA, the right
ventricle has to adapt to its high-pressure task. The adaptations begin to take
place immediately after birth since, unlike the normal circulation, the afterload
to the right ventricle does not decrease at all in this period. The physiologic
reactions of the right ventricle to a decreasing afterload do not occur, so there
is no thinning of the ventricular wall and no loss of the middle muscle layer,
consisting of circularly oriented muscle fibers. The adaptations to a low pressure
now occur in the left ventricle, from which the pulmonary artery arises. The left
ventricle will become the flattened, low-pressure ventricle, curved around the
round high-pressure right ventricle. These adaptations are very successful in
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the short run in most patients. Until adolescence, RV function is usually judged
as normal and tricuspid regurgitation is absent to mild.

Most atrial switch patients will do well in terms of ventricular function until at
least age 20. However, from early adulthood on, many patients with TGA after
an atrial switch will gradually develop signs of depressed RV function [8,9].
Then, as RV systolic dysfunction progresses, systemic tricuspid regurgitation
will tend to become manifest. In atrial switch patients, there is a tendency to
progressive RV dysfunction and tricuspid regurgitation over time, although the
rate of these developments is unpredictable.

Left ventricular function is rarely a problem. Sometimes the high-pressure
right ventricle causes posterior bulging of the interventricular septum to such
a degree that left ventricular outflow tract (LVOT) obstruction develops. This
narrowing can cause systolic anterior movement of the anterior mitral valve
leaflet. The fixed narrowing, caused by the bulging of the interventricular sep-
tum, together with the dynamic obstruction of the systolic anterior movement
can give rise to very high gradients across the LVOT. The development of sub-
pulmonary LVOT obstruction is usually very slow, and the left ventricle adapts
to it by becoming hypertrophied. Left ventricular function is rarely affected by
this. Regular assessment of ventricular function is mandatory during follow-up
of these patients.

Arrhythmia
The extensive atrial surgery and resultant atrial scarring often causes the loss of
sinus rhythm and may form the substrate for atrial flutter variants [10]. Indeed,
resting sinus bradycardia or junctional rhythm is very common in these patients,
and perhaps 25% will eventually receive pacemakers because of unacceptable
bradycardia. In follow-up of Mustard and Senning patients, sudden death is
reported to occur relatively frequently. It is likely that these sudden deaths are
caused by ventricular arrhythmias and, as in acquired heart disease, the occur-
rence of ventricular tachycardia or ventricular fibrillation is associated with
poor function of the systemic ventricle [11]. Our patient illustrates this point.

A very fast heart rate as a result of a supraventricular tachycardia can also be
life threatening, especially if the baffles are relatively narrow. In a structurally
normal heart, a rise in atrial pressures in response to atrial fibrillation or flutter
can facilitate adequate ventricular filling, despite the reduced filling time. In a
patient with a Mustard or Senning circulation, with the noncompliant Mustard
baffles and without the reservoir function of a normal atrium, fast supraventric-
ular tachycardias may be poorly tolerated. Medical treatment of tachyarrhyth-
mias may be made difficult by the commonly associated RV systolic dysfunction.
As a result, all antiarrhythmic drugs with negative inotropic effects (virtually
all except for digoxin and amiodarone) may be contraindicated. Digoxin is not a
very potent drug. Amiodarone has obvious disadvantages because of the high
frequency of side effects. However, because tachyarrhythmias are often poorly
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tolerated, there is a low threshold to start amiodarone. Although very challeng-
ing for electrophysiologists and not always successful, transcatheter ablation
of flutter circuits in Mustard patients should be considered as an alternative to
amiodarone treatment.

Function of the atrial baffles
There is often confusion about the term "baffle." One of the reasons is that many
schematic drawings are good enough to explain the physiology of the Mustard
circulation, but are too schematic to understand the anatomical situation. The
drawing presented of the case report is correct and understandable. The term
“baffle” should be reserved for the tunnel-like connection between the caval
veins and the left atrium and not for the connection of the pulmonary veins to
the right atrium.

These baffles were surgically created in infancy or early childhood. After the
operation, patients will continue to grow, but the baffles (consisting of Dacron in
the Mustard operation or atrial septal tissue in the Senning situation) will have
little or no growth. For most patients, these baffles will remain wide enough
to function as transport tunnels, but in a subset of patients, these baffles will
become relatively narrow or even obstructive. There are no agreed criteria for
the size of baffles, providing a reason why there are no reliable data on the occur-
rence of baffle obstruction after a Mustard or Senning procedure. Even if a baffle
is not narrowed, the fact that the normally compliant, contracting, and relaxing
structure of the normal right atrium has been replaced by noncompliant baffles
results in a different hemodynamic situation. The passive transport function
is intact, but the other aspects of atrial function have been lost. A normal right
atrium can quickly accommodate a large increase in venous return during exer-
cise because of good active relaxation and a very compliant atrial wall. Because
a baffle has very poor compliance, these rigid structures limit the increase in
venous return to the heart. The capacity of these baffles may be good enough
for cardiac output and venous return at rest, but fall short with exercise or with
tachycardia. The capacity to increase preload is very limited, and thus the ability
to increase cardiac output will be limited, even in young patients with normal
or near-normal RV function. Compensatory mechanisms for this situation are
a rapid increase in heart rate (if the sinus node is not too sick to allow this, and
chronotropic incompetence is common) and peripheral vasoconstriction with
exercise. This explains why patients after a Mustard or Senning operation often
have warm hands at rest but very cold hands immediately after exercise.

Baffle obstruction
If the venous return of the upper or lower half of the body is obstructed and
venous congestion is visible, a baffle stenosis should be suspected. However,
the absence of venous congestion is not a reliable marker for absence of baffle
stenosis. In the normal circulation, the azygos system, a venous system posterior
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to the caval veins that runs in an inferior–superior direction parallel to the spine,
is not very significant in terms of flow, but if the caval venous return to the heart
is obstructed (either from superior or inferior baffle stenosis), the azygos system
can act as a bypass system. If the superior baffle is obstructed, the venous return
from the upper half of the body is redirected, through the azygos vein, to the
inferior caval vein. The direction of the flow will be from the high-pressure (the
potentially congested upper half of the body) to the low-pressure inferior caval
vein, so from superior to inferior. If the inferior baffle is obstructed, the azygos
vein will carry flow from the potentially congested lower part of the body in a
cranial direction, toward the place where the azygos vein anastomoses with the
superior caval vein. In these situations, the entire venous return may have to
pass through one baffle. The potential increase in venous return during exercise
will be limited even more than described above. This will limit exercise capacity.
This, in itself, might be an indication for intervention. If atrial flutter or atrial
fibrillation occurs, the ability to maintain cardiac output and blood pressure
will be even more limited than when two baffles are patent (see above). We
believe that patients with baffle obstruction are more at risk for hemodynamic
derangement and at higher risk of sudden death when atrial tachyarrhythmias
occur. This, in our opinion, is another reason why baffle stenosis should be
diagnosed and treated.

Sometimes an obstruction to pulmonary venous drainage develops, most
often at the site where the pulmonary venous atrium (the posterior part of
the original left atrium into which the pulmonary veins drain) connects with
the right atrium. Only if this obstruction is severe and gives rise to elevated
pulmonary artery pressures should treatment be considered. Treatment in this
situation is usually surgical, with a complete re-do of the atrial baffles. Retro-
grade catheterization with an attempt to balloon this narrowing is possible but
seldom successful in clinical practice.

Baffle leaks
Baffle leaks can occur in perhaps one-quarter of the patients. The exact localiza-
tion of the leak and pressure relations within the heart will dictate the direction
of the shunt. In the absence of baffle stenosis, low filling pressures of the sub-
pulmonary left ventricle, and slightly elevated filling pressures of the systemic
right ventricle, it will be a left-to-right shunt: shunting of oxygenated blood
from the pulmonary venous atrium or right atrium toward the baffles or left
atrium, giving rise to volume overload of the subpulmonary left ventricle. The
best clue to the existence of such a baffle leak is a larger-than-expected sub-
pulmonary left ventricle on a routine echocardiogram. If the baffle is relatively
small, which is very common in the Mustard situation, and the leak is proximal
to this narrowing (e.g., the anastomosis of the inferior caval vein with the infe-
rior baffle), the shunt will be right-to-left and hypoxemia may be present at rest
or be precipitated by exercise.
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Recommendation for follow-up in clinical practice

Routine follow-up, usually annual, is indicated for all patients with TGA after
an atrial switch, even if they are asymptomatic. The investigations should be
aimed at early detection of the expected problems, as described above, as well
as the detection of unexpected problems. A check-up should always include a
history, physical examination, a 12-lead electrocardiogram (ECG), and transtho-
racic echocardiogram (echo). If indicated, other examinations, such as a 24-hour
ECG, magnetic resonance imaging (MRI), cardiopulmonary testing, lab tests,
or cardiac catheterization, should be done. In the following text, some practical
tips are offered to help achieve good clinical practice.

History
It is necessary to ask specifically about unprovoked tachycardia and syncope.
One should determine, as precisely as possible, what a patient can physically
accomplish, e.g., how many stairs he/she can climb; whether he/she is able to
walk for 60 minutes at a normal pace or only at his/her own slower pace, etc.
A change in exercise capacity over the years can be assessed this way.

Physical examination
If, at the handshake, the patient’s hands are cold, the cardiac output at rest
is probably depressed, or the patient just exercised, e.g., by walking to the
outpatient clinic. Cyanosis and clubbing are usually absent, and pulse oximetry
is normal or near normal. Mild desaturation (with oxygen saturation in the
range of 94–96%) is common, due to the fact that the coronary sinus, with its
deeply desaturated blood, drains into the right atrium, which is incorporated
in the systemic circulation. A deeper desaturation suggests a right-to-left shunt,
possibly from a baffle leak. The jugular venous pressure is usually normal.
If it is substantially elevated, a superior baffle obstruction with an inadequate
decompressing azygos bypass should be suspected. The RV impulse is virtually
always palpable as a precordial heave. At the left 4th intercostal space, one
should listen specifically for a high-pitched holosystolic murmur that could
indicate tricuspid regurgitation. An ejection-type murmur can often be heard at
the 2nd or 3rd left intercostal space, indicating some LVOT obstruction. Signs
of venous congestion of the lower body half, a congested liver or edema of
the legs, should always be sought, since this could suggest inferior limb baffle
obstruction with insufficient decompression by the azygos bypass system or,
alternatively, reflect heart failure.

ECG
Is there a P wave? If present, the width and amplitude should be noted. It
happens often that the P wave, clearly visible at a young age, will gradually
lose amplitude until it disappears. The resulting junctional escape rhythm has
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Fig. 9.4 Typical ECG of an adult patient with a TGA after a Mustard atrial switch. There
is no visible P wave; there is a right axis deviation; and in the precordial leads, there is
almost exclusively RV activity.

a narrow (or only slightly broadened) QRS complex. Significant or progressive
prolongation of the QRS complex, usually as a complete RBBB, may indicate
dilation of the right ventricle and/or worsening of RV function. There is usually
right axis deviation and marked voltage evidence of RV hypertrophy. The left
ventricle is electrically silent. If there is any evidence of left ventricular hypertro-
phy, this may indicate LVOT obstruction or pulmonary hypertension. Figure 9.4
shows a typical ECG for adult patients with a TGA after a Mustard or Senning
atrial switch: junctional rhythm, right axis deviation, and RV hypertrophy in
the precordial leads. If the resting heart rate is slow, as is common, 24-hour ECG
monitoring should be considered to determine whether a pacemaker may be
needed. An exercise test should often be done to assess both physical capacity
and the degree of chronotropic incompetence. If severe chronotropic incompe-
tence is discovered or if heart rates during the 24-hour ECG are very low (lower
than 30 bpm at night, lower than 40 bpm during the day, or a mean heart rate
of <50 bpm over the day), pacemaker implantation may be considered.

Echocardiography
Echocardiography can be used to assess RV size and function and to evaluate
the atrial baffles and pulmonary venous drainage (Fig. 9.5). There are no refer-
ence values for RV size in Mustard patients, but measurement of RV dimensions
is useful for serial follow-up of a patient. If the systemic right ventricle dilates
in an adult patient, this should be seen as a sign of deterioration of ventricular
function. Visual estimates of RV function (normal wall motion or a degree of
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Fig. 9.5 An apical four-chamber view of a patient with a TGA after a Mustard procedure.
R, right; L, left.

hypokinesis) are most used in clinical practice, although their accuracy and
reproducibility is limited. The use of echo contrast that passes the lungs may
be very rewarding in the assessment of RV function in patients with a sys-
temic right ventricle. One should consider doing contrast echo for RV function
assessment in all patients in which the 2D image is less than perfect. Measure-
ment of the size of the tricuspid annulus is also useful for serial follow-up of
RV function, as is the color Doppler semiquantification of tricuspid regurgita-
tion. Tricuspid annular plane systolic excursion (TAPSE) is always depressed in
patients with systemic right ventricles when compared with right ventricles in
structurally normal hearts. If, at longitudinal follow-up, the TAPSE deteriorates
from previous values, this suggests worsening RV function.

Once an atrial switch patient is fully grown and the baffles are functioning
normally, only periodic reassessment is necessary. For all new Mustard/Senning
patients, or in patients in whom a baffle leakage or obstruction is suspected,
a complete echo work-up is indicated. Direct echocardiographic visualization
of the baffles is difficult but is often feasible if the sonographer has enough
experience and understands the difficult anatomy. The anastomosis of the baf-
fles with the caval veins and their connection to the left atrium can be seen
if image quality is adequate. Not only should the baffles be imaged, but also
the superior caval vein above the superior baffle and the inferior caval vein
and hepatic veins below the inferior baffle. Color Doppler, set with very low
Nyquist limits to detect low-flow velocities, and pulsed Doppler interrogation
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at different levels will normally show very low-flow velocities, with only ante-
grade flow in diastole. If local acceleration of the flow is seen, stenosis should be
suspected. Flow velocities in superior and inferior caval vein should be more or
less comparable. If the flow velocity in one of the caval veins is much lower than
in the other, a baffle stenosis can be suspected there. The higher flow velocity
in the caval vein in the nonstenosed side can be explained by increased flow:
the normal flow plus the amount that reaches the nonstenosed side through the
azygos vein bypass. Sometimes the azygos vein can be visualized directly. In
the case of an inferior baffle stenosis, the sniff test is very helpful: during short,
powerful inspiration, the rapid fall in intrathoracic pressure leads to an almost
complete collapse of the inferior caval vein. If there is no collapse, the lowering
of the intrathoracic pressure is not transmitted to the inferior caval vein; there
is a very high likelihood of a significant obstruction of the inferior baffle.

Contrast echo
The use of echo contrast that does not pass the lungs can be very helpful for
the detection of baffle stenosis or leakage. If contrast, injected in an arm, enters
the heart through the inferior baffle, there is a superior baffle obstruction and
a functioning azygos bypass (and the other way around: if contrast injected
in a leg appears in the superior baffle, an inferior baffle stenosis is present).
If contrast injected in an arm appears in the right atrium and right ventricle
within seconds, leakage of the superior baffle with right-to-left shunting is
present. Leakage of the inferior baffle is diagnosed by injecting contrast in a
vein below the diaphragm.

Exercise test
Both bicycle and treadmill tests can be done for the assessment of exercise
capacity and heart rate response. Almost all patients after a Mustard or Sen-
ning have a decreased exercise capacity [12]. There are no reference values for
Mustard patients, although many published data suggest that a “normal” exer-
cise capacity after an atrial switch is only half that of normal individuals. The
main value of exercise tests in clinical practice is the relative serial performance
of individual patients. However, exercise testing not only reflects the patient’s
cardiac condition but also the general physical condition. These factors should
be taken into account in interpreting the serial data. Both maximal heart rate
and maximal blood pressure during exercise tend to be less than expected in
atrial switch patients.

Measurement of oxygen saturation during exercise can unmask baffle leakage
with substantial right-to-left shunting that occurs only during exercise, when
the systemic venous return is increased. Standard transcutaneous measurement
of the oxygen saturation with the probe on the tip of a finger usually does not
work, because most Mustard/Senning patients have marked peripheral vaso-
constriction at exercise. With a probe affixed to an earlobe, oxygen saturation
can be measured more accurately.
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Magnetic resonance imaging (MRI)
MRI can provide the most reproducible measurements of ventricular volumes
and function and is therefore the preferred method for longitudinal follow-up
of these parameters in atrial switch patients [13]. MRI is also very valuable for
the evaluation of the baffles. A good understanding of the difficult anatomy is
necessary during the acquisition phase, which means that a cardiologist or a
radiologist with special knowledge of congenital heart disease must be present
during the image acquisition. A substantial proportion of patients after a Mus-
tard procedure do have a pacemaker, which is a contraindication for MRI. CT
angiography is an alternative for these patients when there is a specific ques-
tion, but the high radiation dose that is unavoidable in doing a CT scan makes
CT less attractive as an instrument for serial follow-up.

Cardiac catheterization
Because noninvasive imaging is now so excellent, a purely diagnostic cardiac
catheterization is rarely required in the current era. Instead, the indication for
the procedure will usually be a catheter intervention, such as stenting of a baffle
stenosis or closing a baffle leak. Because of its invasive nature and the fact that
it is rarely necessary, we think that these few catheterizations should only be
done at centers with the most expertise and experience.

Case study

Throughout our patient’s life, some findings and events prompted intervention, and
others did not. The first event was the clinical presentation at neonatal age. The diagnosis
of TGA always prompts treatment. If mixing of systemic and pulmonary venous blood is
not adequate, a septostomy is done. Since Bill Rashkind’s pioneering work, published in
1966, this can be done with a catheter and balloon technique. This is still the preferred
treatment today. At the time that our patient was born, the atrial switch was the
preferred technique. There were no events until the patient was 14 years old. At that
time, he lost sinus rhythm. Although this is not an ideal situation (the loss of the atrial
“kick” will reduce stroke volume and the maximal heart at exercise will be reduced)
there was no indication for pacemaker insertion. At the age of 21, inferior baffle stenosis
was diagnosed. Although the patient was asymptomatic, it was decided to treat this
stenosis for the reasons mentioned earlier. By age 24, his ventricular function had
deteriorated and the worsening systemic tricuspid regurgitation reflected this. In atrial
switch patients, tricuspid regurgitation is almost always the result of RV dilatation
and dysfunction. We started ACE-inhibitors even though there is little or no evidence
that they are effective in a patient with a systemic right ventricle. At age 24, he had
an out-of-hospital cardiac arrest, so an AICD was placed even though the role of these
devices is not yet clear in these patients. Before age 30, our patient has developed heart
failure symptoms due to progressive systemic RV dysfunction. He does not yet fulfill
the criteria for cardiac transplantation, but, like many of these patients, he will probably
become a candidate in the near future.
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Conclusion

Patients with TGA after a Mustard or Senning atrial switch procedure have a
high likelihood of developing problems in adult life. The most feared and least
treatable is RV failure. The other problems (especially arrhythmias and baffle
stenosis) should be anticipated and treated promptly. This chapter elaborates on
the anatomy and physiologic principles in the Mustard and Senning situation
(in many aspects very different from that of acquired heart disease) because
understanding of these principles is necessary in order to provide these patients
with high-quality medical care.
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Chapter 10

Tetralogy of Fallot
Judith Therrien

A 20-year-old male was born with tetralogy of Fallot and underwent primary surgi-
cal repair at age 1, consisting of ventricular septal defect (VSD) patch closure with
right ventricular outflow tract (RVOT) transannular patch. The postoperative course
was uneventful, and annual pediatric cardiac follow-up revealed residual pulmonary
regurgitation (PR) with a dilated right ventricle. The patient was otherwise asymp-
tomatic, developing normally. At age 18, the patient was transferred to adult care. At
his initial visit, the patient reported no symptoms other than occasional palpitations,
not associated with dizziness or syncope. Physical examination was suggestive of a
dilated right ventricle with significant PR, which was confirmed by echocardiography.
Cardiac MRI revealed a severely enlarged right ventricle with a right ventricular end
diastolic volume of 400 cc (235 cc/m2 ) and depressed systolic function. Holter monitor
detected the presence of paroxysmal atrial fibrillation with rare premature ventricular
complexes (PVCs).

Introduction

Tetralogy of Fallot (TOF) is the most common form of cyanotic congenital heart
disease after 1 year of age, with an incidence approaching 10% of all forms
of congenital heart disease. Most children who are now repaired experience
increasing long-term survival and good quality of life [1–3]. Late complications,
however, may occur as they reach adulthood, and careful follow-up of these
patients is warranted.
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Anatomy

The defect in TOF is due to anterocephalad deviation of the outlet septum, result-
ing in four features: (1) RVOT obstruction (RVOTO), which may be infundibu-
lar, valvar, or (usually) a combination of both, with or without supravalvar or
branch pulmonary artery stenosis; (2) a nonrestrictive VSD; (3) an overriding
aorta (<50%); and (4) consequent right ventricular hypertrophy (Fig. 10.1). The
so-called pentalogy of Fallot includes an atrial septal defect. Accompanying fea-
tures can include additional VSDs, anomalous coronary arteries, a right-sided
aortic arch, aortic root dilatation, aortic regurgitation, and aortopulmonary col-
laterals.

Fig. 10.1 Diagrammatic representation of tetralogy of Fallot. (1) Pulmonary stenosis.
(2) Ventricular septal defect. (3) Overriding aorta. (4) Right ventricular hypertrophy. RA,
right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle; Ao, aorta; PA,
pulmonary artery. (From Mullins CE, Mayer DC. Congenital Heart Disease: A
Diagrammatic Atlas. New York: Wiley-Liss, 1988; with permission.)
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Surgical repair

Most adults will have had surgery, either palliative or, more commonly, repar-
ative, by the time they present to the cardiologist. Rarely, an adult patient will
present without previous operations.

Reparative surgery involves closing the VSD and relieving the RVOT obstruc-
tion. The latter may involve pulmonary valvotomy, resection of infundibular
muscle or RVOT, subannular patch (a patch across the RVOT that does not
disrupt the integrity of the pulmonary valve annulus), or transannular patch
(a patch across the pulmonary valve annulus that disrupts the integrity of
the pulmonary valve annulus) (Fig. 10.2). Rarely, an extracardiac conduit may

LA

RA

RV

LV

Fig. 10.2 Diagrammatic representation of the surgical repair of tetralogy of Fallot.
(1) Patch closure of ventricular septal defect. (2) Right ventricular outflow and main
pulmonary artery outflow patch (transannular patch). RA, right atrium; RV, right
ventricle; LA, left atrium; LV, left ventricle; Ao, aorta; PA, pulmonary artery. (From
Mullins CE, Mayer DC. Congenital Heart Disease: A Diagrammatic Atlas. New York:
Wiley-Liss, 1988; with permission.)
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be placed between the right ventricle and pulmonary artery in patients with
pulmonary atresia, and for an anomalous coronary artery (an anomalous left
coronary artery arising from the right coronary artery and crossing the RVOT,
which occurs in approximately 4% of patients). A pulmonary valve implanta-
tion (homograft valve or porcine bioprosthesis) may also be performed at the
time of initial repair in adolescents and adults undergoing late repair, as these
patients usually do not tolerate PR well. Angioplasty/patch augmentation of
central pulmonary arteries may be required in patients with hypoplastic main
pulmonary trunk and/or stenoses of the central pulmonary arteries. Finally, a
patent foramen ovale or secundum atrial septal defect, if present, needs closure.

Early on, data suggested that significant residual RVOT obstruction was a
major determinant of poor outcome. Therefore, the surgeon’s primary goal
was to surgically alleviate any anatomic obstruction. Surgical approaches to
the repair of tetralogy have evolved over the years [4–8]. Hence, early cohorts
underwent repair through a right ventriculotomy [7], with “complete relief”
of RVOT obstruction often necessitating the use of a large transannular patch,
which usually creates free PR. Recent data, however, have shown detrimental
long-term effects of a right large ventriculotomy and chronic PR on right ven-
tricular (RV) function [9], with a propensity to clinical arrhythmia and sudden
cardiac death (SCD) [1,10]. This has led to a modified approach of repairing
the lesion with a combined transatrial/transpulmonary approach, involving
closure of the VSD and relief of the RVOTO through the right atrium and the
pulmonary artery [5,6]. A limited RV incision is often required for patch aug-
mentation of the RVOT and/or the pulmonary valve annulus. Routine and
generous transannular patching has thus been abandoned. Every effort is now
made to maintain the integrity and competence of the pulmonary valve. It is of
note that residual RVOT pressure gradients present in the immediate postop-
erative period, previously thought to carry a poor long-term prognosis, often
regress within days. Furthermore, mild-to-moderate residual RVOTO in isola-
tion is well tolerated long-term. Avoidance of free PR at the expense of some,
albeit not severe, residual pulmonary stenosis is now a key therapeutic goal of
reparative surgery.

The timing of repair has also changed. Contemporary patients often undergo
primary repair at presentation or when they become symptomatic [4,5,8]. This
approach may convey long-term benefits as it abolishes the cyanosis early in
life and, by normalizing pulmonary blood flow, promotes pulmonary artery
growth.

Older adult patients with repaired tetralogy, however, may have under-
gone one or more previous palliative procedures prior to undergoing defini-
tive repair. Rarely, an adult patient may present having undergone only a
palliative operation with the intention of augmenting pulmonary blood flow.
Such procedures include the classic Blalock-Taussig shunt (subclavian artery to
right pulmonary artery connection), Waterston shunt (ascending aorta to right
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pulmonary artery), or the Potts shunt (descending aorta to left pulmonary
artery). However, complications from these palliative shunts can be signifi-
cant, including focal pulmonary artery stenosis; excessive pulmonary blood
flow with pulmonary artery hypertension and eventually pulmonary vascular
obstructive disease; and chronic left ventricular (LV) volume overload. Shunt
procedures have now largely been abandoned in favor of earlier repairs.

Long-term complications after surgical repair

Pulmonary regurgitation
The overall survival of patients who have had operative repair is excellent,
provided the VSD has been closed, the RVOT obstruction has been relieved
satisfactorily, and severe PR, which may lead to RV dilatation and RV dysfunc-
tion, is absent. A 32- to 36-year survival of 86% and 85% has been reported
[2,12]. Most adults with previous repair of TOF lead good quality lives [1–3].
Over 85% of patients after intracardiac repair are asymptomatic at follow-up.
Symptoms do occur in about 10–15% of patients at 20 years following initial
repair [11,12], and may take two main forms: (1) palpitations from atrial and
ventricular tachycardias (VTs); and (2) diminished exercise tolerance, usually
from progressive RV dilatation secondary to chronic PR.

Significant PR is almost always encountered when the transannular patch
repair technique has been employed. PR is usually well tolerated if mild to
moderate. Severe chronic PR, however, may lead to symptomatic RV dilatation
and dysfunction [9]. The severity of PR and its deleterious long-term effects
are augmented by coexisting proximal or distal pulmonary artery stenosis, or
pulmonary artery hypertension. The severity of PR can be assessed by pulsed
Doppler echocardiographic interrogation of antegrade versus retrograde pul-
monary blood flow with a short diastolic flow (pressure half time <100 ms),
indicative of significant PR [13] (Fig. 10.3). MRI phased velocity mapping can
accurately measure PR regurgitant fraction and is used as the gold standard
[14]. Severe PR can result in a large volume of PR and RV dilatation, but can
also be associated with normal or only mildly increased RV size because of a
so-called RV “restrictive physiology” [15] (see below).

RV dilatation
RV dilatation can also be secondary to severe residual RVOTO [9] or as a conse-
quence of surgical scar (transventricular approach). Significant tricuspid regur-
gitation (TR) may occur as a consequence of RV dilatation, which begets more
RV dilatation.

Restrictive right ventricle
Restrictive RV physiology after surgical repair is thought to be due to myocar-
dial ischemia and necrosis from inadequate myocardial protection at the time
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Fig. 10.3 (a) Pulsed echo Doppler signal of pulmonary regurgitant jet in diastole with
presssure half-time of 77.8 ms. (b) Correlation between echo-obtained pressure half-time
and regurgitation fraction on MRI. PHT, pressure half-time; RF, regurgitant fraction.
(From Silversides, et al. J Am Soc Echo 2003;16:1057–62; with permission.)
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of surgery [16]. Although restrictive RV physiology is associated with more
precarious perioperative hemodynamics, long-term data would suggest that it
may prevent progressive RV dilatation and increase exercise capacity in adults
[15,17].

Residual RVOTO
Residual RVOTO can occur at the infundibular level, at the level of the pul-
monary valve and main pulmonary trunk, and/or distally, beyond the bifurca-
tion and occasionally into the branches of the left and right pulmonary arteries.

Aneurysmal dilatation of the RVOT
This is relatively common in patients with previous pericardial transannular
patch repair and significant pulmonary regurgitation. Aneurysmal dilatation
of the RVOT can be associated with regional RV hypokinesis and can be the
arrhythmogenic focus of sustained VT. To date, no episodes of sudden rupture
of these regions have been reported.

Residual VSD
Residual VSDs can be encountered from either partial patch dehiscence or
failure of complete closure at the time of surgery, or alternatively, an undetected
muscular VSD.

Aortic regurgitation with or without aortic root dilatation
Aortic regurgitation may be due to damage to the aortic valve during VSD
closure or secondary to an intrinsic aortic root dilatation (more common in
patients with pulmonary atresia and systemic to pulmonary artery collaterals).
The pathological substrate for aortic root dilatation seems to be cystic medial
necrosis [18].

LV dysfunction
Occasionally LV dysfunction can be seen from a variety of factors, including
inadequate myocardial protection during previous repair(s), chronic LV volume
overload due to long-standing palliative arterial shunts and/or residual VSD,
injury to anomalous coronary artery (uncommon), or long-standing cyanosis
before repair.

Alternatively, a markedly dilated right ventricle may cause significant abnor-
mal displacement of the ventricular septum into the LV cavity, causing alter-
ations in LV filling (ventricular/ventricular interaction) [15].

Supraventricular arrhythmia
Atrial flutter and atrial fibrillation are relatively common in the current cohort
of adults with previous tetralogy repair. Atrial tachyarrhythmia occurs in about
one-third of adult patients and contributes to late morbidity and even mortality
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[19]. Atrial flutter and fibrillation are more common in patients who had long-
lasting systemic-to-pulmonary artery shunts (therefore persisting volume over-
load) and those who required early reoperations for residual hemodynamic
lesions (i.e., patients with a suboptimal result from initial reparative surgery).
Older age at repair and moderate-to-severe TR are additional predictors of late
sustained atrial flutter and/or fibrillation [1]. Often indicative of hemodynamic
trouble (significant RV dilatation and dysfunction, significant TR), the substrate
is most likely a surgical scar in the atria and the trigger, atrial dilatation.

Premature ventricular contractions
Nonsustained ventricular arrhythmia on Holter monitor is very common (up
to 60%) following repair of tetralogy. The significance of PVCs, however, is not
entirely clear [20], but ventricular ectopy of grade ≥II according to the modified
Lown criteria (>30 uniform ventricular extrasystoles in any hour) appeared to
be associated with increased risk of SCD.

Ventricular tachycardia
Sustained monomorphic VT is relatively uncommon [1]. Re-entry is the most
common pathophysiologic mechanism, and multiple factors have been impli-
cated for its pathogenesis [21]. Right ventricular dilatation [22], stretch and
fibrosis [23] with slowed ventricular activation [10] probably serve as the trig-
ger (PVC) for re-entry circuit arrhythmias, whereas the area around the VSD
patch, RVOT area, and/or right ventriculotomy serve most commonly as the
substrate for VT. Autonomic dysfunction with diminished heart rate variability
and baroreflex sensitivity have been reported in these patients, but the extent
of their contribution to VT mechanism remains to be determined [24].

The QRS duration from the standard surface electrocardiogram has been
shown to correlate well with RV size in these patients [10,25]. A maximum QRS
duration of 180 ms or more is a marker for sustained VT and SCD in adult
patients with previous repair of tetralogy [10] (Fig. 10.4). QRS prolongation
in these patients reflects: (1) initial damage to the bundle, during tetralogy
repair [26] (right ventriculotomy, relief of muscular subpulmonary stenosis,
and suture placement for VSD patch closure); and (2) late progressive QRS
prolongation secondary to RV dilatation, which in turn is almost invariably the
result of chronic PR. Change in QRS duration with time also predicts patients at
risk [1].

Sudden cardiac death
The reported incidence of sudden death, presumably arrhythmic, in late follow-
up series varies between 0.5% and 6% over 30 years, accounting approximately
for one-third to one-half of late deaths [2,3,27]. Risk of sudden death increases
incrementally after the first 20 years from repair of tetralogy (1.2% and 2.2% at 10
and 20 years, respectively, increased to 4% and 6% at 25 and 35 years) [1]. Prior
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Fig. 10.4 Plot of maximum QRS duration in 182 patients with repaired TOF. Those with
syncope due to sustained monomorphic VT (9 patients, squares), atrial flutter (1 patient,
asterix), and SCD (4 patients, triangles) are plotted separately on the right column.
(From Gatzoulis, et al. Circulation 1995;92:231–7; with permission.)

palliative shunts, older age at repair, and relative postoperative RV hypertension
(to LV) have been previously shown to be risk factors for late sudden death [2].
Transannular patching, predisposing to free PR, and accelerated rate of QRS
prolongation are additional predictors of sudden death [3]. The presence of LV
dysfunction also increases the risk of SCD [28].

Psychiatric issues
Approximately 15% of patients with tetralogy have a deletion of chromosome
22q11 [29]. The incidence of 22q11 deletion is especially high in patients with
right aortic arch, pulmonary atresia, and aorta-to-pulmonary collaterals. The
clinical spectrum is summarized in the so-called “CATCH 22” syndrome (Car-
diac defect, Abnormal facies, Thymic hypoplasia, Cleft palate, Hypocalcemia
[neonatal], and 22q11 deletion). Patients with 22q11 deletion may have a propen-
sity to late psychiatric disorder, most commonly depression. Hyperactivity and
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attention deficit disorder problems have been seen in younger patients. Affected
subjects, however, have a 50% risk of transmitting the deletion to their off-
spring, hence the need for family screening with the FISH (fluorescence in situ
hybridization) test and genetic counseling.

Management of late problems after surgical repair

Significant PR
Relief of peripheral pulmonary artery stenosis whether surgically or by inter-
ventional catheterization may reduce the severity of PR [30]. Pulmonary valve
implantation (with either a homograft or porcine bioprosthesis) may be neces-
sary for severe PR. It carries a low operative risk [12,31] and leads to symp-
tomatic improvement [32–34]. The optimal timing of pulmonary valve replace-
ment (PVR), however, remains controversial.

Right ventricular dilatation
When RV dilatation is due to significant PR, timely PVR, before RV dilatation
and irreversible RV dysfunction ensues, is of the essence [32]. The literature
would suggest that RV remodeling post-PVR does not occur completely if PVR
is performed at an RV end-diastolic (RVED) volumes ≥170–180 cc/m2 [35,36].
There is, however, no proof that achieving timely RV remodeling incurs a sur-
vival benefit in these patients. Nonetheless, adverse clinical outcomes, such as
death or VT, are more commonly associated with RVED volumes ≥ 170–180
cc/m2 [37]. Concomitant tricuspid valve annuloplasty at the time of PVR may
be warranted when at least moderate TR is present.

The restrictive right ventricle
Diuretics in the postoperative period should be used if restrictive RV physiology
is the cause of persistent pleural effusion. Maintenance of sinus rhythm and
atrioventricular synchrony in these patients is paramount, as a significant part
of forward pulmonary blood flow, and cardiac output, depends on right atrial
systole.

Residual RVOTO
Surgery may be necessary for residual significant RVOTO (RV systolic pressure
≥2/3 systemic pressure) [38]. This may involve surgical resection of residual
infundibular stenosis or placement of a RVOT or transannular patch. Balloon
dilatation and stenting or surgery for branch pulmonary artery stenosis may also
be needed. When a previously inserted pulmonary valved conduit (<22 mm)
becomes stenotic, percutaneous PVR is an option and can be performed with
similar mortality and favorable hemodynamic results [39] and less morbidity to
the patient than surgical PVR, but should be reserved for ACHD centers with
expertise in the procedure.
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Aneurysmal dilatation of the RVOT
Although specific indicators have not been defined, progressive marked
aneurysmal dilatation of the RVOT may warrant surgical resection [38].

Residual VSD
Surgical repair of a hemodynamically significant VSD should be considered
when the Qp/Qs ≥ 2/1 or Qp/Qs = 1.5–2/1 if concomitant LV dilatation
or dysfunction exists [38] or if accompanied by a history of paradoxical
emboli.

Dilatation of the aortic root
Aortic root replacement may be considered when the ascending aorta is ≥55
mm, if recent increasing aortic root diameters have been demonstrated, and/or
in the presence of severe aortic regurgitation [38]. Aortic dissection or rupture,
however, is extremely rare.

LV dysfunction
There are no data on the management strategy for LV dysfunction in these
patients. Extrapolation from the data on ischemic and myopathic LV dysfunc-
tion would suggest that therapy with ACE inhibitors, digoxin, beta blockers
and diuretics may be beneficial. Additional investigations to exclude coexisting
coronary artery disease or persistent shunt may be indicated.

Supraventricular arrhythmia
Patients presenting with sustained atrial flutter and/or atrial fibrillation should
undergo a thorough assessment of their hemodynamics and should have target
residual hemodynamic lesions repaired (e.g., significant RV dilatation from PR
with consequent TR needing PVR and tricuspid valve annuloplasty). Radiofre-
quency ablation, following mapping for atrial reentry, is now yielding bet-
ter results for classical atrial flutter and/or incisional re-entrant tachycardia
and should be performed either percutaneously (if there is no need for con-
comitant surgery) or intraoperatively at the time of surgical correction of
underlying hemodynamic lesions [40]. For atrial fibrillation, a right atrial or
bi-atrial maze procedure should also be considered and ideally be performed
at the time of reoperation. Anti-arrhythmic medication and the new genera-
tion of atrial anti-tachycardia pacemakers can be used as adjunctive therapeutic
tools.

Premature ventricular contractions
Currently, there is no justification for prophylactic anti-arrhythmic therapy to
suppress asymptomatic ventricular arrhythmias documented on Holter in this
relatively low-risk population.
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Ventricular tachycardia
Abnormal right-sided hemodynamics, predominantly RV dilatation due to PR
with or without pulmonary stenosis have been very common in patients pre-
senting with sustained VT [1,11]. A detailed hemodynamic assessment is, there-
fore, of paramount importance. Furthermore, interventions to repair underlying
residual lesions, usually right-sided, should be an essential part of risk modifi-
cation and arrhythmia management in these patients. Transcatheter (if there is
no need for surgery) or concomitant intraoperative ablative procedures of the
VT pathway should be performed [33]. The role of AICD implantation in these
patients is unclear but may be used as an adjunct therapy post-VT ablation
since risk of VT recurrence postablation varies between 0% and 30% [11,39,41]
or when VT ablation is not possible

Sudden cardiac death
Patients with resuscitated SCD should undergo surgical repair of significant
residual hemodynamic lesions with concomitant VT ablation. AICD implan-
tation may be an adjuvant therapy for secondary prevention of sustained VT
and SCD, even after repair of residual hemodynamic problems and VT ablation
[11,39,41,42].

Prevention of late problems after surgical repair

Significant PR
Recent changes in the surgical technique [5,6] with a less aggressive approach
toward complete relief of RVOTO and avoidance of a transannular patch will
hopefully lessen the degree of PR.

RV dilatation
The newer transatrial approach [5] (rather than transventricular) at the time of
reparative surgery will lessen the degree of RV damage at the time of surgery
[43,44]. Changes in the surgical technique with a less aggressive approach
toward complete relief of RVOTO with avoidance of transannular patches [5,6]
and subsequent free PR will also hopefully lessen the degree of RV dilatation
and dysfunction over time.

The restrictive right ventricle
Improved myocardial protection may reduce the degree of RV myocardial
ischemia at the time of surgery and in turn the incidence of postoperative
restrictive RV physiology.

Aneurysmal dilatation of RVOT
Minimizing the extent of RVOT incision and the size of the prosthetic patch
used for RVOT reconstruction may lessen the incidence of RVOT aneurysmal
dilatation.
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LV dysfunction
Proceeding with surgical repair at an early age [4,5,8], avoiding prolonged
cyanosis and the need for palliative shunts, and ensuring adequate myocardial
protection at the time of surgery may significantly reduce the incidence of
postoperative LV dysfunction. Modifying risk factors for premature coronary
artery disease may also be indicated to protect against the later development of
LV dysfunction.

Endocarditis
Patients with a previous history of endocarditis, prosthetic valves, residual
shunt, persistent cyanosis, or within 6 months postoperation require protection
against endocarditis [45].

Supraventricular arrhythmia
A surgical approach that would minimize atrial scars as well as avoid significant
residual hemodynamic lesions causing right atrial dilatation may lead to a lower
incidence of atrial flutter and fibrillation in these patients.

Sustained VT
A surgical approach that would minimize ventricular scarring as well as avoid
significant residual hemodynamic lesions causing RV dilatation may lead to
a lower incidence of VT [5,43,44]. The role of diagnostic electrophysiologic
study in patients with asymptomatic dilated RVs is controversial but may be
beneficial in “high-risk” patients (history of palpitation or syncope, older age at
repair, transannular patch, QRS > 180 ms, modified Lown ≥ II, etc.) as inducible
VT or ventricular fibrillation seem to predict further development of such an
arrhythmia [46].

Sudden cardiac death
Primary prevention with AICD implantation in high-risk patients (prior pal-
liative shunt, QRS > 180 ms, inducible VT, LV dysfunction,) for SCD may be
beneficial [42] (Fig. 10.5) and is probably best reserved for patients with a high
annual risk (≥3.5% per year) of SCD [47].

Case study

Our patient had a severely enlarged RV as well as paroxysmal atrial fibrillation
in the setting of severe PR. Exercise testing also revealed limited functional aero-
bic capacity, although the patient believed himself to be asymptomatic. Because of
these findings, he was sent for elective PVR as well as intraoperative right and left
atrial MAZE procedure. The RV size improved after surgery but remained moderately
enlarged.
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Fig. 10.5 (a) Risk score from appropriate implantable cardiac defibrillator shocks in
primary prevention. (b) Kaplan-Meier survival curves for freedom from first
appropriate implantable cardiac defibrillator shocks in primary prevention are plotted
and compared according to risk score classification. ICD, implantable cardiac
defibrillator. (From Khairy, et al. Circulation 2008;117:363–70; with permission.)
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Synopsis

Long-term survival in adults with repaired TOF is excellent, and most patients
lead unrestricted lives and are asymptomatic at follow-up. Residual RVOT
problems such as significant PR and/or RVOTO, however, are common and may
lead to gradual RV dilatation and dysfunction with consequent supraventricular
or ventricular arrhythmias. Hemodynamic causes for such tachyarrhythmia (RV
dilatation and dysfunction, significant PR) should be sought and corrected, and
therapy directed at the arrhythmia (anti-arrhythmics, cryoablation, or AICD)
should be carried out conjointly. Recent changes in surgical approaches to the
initial repair of tetralogy will hopefully translate in the future into a lower
incidence of late complications.
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Chapter 11

Single ventricle physiology
Michael A. Gatzoulis and Lorna Swan

This 22-year-old male presented shortly after birth with failure to thrive. Investigation
revealed tricuspid atresia with transposed great arteries and an atrial septal defect.
Symptoms did not improve with diuretics, and at the age of 1 year, a pulmonary
artery band was placed. At the age of 7 years, a cardiac catheterization revealed a low
pulmonary artery pressure (mean of 11 mm Hg), and a Kreutzer Fontan with direct
right atrial appendage to pulmonary artery anastomosis was performed.

At the age of 20, the patient developed paroxysms of atrial tachycardia and was
commenced on amiodarone in addition to enalapril and Coumadin.

At the age of 22, he presented acutely with New York Heart Association III symptoms.
Examination revealed clubbing and resting saturations of 93%. The heart rate was 90
bpm and irregular. Resting blood pressure was 96/60. The jugular venous pressure was
elevated 6 cm, and there was a trace of ankle edema. Auscultation of his chest was clear.

An electrocardiogram confirmed atrial fibrillation, and an urgent echocardiogram
revealed a giant right atrium with a large right atrial clot. In addition, there was
compression of the right-sided pulmonary veins and mild left ventricular impairment.

Bloodwork confirmed amiodarone-induced thyrotoxicosis. This required prolonged
treatment with steroids, carbimazole, and lithium therapy before becoming quiescent.

Introduction

The term “single ventricle physiology” encompasses a heterogenous group
of some of the most complex congenital heart disorders. Multiple anatomical
definitions exist [1,2], but in adult practice, the term is usually used to describe
a circulation where one of the ventricles is too small, or has a nonrepairable inlet
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valve, to permit effective functioning of a sequential series circuit. This would
include all those deemed in childhood to be unsuitable for biventricular repair.

This broad definition of so-called univentricular heart would therefore
encompass those with hypoplastic left heart syndromes, atretic or hypoplastic
atrioventricular (A-V) valves, unbalanced A-V septal defects, some heterotaxy
syndromes, and double-inlet ventricles. This group may also include a complex
double-outlet right ventricle with remote ventricular septal defect (VSD) given
the inability to perform a biventricular repair.

Alternative descriptions would state that the entire A-V junction should be
connected to one ventricular chamber. This would be a narrower definition,
however, which would exclude this latter group and some hypoplastic left
hearts.

Incidence

There are significant differences between the incidence and prevalence of single
ventricle hearts in current adult versus pediatric practice. In the past, many
of these disorders were fatal in childhood, and patients currently in the adult
sector demonstrate pediatric surgical practice from 15 to 20 years ago. The
prevalence of these conditions in adult congenital practice is dynamic. Older
cohorts of patients with “old-style” procedures (such as a Kreutzer Fontan repair
with direct right atrial to pulmonary artery anastomosis) are diminishing, and
conversely, the numbers of new adults with palliated hypoplastic left heart
syndromes are increasing [3]. Overall, the numbers of adults with complex
univentricular circulations are increasing [4].

The truly natural history of these conditions is difficult to determine, but less
than 30% of those with a single dominant left ventricle will survive beyond
childhood without intervention [5]. The corresponding figure for a single right
ventricle is even lower. The most common single ventricle circulations at birth
are the hypoplastic left heart, tricuspid atresia, and the double-inlet left ventricle
[6].

Etiology

As is the case for the majority of congenital heart lesions, there is a familial,
non-Mendelian propensity toward recurrence of these complex lesions. This is
in the context of a multifactorial etiology. For example, there is an increased risk
of other congenital malformations in the siblings of children with hypoplastic
left heart [7]. The degree of this familial recurrence varies with different lesions
and is higher in certain subgroups, such as atrial isomerism [8,9]. There are
occasional cases of complex single ventricular disorders that appear to have a
Mendelian-like inheritance, for example, familial heterotaxy [9] and also iso-
lated cases of tricuspid atresia associated with microdeletions (such as 22q11)
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[10]. However, for the majority of cases, there are no identifiable chromosomal
abnormalities or genetic mutation. Future research of known mouse models
of congenital heart disease may help identify specific causative mutations in
humans.

Key components of morphology

A systematic approach to describing these complex lesions is essential [11].
Description of the atrial arrangement, atrioventricular connections, ventricular
morphology, and ventriculoarterial (V-A) connections are the core components.
Anatomy of the systemic and pulmonary venous return and associated lesions
are also required to effectively communicate a complete diagnosis (Table 11.1).

Table 11.1 Key clinical components of morphology

Atrial arrangement Situs solitus, inversus, isomerism (left or right)

Atrio-ventricular connection Double inlet ventricle - Two patent valves
connecting to one ventricle (>50% of both
valves committed to this ventricle)

Common valve (e.g. unbalanced atrioventricular
septal defect)

One atretic valve (mitral or tricuspid atresia)
One or two straddling valves

Ventricles Dominant LV, dominant RV or rarely
indeterminate (defined AV valve
arrangement, position, trabecular pattern)

Left heart hypoplastic syndrome

VA connection Concordant, discordant, double-outlet

Pulmonary circulation Stenotic, atretic or normal (unprotected)

Systemic venous return Heterotaxy syndromes with variable venous
return patterns

Pulmonary venous return Anomalous pulmonary venous drainage

Conduction system Sinus node variable in isomerism
AV node and Hiss variations

Other lesions Cardiac including aortic arch abnormalities and
coarctation

Noncardiac: variations in bronchial situs,
abdominal abnormalities including asplenia,
multiple spleens, biliary atresia
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Ventricular morphology
A normal ventricle is described as having three components: an inlet, outlet,
and trabecular component. The apical trabecular segment is the most charac-
teristic. In a left ventricle, the trabeculations are fine; in a right ventricle, coarse.
It is exceptional for there to be two noncomplimentary ventricles (i.e. not a
pair of left and right). Rarely, a truly single indeterminate ventricle is present.
Other diagnostic features of a ventricle are often lost in the setting of a single
ventricle, for example, the normal septal attachments of the tricuspid valve, the
apical positioning of the tricuspid valve, or the normal fibrous mitral–aortic
continuity. Two other terms are used to describe ventricular relationships. The
term “topology” is used to describe the stereotactic relationship between the
ventricular masses (normal in a biventricular heart is right-hand topology), and
“looping” refers to the bending of the embryological heart. In d-looping, the
morphological right ventricle lies to the right of the left ventricle (normal); in
l-looping, it lies to the left.

At presentation, the key components of morphology will influence the ade-
quacy of the pulmonary and systemic circulations. In those with a hypoplastic
left heart, a dramatic reduction in systemic cardiac output will occur following
closure of the arterial duct. The presence or adverse of an effective pulmonary
circulation will also be evident early. Severe pulmonary stenosis or pulmonary
atresia will present with profound cyanosis.

Initial presentation in childhood

Infants with a single ventricular circulation usually present early in life. Those
with unprotected pulmonary vasculature may present with the hemodynamic
effects of a large left-to-right shunt, namely, congestive heart failure and fail-
ure to thrive. Those with severely restricted pulmonary blood flow present
with cyanosis following closure of the arterial duct. Neonates with critical left
heart obstruction will also present early either with cardiovascular collapse or
hypoperfusion of vital organs.

Occasionally, an infant may have a balanced circulation where there is a
degree of pulmonary stenosis sufficient to prevent heart failure but not to the
extent of producing profound cyanosis. In this circumstance, presentation may
be later, especially when routine neonatal screening is not available [12].

Early palliative procedures

The majority of neonates will require initial palliative surgery. Again, the nature
of this will depend on the underlying anatomy and physiology. Without surgical
intervention, those with severe disease (e.g. hypoplastic left heart) will usually
die in a matter of days. It has only been within the last decade that intervention
on this extreme end of the single ventricle spectrum has become commonplace
[13].
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Pulmonary artery banding
When the pulmonary circulation is unprotected (i.e. there is no pulmonary
stenosis), there will be a sizable left-to-right shunt. This will result in conges-
tive failure, and later, if the child survives, pulmonary vascular disease. In this
setting, the first procedure may be banding of the pulmonary artery to reduce,
in a controlled manner, pulmonary blood flow. If the band is too loose, the pul-
monary blood flow will still be excessive and, in the mid-term, place the infant
at risk of developing pulmonary vascular disease and becoming unsuitable for
further palliation. The pulmonary artery band needs to be placed carefully:
not too distal to avoid origin stenosis of the branch pulmonary arteries, and
not too proximal, particularly if the neonate may later require a Damus-Kaye
Stansel procedure (anastomosis of the proximal main pulmonary artery with
the ascending aorta to bypass systemic ventricular outflow obstruction).

Aortopulmonary shunts
In the presence of severe pulmonary stenosis (subvalvar, valvar, or supraval-
var), pulmonary blood flow may be inadequate. A palliative aortopulmonary
shunt will be required, which will allow for the neonate to grow and for the
pulmonary vascular resistance to fall until a more definitive palliation can be
offered. The initial aortopulmonary shunt was a classic Blalock-Taussig shunt
with anastomosis of the disconnected subclavian artery to the side of the ipsi-
lateral pulmonary artery (first described in 1945) [14]. Later came a generation
of modifications with the Waterston shunt (ascending aorta to right pulmonary
artery), Pott’s anastomosis (descending aorta to left pulmonary artery), and
finally, the modified Blalock-Taussig shunt using a small gortex shunt. Adults
with single ventricle circulations will have been subject to many of these earlier
surgical procedures before the pre-eminence of the modified Blalock-Taussig
shunt.

Aortopulmonary shunts are also used in the setting of hypoplastic left heart
surgery. In this setting, the native main pulmonary artery is used for the sys-
temic circulation (Norwood procedure). An aortopulmonary shunt is therefore
necessary to ensure pulmonary blood flow.

Other procedures may also be required in the early phase. This is particularly
true if there are obstructive lesions present, for example, a restrictive ventric-
ular septal defect (in the setting of discordant V-A connection) or aortic arch
obstruction (coarctation). Atrial septectomy is often required in the setting of
abnormal, stenotic, or atretic AV valves.

Cavopulmonary shunts
In 1957, Glenn described the first cavopulmonary shunt. This involved dividing
the pulmonary arteries and anastomosing the end of the divided superior vena
cava to the right pulmonary artery [15]. This first classic Glenn shunt was
the first generation in the evolution of the cavopulmonary shunt. The total
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caval pulmonary connection (TCPC) and the extra-cardiac Fontan is the latest
(Fig. 11.1).

In 1971, Fontan described an operation where, following a classic Glenn,
two homograft valves were placed: one in the inferior vena cava and a second
between the right atrium and left pulmonary artery [16]. Since then there have
been multiple modifications of this Fontan operation, all of which may be found
in adult survivors. The TCPC was first described in 1987, and therefore, younger
adults and teenagers will now be in the adult clinics with this most recent
modification [17].

Historically, patients were believed to be suitable for a cavopulmonary anas-
tomosis if they fulfilled “the 10 Commandments” of Fontan conversion. These
included age between 4 and 15 years; normal systemic venous return; mean
pulmonary artery pressure ≤ 15 mm Hg; good ventricular function; competent
atrioventricular valves; and no evidence of pulmonary artery distortion [18].

Classic Glenn

AO PA

SVC

RPA

Fig. 11.1 Cavopulmonary connections. SVC, superior vena cava; RPA, right pulmonary
artery; Ao, aorta; PA, pulmonary artery; RA, right atrium; LA, left atrium; LV, left
ventricle; LPA, left pulmonary artery; RV, right ventricle; IVC, inferior vena cava; TCPC,
total cavo-pulmonary connection.
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Bidirectional Glenn
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Kreutzer Fontan

Fig. 11.1 (Continued)
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Fig. 11.1 (Continued)
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Many adult patients may have had staged surgery in childhood. A Glenn
anastomosis may initially support a child’s circulation. However, with time, the
relative contribution of the superior vena cava to total venous return dimin-
ishes and cyanosis increases, necessitating Fontan completion to restore oxygen
saturations.

These palliative cavopulmonary shunts, including the Fontan procedure,
transform the short to mid-term outlook of patients with single ventricles and
rendered them pink. Although excellent mid-term outcomes have been reported
(10-year survival in excess of 90%), there are legitimate concerns about the mul-
tiple complications, and long-term survival is still compromised. It is therefore
important that these procedures are understood as being palliative rather than
curative in nature.

Subtypes of single ventricle circulations

Hypoplastic left heart
Although the most common type of single ventricle physiology, there are few
adult survivors of hypoplastic left heart syndrome at present. However, with
advances in care, this will change, and many adult congenital heart disease
units expect to see these patients in the next few years. Adult survivors will
have been palliated with a Norwood procedure, hemi-Fontan (bidirectional
Glenn), and then completion of the Fontan circuit. In the initial Norwood pro-
cedure, the pulmonary artery will have been over sewn and anastomosed to
the proximal aorta. The aorta will thus have been augmented and a modified
Blalock Taussig shunt been created to restore pulmonary circulation. In current
practice, approximately 86% of infants with favorable anatomy will survive the
first stage of the Norwood procedure [19].

Double-inlet ventricle
A double-inlet ventricle is present when more than 50% of both atria are con-
nected to a single dominant ventricular chamber. This is usually through two
separate A-V valves but may be via a common valve. The A-V valves may
also be abnormal with hypoplasia, dysplasia, or atresia. Other common associa-
tions are V-A discordance (common), pulmonary stenosis (subvalvar or valvar),
malalignment of the ventricular septum, restriction at the VSD level, and aortic
coarctation.

In addition to the surgical procedures described above, this group of patients
may require enlargement of a restrictive VSD, which may be causing subaortic
obstruction. At the time of surgery, the anatomy of the conduction tissue needs
to be carefully considered. When the left ventricle is dominant, the A-V node
and His bundle are anterior and to the right. When there is extreme subaortic
obstruction, a Damus-Kaye-Stansel operation can be utilized.
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The presence of prior subaortic obstruction is a risk factor for subsequent
Fontan repair due to excessive ventricular hypertrophy and diastolic dysfunc-
tion [20]. In childhood, a small subset of patients with an “ideal” double-inlet
left ventricle may be suitable for biventricular repair. This is extremely rare in
adulthood due to supervening additional lesions, such as pulmonary vascular
disease.

Patients with double-inlet left ventricles (with l-looping) are at risk
of complete heart block, and as with most complex lesions, there is
an ongoing risk of sudden cardiac death presumably due to arrhythmia
[21].

Atrioventricular valve atresia
Absence of an A-V valve is another subset of single-ventricle physiology. In this
setting, the remaining valve connects to the dominant ventricular mass. The
absent valve is usually completely missing with fibro-fatty material remaining
at the site of the A-V junction. A-V valves can also be hypoplastic or imperforate;
in this setting, there is still a biventricular A-V connection (anatomically but not
functionally).

The most common form of A-V valve atresia is tricuspid atresia [22]. In this set-
ting, there is a small rudimentary anterosuperior right ventricle. In 30% of cases,
the right ventricle is the subaortic chamber (discordant V-A connection). Clas-
sic tricuspid atresia is associated with a concordant V-A connection. If present,
a restrictive atrial septal defect will cause obstruction to systemic venous
return as this provides the only access to the mitral valve and the ventricular
mass.

Mitral atresia is less commonly seen in adult practice. This is usually associ-
ated with a dominant double-outlet right ventricle. In extreme cases, the mitral
atresia is part of a hypoplastic left heart syndrome.

The surgical principles of palliating a patient with an absent A-V connection
are as previously described, ensuring adequate pulmonary and systemic blood
flow and preventing pulmonary vascular disease. In the ideal setting with a
low pulmonary vascular resistance, the initial procedure may be a bidirectional
Glenn.

In adult practice, the majority of adult patients with tricuspid atresia will
have had a previous Fontan operation (usually the Kreutzer modification).
Occasionally, adults with a balanced circulation may survive into adulthood
without an operation.

Patients with previous palliation, such as a Blalock Taussig shunt or pul-
monary artery banding, should be reassessed. Those with a low pulmonary
vascular resistance (mean PA pressure of less than 15 mm Hg) may be suitable
for a late Fontan. This is unusual, and the majority of patients will already
have been considered for conversion and declined. A late Fontan in this setting,
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Table 11.2 Associations with atrial isomerism

Left atrial isomerism Right atrial isomerism

Atrium Finger-like appendage Triangular appendage
Smooth surface Crista terminalis

Pectinate muscle
Absent sinus node Duplicate sinus node

Venous connection Absent IVC Bilateral SVC
Azygous continuation Total anomalous pulmonary
Bilateral SVC venous connection
Absent/small right SVC (usually supracardiac)
Abnormal coronary sinus Abnormal coronary sinus
AV septal defect (30%) Large ASD

Common AV valve (70%)
Double-outlet RV (40%)
Transposed great vessels

(20%)

Double-oulet RV with
Transposed great vessels (80%)

Pulmonary stenosis
(40%)

RV outflow obstruction (90%)

Subaortic stenosis (9%)

Abdomen Polysplenia Asplenia
Biliary atresia Abdominal heterotaxy
Abdominal heterotaxy

even when anatomy is ideal, is still associated with a significant perioperative
mortality [23].

Heterotaxy syndromes
The term heterotaxy is used to describe disorders of arrangement of organs and
vessels in both the thorax and the abdomen. Isomerism (“equal parts”) describes
the duplication of a structure, be that the left atrium, right atrium, bronchial
tree, or lung. The term “situs solitus” describes the normal atrial arrangement
(right atrium on the right and left atrium on the left); “situs inversus” is a mirror-
image arrangement. A subset of these patients will have complex anatomy with
single-ventricle physiology. The associations with left and right atrial isomerism
are described in Table 11.2.

Although the birth incidence on right atrial isomerism is higher, fewer of these
patients survive to adulthood [24]. Even with improving surgical techniques,
complex pulmonary venous obstruction and susceptibility to infection (due to
inadequate splenic function) result in less than 30% reaching adulthood; the
corresponding figure for left atrial isomerism is approximately 45% [25].
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Table 11.3 Adults with single ventricle physiology

No previous surgery “Balanced" circulation with pulmonary stenosis
Pulmonary arterial hypertension

Palliative surgery Pulmonary artery banding resulting in “balanced
circulation"

Inadequate banding leading to pulmonary vascular
disease

Aortopulmonary shunts Blalock-Taussig shunt(s)
Waterston shunt
Pott’s anastomosis

Venous shunts Classic Glenn shunt
Bidirectional Glenn
Fontan
(multiple modifications including Total

Cavopulmonary Connection)

Other surgical procedures VSD enlargement
Atrial septectomy
Coarctation repair
Repair of atrioventricular valve
Norwood procedure for hypoplastic left heart

Presentation in adulthood

Adults with a single-ventricle circulation will usually have had one or more
surgical procedures in childhood. Occasionally, patients may have had no inter-
vention and may either have a balanced circulation with a degree of pulmonary
stenosis or have developed pulmonary hypertension (Table 11.3).

The majority of these patients will have objective evidence of impaired effort
capacity [26], and those with cavopulmonary anastomoses will have evidence of
a chronic low-cardiac output state. Despite this, many of these patients will be in
relatively good health at least into their fourth decade. This group will therefore
need counseling regarding career planning, pregnancy, and contraception.

The majority of patients with a univentricular circulation will have a degree
of cyanosis. This includes many with a Fontan circulation or fenestrated TCPC.
In the Fontan circulation, reduced saturations are due to residual fenestrations,
patch leaks, or venous–venous collaterals. Progressive cyanosis is also present
in the setting of a classic Glenn shunt due to arteriovenous malformations in the
lung (AVM). These, in turn, are thought to develop because of the absence of
intrinsic “hepatic factor” in the pulmonary circulation (hepatic venous return
does not reach the right lung). These AVMs may regress on completion of a
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circulation incorporating the hepatic venous return [27]. Unoperated patients
or those with a palliative Blalock Taussig shunt may be profoundly cyanosed,
especially on effort.

Secondary erythrocytosis (not polycythaemia) is common among patients
with single-ventricle physiology and compensates for resting and exercise-
induced cyanosis. Routine venesections have little place in this setting, whereas
identification of iron deficiency followed by iron supplementation is to be
encouraged [28].

Long-term outcome in adulthood

Single-ventricle physiology encompasses the most complex congenital cardiac
lesions and, even following successful palliation, is associated with a reduced
life expectancy [29]. Those with unoperated defects or palliated with an arte-
rial or venous shunt will be exposed to the long-term implications of chronic
cyanosis. With time, cyanosis increases either due to the development of pul-
monary vascular disease or the inadequacy of shunts created in childhood.
Chronic cyanosis results in multisystem pathology, including dramatic erythro-
cytosis (Table 11.4).

Chronic cyanosis, ventricular overload, and an innately abnormal ventricu-
lar geometry eventually lead to variable degrees of systolic and diastolic ven-
tricular dysfunction. The presence of A-V valve regurgitation will exacerbate
this. Furthermore, reduced pulmonary blood flow in the absence of a normal

Table 11.4 The multisystem consequences of chronic cyanosis

Erythrocytosis
Iron-deficiency (exaggerated if inappropriately venesected)
Thrombocytopenia with impaired platelet function
Coagulopathy
Thrombosis
Hyperviscosity (altered mentation, visual upset, parasthesia, fatigue)

Impaired immunity
Atypical infections (e.g. cerebral abscess, atypical tuberculosis)
Endocarditis

Hematuria, proteinuria,
Glomerulosclerosis
Chronic renal impairment

Hyperuricaemia, gout
Digital clubbing, hypertrophic osteoarthropathy
Cholelithiasis
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subpulmonary ventricle further compromises an already impaired systemic
cardiac output, leading to complications of right heart congestion.

Long-term implications of a Fontan circulation

The Fontan circulation is fundamentally flawed, and with time, all Fontan cir-
culations will fail. Over the years, pulmonary vascular resistance increases as
does the ventricular end-diastolic pressure. Both of these impair forward flow.
In “old-style” Fontan circulations, the right atrial will become a very large
and thickened structure. Local compression of the right-sided pulmonary veins
is common. This large (at times in excess of 10 cm in diameter) right atrium
is hemodynamically inefficient, arrhythmogenic, and thrombogenic (see Case
study).

Any obstruction to flow in the Fontan circuit (2–3 mm Hg gradients) is poorly
tolerated and should be treated aggressively. Such obstructions, often at the
right atrial pulmonary artery anastomosis, are often amenable to transcatheter
stenting [30]. The homograft valves placed in the original Fontan circuits were
also prone to obstruction and therefore have been abandoned.

Chronic elevation of the systemic venous pressure also leads to disease.
Fibrotic change in the liver, Fontan nodules, and cirrhosis ensue. Portal hyper-
tension and esophageal varices are late manifestations [31]. Liver involvement
may be a barrier to later cardiac transplantation.

Protein losing enteropathy (PLE) is also thought to be, at least in part, related
to chronic elevations of venous pressure. PLE can herald the beginning of a
viscous circle of fluid overload, poor nutrition, impaired immunity, and renal
dysfunction. The diagnosis is suspected on clinical grounds (pleural effusion,
ascites, peripheral edema, and gastrointestinal symptoms) and confirmed with
a low serum albumin and elevated fecal alpha-1-antitrypsin. PLE is associated
with a poor prognosis [32]. Multiple treatment options have been described
(atrial pacing, the creation of an atrial fenestration, high protein medium chain
trigyceride diet, steroids, chronic unfractionated heparin, octreotide, somato-
statin, or even transplantation). None of them is always reliable.

Although many of these complications are reported with the older Fontan
operations, it is likely that they will develop in patients with lateral tunnels or
extracardiac Fontan circuits, albeit perhaps at an older age. The 15-year survival
following traditional Fontan is only 60–75% [33].

Arrhythmias in Fontan patients
The majority of arrhythmias in the Fontan circulation are organized intra-
atrial re-entrant tachycardia, generically labeled atrial flutter [34]. New-onset
atrial arrhythmia may herald an underlying hemodynamic lesion (e.g. obstruc-
tion in the Fontan), and this needs to be actively investigated. Atrial flutter
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should be treated as an emergency in this population. The Fontan patient
relies on synchronized atrial contraction to maximize pulmonary blood flow
and systemic cardiac output. Therefore, even relatively slow atrial flutter can
be associated with hemodynamic instability. Leaving a patient in an atrial
arrhythmia will also predispose to clot formation (as described in the clini-
cal scenario at the beginning of the chapter). In the short-term, it is likely that
electrical cardioversion will be required to restore sinus rhythm. Ideally, this
should be performed with a transesophageal echocardiogram to exclude clot.
An experienced cardiac anesthesiologist who is aware of the potential adverse
effects of positive pressure ventilation will also be required.

High-level electrophysiological mapping and ablation should then be con-
sidered. Ablation in this setting is a highly specialized technique requiring
advanced mapping and ablation catheter technologies and tertiary expertise.
This is due to the grossly abnormal thickened right atrium and the multiple
possible circuits present [35]. The onset of arrhythmia may also stimulate the
discussion on Fontan conversion.

Sinus node disease is common in those with a Fontan circulation [36], whereas
A-V nodal dysfunction may be seen in those with double-inlet ventricular con-
nection or a previous VSD enlargement. Chronic atrial pacing may improve
cardiac output and suppress atrial arrhythmias. Ventricular pacing is less com-
mon and usually requires an epicardial pacing system.

Fontan conversion
The term “Fontan conversion” is used to describe “upgrading” an old-style
atriopulmonary Fontan to a total caval pulmonary anastomosis. The rationale
behind this procedure is to establish a more hemodynamically efficient circula-
tion, prevent or cure atrial arrhythmias, treat pulmonary vein compression, and
thus improve cardiac output. Surgery includes “removing” much of the right
atrium, performing a modified MAZE procedure, and prophylactically placing
an epicardial pacing system. Selection criteria and timing of the Fontan con-
version remains controversial. However, in expert hands and with an optimal
candidate, the mid-term results are gratifying [37].

Case study

The patient remained significantly limited despite aggressive medical therapy and, after
extensive discussion, underwent a Fontan conversion to a TCPC. Surgery included
a biatrial MAZE and epicardial pacing. This was a complex and difficult procedure
complicated by bleeding, renal dysfunction, and a prolonged stay in intensive care.
After 12 months, the patient returned to work. He was in a paced atrial rhythm and
was in NYHA II.
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Chapter 12

Ebstein’s anomaly
Heidi M. Connolly

A 33-year-old male presents with fatigue, a gradual decline in exercise capacity, and
increasing palpitations. He was diagnosed with a heart murmur at age 14 years, but
no medical or operative intervention was performed. He had no regular cardiovascular
follow-up.

Mild digital clubbing and central cyanosis were noted on physical examination. The
jugular venous pressure was 5 cm of water with A and V waves visible. There was
a parasternal impulse. Two mid-systolic clicks and a grade 2/6 holosystolic murmur
were noted at the left sternal border. The remainder of the physical examination was
unremarkable.

Sinus bradycardia with right bundle branch block and first-degree atrioventricular
block were noted on the electrocardiogram (Fig. 12.1). A narrow pedicle with features
of cardiac enlargement and clear lung fields were noted on the chest radiograph (Fig.
12.2). Transthoracic echocardiography demonstrated marked right-sided cardiac cham-
ber enlargement with reduced systolic function. A large redundant anterior tricuspid
valve leaflet with variable tethering was noted. The septal and posterior leaflets were
also tethered and apically displaced. There was severe tricuspid valve regurgitation (Fig.
12.3). A small atrial septal defect with bidirectional shunting was noted.

A cardiac magnetic resonance imaging (MRI) confirmed right-sided cardiac chamber
enlargement with moderate reduction in right ventricular systolic function. The tri-
cuspid valve was apically displaced with associated severe tricuspid valve regurgitation
(Fig. 12.4).

The patient exercised 66% of predicted functional aerobic capacity on a treadmill
exercise test. Oxygen desaturation (94% at rest to 84% at peak exercise) was noted
during exercise. An episode of narrow complex tachycardia with a heart rate of 150 bpm
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Fig. 12.1 Electrocardiogram from the patient presented. Note sinus bradycardia with
first-degree atrioventricular block and right bundle branch block with secondary ST and
T wave abnormalities.

was noted during monitored exercise. The patient noted palpitations but no lighthead-
edness.

Background

Ebstein’s anomaly was initially described by Wilhelm Ebstein in 1866 in a report
titled “Concerning a very rare case of insufficiency of the tricuspid valve caused
by a congenital malformation.” Ebstein’s anomaly is an uncommon congenital
heart disorder occurring in about 1 in 200,000 live births. It accounts for less
than 1% of all cases of congenital heart disease.

(a) (b)

Fig. 12.2 Preoperative chest radiograph from the patient presented. Note enlargement of
the cardiac silhouette and a narrow pedicle on the posteroanterior view (a). The lateral
chest radiograph (b) demonstrates loss of retrosternal air space consistent with right
heart enlargement.
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(a) (b)

Fig. 12.3 Apical four-chamber, two-dimensional transthoracic echocardiographic image
(a) demonstrates apical displacement of the septal tricuspid valve leaflet (arrowhead)
compared with the anterior mitral valve leaflet, and tethering of the anterior tricuspid
leaflet. There was associated (b) severe tricuspid valve regurgitation noted by color
Doppler imaging. RA, right atrium; RV, right ventricle; ARV, atrialized right ventricle;
LA, left atrium; LV left ventricle; TR, tricuspid regurgitation.

Fig. 12.4 Axial bright blood cardiac magnetic resonance image from the patient
presented demonstrates characteristic apical displacement of the septal tricuspid valve
leaflet, as well as marked right-sided cardiac chamber enlargement. The measured right
ventricular end-diastolic volume was 435 mL. Moderate reduction of right ventricular
systolic function was noted. The left ventricle is D-shaped due to volume overload of the
right ventricle. The left ventricular function was preserved.
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Pathology, genetics, and classification

Pathology
Ebstein’s anomaly involves a wide spectrum of anatomic and functional abnor-
malities affecting primarily the morphologic tricuspid valve and right ventricle.
The disorder is characterized by adherence of the septal and posterior tricus-
pid valve leaflets to the underlying myocardium due to failure of delamination
during embryonic development. Failure of delamination causes downward or
apical displacement of the functional annulus and dilatation of the atrialized
portion of the right ventricle with varying degrees of wall thinning (Fig. 12.5)
[1,2].

In normal human hearts, there is minimal apical displacement of the septal
and posterior leaflets in relation to the anterior mitral valve leaflet. Non-Ebstein

(a) (b)

Fig. 12.5 (a) Schematic demonstrating features of Ebstein’s anomaly in the apical
four-chamber format with apical displacement of the septal tricuspid valve leaflet
(asterisk) and tethering of the anterior tricuspid valve leaflet with resultant right heart
abnormalities. Abbreviations: RA, right atrium; RV, right ventricle; LA, left atrium; LV,
left ventricle; TVA, tricuspid valve annulus. (b) Pathology specimen of a heart with
severe features of Ebstein’s anomaly dissected in the apical four-chamber format. The
posterior leaflet forms an intraventricular muscular shelf that delineates the atrialized
portion of the right ventricle (ARV). The anterior leaflet is markedly tethered
(arrowhead) and is attached to the free wall by numerous muscular stumps. The shape
of the ventricular septum is distorted by the displaced septal leaflet. Marked dilatation
involves the right atrium (RA), right ventricle (RV), and true tricuspid annulus.
(Pathology image courtesy of Dr. W.D. Edwards, Department of Pathology, Mayo Clinic.)
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patients with enlarged right-sided cardiac chambers will demonstrate less than
8 mm/m2 body surface area displacement of the septal and posterior tricuspid
valve leaflets. This is one of the methods used to differentiate Ebstein’s anomaly
from other causes of right heart enlargement by echocardiography.

The anterior tricuspid valve leaflet in Ebstein’s anomaly is often redundant,
with variable degrees of tethering and fenestrations. Occasionally, the anterior
leaflet is so severely deformed that the only mobile leaflet tissue is displaced
into the right ventricular outflow tract, where it may cause obstruction. The
chordae tendineae related to the tricuspid valve are generally short and poorly
formed [2,3].

The right ventricle is generally divided into two parts: the inlet portion, which
is functionally integrated with the right atrium in Ebstein’s anomaly, and the
trabecular and outlet portions, which constitute the functional right ventricle.
Marked dilatation of the true tricuspid valve annulus, which is not displaced, is
often noted. The right coronary artery demarcates the level of the true annulus.
There may be a large chamber separating this true annulus from the functional
right ventricle, the so-called atrialized portion of the right ventricle [2,4].

The right ventricle is dilated in over 60% of patients with Ebstein’s anomaly;
this dilatation often involves not only the atrialized inlet portion of the right
ventricle but also the functional right ventricular apex and outflow tract. Right
ventricular dilatation may be so marked that the ventricular septum bulges left-
ward, compressing the left ventricular chamber [2]. In this situation, echocardio-
graphic short-axis images demonstrate a circular right ventricle and a crescentic
left ventricle. Left ventricular outflow tract obstruction can occur in extreme
cases.

Genetics
Most cases of Ebstein’s anomaly are sporadic, and familial cases are very rare.
Heterogeneous factors are felt to be responsible for Ebstein’s anomaly; genetic,
reproductive, and environmental risk factors have been demonstrated in case-
control studies. Ebstein’s anomaly is more common in twins, in those with a
family history of congenital heart disease, and in those with maternal expo-
sure to benzodiazepines [5]. Maternal lithium therapy can also rarely lead to
Ebstein’s anomaly in the offspring [6].

Classification
Ebstein’s anomaly can be classified as mild, moderate, or severe based on the
extent of apical displacement of the valve leaflets with resultant tricuspid regur-
gitation and the degree of right-sided cardiac chamber dilation and dysfunction
noted by echocardiography [7]. Alternate clinical and echocardiographic classi-
fications have been reported [8]. A classification based on the anatomic findings
at surgery emphasizes characteristics that surgeons find important. This classi-
fication proposed four grades of Ebstein’s anomaly [4]:
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� Type I: The anterior tricuspid leaflet is large and mobile but the posterior
and septal leaflets are apically displaced, dysplastic, or absent. The atrialized
ventricular chamber size varies from relatively small to large.

� Type II: The anterior, posterior, and often septal leaflets are present, but are
relatively small and displaced toward the apex. The atrialized ventricular
chamber is moderately large.

� Type III: The anterior leaflet has restricted motion with shortened, fused,
and tethered chordae. Direct insertion of papillary muscles into the anterior
leaflet is frequently present. The posterior and septal leaflets are displaced,
dysplastic, and usually not reconstructible. The atrialized ventricular chamber
is large.

� Type IV: The anterior leaflet is severely deformed and displaced into the right
ventricular outflow tract. There may be few or no chordae, and direct inser-
tions of the papillary muscles into the leading edge of the valve are common.
The posterior leaflet is typically dysplastic or absent, and the septal leaflet is
represented by a ridge of fibrous material descending apically from the mem-
branous septum. Tricuspid valve tissue is displaced into the right ventricular
outflow tract and may cause obstruction of blood flow (functional tricuspid
stenosis). Nearly the entire right ventricular cavity is atrialized ventricle.

Clinical features

In the unoperated patient, the clinical presentation of Ebstein’s anomaly
depends on the extent of tricuspid valve leaflet distortion, the size of the right
heart, right atrial pressure, degree of tricuspid valve regurgitation, the pres-
ence or absence of right-to-left shunt, and the presence and nature of associated
arrhythmias. The age at presentation depends on the degree of anatomic and
hemodynamic derangement.

Severely affected patients may die in utero or become symptomatic at an early
age. Neonates with Ebstein’s anomaly may present with cardiomegaly, conges-
tive heart failure, and cyanosis. Neonates diagnosed with Ebstein’s anomaly
carry a poor prognosis; 20–40% will not survive 1 month and less than 50% will
survive to age 5 years. The younger the age at presentation, the more severe the
anatomic and hemodynamic derangement [9,10]. Predictors of poor outcome
are NYHA functional Class III or IV symptoms, cardiothoracic ratio greater than
65%, or atrial fibrillation. Symptomatic children with Ebstein’s anomaly may
have progressive right heart enlargement, but most will reach adolescence and
adulthood.

Electrophysiologic rather than hemodynamic symptoms are a common form
of presentation in adolescent patients. Adult presentation includes symptoms
of exercise intolerance with dyspnea, fatigue, and symptomatic arrhythmias or
right heart failure. Varying degrees of cyanosis, particularly with exercise, may
occur when an atrial septal defect or patent foramen ovale is present. Patients
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are also at risk for paradoxical embolism causing transient ischemic attack,
stroke, or cerebral abscess. Left-to-right shunts may also occur and contribute to
right heart enlargement [8]. Exercise tolerance is dependent on age and oxygen
saturation at rest and with exercise [11]. Patients with Ebstein’s anomaly who
reach late adolescence and adulthood often have an excellent outcome [8].

Rarely, patients with Ebstein’s anomaly present with end-stage cardiovas-
cular disease from severe tricuspid valve regurgitation and biventricular dys-
function. It may be precipitated by an arrhythmia such as atrial fibrillation or
be related to neglected congenital heart disease. Late presentation is usually
related to lack of adequate medical care, either on the part of the patient or
physician. Failure to refer patients to Adult Congenital Centers continues to be
a major cause of excess morbidity and mortality in all adult patients with con-
genital heart disease. Sudden cardiac death may occur and has been attributed
to atrial fibrillation with accelerated conduction through an accessory pathway
or from ventricular arrhythmias.

Patients presenting in adulthood with Ebstein’s anomaly may be asymp-
tomatic with no functional limitation, and generally demonstrate mild anatomic
and functional variants. Survival to the ninth decade has been reported [12].

Associated cardiac lesions

Ebstein’s anomaly is often associated with other congenital cardiac defects; these
often have an important impact on clinical status. The most common association
is a shunt at atrial level with either a patent foramen ovale or secundum atrial
septal defect present in over 50% of patients, resulting in varying degrees of
cyanosis [13].

Patients with Ebstein’s anomaly are prone to tachy-palpitations related to
their underlying cardiac disease, chamber enlargement, and the presence of
one or more accessory conduction pathways. Accessory conduction pathways
are present in about 25% of patients with Ebstein’s anomaly and increase the
risk of atrial tachyarrhythmias.

Less common associations include ventricular septal defect, right ventricular
outflow tract obstruction, and abnormalities of the left heart, including mitral
valve prolapse, bicuspid aortic valve, and abnormal left ventricular morphology
and function, including left ventricular noncompaction [13].

Diagnosis

Physical examination
Mild forms of Ebstein’s anomaly may demonstrate minimal findings on physical
examination other than a loud first heart sound, one or more systolic clicks, and
a short systolic murmur. The jugular venous pressure is often normal even in
the presence of severe tricuspid regurgitation because of the large right atrium
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absorbing all the regurgitant flow. With increasing severity of disease, peripheral
cyanosis may be present due to the low cardiac output or right-to-left shunt at
atrial level. The pulse volume may be low. A right ventricular lift is often present
but subtle. The first sound is loud, and there may be one or more systolic
clicks. The murmur of tricuspid regurgitation is holosystolic at the lower left
sternal border and increases on inspiration. A musical character to the systolic
murmur suggests leaflet fenestration. Pulsatile hepatomegaly is noted in some
Ebstein patients with severe tricuspid regurgitation. End-stage disease with
severe tricuspid valve regurgitation and ventricular dysfunction may manifest
as right-sided heart failure with associated edema and ascites.

Electrocardiogram
The electrocardiogram is abnormal in most patients with Ebstein’s anomaly.
Careful review for an accessory pathway is recommended. A tall and broad P
wave as a result of right atrial enlargement and complete or incomplete right
bundle branch block are expected [14]. Atrial arrhythmias and occasionally
first-degree atrioventricular block may be present. The QRS voltage over the
right-sided chest leads may be low.

Chest radiography
The chest radiograph in Ebstein’s anomaly varies according to severity of dis-
ease. The cardiac silhouette may be normal, mild, or moderately enlarged (Fig.
12.2) or may demonstrate marked globe-shaped enlargement with a narrow
pedicle (Fig. 12.6). The pulmonary vascularity may be normal or decreased.
The right atrial contour is often prominent, and the left heart border becomes
straight or convex due to the dilated and displaced right ventricular outflow.

Echocardiography
Transthoracic echocardiography is the diagnostic test of choice in patients with
known or suspected Ebstein’s anomaly. Two-dimensional imaging documents
the severity and degree of right-sided cardiac chamber enlargement, and is also
used for assessment of ventricular function. The right atrium, atrialized portion
of the right ventricle, and right ventricle are often markedly enlarged. The
impact of Ebstein’s anomaly on the left ventricle can also be readily assessed.
Abnormal two-dimensional features of the tricuspid valve are also readily noted
using the apical four-chamber window (Fig. 12.3).

Echocardiographic features of Ebstein’s anomaly include apical displacement
of the septal tricuspid valve leaflet ≥8 mm/m2 body surface area compared with
the anterior mitral valve leaflet insertion on the ventricular septum [3], the pres-
ence of a redundant elongated anterior tricuspid leaflet with variable tethering,
and a diminutive posterior tricuspid valve leaflet. Color-flow, pulsed-wave,
and continuous-wave Doppler is used to determine the severity of tricuspid
valve regurgitation [15]. The location and severity of tricuspid regurgitation and
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(a) (b)

Fig. 12.6 Marked cardiac enlargement noted by (a) anteroposterior and (b) lateral chest
radiography in a patient with advanced Ebstein’s anomaly. Note the internal
cardioverter defibrillator device and leads. The patient underwent assessment for
syncope and was found to have inducible ventricular tachycardia. A device was placed.
Despite ventricular tachycardia, the patient was not referred for congenital consultation
or cardiac surgical intervention until he had severe symptoms of right heart failure,
several years later.

potential for repair are assessed by echocardiography. In addition, the echocar-
diogram is used to identify associated lesions such as atrial septal defect or
patent foramen ovale, ventricular septal defect, and right ventricular outflow
tract obstruction.

Transesophageal echocardiography is rarely required to confirm the diagno-
sis of Ebstein’s anomaly [16]. However, in select cases, the diagnostic work-up
may require transesophageal echocardiogram to assess the presence of an atrial
septal defect or to delineate intracardiac anatomy in patients with subopti-
mal transthoracic echocardiographic images. Intraoperative transesophageal
echocardiography is used routinely to confirm anatomy prior to operation and
assess surgical results following operative intervention [17].

Magnetic resonance imaging
Cardiac magnetic resonance imaging is increasingly used to assess right and
left ventricular size and function in patients with congenital heart disease;
however, limited information is available on the preoperative assessment by
these modalities in Ebstein’s anomaly (Fig. 12.4) [18,19].

Cardiac catheterization
Cardiac catheterization is rarely necessary for diagnostic purposes in patients
with Ebstein’s anomaly, other than for preoperative coronary angiography.
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Right ventricular end diastolic pressure may be increased, but pulmonary artery
pressures are usually normal in these patients. Right atrial pressure may be nor-
mal despite severe tricuspid regurgitation, due to marked right atrial enlarge-
ment.

Cardiac catheterization may be performed for percutaneous catheter closure
of a secundum atrial septal defect in select patients with Ebstein’s anomaly (see
section on “Catheter ablation and intervention”).

Differential diagnosis
The differential diagnosis of Ebstein’s anomaly includes other causes of tricus-
pid valve regurgitation and right-sided cardiac chamber enlargement. The expe-
rienced echocardiographer can differentiate most cases of Ebstein’s anomaly.
Common misdiagnoses include tricuspid valve prolapse, tricuspid valve dys-
plasia, traumatic tricuspid valve injury, tricuspid valve endocarditis, carcinoid
heart disease, and arrhythmogenic right ventricular cardiomyopathy [20].

Management

Medical
Patients with mild forms of Ebstein’s anomaly may be followed medically for
many years. Regular evaluation by a cardiologist with expertise in congenital
heart disease is recommended. The patient’s rhythm status should be carefully
monitored because of the high incidence of supraventricular arrhythmias.

Endocarditis prophylaxis is recommended in cyanotic patients with Ebstein’s
anomaly and patients with a prosthetic valve, but is no longer necessary for the
acyanotic unoperated patient [21].

Physical activity recommendations should follow the guidelines summarized
in “Task Force 2 on Congenital Heart Disease” [22]. Athletes with mild forms
of Ebstein’s anomaly, nearly normal heart size, and no cyanosis or arrhythmias
can participate in all sports. Athletes with Ebstein’s anomaly and moderate
tricuspid regurgitation can participate in low-intensity competitive sports if
there is no evidence of important arrhythmia. Athletes with severe Ebstein’s
anomaly are precluded from competitive sports unless the anomaly has been
optimally repaired, heart size is nearly normal, and the patient has no history
of arrhythmias.

Patients with Ebstein’s anomaly and symptoms of heart failure who have
been evaluated by a congenital cardiologist and experienced congenital cardiac
surgeon and are not candidates for reparative surgery are treated with standard
heart failure therapy, including digitalis, digoxin, diuretics, and angiotensin-
converting enzyme inhibitors. The efficacy of these medications in patients
with Ebstein’s anomaly who have right-sided heart failure is not proven.

Medical management of arrhythmias should be individualized, reviewed
with an electrophysiologist, and combined with operative, catheter, or



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 5, 2009 21:26

184 Adult Congenital Heart Disease

device-based intervention. Anticoagulation with warfarin is recommended for
patients with Ebstein’s anomaly who have atrial fibrillation or a paradoxical
embolus with an intracardiac shunt.

Pregnancy and reproduction
When patients with congenital heart disease are contemplating pregnancy, a
pre-pregnancy consultation should be undertaken. Clinical evaluation by physi-
cians with expertise in adult congenital heart disease and high-risk obstetrics
is recommended. Pregnancy is generally well tolerated in acyanotic patients or
repaired patients with Ebstein’s anomaly who are asymptomatic or minimally
symptomatic. An increased risk of pregnancy-related complications and fetal
loss occurs with Ebstein’s anomaly, especially among women who were cyan-
otic at the time of pregnancy [23]. Thus, Ebstein patients with severe tricuspid
valve regurgitation, cyanosis, or symptomatic arrhythmias should be consid-
ered for intervention prior to pregnancy to reduce the risk of pregnancy-related
complications.

A review of studies published between 1985 and 2007 found low rates of car-
diovascular complications during pregnancies (>20 weeks gestation) among
repaired and unrepaired women with Ebstein’s anomaly. Cardiovascular com-
plications included arrhythmias in 3.9%, heart failure in 3.1%, and no cardio-
vascular events (myocardial infarction, stroke, and cardiovascular mortality) in
128 pregnancies [24].

Pregnancy in Ebstein’s anomaly is associated with an increased fetal risk
of prematurity (22%), perinatal mortality (2.3%), and congenital heart disease,
regardless of the presence or absence of maternal cyanosis. The reported rate
of recurrence of congenital heart disease in offspring of patients with Ebstein’s
anomaly is approximately 4% [24]. Paternal Ebstein’s anomaly also increases
the risk of congenital heart disease in the offspring (observed rate of 1%)
[23].

Catheter ablation and arrhythmia intervention

Radiofrequency catheter ablation success rates are lower in patients with
Ebstein’s anomaly than in those with a normal heart, and the risk of recur-
rence is increased. This is in part due to the multiple accessory pathways that
are present in nearly 50% of patients with Ebstein’s anomaly [25–28]. Thus,
an electrophysiologist with experience in managing arrhythmias in patients
with congenital heart disease should perform electrophysiologic testing and
radiofrequency ablation of symptomatic accessory pathways in these patients.
Supraventricular tachyarrhythmias associated with Ebstein’s anomaly also can
be ablated at the time of operative repair.

Unrepaired adult Ebstein patients may be faced with shunt-related cyanosis
due to the combination of tricuspid regurgitation, right ventricular dysfunction,



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 5, 2009 21:26

Chapter 12 Ebstein’s anomaly 185

and a patent foramen ovale or atrial septal defect. Patients with minimal tri-
cuspid regurgitation that does not warrant surgical repair may benefit from
closure of the atrial level shunt. This may reduce cyanosis and improve func-
tional capacity sufficiently to outweigh the theoretic risk of right ventricular
dysfunction.

Surgical indications and options

Operative intervention in patients with Ebstein’s anomaly should be performed
by surgeons experienced in congenital cardiac surgery. Indications for surgical
intervention include: (1) class III or IV symptoms, or deteriorating exercise
capacity; (2) cyanosis with or without paradoxical embolism; (3) progressive
right ventricular dilatation or reduction of right ventricular systolic function;
(4) development or progression of atrial and/or ventricular arrhythmias not
amenable to or successfully treated with percutaneous procedures; and (5) ven-
tricular pre-excitation not successfully treated in the electrophysiology labora-
tory [29].

Primary operation generally consists of closure of interatrial communication,
arrhythmia procedures such as surgical division of accessory conduction path-
ways, cryoablation of atrioventricular nodal re-entrant tachycardias, or MAZE
procedure. Selective plication or resection of portions of the atrialized right
ventricle is also performed. The tricuspid valve is repaired when feasible, and
tricuspid valve replacement is performed with a heterograft bioprosthesis or
mechanical prosthesis when repair is not feasible or repair results are not satis-
factory. A right reduction atrioplasty is often performed.

In high-risk surgical Ebstein’s patients, including those with severe right
ventricular dysfunction, preserved left ventricular function, and low left atrial
pressure, a bidirectional cavopulmonary anastomosis is considered [30]. The
single-ventricle Fontan pathway may be considered for profound right ventric-
ular dysfunction, most often when operation is required during infancy. Heart
transplantation is considered when severe biventricular dysfunction is present
and there are important symptoms of heart failure.

Reoperation usually requires tricuspid valve replacement or re-replacement.
Re-repair of the tricuspid valve is rarely successful. A concomitant MAZE pro-
cedure may be performed for intermittent or chronic atrial fibrillation and/or
flutter. Indications for reoperation in patients with Ebstein’s anomaly include:
(1) symptoms, deteriorating exercise capacity, or functional class III or IV; (2)
severe tricuspid regurgitation after repair with progressive right ventricular
dilatation or reduction of right ventricular systolic function; (3) appearance/
progression of atrial and/or ventricular arrhythmias related to recurrent
severe tricuspid regurgitation; and (4) bioprosthetic tricuspid valve dysfunc-
tion with severe regurgitation, severe stenosis, or combined severe stenosis and
regurgitation.
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Postoperative findings

Operated patients with Ebstein’s anomaly require life-long specialized surveil-
lance for recurrent tricuspid valve dysfunction after repair, prosthetic valve
dysfunction, arrhythmias, and ventricular dysfunction [31]. Postoperative exer-
cise tolerance is generally significantly improved compared with preoperative
exercise tolerance, especially in patients with an atrial septal defect. Age, gen-
der, and heart size influence postoperative exercise tolerance [32]. Patients with
repaired Ebstein’s anomaly remain at risk for atrial and ventricular arrhythmias,
and life-long follow-up is recommended.

Operative mortality for patients with Ebstein’s anomaly is approximately
5–10% in experienced centers. Late survival is favorable, estimated to be 92%
10 years postoperatively. Placement of tricuspid valve prosthesis is associated
with a high incidence of complete heart block at inexperienced centers.

Prognosis

The prognosis for patients with Ebstein’s anomaly varies with the severity
of the disease. In a review of 220 patients seen between 1958 and 1991, the
actuarial survival for all liveborn patients was 67% at 1 year and 59% at 10 years
[8].

The major causes of death were heart failure, perioperative, and sudden
death. The main predictors of death were severity of disease based on echocar-
diographic grade, fetal presentation, and right ventricular outflow tract obstruc-
tion. The outcome was better in patients with less severe disease who presented
in later childhood or adulthood.

Survival in patients with Ebstein’s anomaly appears to be improving as
advances in diagnostic and surgical techniques as well as postoperative care
have led to improvements in surgical outcome. This was illustrated in a report
of 158 patients who received a primary tricuspid bioprosthesis [31]. Ten-year
survival was 93% with freedom from bioprosthesis replacement at 10 and 15
years of 98% and 81%, respectively; 92% were NYHA class I or II; and 94% were
not receiving anticoagulation.

Conclusions

Ebstein’s anomaly is a complex congenital malformation with a broad anatomic
and clinical spectrum. Management must be carried out by physicians with
knowledge about the differential anatomic and hemodynamic variables, as
well as associated malformations and management options for individualized
patient care. It is hoped that, with improved management strategies, survival
of patients with Ebstein’s anomaly of all ages will continue to improve.
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Case study

Comprehensive review of the patient data by the congenital cardiologist, electrophys-
iologist, and cardiac surgeon was performed. Preoperative electrophysiology testing
demonstrated no accessory pathway, but atrial flutter was easily induced. Cardiac
catheterization was not felt to be necessary prior to planned operative intervention.
Surgical intervention was recommended, including closure of the atrial septal defect,
tricuspid valve repair, and MAZE procedure.

An intraoperative transesophageal echocardiogram was performed. The pre-bypass
images confirmed the findings noted by transthoracic echocardiography. The operative
procedure included tricuspid valve repair and atrial septal defect closure. In addition,
a left-sided pulmonary vein isolation procedure and right-sided MAZE procedure with
a radiofrequency device was performed. The left atrial appendage was ligated. Post-
bypass transesophageal echocardiography demonstrated trivial tricuspid valve regur-
gitation and no stenosis following repair. The atrial septum was intact. The patient
had an uneventful postoperative recovery. He was dismissed from hospital in normal
sinus rhythm. Anticoagulation was recommended for 3 months after operation. At 6-
month follow-up, the patient noted marked improvement in exercise capacity without
desaturation or recurrence of atrial arrhythmias.
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Chapter 13

Imaging in adult congenital
heart disease
Candice K. Silversides and Samuel C. Siu

A 35-year-old male with repaired tetralogy of Fallot presented with palpitations and
syncope. He had initially undergone a Blalock-Taussig shunt at 2 months of age. This
was followed by an intracardiac repair with a transannular patch across the right
ventricular outflow at the age of 8 years. He had residual pulmonary regurgitation
but clinically had been well until this presentation. On physical exam, he had a right
ventricular heave and a murmur of pulmonary regurgitation, but no evidence of right-
sided heart failure. His electrocardiogram showed sinus rhythm with a right bundle
branch block (QRS duration 180 ms). He was admitted to the hospital for observation,
and while on telemetry, 30 beats of symptomatic nonsustained ventricular tachycardia
was documented. Which imaging test should be performed?

Because of the complex nature of congenital heart disease (CHD), cardiac
imaging has an important role in the management of patients with these lesions.
Every imaging modality has advantages and limitations, and physicians caring
for patients with CHD need to have an understanding of these issues. The
current clinical guidelines for the management of patients with CHD include
recommendations on the use of various imaging modalities [1–4]. Furthermore,
guidelines are available for the use of cardiac computed tomography (CT) [5],
cardiac magnetic resonance (CMR) imaging (Table 13.1) [6], and radionuclide
imaging (RNA) [7] as well as appropriate criteria [8,9] pertaining to CHD.
Currently, no single imaging modality can obtain all of the information that is
required for patient management, and frequently patients undergo imaging by
a number of different complementary techniques. Imaging modalities and their
strengths and limitations will be discussed along with an overview of imaging
approaches for some of the straightforward congenital lesions.
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Table 13.1 Indications for CMR in CHD [6]

Indication Class

I. General indications
Initial evaluation and follow-up of adult CHD I

II. Specific indications
Assessment of shunt size (Qp/Qs) I
Anomalies of the visceroatrial situs

Isolated situs anomalies II
Situs anomalies with complex I
CHD

Anomalies of the atria and venous return
ASD II
Anomalous pulmonary venous return especially in complex

anomalies and cor triatriatum
I

Anomalous systemic venous return I
Systemic or pulmonary venous obstruction following intra-atrial

baffle repair or correction of anomalous pulmonary venous return
I

Anomalies of the atrioventricular valves
Anatomic anomalies of the mitral and tricuspid valve II
Functional valvular anomalies II
Ebstein’s anomaly II
Atrioventricular septal defect II

Anomalies of the ventricles
Isolated VSDs III
VSD associated with complex anomalies I
Ventricular aneurysms and diverticula II
Supracristal VSD I
Evaluation of right and left ventricular volumes, mass, and function I

Anomalies of the semilunar valves
Isolated valvular pulmonary stenosis and valvular dysplasia III
Supraventricular pulmonary stenosis II
Pulmonary regurgitation I
Isolated valvular aortic stenosis III
Subaortic stenosis III
Supravalvular aortic stenosis I

Anomalies of the arteries
Malpositions of the great arteries II
Postoperative follow-up of shunts I
Aortic (sinus of Valsalva) aneurysm I
Aortic coarctation I
Vascular rings I
PDA III

(continued)
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Table 13.1 (Continued)

Indication Class

Aortopulmonary windows I
Coronary artery anomalies in infants Inv
Anomalous origins of coronary arteries in adults and children I
Pulmonary atresia I
Central pulmonary stenosis I
Peripheral pulmonary stenosis Inv
Systemic to pulmonary collaterals I

Abbreviations: Qp/Qs, pulmonary blood flow/systemic blood flow; VSD, ventricular
septal defect; Inv, investigational.

Imaging modalities

Transthoracic echocardiography (TTE) has been one of the fundamental imag-
ing modalities in the field of CHD because the equipment is portable and the
test is easy to perform. Echocardiography can define cardiac anatomy and iden-
tify valvular pathology. Color Doppler imaging allows for visualization of small
atrial and ventricular septal defects that may be difficult to visualize using other
imaging techniques. Doppler has the advantage of allowing for noninvasive
measurements of pressure gradients between chambers and assessing the dias-
tolic properties of the heart. In many cases, echo can accurately quantitate left
ventricular systolic function; however, assessment of right ventricular size and
systolic function has been a major obstacle. Although echocardiographic mea-
sures, such as the tricuspid annular plane systolic excursion [10,11], velocity of
tricuspid annular systolic motion [12], myocardial performance index [13–16],
or isovolumic acceleration [17,18], may be helpful, CMR is the current standard
of comparison for quantitation of right ventricular structure and function. New
echocardiographic technologies continue to improve and allow for assessment
of such parameters as regional ventricular function or strain imaging, torsion,
synchrony, and perfusion. However, TTE can be limited in adult patients with
poor acoustic windows due to large chest walls, chest wall deformities, or post-
operative scar tissue. Improvements in three-dimensional echocardiography
will likely translate into increased use of this imaging modality in clinical prac-
tice in CHD [19–21]. Like TTE, however, this imaging modality is limited by
the acoustic windows of the patients, although the use of intravenous contrast
may overcome this limitation. Transesophageal echocardiography (TEE) does
not pose these same limitations; however, it is not a purely noninvasive proce-
dure as it requires sedation in most instances, and there is a risk of esophageal
trauma. The role of TEE has been described in detail elsewhere [22–24]. One
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of the main roles of TEE in patients with CHD is in the operating room or
the catheterization laboratory, where it can assist with guiding and monitoring
interventions [25].

CMR imaging has become an increasingly important imaging modality in
the field of CHD, specifically in patients with complex cardiac anatomy. In
most cases, CMR allows for excellent visualization of cardiac anatomy, accu-
rate calculation of ventricular volumes and ejection fraction, quantification of
regurgitation and shunt flow, vessel-specific flow quantification, shunt charac-
terization, and imaging of other structures in the thorax, such as the pulmonary
vasculature tree. Excellent reviews on the role of CMR in CHD are available
[26–28]. In the adult with complex cardiac repair, CMR allows for visualization
of baffles, conduits, and cavopulmonary shunts [29–31]. Like echocardiography,
newer technologies have improved, and the information that can be provided
by CMR has expanded to include assessment of myocardial ischemia, viability,
and tissue strain. Although rare, adverse reactions to the contrast agent gadolin-
ium are reported and can be serious, specifically in patients with advanced renal
disease [32]. CMR studies can be difficult for patients with claustrophobia, but in
select cases, this can be treated with an anxiolytic prior to the procedure. Patient
cooperation is required, and image acquisition time can be a limiting factor,
but CMR acquisition time is expected to improve. In the near future, clinical
images will be acquired in a single breath-hold or in a free-breathing state. In the
CHD population, one of the main obstacles is the inability to perform studies in
patients with pacemakers or defibrillators, although CMR-compatible pacing
leads are being developed. Because there is no radiation exposure, CMR can be
used in pregnancy when clinically indicated, although most centers prefer to
avoid imaging during the first trimester [33].

Similar to CMR, technical advances have made multidetector CT an excellent
tool for the assessment of cardiac and pulmonary structures in CHD [34–36]. CT
also allows for assessment of the coronary artery anatomy [37]. Artifacts seen on
CMR from biomedical devices such as stents, valves, and sternal wires can often
be overcome with CT imaging (Fig. 13.1). Most importantly, CT can be used in
patients with pacemakers and defibrillators. CT, however, does not have the
ability to provide hemodynamic information to the same extent as CMR. Good
image quality is dependent on a controlled heart rate, and patients may require
pretreatment with beta blocker therapy; thus, beta blocker therapy cannot be
contraindicated. The newer generation of multidetector CT scanners, with their
ability to acquire images within a single cardiac cycle, may eliminate the need
for beta blockers. Contrast allergy is another potential complication, although
this is less of an issue with newer contrast agents. The main limitation of CT
is the radiation exposure in this young population, an important consideration
because some patients will require serial examinations. Although radiation
doses are influenced by many factors, they are typically between 5 and 20 mSv
for a contrast-enhanced scan [38–40].
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(a) (b)

Fig. 13.1 Transesophageal echocardiogram bicaval view of a 2.2 cm secundum ASD (1a)
with left-to-right color flow across the defect (1b). RA, right atrium; LA, left atrium.

Nuclear imaging modalities include: (1) radionuclide angiography or ven-
triculography (RNA), or blood pool imaging; (2) single photon emission com-
puted tomography (SPECT); and (3) positron emission tomography (PET). RNA
can be performed by using first-pass or equilibrium-gated techniques (multiple
gated acquisition). It can be used to measure both resting [41] and exercise ejec-
tion fractions [42,43] and can be used to calculate left-to-right shunt fractions
[44]. SPECT imaging with injection of a radiotracer (thallium-201 or technetium-
99m-labeled tracers) is used to assess myocardial perfusion and viability. This
information may be required in patients with congenital anomalies of the coro-
nary arteries or patients with potentially abnormal regional blood flow, such
as after surgical reimplantation of the coronary arteries seen with Jatene opera-
tions [45]. Patients with systemic right ventricles after Mustard operations can
also have perfusion defects [46]. Pulmonary perfusion imaging can be helpful
to define the patency of palliative shunts. PET scans allow for the quantitation
of myocardial perfusion and metabolism. This scan requires perfusion tracers
such as rubidium-82 or [13N] ammonia and metabolic tracers such as F18F-
labeled 2-flouro-2-deoxyglucose. PET scanning has not been routinely used in
CHD to date but may offer potentially important information in select cases
[47]. One of the main disadvantages of nuclear imaging is radiation exposure
with perfusion scan exposure of 8–25 mSv [39,48].

Angiography is an invasive procedure and generally not practical for routine
imaging, but may be useful in some complex cases where multiple imaging
modalities are required to define cardiac anatomy or suitability for procedures.
The risks associated with this imaging modality include vascular trauma, bleed-
ing, thrombosis, arrhythmias and stroke. With advances in noninvasive imag-
ing, the main current indications for invasive catheterization and angiography
are: (1) to define specific anatomic and hemodynamic issues in the face of non-
diagnostic or discordant noninvasive imaging data, and (2) to define specific
anatomic features necessary to guide percutaneous or surgical approaches.
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Specific congenital cardiac lesions

Atrial septal defects
The secundum atrial septal defect (ASD) is the most common type of ASD. Other
types of ASD include sinus venosus defects, primum ASD, and the unroofed
coronary sinus. Shunts at the atrial level result in diastolic overload of the right
ventricle and increased pulmonary blood flow. Echocardiography is the sim-
plest method to image ASD and in most cases is sufficient (Fig. 13.2) [49,50], but
CMR and CT can also be used, particularly if echocardiographic imaging win-
dows are difficult or if quantitation of right ventricular volume is necessary in
borderline cases [51,52]. Because sinus venosus defects can be difficult to identify
on TTE, TEE is a better method of identifying these defects, especially in adults
[53]. The shunt fraction can be calculated by using echocardiography, CMR, or
RNA by calculating the pulmonary and systemic flow [54–57]. The hemody-
namic effect of the shunt on the right ventricle can be determined by examining
the right ventricular size [58]. There may be instances where quantification of
right ventricular volumes and function using CMR or CT is important. The right
ventricular systolic pressure can also be calculated by using the jet velocity of
tricuspid regurgitation on echocardiography. Anomalous pulmonary venous

Fig. 13.2 Transthoracic echocardiogram parasternal view showing Doppler color flow
across a restrictive perimembranous ventricular septal defects (arrow).
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drainage can be imaged by using TEE, CMR, or CT. Although TEE imaging is
useful in assisting with transcatheter closure of secundum ASDs, intracardiac
echocardiography is being used as an alternative imaging modality at many
centers [59].

Ventricular septal defect
Ventricular septal defects (VSDs) are classified by their location: membranous,
muscular, inlet, and outlet portions of the septum. Small restrictive VSDs (high
systolic gradient between the left and right ventricles) do not result in left
ventricular volume overload and increased pulmonary blood flow, whereas a
patient with a large nonrestrictive VSD (equalization of pressures between the
left and right ventricles) is at risk for the development of Eisenmenger syn-
drome (irreversible pulmonary hypertension and right-to-left shunting). The
most common type is the perimembranous VSD. Small defects or multiple
defects are probably best seen on TTE with color Doppler (Fig. 13.3) [60,61] but
can also be imaged using CMR [62]. In children, the VSD size is quantified by
comparing it with the aortic root diameter. Continuous wave Doppler allows for
transventricular peak instantaneous systolic gradient estimates [63,64]. How-
ever, with large nonrestrictive shunts, there may be no shunt flow or flow
velocities. Shunt flow can be estimated by calculating the Qp:Qs [65] or by

Fig. 13.3 Transthoracic echocardiogram apical four-chamber view of Ebstein anomaly
demonstrating apical displacement of the septal leaflet of the tricuspid valve (arrow)
and an enlarged right atria due to atrialization of the left ventricle. RA, right atrium.
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using the proximal flow convergence on the left sepal surface [66]. Both of these
methods have limitations. The shunt fraction can also be calculated by using
CMR or RNA. The pulmonary artery systolic pressures need to be routinely
measured, and this is done most easily with echocardiography. Potential late
complications, including aortic valve prolapse and subsequent regurgitation,
right ventricular outflow tract obstruction secondary to infundibular hyper-
trophy, or partial closure of the VSD by the septal tricuspid valve leaflet with
aneurysm formation, can usually be detected by TTE or TEE. TTE or TEE can
be used to examine the size of the VSD and its relationship to other intracar-
diac structures prior to transcatheter device closure. TEE is usually reserved for
circumstances when TTE is nondiagnostic.

Patent ductus arteriosus
A small restrictive patent ductus arteriosus (PDA) results in diastolic overload
of the left ventricle. The characteristic continuous high-velocity shunt flow is
usually seen on TTE but can also be imaged with CMR or CT [67–71]. The
peak gradients between the aorta and pulmonary artery can be calculated, and,
when necessary, the location, size, and maximal diameter of a PDA may be
visualized with CMR or CT prior to interventions. TTE can be used to calculate
the right ventricular systolic pressure. In a large, nonrestrictive PDA associ-
ated with Eisenmenger syndrome, flow may not be detected with TTE, and
saline contrast injection may be required to identify the extracardiac shunting.
Echocardiography, CMR, or CT can determine the effect of the shunt on the left
ventricular size and function.

Right ventricular outflow tract obstruction
TTE is the simplest modality to assess uncomplicated valvular pulmonary
stenosis and the hemodynamic effects on the right ventricle [72,73]. CMR and
CT are useful to examine the main, branch, and peripheral pulmonary arter-
ies. Echocardiography can be helpful for guidance at the time of transcatheter
pulmonary valve implantation.

Tetralogy of Fallot
Tetralogy of Fallot (TOF) is one of the most common forms of cyanotic heart
disease, and most patients with this lesion will undergo intracardiac repair.
This includes VSD patch closure, infundibular resection, and, in some cases,
transannular patching or pulmonary arterioplasties. Many patients are left with
residual pulmonary regurgitation and, when the regurgitation is significant,
right ventricular dilation and dysfunction can develop. Despite its prognostic
importance, assessment of pulmonary regurgitation remains difficult. Qualita-
tive assessment of pulmonary regurgitation can be done echocardiographically
[74,75], but is more accurately quantitated by using CMR with either phase
contract methods or stroke volume differential (Fig. 13.4) [76]. Regurgitation in
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(c)

(a) (b)

RV

LV RV
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Fig. 13.4 Still images from cine cardiac magnetic resonance four-chamber (a) and short
axis (b) views of a dilated right ventricle in a patient with repaired tetralogy of Fallot
and significant pulmonary regurgitation. Velocity-encoded cine magnetic resonance
imaging (c) of a flow-velocity-time curve demonstrating significant pulmonary
regurgitation. RV, right ventricle; LV, left ventricle.

the branch pulmonary arteries needs to be assessed separately by CMR because
there is often differential regurgitation [77]. More importantly, the effects of
regurgitation on the right ventricle can be examined by using any quantitative
method to assess right ventricular size and function (CMR, CT, 3D echocardio-
graphy, or RNA) [78–80]. Right ventricular outflow tract aneurysms have an
adverse impact on the function of the right ventricle [81,82]. In addition, left
ventricular function should also be examined because it has prognostic signifi-
cance. Ventricular fibrosis detected by gadolinium enhancement on CMR may



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 5, 2009 21:4

Chapter 13 Imaging in adult congenital heart disease 199

have prognostic significance [83]. Because there is a well-described aortopathy
associated with TOF, aortic root measurements should be followed serially.

Coarctation of the aorta
The majority of patients with coarctation will have undergone surgical repair
including left subclavian flap repair, patch aortoplasty, end-to-end anastomosis,
or jump grafts. Some patients, particularly adults with recoarctation, may have
undergone angioplasty or stent insertion. Late complications are related to the
type of repair and include aneurysms in patients who have undergone patch
repairs and recoarctation in patients with end-to-end anastomosis. Echocar-
diography is suboptimal for visualization of the entire aorta, and therefore,
other imaging techniques, such as contrast-enhanced CMR angiography or
CT [84–90], have an important role in the imaging of coarctation (Fig. 13.5).
Echo Doppler can be useful in assessing the pressure gradients and hemody-
namic significance of the coarctation [91]. There are limitations with Doppler,

Fig. 13.5 Volume-rendered magnetic resonance reconstruction of coarctation of the aorta
showing the typically narrowing distal to the left subclavian artery (arrow) and
collateral vessels formation.
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however, because, even with a nonguided transducer, it may be difficult to
localize the peak velocity across the coarctation. Additionally, the severity of the
coarctation may be underestimated because collateral flow may increase flow
in the descending aorta thereby reducing the gradient, even when, anatomi-
cally, the coarctation is severe. Other errors occur when the velocity proximal to
the coarctation is ignored, and the complete Bernouilli equation must be used.
Other errors occur in the setting of long-segment stenosis when the Bernouilli
equation becomes invalid. Alternatively, flow deceleration in the descending
aorta can be measured by phase-velocity cine CMR [92]. Visualization of col-
lateral vessels, suggestive of a significant coarctation, is done with CMR or CT.
Potential complications can include left ventricular hypertrophy, wall motion
abnormalities due to premature coronary disease and the associated aortic valve
disease, and ascending aortic aneurysm, and can be identified by using a variety
of imaging techniques. Aneurysms at the site of coarctation are best identified
with CMR or CT [93].

Ebstein’s anomaly
Echocardiography is usually used to assess the severity of Ebstein’s anomaly,
which is characterized by apical displacement of the septal leaflet, dysplasia of
the septal and/or the posterior leaflet, tricuspid regurgitation, or, more rarely,
tricuspid stenosis (Fig. 13.6) [94,95]. The size and function of the functional
right ventricle and the atrialized portion of the right atrium are important
determinants of outcome. CMR is a reasonable alternative imaging technique
[96]. The elongation and mobility of the anterior leaflet and its suitability for
repair are best assessed echocardiographically. Associated patent foramen ovale
and ASD are common, and shunt reversal (right-to-left shunting) at the atrial
level can occur with more advanced forms of Ebstein’s anomaly.

(a) (b)

MPA

Fig. 13.6 Contrast-enhanced computed tomography double oblique projection of the
branch pulmonary arteries demonstrating pulmonary artery stents (arrow) in long (a)
and short axis (b).



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 5, 2009 21:4

Chapter 13 Imaging in adult congenital heart disease 201

Case outcome

Adverse hemodynamic lesions in patients with TOF can precipitate ventricu-
lar tachycardias. Therefore, this patient underwent a TTE and a CMR study to
evaluate his cardiac anatomy. The TTE revealed a moderately dilated right ven-
tricle with moderate right ventricular systolic dysfunction, severe pulmonary
regurgitation, moderate tricuspid regurgitation, and normal right ventricular
systolic pressures. The CMR showed a right ventricular end diastolic volume of
160 cc/m2, a right ventricular ejection fraction of 30%, and a pulmonary regur-
gitation fraction of 40%. The left ventricular size and function were normal,
and there was no branch pulmonary artery stenosis. The patient underwent
pulmonary valve implantation and cryoablation at the time of surgery.
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Chapter 14

The chest x-ray in congenital
heart disease
Joseph K. Perloff

In the 1950s, when I was a Fulbright Fellow at the National Heart Hospital in
London, an engaging Irish radiologist, Peter Kerley, spent several hours a week
with the Registrars, teaching us how to read chest x-rays. I still read x-rays
as I learned from Dr. Kerley decades ago. And I still have my inscribed copy
of Shanks and Kerley, the then authoritative Text-Book of X-Ray Diagnosis, the
fourth edition of which appeared in 1973 [1].

If Peter Kerley were asked to “look at” an x-ray, he would reach for a book and
virtually shout, “You don’t look at a book, you read it, always the same way, sys-
tematically from beginning to end. You don’t look at an x-ray, you read an x-ray,
always the same way, systematically from beginning to end.” He underscored
a central point: to minimize the risk of overlooking important details, x-rays
should be read according to the same planned sequence, namely, technique
(penetration, rotation, degree of inhalation), age and sex, right/left orienta-
tion, positions and malpositions (thoracic and abdominal situs), the bones, the
extrapulmonary soft tissue densities, the intrapulmonary soft tissue densities
(vascular and parenchymal), the great arteries and great veins, the atria, and
lastly, the ventricles or ventricle (Table 14.1).

I’m also indebted to Larry Elliott and Gerold Schiebler, both of whom I knew,
for their concise and incisive book, X-Ray Diagnosis of Congenital Heart Disease
published in 1968. I still have my inscribed copy.

For Shanks and Kerley and for Elliott and Schiebler, interpretation of chest
x-rays, especially, but not only, in congenital heart disease, was based on
four views: posteroanterior, lateral, right oblique, and left oblique. “It should
be stated that no cardiovascular examination is complete without the four
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Table 14.1 Sequence for reading the chest x-ray

Quality and Technique

Right/left Orientation

Positions and Malpositions—Above and below the diaphragm, thoracic and
abdominal situs

The Bones

Extrapulmonary Soft Tissue Densities

Intrapulmonary Soft Tissue Densities—Vascular and Parenchymal

The Great Arteries

The Great Veins

The Atria

The Ventricles or Ventricle

standard cardiac views” [2]. When only posteroanterior and lateral views
became standard, there was concern that radiologic diagnosis would be compro-
mised; a concern that I shared. But gradually and reluctantly, I was persuaded
that these two views sufficed when properly interpreted. This chapter relies on
that assumption.

The first necessity is to determine whether the x-ray is “readable” and whether
the quality and technique are acceptable: penetration, rotation, and degree of
inhalation. Age is then estimated, and if the x-ray is that of an adult, sex can
be inferred by female breast tissue that should not to be mistaken for pectoral
soft tissue in males. Correct right/left orientation avoids the embarrassment of
overlooking situs inversus with mirror image dextrocardia (Fig. 14.1), which,
when the x-ray is inadvertently reversed, is indistinguishable from situs soli-
tus [2]. Positions and malpositions require interrogation above and below the
diaphragm, even when only the chest x-ray is being read (Fig. 14.1). Kerley never
tired of emphasizing that there is one diaphragm but two hemidiaphragms, and
that the location of the cardiac apex coincides with the lower of the two hemidi-
aphragms, dispelling the notion that the liver elevates the ipsilateral half. The
proof, he pointed out, is simple: in abdominal situs solitus with dextrocardia, the
right hemidiaphragm is lower than the left because the apex is on the right. Con-
versely, in abdominal situs inversus with levocardia, the left hemidiaphragm
is lower than the right because the apex is on the left (Fig. 14.2). When the
liver is transverse, the hemidiaphragm is lower on the side of the cardiac apex
(Fig. 14.3).
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(a)

(b)

Fig. 14.1 X-rays from a 28-year-old female who presented with colicky left upper
quadrant pain. (a) The abdominal film was secured in the emergency room. The stomach
(S) on the right and the liver (L) on the left established the diagnosis of abdominal situs
inversus, appropriate for biliary colic expressed in the left upper quadrant. (b) The chest
x-ray disclosed thoracic situs inversus with dextrocardia, and confirmed mirror image
abdominal situs. The pulmonary trunk (PT) was in its mirror image position, and the
aorta (DAo) descended along the right side of the vertebral column.

In Down syndrome, both hemidiaphragms flatten when upper airway
obstruction causes hyperinflation of the lungs.

A transverse liver is a hallmark of visceral isomerism (right or left) that can be
established by determining whether the bronchi are symmetric right or symmet-
ric left [2]. A morphologic right bronchus is short, wide, and relatively straight;
a morphologic left bronchus is long, thin, and curved [2]. A morphologic right
bronchus coincides with a trilobed right lung, and a morphologic left bronchus
coincides with a bilobed left lung. Symmetric right bronchi are features of right
isomerism (bilateral right-sidedness), and symmetric left bronchi are features of
left isomerism (bilateral left-sidedness). The spleen is typically absent in right
isomerism because the organ is normally unilateral on the left, so bilateral right-
sidedness means that the left side in not represented. An important radiologic
feature of left isomerism is inferior vena caval interruption with azygos continu-
ation that can be mistaken in the x-ray for a right aortic arch and a right descend-
ing aorta (Fig. 14.3) [2]. The interrupted inferior cava continues into the thorax as
a dilated azygos vein that runs in the posterior mediastinum along the right bor-
der of the vertebral column, and connects to a right superior vena cava (Fig. 14.3).

Secondary cardiac malpositions occur when the mediastinum shifts toward
the smaller thoracic cavity as with congenital hypoplasia or agenesis of a lung,
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Fig. 14.2 X-ray from a 16-year-old male in situs inversus with levocardia. The stomach (S)
is on the right and the liver (L) is on the left, but the cardiac apex is on the left.
Accordingly, the left hemidiaphragm is lower than the right hemidiaphragm because the
apex is on the left. The descending aorta (DAo) is concordant for situs inversus, but the
position of the ascending aorta indicates a discordant d-bulboventricular loop.

the scimitar syndrome with a hypoplastic right lung, and, most dramatically,
with congenital complete absence of the pericardium [2]. The ipsilateral hemidi-
aphragm is elevated and the ribs are close together.

The bones
An early step in analysis of the chest x-ray is determination of whether or not a
surgical procedure has been performed. Unilateral absence of a rib or evidence
of rib regeneration is usually incurred by a thoracotomy. Sternotomy wires
readily reveal themselves in the lateral projection, but may not in the frontal
view because of superimposition of the dorsal spine. Pectus excavatum and
loss of thoracic kyphosis displace the heart toward the left. Kyphosis creates an
ipsilateral density that can be striking and rotates the heart in the opposite direc-
tion. An absent or rudimentary 12th rib is a feature of Down syndrome, which
in infants is accompanied by a double manubrial ossification center seen in
the lateral projection. Seckel syndrome (microcephalic primordial dwarfism) is
another phenotype in which there are 11 paired ribs [2]. Notching of the under-
surfaces of the posterior ribs is a radiologic sign of coarctation of the aorta. The
development of arterial collaterals depends on patency of the ipsilateral subcla-
vian artery [2]. When coarctation obstructs the ostium of the left subclavian, ipsi-
lateral collaterals fail to develop. Therefore, notching is unilateral on the right [2].
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Fig. 14.3 X-ray from a 29-year-old female with a transverse liver (L), left isomerism,
inferior vena caval interruption, and azygous continuation that ascends along the right
side of the vertebral column (oblique black arrow), forming a knuckle (curved white
arrow) as it courses anterior to join the right superior vena cava. A normal left aortic
arch indents the trachea on its left, and descends along the left side of the vertebral
column (second oblique black arrow).

Extrapulmonary soft tissue densities
In the posteroanterior view, large pectoral muscles in males can be distin-
guished from female breast tissue by ligaments to the axillae. Female breast
tissue enhances lower lobe pulmonary arterial vascularity, which can be con-
firmed in the lateral projection by examining persistence of the vascular pattern
behind the heart.
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Intrapulmonary soft tissue abnormalities can be vascular or parenchymal,
and vascular abnormalities can be pulmonary arterial, collateral arterial, or pul-
monary venous. Increased pulmonary arterial vascularity of left-to-right shunts
is distributed uniformly throughout all portions of the lung fields and extends
to the periphery because of a greater degree of peripheral filling. When an
intrapulmonary artery and its paired bronchus are seen end-on, the pulmonary
artery is larger when pulmonary blood flow is increased.

The distribution of pulmonary blood flow in complete transposition of the
great arteries favors the right lung because of the rightward direction of the
pulmonary trunk [2]. The increase in blood flow to the right lung may result in
a substantial decrease in perfusion to the left lung [2].

Bronchiectasis has its own significance. Primary ciliary dyskinesia, a loss of
ciliary function during embryogenesis, is a link between situs inversus totalis,
sinusitis, and bronchiectasis: the Kartagener triad [2]. Radiologically evident
pectus excavatum often occurs with situs inversus and primary ciliary dysk-
inesia [8]. In restrictive perimembranous ventricular septal defects, the septal
leaflet of the tricuspid is a common site of infective endocarditis because of the
impact of the high-velocity jet. Radiologically characteristic septic pulmonary
emboli originate from that site.

Pulmonary arteriovenous fistulae are distinctive intrapulmonary vascular
densities that can be single or multiple, unilateral or bilateral, and typically
involve the lower lobes or right middle lobe [2]. The fistulous densities may be
hidden by the heart or diaphragm, so lateral views must be examined. Dilated
channels from the hilus join the arteriovenous fistula, and dilated channels leave
the fistula to join the hilus [2].

Decreased pulmonary arterial vascularity is a feature of Fallot’s tetralogy
and double-outlet right ventricle with pulmonary stenosis, malformations in
which right ventricular blood is diverted into the biventricular or right ven-
tricular aorta, reciprocally reducing pulmonary blood flow. The middle and
outer thirds of the lung fields show a paucity of vascular markings because
intrapulmonary arteries and veins are reduced in size [2]. In normal neonates,
pulmonary vascularity is reduced until the arterioles involute and pulmonary
vascular resistance falls.

Systemic arterial collaterals are features of Fallot’s tetralogy with pulmonary
atresia (Fig. 14.4), and are classified according to their origins as: (1) bronchial arte-
rial because they originate from bronchi, as the name indicates, and anastomose
to pulmonary arteries within the lungs; (2) direct systemic arterial collaterals that
originate from the descending aorta, enter the hilum, and then assume the struc-
ture and distribution of intrapulmonary arteries; and (3) indirect systemic arterial
collaterals that originate from internal mammary, innominate and subclavian
arteries, and anastomose to proximal pulmonary arteries outside the lungs [2,4].

Pulmonary venous vascularity, including the thin dense horizontal linear
streaks (Kerley lines), is most strikingly manifested by the stippled, reticular,
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Fig. 14.4 X-ray from a three-year-old male with tetralogy of Fallot and pulmonary
atresia. Pulmonary vascularity is bilaterally increased because of direct arterial
collaterals that arose from the descending thoracic aorta and had hilar anastomoses. The
main pulmonary artery is not border forming (arrow), but the ascending aorta (AAo) is
conspicuously dilated. A convex right atrium (RA) occupies the right lower cardiac
silhouette, and the apex is occupied by a convex right ventricle (RV).

ground glass appearance that occurs with the pulmonary venous obstruction
of infradiaphragmatic total anomalous pulmonary venous connection [2]. Hall-
marks of pulmonary venous vascularity (Fig. 14.5) are distribution to the upper
lobes, obliteration of the hilar angle between the right upper lobe pulmonary
vein and the right lower pulmonary artery, and peribronchial edema (cuffing).

Pulmonary neovascularity is the term recently applied to a distinctive radio-
graphic finding in Eisenmenger syndrome [5]. Small nodular opacities in the
chest x-ray correspond to tiny collaterals identified on CT scan and in micro-
scopic sections at necropsy [5].

The great arteries are keys in the radiologic diagnosis of congenital heart
disease. The aorta (ascending, transverse, and descending) and the pulmonary
trunk are sequentially assessed for location and prominence. The normal heart
in a posteroanterior chest x-ray is characterized by a triad of distinctive con-
tours consisting of the ascending aorta on the right and the aortic knuckle and
pulmonary trunk on the left. In complete transposition of the great arteries, the
triad is lost. The vascular pedicle is narrow because the pulmonary trunk is
posterior and medial to an anterior ascending aorta. The pedicle is narrowest
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Fig. 14.5 X-ray from a seven-year-old male with a single morphologic left ventricle, a
noninverted outlet chamber, and pulmonary vascular disease. The vascular pedicle is
narrow because the outlet chamber is located at the right basal aspect of the heart in the
noninverted position, and the posterior pulmonary trunk is not border forming. The
right atrium (RA) is enlarged, and the single ventricle (SV) is strikingly dilated. There is
marked pulmonary venous congestion (failure of the single ventricle) typically
manifested by prominence of upper lobe vascularity and obliteration of the hilar angle
between the right upper lobe pulmonary vein and the right lower pulmonary artery.

when the aorta courses vertically upward directly anterior to the posteromedial
pulmonary trunk. The ascending aorta in complete transposition is not suffi-
ciently rightward to be border-forming, except when it enlarges in the presence
of leftward and posterior malalignment of the infundibular septum [2]. The dis-
tinctive appearance of the vascular pedicle is not obscured by a thymic shadow,
which is seldom radiologically evident [2]. Absence of a thymic shadow is not
due to aplasia or hypoplasia, because the shadow is sometimes radiologically
present during the first 12 or 24 hours of life [2]. The vascular pedicle is dis-
tinctive in congenitally corrected transposition of the great arteries because the
posterior pulmonary trunk is not border-forming, and the inverted ascending
aorta does not ascend on the right but instead straightens the left upper cardiac
border [2]. This configuration is the same in the x-ray of univentricular hearts
of the left ventricular type when the outlet chamber is at the left basal aspect of
the heart in the inverted position (see below).

Perhaps the most frequent cause of a dilated ascending aorta is a bicuspid aor-
tic valve, whether functionally normal, stenotic, or incompetent [6]. Dilatation
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is the consequence of inherent abnormalities of the media that set the stage for
dilatation, dissection, and a further increase in size [6]. In Fallot’s tetralogy with
pulmonary atresia, a right aortic arch and a right descending aorta are relatively
common, and the ascending aorta is prominent (Fig. 14.4). The ascending aorta
is radiologically inconspicuous when a left-to-right shunt is intracardiac (atrial
or ventricular level) because the shunt volume does not traverse the aorta. The
converse is the case with patent ductus arteriosus or aortopulmonary window
because the shunt volume traverses the ascending aorta, which is therefore
prominent.

A normal transverse aorta deviates the trachea to the right, and the descend-
ing aorta forms a fine vertical line along the left edge of the vertebral column.
A right aortic arch forms a prominent silhouette at the right thoracic inlet and
deviates the trachea to the left, whereas the descending aorta forms a fine ver-
tical line along the right edge of the vertebral column. These configurations
radiologically resemble the thoracic portion of inferior vena caval interruption
with azygous continuation to a right superior vena cava (Fig. 14.3) [2].

The normal pulmonary trunk is anterior to the ascending aorta and forms a
convexity immediately below the knuckle of the transverse aorta. Prominence
of the pulmonary trunk occurs with a left-to-right shunt, or above the mobile
valve of typical congenital pulmonary valve stenosis, a distinction that can
be made by examining the pulmonary vascular bed (discussed previously).
Aneurysmal dilatation of the pulmonary trunk and its right branch are dis-
tinctive features of Fallot’s tetralogy with congenital absence of the pulmonary
valve [2]. Aneurysmal dilatation of the pulmonary trunk and either or both of
its branches, often with mural calcification (Fig. 14.6), is a radiologic feature of
Eisenmenger syndrome [7]. Intrapulmonary thrombus, often massive, is prone
to embolize, causing pulmonary infarction and hemorrhagic pulmonary effu-
sion (Fig. 14.6) [7]. Congenital absence of a pulmonary artery is associated with
tetralogy of Fallot and almost always involves the left pulmonary artery [2].
The x-ray is diagnostically useful when the left hemithorax is small, the left
hemidiaphragm is elevated, and the left lung is hypoplastic.

When the pulmonary trunk is not border-forming in the posteroanterior view,
either of two conclusions can be drawn: that the main pulmonary artery is
atretic or absent (pulmonary atresia or truncus arteriosus type 2), or that it is
located posterior to the ascending aorta (complete transposition or congenitally
corrected transposition of the great arteries) [2]. Occasionally, a dilated hyper-
tensive posterior pulmonary trunk is border-forming in complete transposition.

Anomalies of the great veins include a wide range of abnormalities of vena
caval connection that vary from minor to major, and that occur either in isolation
or with coexisting congenital heart disease [2]. The normal right superior vena
cava forms a linear shadow in the thoracic inlet just above the convexity of
the ascending aorta. The superior vena cava can be right-sided, left-sided, or
bilateral. The right superior vena cava can be atretic, absent, or connected to the
left atrium. A left superior vena cava can join the coronary sinus or left atrium.
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Fig. 14.6 X-ray from a 40-year-old woman with pulmonary hypertension and an atrial
septal defect. Embolization of thrombus in the dilated calcified right pulmonary artery
(RPA) caused a hemorrhagic right pleural effusion (large arrow). The pulmonary trunk
(PT) is dilated, and an enlarged right ventricle (RV) occupies the apex.

A left superior vena cava forms a concave or crescentic radiologic shadow as it
emerges from beneath the middle third of the left clavicle.

Specific sites of anomalous pulmonary venous connection are radiologically
distinctive. The right superior vena cava is prominent at the right thoracic inlet
when it receives the confluence of pulmonary veins via a right-sided anomalous
venous channel or via the azygous vein. Most distinctive is the figure-eight
or snowman silhouette that characterizes total anomalous pulmonary venous
connection in which the left vertical vein originates from the confluence and
ascends to join an innominate bridge to a prominent right superior vena cava
[2]. The upper portions of the figure-eight are therefore formed by the vertical
vein on the left and superior vena cava on the right, and the lower portions are
formed by the dilated right atrium and right ventricle. The scimitar syndrome,
so-called because the x-ray shadow resembles the shape of a Turkish sword, is
characterized by connection of all of the right pulmonary veins to the inferior
vena cava. The anomaly is usually accompanied by hypoplasia of both the
ipsilateral lung and pulmonary artery with a shift of the heart into the right
hemithorax (see Secondary positional abnormalities) [2].

The normal inferior vena cava forms a slightly concave or linear shadow
located in the angle created by the posterior wall of the left ventricle and the
left hemidiaphragm (lateral view). The shadow necessarily disappears when
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the inferior vena cava is interrupted, and may disappear when the inferior
vena cava connects to the left atrium because penetration of the diaphragm is
not at the expected site [2]. Bilateral superior vena cavae are connected by an
innominate bridge that can be widely patent, narrow, or atretic; the size of the
left superior cava ranges from large to rudimentary [2].

The inferior vena cava can connect anomalously to the left atrium or can
be interrupted (discussed previously). Very rarely, both the superior and the
inferior vena cava join the left atrium; this is referred to as total anomalous
systemic venous connection [2].

The atria
The left atrium, which is not “left” but rather posterior, resides between the
paired left and right pulmonary veins. Radiologic abnormalities of the atria
are represented by a generalized increase in size, by a decrease in size, or, less
often, by a segmental (regional) abnormality in configuration. Generalized atrial
enlargement is typically in response to the volume overload of a left-to-right
shunt or atrioventricular valve regurgitation, or in response to the pressure
overload of obstruction to atrioventricular flow. In Lutembacher syndrome,
however, left atrial enlargement is limited because the obstructed chamber is
decompressed through the atrial septal defect. However, the right atrium is con-
siderably enlarged because resistance at the obstructed mitral valve augments
the left-to-right shunt [2].

The left atrium is reduced in size in Fallot’s tetralogy because the chamber
is underfilled (decreased pulmonary blood flow). A regional abnormality in
atrial configuration characterizes congenital partial absence of the pericardium.
Herniation of the left atrial appendage is represented in the x-ray by a convex-
ity immediately below the pulmonary artery segment [2]. A larger herniation
extends the convexity to the third left intercostal space (Fig. 14.7a). Similar, if
not indistinguishable, is the radiologic appearance of a congenital intrapericar-
dial aneurysm of the left atrial appendage [2]. A large congenital pericardial
cyst resembles a dilated right atrium from which it must be distinguished (Fig.
14.7b). More typically, congenital pericardial cysts are represented by a smooth
homogeneous radiodensity in the right cardiophrenic angle, touching the ante-
rior chest wall and the anterior portion of the right hemidiaphragm [2].

A giant left atrium is usually reserved for mitral stenosis/regurgitation,
accompanied by chronic active rheumatic fever. In congenital heart disease,
large right atria are features of Ebstein’s anomaly of the tricuspid valve. When
Ebstein’s anomaly is a component of pulmonary atresia with intact ventricular
septum, the right atrium is immense [2].

In tricuspid atresia with normally related great arteries and a restrictive ven-
tricular septal defect, the cardiac silhouette can be distinctive. The contour is
characterized by a prominent right superior border caused by an enlarged right
atrium and its appendage, and a flat receding inferior border caused by absence
of the right ventricle [2].
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(a) (b)

Fig. 14.7 Herniation of the left atrial appendage through congenital partial absence of
the pericardium is represented in the x-ray by a convexity immediately below the
pulmonary artery segment. (a) X-ray from a 19-year-old male with a larger herniation
that extended the convexity to the third left intercostal space. (b) X-ray from a
32-year-old female with an unusually large pericardial cyst (arrows) that resembles a
large right atrium.

The ventricles or ventricle are assessed last (Table 14.1) because, nearly a
century and a half after Thomas Peacock’s description, there is still no consensus
regarding terminology for hearts with only one ventricle [2]. Single-ventricle or
univentricular heart are terms applied when one ventricular chamber receives
the entire flow from the right atrium and the left atrium, both of which, with
the entire atrioventricular junction, are related to the univentricular or single-
ventricle heart [2]. In 80–90% of cases, the ventricular chamber that receives
the atrioventricular connections has left ventricular morphologic features, and
incorporates at its base an outlet chamber that is an infundibular remnant
devoid of a sinus or inlet component and is remote from the crux of the heart
[2]. In 10–25% of cases, the ventricular chamber that receives the atrioventricular
connections has right ventricular morphologic features and incorporates within
its posterior, inferior, or lateral aspect a rudimentary trabecular pouch that
represents a left ventricular remnant [2]. In less than 10% of cases, the single
ventricle has intermediate morphologic features and incorporates neither an
outlet chamber nor a trabecular pouch [2]. In univentricular hearts that are
morphologically left ventricular, the outlet chamber is anteroposterior and lies
either at the right basal aspect of the heart (noninverted position) (Fig. 14.5)
or at the left basal aspect of the heart (inverted position), as would be the
case in a two-chambered heart with congenitally corrected transposition of the
great arteries [2]. Because the aorta arises discordantly from the outlet chamber,
and the pulmonary trunk arises discordantly from the single morphologic left
ventricle, the term transposition of the great arteries is appropriate [2]. In the
uncommon, if not rare, Holmes heart, the great arteries arise concordantly [2].
When the univentricular heart is morphologically right ventricular, both great
arteries necessarily arise from that chamber, an arrangement that is a form of
double-outlet right ventricle. Similarly, both great arteries necessarily arise from
a morphologically indeterminate single ventricle.
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The location of the outlet chamber is an important radiologic feature of uni-
ventricular hearts. An inverted outlet chamber forms a localized convexity at
the left upper cardiac border and gives rise to an aorta that is convex to the
left or that arises vertically, as in congenitally corrected transposition of the
great arteries [2]. A noninverted outlet chamber gives rise to an aorta that is
convex to the right, as in complete transposition of the great arteries (Fig. 14.5)
[2]. A posteromedial pulmonary trunk may lift a dilated right branch and cre-
ate a waterfall appearance [2]. Absence of a thymic shadow is an important
radiologic feature of complete transposition of the great arteries in biventricu-
lar hearts (discussed previously) but is not a feature of complete transposition
in univentricular hearts. In univentricular hearts of right ventricular morphol-
ogy, the vascular pedicle is narrow because the aorta is either anterior and the
pulmonary trunk posterior to the aorta, or side by side [2].

“To read chest x-rays without knowledge of the pathologic anatomy or patho-
physiology of congenital heart disease is akin to attempting to cross the English
Channel after your first swimming lesson” [3]. Sophisticated high technology
diagnostic methods provide contemporary clinicians with unprecedented infor-
mation, but in so doing, risk de-emphasizing time-honored techniques, such as
the chest x-ray, upon which previous generations were much more dependent
and therefore much more adept in interpreting. Nevertheless, it remains gratify-
ing, indeed amazing, to witness the amount of information that can be derived
from a source seemingly so limited as relatively inexpensive posteroanterior
and lateral chest x-rays systematically read according to a planned sequence.
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Chapter 15

Arrhythmias in congenital
heart disease
Barbara J. Deal

This 24-year-old man underwent surgical closure of a ventricular septal defect with
resection of infundibular pulmonary stenosis and pulmonary valvotomy at age 14
months. At age 20 years, he began experiencing palpitations, and subsequently experi-
enced two episodes of near-syncope while driving, associated with a racing heart beat.
His exercise tolerance had decreased over the last few years. He was admitted to the
hospital for evaluation, with frequent runs of rapid ventricular tachycardia on telemetry
monitoring.

Cardiac examination was remarkable for a markedly hyperdynamic right ventricular
impulse, with a thrill. Rhythm was regular with a widely split s2. A grade 4/6 systolic
murmur was present, with a 1-2/6 diastolic murmur at the left upper sternal border.
His liver was mildly enlarged.

Electrocardiogram showed normal sinus rhythm, with incomplete right bundle
branch block, with a QRS duration of 110 ms.

Echocardiogram showed moderate right ventricular outflow tract obstruction and
moderate pulmonary regurgitation, with a mildly dilated right ventricle.

Exercise testing revealed frequent premature ventricular contractions at the onset
of exercise, progressing to sustained monomorphic ventricular tachycardia at 6 min-
utes (Fig. 15.1), with ventricular tachycardia rate accelerating to 260 bpm, associated
with dizziness; the test was terminated. Peak oxygen consumption was 18 mL/kg/min.
Ventricular tachycardia morphology was left bundle branch block, with an inferior
axis.

Electrophysiology testing was performed, but neither atrial nor ventricular tachy-
cardia was inducible with programmed stimulation.
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Fig. 15.1 Onset of ventricular tachycardia during exercise testing.

Introduction

The development of arrhythmias is the most common late sequela of congenital
heart disease, occurring in 18–20% of adults with congenital heart disease. In
addition, arrhythmias are the most common cause of sudden cardiac death in
patients with known congenital heart disease, with an incidence more than twice
that of heart failure [1]. Arrhythmias develop as part of the natural history of
heart disease, occurring in both operated and unoperated patients with complex
forms of heart disease.

A discussion of arrhythmias encompasses three distinct categories: the treat-
ment and chronic management of existing arrhythmias; attempts to identify
patients at risk for sudden cardiac death due to arrhythmias and interventions
to reduce this risk; and efforts to reduce the incidence of developing arrhyth-
mias.

Treatment of existing arrhythmias

The incidence of arrhythmias associated with congenital heart disease increases
with advancing age from about 22% at 40 years of age to more than 40% by 55
years [2]. The incidence of arrhythmias associated with certain forms of con-
genital heart disease is summarized in Table 15.1. More than 40% of patients
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Table 15.1 Incidence of late arrhythmias in congenital heart disease

Lesion Incidence of arrhythmia

Atrial septal defect 5–40% SVT

Ebstein’s anomaly 40–80% SVT

Single ventricle s/p atriopulmonary Fontan 30–60% SVT

Transposition of the great arteries s/p atrial switch repair 30–50% SVT

Congenitally corrected transposition of the great arteries 20–30% AV block

Tetralogy of Fallot 7% VT, 35% SVT

Tricuspid valve reoperation 35% SVT

Ventricular septal defect <2% SVT, VT

with Ebstein’s anomaly, atriopulmonary Fontan repairs, atrial switch repairs of
transposition of the great arteries, and atrial septal defects repaired in adult-
hood will develop supraventricular tachycardia. In many lesions, the incidence
of late arrhythmias parallels the need for reoperation for residual hemodynamic
defects, giving rise to the concept of arrhythmias as “electro-mechanical prob-
lems” initially described in patients with repaired tetralogy of Fallot, but appli-
cable to many other forms of heart disease as well. This underscores the need
that, in any patient with congenital heart disease, the presence of an arrhythmia
should prompt a detailed search for an underlying hemodynamic derangement,
rather than a simple focus on the arrhythmia itself. Although ventricular tachy-
cardia received extensive early attention as a common postoperative arrhythmia
in patients with repaired tetralogy of Fallot, due to the increased risk of sudden
death from this arrhythmia, the incidence of supraventricular tachycardia in
most forms of congenital heart disease is at least four-fold greater than that of
ventricular tachycardia, and is associated with significant morbidity such as
heart failure and stroke.

Any discussion of the management of arrhythmias needs to begin with
an understanding of the various mechanisms of tachycardia, particularly the
various types of supraventricular tachycardia. Different forms of congenital
heart disease are associated with distinct forms of arrhythmias, as summa-
rized in Table 15.2. Supraventricular tachycardia utilizing an accessory con-
nection, either manifest (associated with Wolff-Parkinson-White syndrome)
or concealed, usually involves antegrade conduction over the atrioventricu-
lar node and return to the atrium using the accessory connection (known as
orthodromic reciprocating tachycardia; Fig. 15.2). Less commonly, the tachycar-
dia circuit may progress antegradely over the accessory connection and return
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Table 15.2 Arrhythmias associated with specific forms of congenital heart disease

Arrhythmia Congenital heart disease

Supraventricular tachycardia
Accessory connection-

mediated
Ebstein’s anomaly
Atrial septal defect
Congenitally corrected transposition of the great

arteries
Hypertrophic cardiomyopathy

Atrial reentry Atrial septal defect
Single ventricle, with atriopulmonary Fontan repairs
Mustard/Senning repairs of transposition of the

great arteries
Common atrioventricular septal defects
Tetralogy of Fallot
Total anomalous pulmonary venous connections

Atrioventricular nodal
reentry

Mustard/Senning repairs of transposition of the
great arteries

Left ventricular outflow obstructive lesions
Atrial fibrillation Mitral valve disorders

Ebstein’s anomaly of tricuspid valve
Single ventricle, especially tricuspid atresia
Atrial septal defects
Tetralogy of Fallot
Hypertrophic cardiomyopathy
Eisenmenger’s syndrome

Ventricular tachycardia Tetralogy of Fallot
Ventricular septal defects
Aortic stenosis

Ventricular fibrillation Aortic stenosis
Hypertrophic cardiomyopathy
Mustard/Senning repairs of transposition of the

great arteries

Sinus bradycardia Mustard/Senning repairs of transposition of the
great arteries

Single ventricle: atriopulmonary Fontan
Atrial septal defects
Common atrioventricular septal defects
Anomalous pulmonary venous connection

Atrioventricular block Congenitally corrected transposition of the great
arteries

Tetralogy of Fallot
Atrial septal defects
Common atrioventricular septal defects



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 5, 2009 22:5

Chapter 15 Arrhythmias in congenital heart disease 225

(a) (b) (c)

Fig. 15.2 Illustrations of mechanisms of supraventricular tachycardia. (a) Orthodromic
reciprocating tachycardia. (b) Atrioventricular nodal re-entry tachycardia. (c) Macro-
reentry atrial tachycardia. AV, atrioventricular; CS, coronary sinus; SA, sino atrial.

using the atrioventricular node (antidromic reciprocating tachycardia), or an
atrial arrhythmia such as atrial fibrillation may be conducted rapidly over
the accessory connection to the ventricles (pre-excited atrial tachycardia). As
the accessory connection is a congenital abnormality with persistence of con-
ducting tissue at the atrioventricular ring, lesions with abnormalities of the
atrioventricular valve are more commonly associated with this form of
supraventricular tachycardia (Ebstein’s anomaly of the tricuspid valve, among
others). In contrast, atrioventricular nodal re-entry tachycardia is associated
with the development of functional differentiation of conduction over fast and
slowly conducting atrioventricular nodal tissue or, less commonly, additional
atrioventricular nodes associated with heterotaxy syndrome. In primary atrial
arrhythmias, the tachycardia circuit is confined to atrial tissue, with conduction
to the ventricles not critical to the maintenance of tachycardia; examples include
atrial re-entry tachycardia, atrial flutter, and atrial fibrillation. The substrate for
primary atrial arrhythmias may be congenital alterations of fiber array, creation
of re-entrant circuits as a result of surgical incisions or patches, or the result
of stretch and fibrosis as a result of abnormal hemodynamic stress. The acute
treatment and natural history of the various mechanisms of supraventricular
tachycardia differ substantially.

Ventricular tachycardia associated with congenital heart disease most com-
monly develops following surgical correction of lesions requiring ventriculo-
tomies or ventricular patch placement, such as tetralogy of Fallot, ventricular
septal defect, or truncus arteriosus. A re-entrant circuit may develop using areas
of slow conduction between the incision or patch and an anatomic orifice; an
example is the area between the ventricular septal patch and the right ventricu-
lar outflow tract in tetralogy of Fallot. Patchy areas of fibrosis may develop as a
consequence of hypertrophy with resultant subendocardial ischemia in lesions
with left ventricular outflow tract obstruction. Predisposing factors favoring the
development of ventricular tachycardia include an older age at initial repair,
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longer postoperative interval, right ventricular hypertension from residual out-
flow tract stenosis, right ventricular dilatation from pulmonary valve insuf-
ficiency, decreased ventricular ejection fraction, and prolongation of the QRS
duration greater than 180 ms [3–6].

The presence of congenital heart disease alters the hemodynamic conse-
quences of an arrhythmia and the risk to the patient, and thus the required
acuity of treatment. Lesions associated with the highest risk to the patient from
a sustained tachyarrhythmia include cyanotic heart disease, Ebstein’s anomaly
of the tricuspid valve with an atrial level shunt, single-ventricle physiology,
atrial switch repairs of transposition of the great arteries, hypertrophic car-
diomyopathy, and ventricular outflow obstructive lesions. The development
of a sustained arrhythmia in these patients should be considered a potentially
life-threatening emergency and treated urgently.

The basic principles of acute arrhythmia management in patients with con-
genital heart disease include early recognition of the presence of an arrhythmia,
assessment of the hemodynamic stability of the patient, recognition of high-risk
lesions as noted above, diagnosis of the mechanism of arrhythmia, and acute
treatment of the arrhythmia, either with rate-control or termination of tachy-
cardia. In patients with congenital heart disease, oftentimes recognition of the
presence of an arrhythmia is difficult due to the vague nature of presenting
complaints. Instead of symptoms of tachycardia or palpitations, patients may
present with congestive heart failure, fatigue, malaise, abdominal pain, nau-
sea, dizziness, or syncope. The presence of a ventricular rate greater than 100
bpm in older patients with repaired congenital heart disease should raise the
suspicion of supraventricular tachycardia until proven otherwise; the presence
of 2:1 or variable atrioventricular conduction may delay the recognition of an
atrial arrhythmia. Similarly, the lack of heart rate variability may indicate the
presence of atrial tachycardia, particularly in the setting of congestive heart
failure. Tachycardia of duration greater than 48 hours, or uncertain duration,
increases the risk of thrombus formation and the potential for embolization dur-
ing cardioversion, and transesophageal echocardiogram to assess the presence
of intracardiac thrombosis may be required. In certain high-risk patients, the
hemodynamic consequences of ongoing tachycardia may outweigh the risk of
potential embolization, and the difficult decision to proceed with cardioversion
may be required. In other situations, the presence of intracardiac thrombus usu-
ally necessitates anticoagulation for at least 3 weeks with rate control prior to
attempts to perform cardioversion.

Treatment of tachycardia begins with a decision to achieve rate control ver-
sus termination of tachycardia with presumed resumption of sinus rhythm; in
some situations, this is a stepwise decision with acute rate control followed
by cardioversion. Treatment options include medications, pacing, and direct-
current cardioversion. Rate control with calcium-channel blocking medications
or esmolol is usually a transient measure to improve hemodynamics while
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preparing for definitive therapy. Two potential dangers lie in delaying car-
dioversion for hours or days, allowing congestive failure to worsen, or the
use of multiple medication combinations which may prolong the QT interval
and contribute to the development of life-threatening ventricular arrhythmias.
Pharmacologic cardioversion may be achieved with adenosine, ibutilide, amio-
darone, procainamide, or lidocaine, depending on the mechanism of tachycardia
[7,8]. Atrial overdrive pacing using either transvenous or transesophageal access
is highly effective in atrial re-entrant tachycardia, and offers the advantage of
anti-bradycardia pacing immediately following cardioversion. Direct-current
cardioversion is the treatment of choice for hemodynamically unstable arrhyth-
mias, or arrhythmias not responding to initial pharmacological treatment. An
anterior–posterior pad configuration for atrial tachycardia direct-current car-
dioversion is often more effective in patients with very large atria, such as
single-ventricle physiology; attention to reversal of pad placement is necessary
in patients with dextrocardia.

Following conversion to sinus rhythm, and optimization of decongestant
therapy as needed, a thorough investigation of hemodynamics is important
to assess the predisposing anatomic–mechanical factors favoring arrhythmia
development. The natural history of tachycardia in patients with congeni-
tal heart disease indicates that arrhythmia recurrence is high and associated
with significant morbidity. At a minimum, patients with atrial arrhythmias will
require some form of chronic anticoagulation to minimize the risk of atrial
thrombosis; medication with either atrioventricular nodal blocking medication
(beta-blocking or calcium-channel blocking agents, digoxin) and/or chronic
anti-arrhythmic medication will depend on the hemodynamic consequences of
the arrhythmia, frequency of episodes, and access to care. Sotalol and dofetilide
appear to have reasonable success rates for atrial tachycardia [9]; amiodarone
has reasonable success in limiting recurrences at the expense of significant
morbidity during chronic usage with a high incidence of thyroid, liver, and pul-
monary side effects [10]. For this reason, chronic usage of amiodarone should be
limited, and the lowest effective dose possible administered, along with regular
monitoring of potential side effects.

Patients with reasonable hemodynamic status and atrial arrhythmias may be
candidates for catheter ablation of the arrhythmia substrate, with acute suc-
cess rates in the 50–85% range [11]. For atrial arrhythmias, catheter ablation is
particularly effective in patients with atrial repairs of transposition of the great
arteries and less complex lesions such as repaired atrial or ventricular septal
defects [12,13]. Excellent reviews of the role of catheter ablation in repaired
congenital heart disease have been published by several authors [11,14].

In the presence of significant hemodynamic abnormalities, or in patients with
markedly enlarged and hypertrophied atrial, such as atriopulmonary Fontan
patients, multiple atrial arrhythmia circuits are usually present; the early recur-
rence rate for tachycardia following catheter ablation is more than 60% [15].
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Additionally, in these patients, extensive ablation may contribute to the devel-
opment of atrial fibrillation or allow progression of underlying hemodynamic
deterioration, which is often subtle. In Fontan patients, assessment of func-
tional capacity using exercise testing, metabolic assessment including liver
function, and serum albumin for detection of early protein-losing enteropathy
are important supplements to echocardiogram and cardiac catheterization to
guide timing of intervention options. Anti-bradycardia pacing may significantly
reduce the number of tachycardia recurrences, particularly among patients with
atrial repairs of transposition of the great arteries, and allows the use of anti-
arrhythmic medications that might otherwise exacerbate bradycardia [16]. In
patient populations at increased risk of sudden death, such as patients with
repaired transposition of the great arteries, an assessment of the need for a
defibrillator should be considered prior to implantation of a pacemaker.

Surgical intervention to improve hemodynamics in combination with
arrhythmia surgery and pacemaker implantation has been shown to be highly
successful and effective in selected patients with atrial tachycardia or atrial fib-
rillation [17]. In patients with prior atriopulmonary or lateral tunnel type Fontan
repairs, our center and others have reported surgical results for conversion to
an extracardiac total cavopulmonary connection with arrhythmia surgery and
pacemaker implantation in over 175 patients [18–21]. Operative mortality at
our center is less than 1%, although at least 7% of patients will subsequently be
candidates for heart transplantation [18]. For patients with right atrial macro-
reentrant circuits, a right atrial maze or modified maze for anatomic variations
has been shown to reduce arrhythmia recurrence to approximately 10% during
mid-term follow-up of more than 4 years [18,22]. The presence of atrial fibrilla-
tion requires performance of the additional left atrial maze surgery; using this
approach, we have had no recurrence of atrial fibrillation, but approximately
15–20% recurrence of organized atrial tachycardia. The atrial tachycardia recur-
rences tend to be limited and usually responsive to either anti-tachycardia
pacing or first-line anti-arrhythmic medications. Arrhythmia surgery requires
careful patient selection and preoperative arrhythmia assessment. Patients with
multi-organ system disease, poor cardiac function (not due to tachycardia, anti-
arrhythmic medications, or correctable hemodynamic lesions), or protein-losing
enteropathy are not considered good candidates for arrhythmia surgical inter-
vention, and may be considered for cardiac transplantation.

Management of patients following acute treatment of sustained ventricular
tachycardia or a cardiac arrest requires aggressive therapy. Patients with sig-
nificant obstructive or regurgitant lesions should be considered for surgical
intervention; patients with decreased cardiac ejection fractions are candidates
for defibrillator implantation with resynchronization therapy, sometimes as a
bridge to cardiac transplantation. Catheter ablation for ventricular tachycardia
associated with good hemodynamic results has success rates of approximately
60–75% [23]; due to the risk of recurrent ventricular tachycardia, a defibrillator
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may also be needed. Arrhythmia ablation during surgery for hemodynamic
repair may be undertaken in patients whose arrhythmia circuit has been ade-
quately mapped preoperatively. However, success rates for surgical ablation of
ventricular tachycardia are approximately 50–60% [24,25]; as with transvenous
catheter ablation for this substrate, implantation of a defibrillator is usually
strongly considered. Empiric surgical ablation without adequate knowledge
of the tachycardia circuit is not advised, as pro-arrhythmia may result in life-
threatening consequences.

Risk of sudden death due to arrhythmias

Sudden death following repair of congenital heart disease has an event rate
approaching 1/1000 patient years of follow-up, and the risk is incremental
with increasing postoperative interval [26–28]. Approximately 65–75% of late
deaths among patients with congenital heart disease are due to cardiac dis-
ease [28,29], and approximately 22–26% of cardiac deaths are sudden in origin
[26,28,29]. Among patients with sudden death, arrhythmias account for 52–
84% of deaths [26,28,29], followed by heart failure, pulmonary hypertensive
crises, aortic dissection, and myocardial infarction. Lesions associated with the
highest risk of arrhythmic sudden death are aortic stenosis, coarctation of the
aorta, transposition of the great arteries, and tetralogy of Fallot, with these four
lesions accounting for 90% of the sudden deaths in an early series [26]. Other
lesions with significant risk of sudden death include Ebstein’s anomaly, single-
ventricle, atrioventricular septal defects, and ventricular septal defects. Both
tachycardia and bradycardia were the cause of arrhythmic deaths; documented
ventricular arrhythmias account for approximately half of lethal arrhythmias,
with bradycardia noted in up to 20% [1,26].

Approximately 60% of patients with congenital heart disease dying suddenly
have undergone prior corrective surgery [1]. Hypertrophic cardiomyopathy is
the exceptional lesion with significant risk of arrhythmic sudden death without
prior surgical intervention. Risk factors for sudden death in this lesion include
certain genotypes, excessive thickness of the ventricular septum, severity of
outflow tract obstruction, family history of sudden death, presence of ven-
tricular tachycardia on ambulatory monitoring, fall in systolic blood pressure
during exercise, and clinical history of syncope [30–32]; in the adult population,
suggestions for defibrillator implantation based on ventricular septal thickness
have been published [32]. In patients with operated lesions, interplay between
residual hemodynamic defects, a systemic right ventricle, and atrial or ventric-
ular arrhythmias combine to define the risk of sudden death. Hemodynamic
lesions contributing to increased risk for sudden death include significant pul-
monary regurgitation, ventricular outflow obstruction, conduit obstruction or
conduit impingement on coronary arteries, and ventricular dysfunction. Clearly,
early repair and timely interventions to reduce the impact of hemodynamic
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abnormalities may be the single most important strategy to reduce the risk of
sudden death, but as posed by Therrien and colleagues, the difficulty arises
by “operating too late” [33]. The long-standing hemodynamic abnormalities
contribute to both ventricular dysfunction, and creation of electrical scar due
to stretch, fibrosis, and hypertension; both are substrates for potentially lethal
arrhythmia development.

Markers for risk of sudden death include ventricular dysfunction, elevated
brain natriuretic peptide (greater than 491 pg/mL), cardiomegaly (cardiotho-
racic ratio greater than 60%), progressive QRS widening, QRS duration greater
than 180 ms, and QT dispersion greater than 60 ms, as well as a clinical history
of sustained arrhythmia, syncope, or resuscitated cardiac arrest [3,34–37]. There
have been extensive efforts to ascertain risk based on electrocardiogram and
24-hour ambulatory monitoring results. Cardiac autonomic dysfunction as evi-
denced by abnormalities of heart rate variability, and turbulence on ambulatory
monitoring was a significant risk factor for sudden death in one small series
[36]. In the early series by Garson, 57% of patients dying suddenly had evidence
of arrhythmia on monitoring in the preceding year [6]; this paper was one of the
earliest to relate the presence of arrhythmia as a marker for poor hemodynamic
status at catheterization. Similarly, the presence of ventricular ectopy, and an
increase in the amount of ventricular ectopy on Holter, may indicate changes
in hemodynamic status that warrant attention, as opposed to anti-arrhythmic
treatment directed at reducing the number of premature ventricular contrac-
tions.

The role of electrophysiologic testing in ascertaining risk of sudden death
continues to evolve [38]. Electrophysiologic testing is most useful in patients
presenting with a sustained arrhythmia or symptoms such as syncope, where
the induction of the clinical or presumed arrhythmia can guide treatment. These
data are extrapolated to the performance of ventricular stimulation testing in
patients without clinical symptoms, and interpretation of the significance of
induced arrhythmias in this setting needs to take into account the criteria
for a significant arrhythmia (sustained versus nonsustained), hemodynamic
status, and risk associated with the congenital lesion. Studies showing pre-
dictive value of electrophysiologic testing are skewed by the performance of
testing in patients with significant symptoms, arrhythmias, and/or distinctly
abnormal hemodynamic status, and cannot necessarily be extended to asymp-
tomatic patients without arrhythmias and with excellent hemodynamic func-
tion. Nonetheless, the induction of sustained monomorphic or polymorphic
ventricular tachycardia in this population correlates with a poor outcome [38].
Nonetheless, certain highest risk populations, such as patients with atrial repairs
of transposition of the great arteries and tetralogy of Fallot/double outlet right
ventricle/pulmonary atresia, are deserving of multicenter studies to determine
the benefit of invasive screening. Patients with a clinical history of sustained
ventricular arrhythmias or cardiac arrest are usually candidates for defibrillator
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implantation, even after an acutely successful ablation procedure or surgical
intervention. An increasingly common scenario is the performance of ventricu-
lar stimulation protocols to determine risk in patients without sustained ventric-
ular arrhythmias or cardiac arrest, prior to undergoing reoperation for hemo-
dynamic abnormalities. Improvement in hemodynamics usually decreases the
risk of postoperative ventricular arrhythmias, in contrast to atrial arrhythmias
(which persist or increase postoperatively). One approach is to restudy such
patients postoperatively before making the decision for defibrillator implan-
tation. High-risk patients undergoing pacemaker implantation or revision for
traditional indications might optimally be treated by ventricular stimulation
protocols, with defibrillator implantation for patients with inducible sustained
ventricular arrhythmias. Continual improvement in implantable defibrillator
technology, reliability, cost, and size will result in more widespread use of this
device in patients with congenital heart disease.

The presence of complete or advanced atrioventricular block as a risk fac-
tor for sudden death has been clearly identified and reduced by widespread
pacemaker use, but there remain a small number of patients at risk due to the
late development of heart block; in most patients, perioperative conduction
disturbances were present, but these historical data are often not available to
the physician [39]. Patients with Down syndrome may be at increased risk for
the late development of heart block [40]. In addition, the gene defect NKX 2.5
is associated with congenital heart lesions, conduction disturbances, cardiomy-
opathy, and sudden death [41]; increased screening for this defect, particularly
among patients with atrial septal defects or first- and second-degree atrioven-
tricular block, may provide risk stratification data, although enough data to
clearly guide defibrillator implantation in these patients do not yet exist.

Prevention of arrhythmias

From the preceding discussion, it can be appreciated that arrhythmias develop
in a significant number of patients with congenital heart disease, and that the
treatment of existing arrhythmias is challenging and complex. Patients with
anatomic lesions at high risk for developing arrhythmias have been clearly
identified, and predisposing factors have been described. For atrial arrhyth-
mias, congenital lesions at highest risk of developing arrhythmias are sum-
marized in Table 15.2. For the development of atrial tachycardia, in addition
to anatomic atrial defects, several factors have been shown to contribute to
the milieu favoring arrhythmias. The placement of atrial incisions in patients
with single ventricles has been shown in the dog model to contribute to atrial
tachycardia [42]. The development of sinus node dysfunction has been associ-
ated with the development of atrial tachycardia in Fontan patients [43]; anti-
bradycardia pacing may reduce the incidence of symptomatic arrhythmias [16].
In patients with tetralogy of Fallot, prolongation of the QRS duration greater
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Table 15.3 Prophylactic management of arrhythmias

Substrate Intervention

Accessory
connection

Preoperative electrophysiology assessment; ablation of accessory
connection pre- or intraoperatively

Atrial re-entry
tachycardia

Minimize, alter, or avoid atrial incisions
Preoperative assessment of inducible atrial tachycardia,

particularly patients undergoing reoperation
Operative ablation of re-entrant circuits
Avoidance of atrial bradycardia; early anti-bradycardia pacing

Atrioventricular
nodal re-entry

In absence of clinical arrhythmia, prophylactic therapy not
usually advised

Atrial fibrillation Surgical intervention prior to advanced atrioventricular valve
regurgitation

Operative left atrial maze procedure in older at-risk patients
undergoing surgery (atrial septal defects, mitral regurgitation)

Avoidance of prolonged catheter ablation procedures in patients
with multiple atrial re-entrant circuits?

Ventricular
tachycardia

Limit ventriculotomies as possible
Earlier surgical intervention for chronic pulmonary regurgitation

in tetralogy of Fallot
Electrophysiology studies to assess inducibility of sustained

ventricular tachycardia in at-risk populations; consider
ablation, surgery, or defibrillator?

Biventricular or multisite pacing to improve function in selected
patients

Ventricular
fibrillation

Defibrillator implantation in patients with low ejection fractions
Defibrillator implantation for certain genetic lesions (NKX 2.5,

channelopathies)?
Biventricular or multisite pacing to improve function

Sinus
bradycardia

Assessment of chronotropic incompetence in addition to
profound bradycardia; epicardial lead implantation at time of
surgery in at-risk populations

Earlier pacing for chronotropic incompetence: not current
guidelines for bradycardia pacing

Atrioventricular
block

Monitor patients at risk for late development of atrioventricular
block with periodic 24-hour rhythm monitors (perioperative
block, bifascicular or trifascicular block; congenitally corrected
transposition of the great arteries)

Epicardial lead implantation at time of surgery in selected
high-risk patients
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than 160 ms was shown to be associated with atrial tachycardia development
in one large study of patients undergoing reoperation [44]; the role of P wave
duration prolongation in predicting arrhythmias has been reported [45]. Acces-
sory connections are often associated with lesions with atrioventricular valve
abnormalities; preoperative electrophysiology study to ascertain the presence
of accessory connections and ablation when possible should be contemplated.

With this knowledge, the next phase of arrhythmia management should focus
on efforts to minimize the risk of developing expected arrhythmias, rather
than management of existing arrhythmias. Many alterations in surgical practice
have been instituted in the past based in part on the future risk of develop-
ing arrhythmias, such as earlier corrective operation for tetralogy of Fallot,
avoidance of suture placement in the region of sinus or atrioventricular nodal
tissue, and changing from atrial to arterial switch repairs for transposition of
the great arteries. Presently, due to an abundance of data regarding the inci-
dence and morbidity of late postoperative arrhythmias, it is reasonable to enter
an era of prophylactic arrhythmia surgery to interrupt known substrates for
atrial arrhythmia circuits. Table 15.3 summarizes our center’s approach to the
expectant management of arrhythmias in congenital heart disease. This strategy
encompasses preoperative evaluation with intervention as indicated: intraop-
erative arrhythmia surgery, optimization of chronotropic response with early
pacing, ventricular resynchronization to optimize ventricular function, and judi-
cious use of implantable defibrillators. It should be recognized that current rec-
ommendations for pacemaker implantation are based on prevention of sudden
death or syncope; these suggestions are intended to optimize chronotropic com-
petence and improve functional status while minimizing the development of
arrhythmias.

Case study

In this patient with residual right ventricular outflow obstruction, surgery for resection
of residual obstruction was planned. Because of his documented exercise-induced tachy-
cardia, intraoperative electrophysiology testing with isoproterenol was performed and
induced ventricular tachycardia at 180 bpm with a left bundle branch block, inferior
axis. Epicardial and endocardial mapping was performed, showing the earliest activation
of tachycardia arising from the right ventricular septal surface, above the ventricular
septal defect patch. Endocardial resection of fibro-elastosis from the infundibular sep-
tum was performed, with resection of obstructive right ventricular muscle bundles, and
patch augmentation of the right ventricular outflow tract.

Postoperatively, he had no ventricular arrhythmias. Electrophysiology testing, in-
cluding adrenaline challenges, was negative. Exercise testing 8 weeks postoperatively
showed one premature ventricular contraction at peak exercise and one ventricular
couplet in recovery. Peak oxygen consumption was 36 mL/kg/min, with endurance time
of 13 minutes. During 2 years of follow-up, he has no recurrent symptoms, and no
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significant ventricular ectopy on continuous ambulatory electrocardiographic moni-
toring.
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Chapter 16

Pregnancy and contraception
Rachel M. Wald and Jack M. Colman

A 36-year-old woman presents for cardiac evaluation prior to conception. She was
diagnosed with a mildly stenotic bicuspid aortic valve in early childhood, after a murmur
was heard. She had an uncomplicated pregnancy 2 years ago, at which time her aortic
valve was mildly–moderately stenotic (by continuous wave Doppler interrogation,
maximum instantaneous gradient 30 mm Hg and estimated valve area 1.1 cm2 with
mild aortic regurgitation).

Although she continues to be asymptomatic with good functional capacity, the degree
of aortic valve stenosis has progressed on echocardiographic assessment and is now severe
(maximum instantaneous gradient 82 mm Hg, mean gradient 45 mm Hg, estimated
valve area 0.7 cm2) with unchanged mild aortic regurgitation. The dimensions of the
aortic root and ascending aorta are normal. Her electrocardiogram, which was previously
normal, now shows evidence of increasing left ventricular voltages and repolarization
abnormalities.

How should she be counseled regarding a future pregnancy?

Introduction

With some important exceptions, most women with congenital heart disease
can be expected to do well during pregnancy with little need for medical inter-
vention. For the woman with structural heart disease contemplating pregnancy,
a preconceptual cardiac evaluation is of great value. At this visit, baseline testing
can be arranged, pregnancy-related risk stratification can be established, and
interventions can be planned prior to pregnancy when necessary. Medications
should be reviewed and, depending on teratogenic potential, should be dis-
continued, altered, or, if safe, confirmed. Discussion regarding the impact of
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pregnancy on and long-term outcome of specific forms of congenital heart dis-
ease should ideally take place before pregnancy; cardiac-related morbidity and
mortality will certainly have impact on a woman’s ability to care for her child.

In some cases, as will be described below, pregnancy imposes significant
risk to the mother with congenital heart disease and/or her developing fetus;
effective and consistent contraception should be used in these situations (see
Table 16.1). It should be highlighted that, in a woman deemed to be “high risk,”
termination of pregnancy may itself carry considerable risk to the mother; preg-
nancy in these situations is best avoided altogether. Cardiologists should ensure
that age- and circumstance-appropriate counseling regarding contraception and
family planning occurs during routine follow-up of all females of child-bearing
age, beginning during pediatric care.

In general, the physiologic adaptations to the pregnant state can be antic-
ipated. The peak effect of these changes is generally seen late in the second
trimester or early in the third trimester. Specifically, a decrease in total periph-
eral vascular resistance to 40–70% of pre-pregnancy levels, augmentation in
blood volume by 30–50% compared with baseline, an increase in mean heart
rate by 10–20 bpm, and ultimately a 30–50% increase in cardiac output can be
expected to occur [1–3]. Physiologic anemia results from an increase in plasma
volume which exceeds the increase in red blood cell mass [4,5]. The net effect
of pregnancy can be summarized as decreased afterload mediated by a decline
in peripheral vascular resistance and increased preload resulting from factors
such as increased blood volume [6].

A management plan can be specifically determined for the individual patient
when knowledge of the physiologic changes relating to normal pregnancy is
coupled with an understanding of the pathophysiology of the underlying con-
genital heart defect. This article provides a framework for the practitioner aim-
ing to care for women with congenital heart disease before, during, and after
pregnancy.

Global risk assessment

Maternal risk
Comprehensive evaluation of the woman with congenital heart disease con-
templating pregnancy should include a thorough history, a detailed physical
examination including upper and lower extremity blood pressures, measure-
ment of oxygen saturation at rest (and with exertion when appropriate), and
assessment of dysmorphology that may suggest the presence of a syndrome or
genetic anomaly. Evaluation also includes a 12-lead electrocardiogram and a
detailed transthoracic echocardiogram applying the segmental approach to car-
diac anatomy for evaluation of structural and functional cardiac abnormalities.

A maternal risk score may be derived that predicts the likelihood of devel-
oping an adverse cardiac event during pregnancy, as described by Siu and
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Table 16.2 Risk factors for maternal cardiac adverse events during pregnancy
(adapted from Siu et al. [7] and Silversides et al. [8]).

Adverse maternal
cardiac event Risk factors

� Pulmonary edema
� Arrhythmia
� Stroke
� Death

General:∗
� Poor functional class (NYHA III or IV) or cyanosis
� Systemic ventricular ejection fraction <40%
� Left heart obstruction (mitral valve area <2 cm2,

aortic valve area <1.5 cm2, peak left ventricular
outflow gradient >30 mm Hg

� Cardiac event (arrhythmia, stroke, pulmonary edema)
prior to pregnancy

Lesion-specific:
� As discussed in the text

∗The general risk factors can be used to create a maternal risk index for adverse cardiac
events related to pregnancy: 0 risk factors, <5% risk; 1 risk factor, ∼27% risk; ≥2 risk
factors, 75% risk.

colleagues in a multicenter prospective study [7]. In that study, independent pre-
dictors for pregnancy-related cardiac complications were identified, specifically
poor functional class [New York Heart Association (NYHA) Functional Class >

II] or cyanosis, systemic ventricular systolic dysfunction, left heart obstruction,
and history of a previous adverse cardiac event (see Table 16.2). The overall risk
of developing a cardiac-related complication during pregnancy was found to
be low (5%) if no predictors were present, intermediate (27%) if one predictor
was present, and high (75%) if more than one predictor was present. Because
certain high-risk populations were under-represented in this study (e.g. Marfan
syndrome, Eisenmenger syndrome, Fontan circulation, mechanical valves),
the authors cautioned that the recommended global risk stratification should
be used in conjunction with lesion-specific estimates and the highest risk esti-
mate should be used to guide management if there is a discrepancy between
the global assessment and the lesion-specific risk estimate [8].

In a subsequent single-center retrospective study by Khairy and colleagues,
the global predictors of risk as listed above were again validated, and subpul-
monary ventricular dysfunction and severe pulmonary regurgitation were iden-
tified as additional predictors of adverse cardiac outcomes [9]. In a meta-analysis
of the outcome of 2491 pregnancies published in peer-reviewed journals,
important pregnancy-related complications were seen in 11% of pregnancies
in women with congenital heart disease. The most frequently encountered car-
diac problems were clinically significant heart failure and arrhythmia (predom-
inantly supraventricular) at a prevalence of 4.9% and 4.5%, respectively.
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The use of various cardiovascular drugs during pregnancy has been recently
and comprehensively reviewed [10,11]. With the exception of heparin, almost
all cardiovascular medications can be expected to cross the placental barrier.
Whenever possible, medications with the lowest risk profile should be used for
the management of cardiac disease during pregnancy.

Fetal–neonatal risk
It is not surprising that women with congenital heart disease and compromised
cardiovascular status may be at increased risk of adverse fetal and/or neonatal
events, which may be related at least in part to insufficient uteroplacental per-
fusion. In a prospective controlled study of pregnant women with heart disease
reported by Siu and coworkers, adverse fetal–neonatal events (prematurity, low
birth weight, respiratory distress syndrome, intraventricular hemorrhage, fetal
demise, and neonatal death) were associated with identified cardiovascular risk
factors, namely, poor maternal functional class, cyanosis, and left heart obstruc-
tion (see Table 16.3). Risk of neonatal complications was further increased in
women with heart disease who had established obstetric risk factors or multi-
ple gestation, who smoked, or who received anti-coagulant therapy [12]. In a

Table 16.3 Risk factors for neonatal cardiac adverse events during pregnancy
(adapted from Siu et al. [12] and Silversides et al. [8]).

Adverse neonatal events Risk factors

� Premature birth
� Small-for-gestational-age

birth weight
� Respiratory distress

syndrome
� Intraventricular hemorrhage
� Fetal or neonatal death

Cardiac
� Maternal poor functional class (NYHA III or IV)

or cyanosis
� Maternal left heart obstruction (mitral valve

area <2 cm2, aortic valve area <1.5 cm2, peak
left ventricular outflow gradient >30 mm Hg)

General
� Maternal age <20 or >35 years
� Anticoagulant therapy
� Smoking during pregnancy
� Multiple gestation pregnancy
Obstetric
� Premature delivery/premature membrane

rupture
� Incompetent cervix
� Cesarean section
� Intrauterine growth retardation
� Bleeding >12 weeks gestation
� Febrile illness
� Uterine/placental abnormalities
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large meta-analysis of outcome of 2491 pregnancies published in peer-reviewed
journals, it was again noted that women with congenital heart disease were at
increased risk of having children born prematurely or small for gestational
age. Premature delivery occurred in 16% of pregnancies and was substantially
higher in those with cyanotic and/or complex congenital heart disease. The
overall mortality in offspring in this cohort was 4% and was related to the
increased risk of prematurity and the overall recurrence risk of congenital heart
disease [13].

The presence in the mother of a genetic or syndromic anomaly with autoso-
mal dominance inheritance (such as 22q11 deletion or Holt Oram syndrome)
can confer up to a 50% risk of recurrence in the offspring. In the absence of
an identifiable anomaly with Mendelian inheritance in the mother, the risk of
recurrence of congenital heart disease in the fetus is approximately 6%, com-
pared with the background population risk of about 0.8% [14,15]. The type of
congenital heart disease seen in offspring can differ from the lesion seen in
the mother [16]. Recurrence risk of congenital heart disease in offspring varies
by lesion and, in some reports, is as low as 0.6% in association with maternal
transposition of the great arteries (TGA) [13] and as high as 18% in the presence
of maternal left ventricular outflow tract obstruction [17].

The performance of transabdominal fetal echocardiography is accepted clin-
ical practice for women with structural congenital heart disease and is best
performed between 18 and 22 weeks gestation [18]. Fetal echocardiography not
only allows for early counseling and decision-making for the expectant parents
but, in some forms of congenital heart disease, the outcome of a fetus with an
antenatal diagnosis of congenital heart disease is improved relative to an infant
with the same cardiac lesion diagnosed postnatally [19,20]. Although most
major structural and functional cardiac disease can be reliably excluded with
fetal echocardiography [21,22], some forms of heart disease cannot be defini-
tively diagnosed. The limitations of fetal echocardiography may be explained
by features inherent in the fetal circulation (i.e. normal presence of an atrial
level shunt and patent ductus arteriosus [PDA]), cardiac morphogenesis (i.e.
frequent occurence of muscular ventricular septal defects (VSD) during cardiac
development), and the resolution of current ultrasound technology (i.e. diffi-
culties with visualization of some lesions such as minor valvular abnormalities
or anomalies of pulmonary or systemic venous return).

High-risk lesions which may preclude pregnancy

Before the ensuing discussion regarding the general management of pregnancy
in a woman with congenital heart disease can occur, it is important to recog-
nize that a select number of maternal cardiac conditions are associated with high
maternal morbidity and mortality, and in such circumstances, pregnancy should
be discouraged indefinitely or until reparative surgery can be performed. These
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conditions include severe pulmonary hypertension, severe left heart obstructive
lesions including aortic stenosis (with or without symptoms), Marfan syndrome
with an aortic root diameter >40–44 mm, or systemic ventricular dysfunction
(NYHA functional class III–IV or ejection fraction <40% or peripartum car-
diomyopathy with residual ventricular dysfunction) [7,9,10,23–25]. In the dis-
cussion to follow, we will elaborate on the pregnancy-related risk ascribed to
the aforementioned diagnoses as they relate to women with congenital heart
disease.

Pregnancy and the woman with congenital heart disease:
a lesion-specific approach

An approach to the management of the pregnant woman with heart disease
can be developed when the expected physiologic changes of pregnancy are
interpreted in the context of a specific congenital heart lesion. For instance,
pregnancy is generally better tolerated in women with volume overload lesions
as compared with pressure overload lesions, and close surveillance during
pregnancy is warranted for the latter, if pregnancy is recommended at all. It
should be noted that patients with congenital heart disease often defy simple
classification, as a myriad of lesions in various stages of palliation may exist in
the individual patient. Nevertheless, for the purpose of this review, a scheme
is proposed so that the cardiologist caring for these patients can develop an
approach to the clinical care of these women; it is not uncommon to find that
heart disease within an individual straddles more than one of the categories
discussed below.

Volume overload lesions
Conditions associated with volume overload, including left-to-right shunts and
insufficient valves, are generally considered low risk for pregnancy-related com-
plications as the effect of volume loading is attenuated by the reduced afterload
mediated by lowered peripheral resistance.

Left-to-right shunts
Women with an unrepaired intracardiac shunt, such as an atrial septal defect
(ASD), VSD or PDA, can be expected to do well during pregnancy in the absence
of significant pulmonary hypertension. In women with larger shunts, poten-
tial pregnancy-related cardiac complications include deterioration in functional
class, arrhythmias, pulmonary hypertension, and/or paradoxical embolization
(particularly in the presence of an atrial level shunt) [23,26,27]. In a recent meta-
analysis, arrhythmia was reported in 1/123 pregnancies with ASD (0.8%) and
in no pregnancies with VSD; there were no reports of heart failure with either
ASD or VSD [13].

An atrioventricular septal defect (AVSD), also called endocardial cushion
defect or atrioventricular canal defect, is a more complex form of septal defect
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that may be less well-tolerated in pregnancy as compared with simple defects. A
review of balanced AVSDs in 48 pregnancies revealed that cardiovascular com-
plications were not uncommon and included postpartum persistence of NYHA
functional class deterioration, arrhythmia, and worsening of pre-existing left
atrioventricular valvular regurgitation in 23%, 19%, and 17%, respectively [28].

Regurgitant valves
Significant pulmonary regurgitation (PR), although rare as an isolated lesion,
is commonly seen after tetralogy of Fallot (TOF) repair, particularly when a
transannular patch was used during the repair. Sequelae of severe PR may
include right ventricular (RV) dilation and biventricular dysfunction. From a ret-
rospective review of 82 successful pregnancies in women with TOF (including 20
pregnancies in women with unrepaired lesions), cardiovascular events occurred
in 6 women (14%) and included supraventricular arrhythmia, heart failure, pul-
monary hypertension, and pulmonary embolus. Cardiovascular complications
were associated with the following hemodynamically significant lesions in 5 of
6 women: severe PR with RV dilation, RV hypertension (secondary to pul-
monary vascular disease in 1 and hypoplastic pulmonary arteries in 1), and
peripartum left ventricular dysfunction [29]. Another study of 50 pregnancies
in women with repaired TOF found cardiac complications in 12% of pregnan-
cies, consisting of heart failure, arrhythmia, or both, with symptomatic heart
failure related to severity of PR [30].

Important congenital tricuspid valve regurgitation is commonly associated
with structural disease, most often secondary to Ebstein’s anomaly. Apical dis-
placement of the tricuspid valve results in atrialization of the RV with com-
promise in functional RV size. A diminutive functional RV may not be able to
accommodate the increased stroke volume of pregnancy resulting in worsening
tricuspid regurgitation, raised right atrial pressure, and right-to-left shunting
across the atrial septum. In a study of 42 pregnancies in women with Ebstein’s
anomaly, adverse pregnancy outcome was associated with arrhythmia (which
may relate to the effect of pregnancy on an existing accessory pathway) and/or
maternal cyanosis (arrhythmia and cyanosis during pregnancy are discussed
separately later in this chapter) [31]. Another study of 111 pregnancies in women
with Ebstein’s anomaly did not find any serious maternal complications but did
note increased risk of prematurity and fetal loss in offspring of this cohort; birth
weight was significantly lower in cyanotic women as compared with those who
were acyanotic [32].

Both mitral and aortic regurgitation during pregnancy are generally well tol-
erated, even if severe, due to reduced afterload mediated by a fall in peripheral
vascular resistance. Medical therapy is generally sufficient if symptoms develop
during pregnancy [10,33]. Due to the high incidence of fetal loss related to ante-
natal cardiac surgery, valve repair or replacement should be reserved for those
with severe symptoms that are uncontrolled by medical therapy [34].
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Pressure overload lesions: left heart
The normal adaptive responses to pregnancy may result in worsening of mater-
nal left heart disease. In the presence of aortic stenosis, pressure gradients
can worsen (if LV function is preserved) due to pregnancy-related increased
stroke volume and decreased systemic vascular resistance. The pressure gradi-
ent across a stenotic mitral valve can increase secondary to augmented stroke
volume. In addition, and importantly, elevations in heart rate reduce diastolic
filling time. The consequent increase in left atrial pressure may result in the
development of symptomatic heart failure and/or atrial arrhythmias. Also, a
predisposition to aortic dissection has been noted during pregnancy, particu-
larly in the presence of an underlying connective tissue disease, and may be
explained in part by impaired collagen deposition in the media of large arter-
ies in the presence of estrogen with resultant weakening of the vascular wall
[10,35].

Aortic and mitral stenosis
Aortic stenosis in a pregnant woman is most commonly caused by congenital
aortic valve disease. Whereas earlier studies reported significant morbidity and
mortality in pregnant women with aortic stenosis [36,37], more recent studies
have not reported pregnancy-related deaths despite a significant number of
women with severe aortic stenosis [38–41], except one maternal death reported
by Hameed and colleagues [40] that occurred 10 days postpartum in conjunc-
tion with aortic valve replacement in a woman with severe aortic stenosis and
coarctation. Recent studies report heart failure requiring treatment in 7% (2/29)
[39] and 17% (2/12) [38] of pregnancies with severe aortic stenosis; however,
cardiovascular manifestations are less common than obstetric and fetal com-
plications. Successful antenatal percutaneous balloon valvuloplasty to relieve
symptomatic aortic stenosis has been reported [42–45]. Surgical repair during
pregnancy carries significant risk to the fetus [46].

Mitral stenosis in pregnancy is most commonly related to previous rheumatic
fever and, like aortic stenosis, should be managed medically if at all possible. In
the presence of symptoms or more than moderate obstruction, intervention to
relieve aortic or mitral stenosis should be undertaken prior to conception [10].

Coarctation of the aorta
The majority of patients with coarctation of the aorta have had an intervention
prior to pregnancy; in these women, pregnancy is fairly well-tolerated, although
there is an increased risk of pre-eclampsia and systemic hypertension [13,47,48].
The risk of developing hypertension appears to be mediated by the degree of
arch narrowing [47,48]. Treatment of upper body hypertension may result in
hypotension distal to the coarctation site, resulting in the potential for compro-
mised uteroplacental perfusion. In women with previous surgical repair, a pre-
conceptual evaluation of the arch, preferably by magnetic resonance imaging,
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should be considered to exclude post-operative sequelae, such as aneurysm,
pseudoaneurysm, or recoarctation [49]. In contrast to early literature [50], mater-
nal deaths are rare in contemporary series [13,47,49]. Pregnancy-associated dis-
section after coarctation repair has been reported [47,51]. Medical therapy with
beta-blockade may theoretically be protective due to decreased hemodynamic
stress on the aortic wall; however, this has not been formally studied in preg-
nancy. The maternal and fetal outcomes in women with unrepaired coarctation
are reported, surprisingly, to be similar to women after surgical repair [47].

Aortopathies
Dilation of the ascending aorta may be seen in presence of a connective tissue
disease, such as Marfan syndrome, or in conjunction with a bicuspid aortic
valve. The increased risk of aortic dissection during pregnancy is likely a result
of the combined effects of pregnancy-related increases in cardiac output and
alterations in aortic wall structure related to altered hormonal milieu. The risk
of aortic dissection or rupture appears to increase as gestation advances and
persists for some months post-partum.

In a prospective study of 21 women and 45 pregnancies, it was determined
that women with an aortic root diameter <40 mm tolerate pregnancy well;
increased risk of dissection or rapid aortic root dilation was seen in 3 women
with previous aortic root surgery or aortic root diameter >40 mm prior to
pregnancy. Of note, beta-blockade therapy was withheld during pregnancy in
the majority of women in this study [25]. A more recent prospective study of 33
pregnancies in 23 women with Marfan syndrome reported favorable outcomes
with aortic root diameter <45 mm and no previous history of dissection. There
was a small but statistically significant increase in aortic root diameter during
pregnancy in women with an initial diameter >40 mm as compared with those
<40 mm [24]. Surgical repair should be offered to women prior to conception
if the aortic root diameter is >40–45 mm [10,52], though this is unlikely to
fully normalize the risk of dissection thereafter [53]. Despite the absence of
trials specifically evaluating beta-blocker therapy in pregnancy, the potential
benefit likely outweighs the relatively small risk of use of this medication during
pregnancy.

Less is known about risk factors for dissection in pregnant women with
a bicuspid aortic valve, although this complication has been reported in the
pregnant population [35]. The histological features of aortopathy related to a
bicuspid aortic valve are similar to what has been described in Marfan syndrome
[54]. Some have suggested that management guidelines as described for Marfan
syndrome should be applied to those with aortopathy related to a bicuspid aortic
valve [10,35], though there are few published data to support the conclusion
that the risk is equal.

With assisted reproductive technology, women with Turner syndrome can
now become pregnant. Women with Turner syndrome are at particular risk for
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dissection relatively early in life [55], even in the absence of recognized aortic
root pathology or hypertension [56]. Pregnancy appears to significantly increase
the risk of cardiovascular mortality in these women [57]. Recent literature has
suggested that aortic measurements be indexed to body surface area due to
the inherent short stature in this population [58]. At a minimum, occult aortic
pathology should be excluded by aortic imaging prior to attempting such a
pregnancy.

Pressure overload lesions: right heart
Obstruction confined to the pulmonary valve is generally well-tolerated dur-
ing pregnancy even when severe, with no adverse maternal or fetal–neonatal
effects reported. Conversely, pulmonary vascular obstructive disease resulting
in significant pulmonary hypertension confers substantial risk of mortality dur-
ing and after pregnancy. The early post-partum period is one of particular risk
for women with pulmonary hypertension; this may be explained by the sudden
increase in venous return related to the auto-transfusion of uteroplacental blood
during delivery as well as aortocaval decompression after delivery. This volume
increase may precipitate RV failure with ensuing death. Additional hemody-
namic compromise may arise from elevations in pulmonary vascular resistance
that have been observed early postpartum [59]. In patients with unrepaired
TOF or pulmonary atresia with aorto-pulmonary collaterals, the predominant
determinant of pregnancy outcome is cyanosis (see “Cyanotic congenital heart
disease” below).

Pulmonary stenosis
Unlike aortic stenosis, pulmonary stenosis is associated with few cardiovas-
cular complications during pregnancy [40]. In a recent case-control study,
17 pregnant women with pulmonary stenosis were matched with controls. In
2 women, there was deterioration of NYHA functional class, but no other mater-
nal complications were reported. Of note, there were no statistically significant
differences in fetal–neonatal outcome between cases and controls or between
patients with mild and severe pulmonary stenosis [60]. A larger retrospective
study evaluating 81 pregnancies in 51 women confirmed that there were no sig-
nificant maternal cardiac complications, but did find increased obstetric compli-
cations, such as hypertension in 12 (15%), thromboembolic events in 3 (4%), and
premature delivery in 14 (17%) [61]. When the severity of the obstruction mer-
its intervention, percutaneous pulmonary valvuloplasty should be considered
prior to conception.

Pulmonary hypertension
Pregnancy poses prohibitive risk for a woman with pulmonary hypertension.
Current consensus opinion is to advise against conception and to offer early
termination in the event of a pregnancy [62]. In women with Eisenmenger
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syndrome, mortality has remained approximately 30% in separate reports
spanning more than two decades [63,64]. Due to the requisite presence of an
intracardiac right-to-left shunt in Eisenmenger syndrome, there is a fine bal-
ance between systemic and pulmonary vascular resistances. These women
are particularly sensitive to volume depletion and hypotension as these con-
ditions will augment intracardiac right-to-left shunting resulting in worsen-
ing cyanosis, hypoxemia, and vasoconstriction. Experience with targeted pul-
monary vasodilator therapy is limited to case reports which, although few in
number, suggest that such agents may improve outcome [65–68].

Cyanotic congenital heart disease
In the absence of pulmonary hypertension, mortality associated with pregnancy
is rare in women with cyanotic congenital heart disease, though the risk of
adverse events is high, as reported by Presbitero and colleagues. In their study
of 96 pregnancies in 44 women with cyanotic heart disease, cardiovascular com-
plications occurred in 32%, consisting of heart failure, arrhythmia, thrombosis,
and endocarditis. Live birth rate was low (43%) for the entire cohort, and when
women were stratified by maternal oxygen saturation, the live birth rate was
found to be only 12% in those with an oxygen saturation <85% [69]. In cyanotic
women, increased risk of fetal complications, including miscarriage, premature
birth, and low birth weight, has been observed by many investigators [13,69–72].

Abnormalities of the systemic ventricle: systemic right ventricle and
functional single ventricle

TGA: systemic right ventricle
The original palliation for ventriculo-arterial discordance or complete TGA
was the atrial switch procedure (Mustard or Senning operation). Contempo-
rary surgical management has replaced the atrial switch procedure with the
arterial switch operation (Jatene procedure). However, women managed with
an arterial switch operation have only recently reached childbearing age, and
little is known about pregnancy in this population. Virtually all published data
regarding pregnancy in women with TGA are derived from women after Mus-
tard or Senning palliations. After the atrial switch procedure, the morphologic
RV supports the systemic circulation; consequently, tricuspid regurgitation, RV
dilation, and RV dysfunction are commonly seen. Additional post-operative
sequelae may include sinus node dysfunction, atrial tachyarrhythmia, and baf-
fle leak/obstruction.

Two retrospective studies of pregnancy in women following Mustard or
Senning procedures were recently published. In the first series, the most com-
mon cardiac complication was arrhythmia, seen in 11 pregnancies (22%), and
was more common if there was a previous history of arrhythmia prior to preg-
nancy. Although heart failure was only seen in 2 women, deterioration of NYHA
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functional class was noted in 17 pregnancies (35%). Important obstetric com-
plications (including premature rupture of membranes, premature labor, pre-
mature delivery, and thromboembolic events) were frequently seen (65% of
pregnancies); mortality in the fetus or neonate was relatively high (12%) [73].
In the second series, cardiac complications included heart failure in 6 women
(15%), arrhythmias in 5 women (13%), and hemoptysis in 2 women (5%). Cardiac
transplantation took place in 1 woman with severe RV failure, sudden death
occurred in 1 woman with heart failure, and there was 1 late death 4 years
after pregnancy [74].

The late effects of pregnancy on the systemic RV after the Mustard opera-
tion were examined using serial echocardiography during and after pregnancy.
Important observations during pregnancy included the presence of progressive
RV dilation, which occurred in 5/18 women (21%), and worsening RV func-
tion, which was noted in 4/21 (25%). During a mean follow-up of 33 months
after delivery, the RV remained enlarged in all 5 women (100%), and the RV
dysfunction persisted in 3 of 4 women (75%) [75]. These data suggest that preg-
nancy may have a detrimental effect on the systemic RV, though this hypothesis
remains to be tested in studies that employ more reproducible methods of RV
quantification, such as cardiac magnetic resonance imaging.

In congenitally corrected transposition (ccTGA), characterized by atrio-
ventricular and ventriculo-arterial discordance (double discordance), the mor-
phologic RV supports the systemic circulation. Tricuspid regurgitation and RV
dilation and dysfunction are frequently seen. Common associations include
VSD, pulmonary stenosis, and Ebstein-like anomaly of the systemic tricus-
pid valve. In a study of 60 pregnancies in 22 women, cardiac complications
were reported in 2 women: congestive heart failure resulting in systemic atrio-
ventricular valve replacement 2 months postpartum in 1 woman and congestive
heart failure, endocarditis, and myocardial infarction related to a single coro-
nary artery in a second woman who had undergone 12 pregnancies [76]. In a
contemporaneous study of 45 pregnancies (36% with cyanosis) in 19 patients,
cardiovascular complications were seen in 5/19 (26%) women and included
congestive heart failure in 3, worsening cyanosis in 1, and cerebrovascular acci-
dent in 1 [77]. No maternal deaths were reported.

Fontan palliation: functional single ventricle
The Fontan circulation was initially created to channel right atrial blood directly
to the pulmonary arteries in patients with tricuspid atresia. The indications have
since expanded to encompass a variety of congenital heart lesions with single-
ventricle physiology. The right atrium to pulmonary artery anastomosis has
been replaced by caval to pulmonary artery connections via a lateral tunnel
or extracardiac conduit. Although the Fontan palliative procedure successfully
decreases volume overload on the systemic ventricle and reduces or eliminates
cyanosis, there remains an inherent limitation in the heart’s ability to augment
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cardiac output. Long-term sequelae may include arrhythmia, ventricular dys-
function, protein-losing enteropathy, and thromboembolic events.

In the largest series of pregnant women with Fontan palliation published to
date, 33 pregnancies in 14 mothers were reviewed. Preconception morbidity
included atrial flutter in 1 woman and a combination of ventricular dysfunc-
tion, aortic regurgitation, and atrioventricular valve regurgitation in another.
The single cardiac complication reported in this study was supraventricular
tachycardia in 1 woman [78]. In a subsequent study of 4 pregnancies, maternal
cardiac complications included atrial tachyarrhythmia in 2 women, ventricu-
lar dysfunction requiring medical therapy in 2 women, and raised systemic
venous pressures resulting in peripheral edema/ascots in 2 women; all infants
were born prematurely in this study [79]. The most recently published study
reviewed 10 pregnancies in 6 women and found cardiovascular complications
in 1 patient consisting of NYHA functional class deterioration and atrial fibril-
lation requiring cardioversion [80].

Pregnancy and the woman with congenital heart disease:
additional considerations

Thrombosis and anticoagulation
The prothrombotic state of pregnancy relates, at least in part, to hypercoagula-
bility and venous stasis. Adequate anticoagulation merits careful consideration
in women at increased risk for thromboembolic events. Tissue valves (biopros-
thetic, homograft, or autograft) may be preferable to mechanical valves as these
do not usually require warfarin anticoagulation during pregnancy. There is no
clear evidence to support accelerated bioprosthetic valve degeneration related
to pregnancy [81–84]. However, bioprosthetic valves have an inherently limited
life span, which commits the woman to an earlier valve replacement than is
likely with a mechanical valve.

Mechanical valves require anticoagulation, and pregnancy-related thrombo-
sis risk relates to the interplay of several factors, including valve type (more
likely in older-generation valves), position (greater in the mitral position ver-
sus the aortic position), prenatal level of valve function, and type of antico-
agulation used [85]. All anticoagulation strategies must balance maternal and
fetal risks, specifically the risks of bleeding, thrombosis, and, in the case of
warfarin, embryopathy. A systematic review of anticoagulation in pregnant
women with prosthetic heart valves was published by Chan and colleagues. The
pooled maternal mortality was 2.9%. The use of oral anticoagulation throughout
pregnancy was associated with the lowest thrombosis risk (4%). If unfraction-
ated heparin was limited to use between 6 and 12 weeks gestation, the risk
of thrombosis was elevated (9%). If dose-adjusted unfractionated heparin was
used throughout pregnancy, the risk of thrombosis was further increased (25%).
The risk of warfarin embryopathy was about 6% with the main vulnerability



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 5, 2009 21:17

Chapter 16 Pregnancy and contraception 251

occurring between 6 and 12 weeks gestation [86]. Fetal embryopathy risk may be
reduced if the effective maternal warfarin dose is ≤5 mg per day [87]. Warfarin
should be discontinued 2 weeks prior to delivery due to risk of fetal intracra-
nial hemorrhage. The use of low molecular weight heparin with careful serial
monitoring of anti-Xa levels, limited to the 6–12 week gestation window or
throughout pregnancy, is now recognized as an alternate anticoagulation strat-
egy, although data are limited [10]. Optimal management of anticoagulation
during pregnancy should include participation of a hematologist (preferably in
conjunction with a thrombosis clinic), cardiologist, and obstetrician.

Arrhythmia
The pregnant state may increase arrhythmia propensity related to several fac-
tors, including altered hormonal milieu, enhanced sympathetic tone, and car-
diac chamber dilation [88]. Women with a previous history of arrhythmia are at
increased risk of recurrence during pregnancy [89]. Adverse fetal and neonatal
outcomes have been related to recurrent arrhythmia during pregnancy [89].
In a recent meta-analysis, women at particular risk of arrhythmia were those
with TGA postatrial repair (Mustard or Senning), those after Fontan palliation
(particularly with atriopulmonary anastomosis), and those with AVSD [13].

Management of labor and delivery

In our center, the mode of delivery in women with heart disease is generally
vaginal unless there are obstetrical indications for cesarean delivery. Cardiac
indications for cesarean section include risk of aortic dissection (i.e. Marfan with
dilated aortic root) or significant bleeding risk (i.e. anticoagulation with warfarin
maintained within 2 weeks of delivery). In order to optimally co-ordinate care
for the complex cardiac patient in advance of labor and delivery, we have found
that a “patient care conference” is invaluable; this forum brings together all
involved members of the medical team (obstetricians, anesthetists, cardiologists,
neonatologists, nurses, and others) so that a detailed management plan can
be discussed and documented. Modification of labor is often employed by
using early epidural to attenuate hemodynamic responses to labor pain, and
assisted second stage to limit or avoid maternal expulsive efforts. In the presence
of intracardiac shunts, bubble trap filters should be added to all intravenous
lines. Invasive cardiac monitoring is generally determined on a case-by-case
basis, and, aside from arterial pressure lines, rarely employed. Endocarditis
prophylaxis is not recommended according to the American Heart Association
Practice Guidelines published in May 2007 [90]. The hemodynamic changes
related to pregnancy, labor, and delivery may not return to baseline for several
weeks or months after delivery. In some patient populations, such as those
with Eisenmenger syndrome, the risk of mortality is highest in the first few
weeks after delivery, and so extended postpartum observation in these women
is prudent.
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Contraception

Discussions regarding family planning should begin when a young woman ap-
proaches childbearing age, during adolescence. Contraceptive methods should
be individually tailored to the patient, keeping in mind, for each contraceptive
method, personal preference, efficacy, and safety. Factors to be considered which
relate directly to a woman’s cardiac condition include the risk of thrombosis
with estrogen-containing products, risk of endocarditis and vagal response with
insertion of an intrauterine device, and maternal risk in the event of contracep-
tive failure. All barrier methods have a significant failure rate and are therefore
not an optimal strategy for a population of women in whom pregnancy is best
avoided.

Efficacy rates for oral contraceptive pills that combine estrogen and proges-
terone are extremely high, nearing 99.5% if optimally administered [91]. Newer
modes of delivery for combined hormonal contraception include a vaginal
ring containing ethinyl estradiol and etonogestrel (NuvaRing R©), a contracep-
tive patch containing ethinyl estradiol and norelgestromin (OrthoEvra R©), and
an injectable preparation medroxyprogesterone acetate and estradiol cypionate
(Lunelle R©), all with similarly high efficacy rates [92]. However, women with
congenital heart disease who are at particular risk of thromboembolic events
(such as women with cyanosis and an obligatory right-to-left intracardiac shunt,
pulmonary hypertension, Fontan circulation, sustained arrhythmias, mechani-
cal heart valves, and/or significant ventricular dysfunction) should best avoid
estrogen-containing contraceptive methods due to the increased risk of arterial
and venous thrombosis (see Table 16.4). It should be noted that anticoagulation
with warfarin does not completely protect against the thrombogenic effects of
estrogen [52]. Risk of estrogen-related thromboembolism is further increased by
traditional cardiovascular risk factors, such as smoking, hypertension, diabetes,
and obesity [52].

The possible interaction between hormonal contraception and additional
medications should be considered. Estrogen and progesterone can individually
affect the metabolism of warfarin; heightened surveillance of anticoagulation
efficacy is advised when hormonal contraception is initiated in these women
[52]. Because of reports of combined oral contraceptive failure with concurrent
antibiotic use (even when short-term), an additional method of contraception is
recommended in such circumstances [93]. Bosentan, an endothelin antagonist
used in the treatment of pulmonary hypertension, can decrease the efficacy of
some hormonal preparations, and additional contraceptive precautions may be
necessary in women with pulmonary hypertension [94].

Progestin-only contraceptive methods, which include oral, injectable, and
implantable formulations, do not increase the risk of thromboembolism
and are therefore commonly used when estrogen-containing products are
deemed unsafe. The older generation progestin-only pills, or “mini-pills,” have
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considerably lower efficacy as compared with combined oral contraceptive pills.
A relatively new form of progestin-only pill containing desogestrel (Cerazette R©)
has significantly lower failure rates than older progestin-only pills, and the
efficacy is similar to combined oral contraceptive preparations [52,95]. An
intramuscular injection of medroxyprogesterone acetate (DepoProvera R©) every
3 months is highly efficacious. Low-dose progestin implants, which are inserted
in the subcutaneous tissue of the inner surface of the upper arm, containing
etonogestrel (Implanon R©) or levonorgestrel (Norplant R©) provide reliable con-
traceptive protection for 3–5 years [92,93].

Intrauterine devices, although highly effective, may carry particular risk for
some women with congenital heart disease. Bacteremia may occur, particularly
at the time of insertion, which may result in bacterial endocarditis. Additionally,
during instrumentation of the cervix, a vasovagal reaction can occur in up to 5%
of women, and the drop in preload may have deleterious effects on women with
Fontan circulation or pulmonary vascular obstructive disease [52]. A relatively
new intrauterine device containing levonorgestrel (Mirena R©) is reported to be
more efficacious than sterilization [52]. Intrauterine devices generally must be
replaced every 5 years.

Female sterilization may be achieved through ligation of the Fallopian tubes
or intratubal stent implantation (Essure R©). As an irreversible procedure, this
method of contraception may be the desired approach in situations where the
risk of pregnancy is exceedingly high. Intratubal device insertion can be suc-
cessfully achieved hysteroscopically without anesthesia [96], making such an
approach attractive in women in whom the risk of general anesthesia may be
high (e.g. Eisenmenger syndrome) or laparoscopy poorly tolerated due to the
need for abdominal insufflation with carbon dioxide (e.g. Fontan circulation)
[52,92].

Case study recommendations

For the patient described in the vignette, the risk of pregnancy in the presence of severe
aortic stenosis was thought to be prohibitively high for reasons outlined in the discus-
sion above. Given the anticipated complexities of anticoagulation management in the
setting of a mechanical aortic valve during pregnancy, this patient was referred for an
elective Ross operation (pulmonary autograft in the aortic position with a pulmonary
homograft in the pulmonary position) in order to allow a subsequent pregnancy to
proceed at lower risk. In 2 reports, 24 completed pregnancies in women post-Ross oper-
ation were described and no significant cardiac complications were reported related to
the pregnancy; one woman developed a dilated cardiomyopathy 6 months after delivery
unrelated to semilunar valve dysfunction [81,82]. It should be kept in mind that a Ross
procedure is by no means a definitive operation as future surgeries are inevitable due
to the finite lifespan of a bioprosthesis in the pulmonary position [85]. The patient did
conceive about 9 months after her Ross operation and had an uncomplicated pregnancy.
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This case illustrates the importance of preconception planning to optimize pregnancy
success in a woman with congenital heart disease.
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transthoracic echocardiography,

176f
echocardiography

atrioventricular septal defects, 20–21
congenitally corrected transposition of

the great arteries, 80
Ebstein’s anomaly, 181–2
transposition of great arteries, 134–6
valvular pulmonary stenosis, 29
ventricular septal defect, 47–8

Ehlers-Danlos syndrome, 115–16
Eisenmenger syndrome, 57–73

aneurysmal dilatation in, 216
cardiac examination, 64
case study, 57–8, 73
congenital lesions, 62t
contraception, 70–71
coronary ischemia, 69–70
definition of, 58



P1: SFK/UKS P2: SFK/UKS QC: SFK/UKS T1: SFK

9781405175340 BLBK141-Warnes February 6, 2009 22:22

Index 265

disease-targeting therapies, 72–3
endothelin receptor blockade, 73
phosphodiesterase inhibitors, 73
prostacyclin, 72

evaluation of, 63–4
general examination, 64
genetics, 62–3
hemostatic defects, 65–6
history, 60
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