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The accurate diagnosis and successful management of congeni-
tal heart disease represents one of the great triumphs of modern
cardiovascular medicine and surgery. As a consequence, the
number of adults with congenital heart disease (ACHD)—both
with repaired and unrepaired lesions—is growing rapidly. As
the management of neonates and children with complex lesions
improves further and as these advances are made available to
larger segments of the population, the number of ACHD
patients will continue to increase. This growing population
presents unique problems in management, even following
apparently successful anatomic correction. They include a large
number of anatomic malformations of varying severities, at
different stages of their natural history, and with different
degrees of repair.

Heart failure is a common cause of death in these patients,
especially in middle age. Arrhythmias of all varieties are fre-
quent and often serious. Pregnancy presents special problems,
as does the risk of infective endocarditis. There is a delicate
interplay between managing the usual risk factors for the devel-
opment of atherosclerotic vascular disease and the residua of
treated congenital heart disease, such as coarctation of the
aorta. The need for repeat intervention on congenital lesions,
coronary revascularization for acquired coronary artery disease,
and noncardiac surgery often present special challenges.

Until relatively recently, most ACHD patients were medical
orphans. They were cared for by either pediatric or adult cardi-
ologists with little training or experience with these patients. As
the number of ACHD patients grew and as the abovementioned
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problems emerged, it became clear that a new subspecialty had
to be created. This challenge has been met, largely by the cre-
ation of ACHD units that have now been established in many
cardiac centers. In institutions without such units, one or a
small number of cardiologists have become knowledgeable in
this field. Curricula for special fellowship training and require-
ments for certification in ACHD are now available. Manage-
ment guidelines are being developed by groups of experts.
Multicenter and international registries are springing up. An
association, the Adult Congenital Heart Association, which
provides advocacy for these patients, is active in the United
States. Thus this important subspecialty, like the patients it
serves, has become an adult.

The textbook edited by Professor Gatzoulis and Drs. Webb
and Daubeney, now in its third edition, represents another
important component of the field. The editors have selected a
group of talented authors who have provided a clear and up-to-
date distillation of the rapidly growing information base in this
subspecialty. Like its predecessors, this edition will serve as a
critical resource for specialists in the care of ACHD patients and
for cardiologists outside of ACHD centers who may also be
called upon to care for these patients.

Eugene Braunwald, MD
Brigham and Women’s Hospital
Harvard Medical School
Boston, Massachusetts
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PREFACE

Congenital heart disease (CHD), with its worldwide incidence
of 0.8%, is one of the most common inborn defects. Advances
in pediatric cardiology and cardiac surgery over the past several
decades have led to more than 85% of these patients surviving
to adulthood. This rather successful medical story has trans-
formed the outcome for patients with CHD and created what is
a large and still-growing population of adult patients. It is now
fully appreciated, however, that most early interventions for
CHD—surgical or catheter—were reparative and not curative.
There is now a global consensus that most patients with CHD
will require and benefit from lifelong specialized followup.
Many of them face the prospect of further surgery, arrhythmia
intervention, and, if managed inappropriately, overt heart
failure and premature death.

Provision of care for children with CHD is well in place in
many parts of the world. However, specialized services for the
adult with CHD remain under development or incomplete.
Sadly, CHD remains a small part of general cardiology training
curricula around the world. This is perhaps understandable
since adult CHD, in many respects, is a specialty in its own
right. Pediatric cardiologists who excel at cardiac morphology
and physiology, on the other hand, are trained to manage chil-
dren with CHD and may, out of necessity, continue to look after
these patients even when the patients outgrow pediatric age.
There are clearly other health issues concerning the adult with
CHD beyond the scope of pediatric medicine. These issues
relate to obstetrics, electrophysiology, ischemic heart disease,
systemic or pulmonary hypertension, diabetes, and other
comorbidities that our patients now routinely face. Adult physi-
cians with a non-CHD background are therefore increasingly
involved in the care of adult patients with CHD.

More than a decade ago, we invested time and effort in our
resource textbook addressing this ever expanding clinical need,
written for a wider professional audience. Our textbook was
about disseminating multifacet, existing knowledge and com-
municating ongoing advances in understanding of the late
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sequelae of CHD. The worldwide response and interest in the
first and second edition of our book suggested that the time was
right. We return now with the third edition, which retains the
same focus but includes additional coverage of topics such his-
toric perspectives, nursing, psychosocial issues, and supportive/
palliative care of end-stage disease, thus being inclusive of its
journey, ongoing and new challenges, and allied professions.
Indeed, our textbook continues to address and is inclusive of
the multidisciplinary teams involved in the care of these patients,
medical and nonmedical. We hope, nevertheless, that even the
supraspecialized experts in CHD will find some sections of our
textbook of interest and benefit from it. This primary aim
shaped the original layout of the textbook, which is character-
ized by a systematic approach, an accessibility of information,
and an emphasis on management issues. We hope that the
reader will appreciate this clinical approach to the challenge and
privilege of looking after the patient with CHD, as we do.

We are indebted to our wonderful faculty, leading cardiovas-
cular experts who are truly from all over the world, for donating
their precious time, including the additional burden of comply-
ing with the unique chapter format to produce excellent chap-
ters and make the third edition of the textbook, we hope, a
success. We remain grateful to the whole Elsevier team, and in
particular to Maureen Iannuzzi, Joan Ryan, and Amanda
Mincher, for their enthusiastic support, patience, and guidance
in carrying the project through in a timely fashion. Last, but not
least, we thank our patients for making this work possible by
supporting our endless pursuit through research and education
of better understanding of CHD, its late problems, and the most
effective strategies for their treatment.

Michael A. Gatzoulis
Gary D. Webb
Piers E.F. Daubeney
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Adults With Congenital Heart Disease:

A Growing Population
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Congenital heart disease (CHD) lesions occur during embry-
onic development and consist of abnormal formations of the
heart walls, valves, or blood vessels. The dramatic improve-
ment in CHD diagnosis and continued progress of CHD inter-
ventions since the 1960s have resulted in a growing population
of adults who require cardiac and noncardiac services. As a
result of the confluence of success in pediatrics, medicine, and
surgery, adult CHD (ACHD) emerged as a new cardiovascular
specialty in 1991.! Fig. 1.1 illustrates that adults with CHD
(ACHD) are the beneficiaries of successful pediatric cardiac
surgery and pediatric cardiology programs throughout indus-
trialized countries, while children with CHD still predominate
in underdeveloped segments of the world.? These advances
have resulted in rapid changes in the demographics of people
born with congenital heart lesions making CHD a life span
condition.

Previously, the delivery of CHD care was almost exclusively
the purview of pediatric cardiology, but it now needs to be
continuous across the pediatric and adult healthcare systems.
With the maturation of the field of ACHD comes the responsi-
bility of meeting the challenge in quality of ACHD healthcare
delivery for the 21st century. In industrialized countries, the
triple aim of healthcare delivery is permeating our culture:
improving the health of populations, improving the experience
of care, and reducing per-capita costs.® This chapter is divided
into three parts. First, we review the determinants of changing
CHD populations; second, we address the organization of qual-
ity-driven clinical care; and finally, we outline manpower, train-
ing, and research needs.

CONGENITAL HEART DISEASE POPULATIONS
ACROSS THE LIFE SPAN

Global Estimates of Incidence and Birth Prevalence of
Congenital Heart Disease

The product of CHD incidence and survival rates determines
CHD prevalence at all ages. Understanding of determinants of
CHD incidence underscores the challenges of measurement,
even using empirical data. The exact incidence of CHD cannot
be accurately determined because it would require tracking the
number of new cases of CHD in utero, from conception. The
best proxy to estimate incidence of new CHD cases each year
is birth prevalence.* Reported birth prevalence rates of CHD
vary widely according to which lesions are included and in what
geographic area of the world they are measured. In the United
States, data from the Centers for Disease Control and Preven-
tion (CDC) using the Metropolitan Atlanta Congenital Defects
Program from 1998 to 2005 identified an overall prevalence of
8.14/1000, meaning that 3240 births out of 398,140 were affected
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by CHD. The most common forms of CHD were perimembra-
nous ventricular septal, muscular ventricular septal, and secun-
dum atrial septal defects. Tetralogy of Fallot, the most common
cyanotic CHD, had twice the prevalence of the transposition of
the great arteries. In Europe, the European Surveillance of Con-
genital Anomalies (EUROCAT) database is a population-based
monitoring system for CHD that sources data from at least 16
countries. This registry includes cases based on live births, late
fetal death/stillbirths, and terminations of pregnancy for fetal
anomaly. The reported total CHD prevalence based on 26,598
cases of CHD was 8.0 per 1000 births ranging across countries
from 5.36 to 15.32 per 1000 births) with live-birth prevalence
rates of 7.2 per 1000 births.? A systematic review of birth preva-
lence for the eight most common CHD lesions until 2010 pro-
vided a worldwide overview.” After 1995, the reported birth
prevalence of CHD was 9.1 per 1000 live births with significant
difference in birth prevalence between different World Bank
income groups and geographical areas.” Compared with all
other continents including Africa, the reported total CHD prev-
alence was highest in Asia (9.3 per 1000 live births). High-
income countries consistently reported higher CHD birth
prevalence rates (8.0 per 1000 live births) relative to lower- to
middle-income countries (6.9 per 1000 live births).> Pregnancy
termination and prevention as well as prenatal care affect both
pathways and measures of birth prevalence rates of CHD. The
EUROCAT registry showed perinatal mortality rates of 0.25 per
1000 live births. Pregnancy terminations for fetal anomaly after
prenatal diagnosis varied widely, ranging from under 0.3 to 1.1
per 1000 births.® In industrialized countries, birth rates of CHD
may also be affected by other factors, including mandatory
folate supplementation during pregnancy, thereby decreasing
the birth rate of severe CHD.” Geographical variations are also
noted with respect to the prevalence of CHD subtypes. For
example, compared with other continents, Asia reported a
higher prevalence of pulmonary outflow obstructions and lower
rates of transposition of the great arteries at birth.> Thus global
spread in measurement of birth prevalence of CHD reflects a
variety of pathways related to biology, ascertainment, preven-
tion, and termination as well as factors related to health systems
delivery and surveillance, with the most commonly reported
birth prevalence of CHD in industrialized countries centering
around 8 per 1000 live births.

Changes in Mortality, Survival, and Life Expectancy in
the Congenital Heart Disease Population

Mortality rates of CHD patients in the United States were mea-
sured from 1979 through to 1997 using statistics from the
CDC. Almost half of overall CHD mortality occurred in
infancy. CHD mortality rates decreased by 40% for all ages,
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Figure 1.1 The congenital heart disease burden by World Health Organization region indexed to
regional populations by age illustrating the predominance of adults relative to children in high-income
world regions. ACHD, Adult congenital heart disease; CHD, congenital heart disease. (Modified from
Webb G, Mulder BJ, Aboulhosn J, et al. The care of adults with CHD across the globe: current assess-
ment and future perspective: a position statement from the International Society for Adult Congenital
Heart Disease [ISACHD]. Int J Cardiol. 2015;195:326-333.)

especially among children younger than 5 years.® Variations
in mortality are the result of differences in type of defect, race,
age, and sex. Using data extracted from US death certificates
from 1999 to 2006, and population counts from the US Census
as the denominator, annual CHD mortality rates by age at
death, sex, and race/ethnicity were calculated for individuals
aged 1 year or older. Over the same period, mortality rates
from CHD fell by 24% overall among all race/ethnicity groups
surveyed. However, some disparities persisted; rates were con-
sistently higher among non-Hispanic blacks relative to non-
Hispanic whites. Infant mortality accounted for 48% of CHD
mortality rates, and among those who survived their first year
of life, 76.1% of deaths occurred in adulthood (aged 18 years
and older).” These findings underline the need for more con-
sistent access to care and continued monitoring as patients
age. Using a Canadian population-based database, temporal
trends in mortality were compared between 1987-1988 and
2004-2005. The study population comprised 8123 deaths over
1,008,835 patient-years of follow-up. In 1987-1988, peak mor-
tality was highest during infancy, with a second peak in adult-
hood. By 2004-2005, overall mortality had declined by 31%,
and the age distribution of death was no longer bimodal
because there was a shift in mortality toward older age. In
addition, for individuals younger than 65 years, adjusted mor-
tality rates declined in all age categories.!’

Decreasing mortality rates have been associated with
improved survival rates for the CHD population. Survival in
critical CHD cases was analyzed using a retrospective US pop-
ulation-based cohort of infants born with CHD between 1979
and 2005, identified through the Metropolitan Atlanta Con-
genital Defects Program. Although survival to adulthood
improved significantly over time, it remained significantly lower
for individuals with critical CHD compared with those with
noncritical CHD; 69% compared with 95% respectively.!! In
Europe, an analysis of survival trends by defect type and cohort
was performed in Belgium using the clinical and administrative
records of 7497 CHD patients born between 1970 and 1992.

Overall survival rates to age 18 years for children born between
1990 and 1992 were nearly 90%, showing considerable improve-
ment over previous decades. Within this cohort, survival to
adulthood for individuals with mild heart defects was 98%,
while those with moderately complex and severely complex
heart defects had survival rates of 90% and 56%, respectively.'?
As a result of decreasing mortality and increasing survival rates
in all forms of CHD, including severe CHD, there is a substan-
tial increase in the median age of patients with severe CHD,
rising from 11 years in 1985 to 17 years in 2000, and to 25 years
in 2010 (Fig. 1.2).13

Although often used interchangeably, from a conceptual and
computational point of view, survival and life expectancy are
distinct. Life expectancy can be obtained by calculating the area
under a survival curve. The gain in life expectancy is the aver-
aged difference between survival curves with or without a speci-
fied intervention at a time point or age.'* Life expectancy is
measured in life-years as years lived in health or disability at or
from a specific age. This can be expressed as a disability-adjusted
life expectancy (DALE) reflecting life-years of health or disabil-
ity-adjusted life years (DALYs) reflecting life-years of disabil-
ity.!> For young adults with CHD, life expectancy is a more
relevant measure of impact of disease burden, yet such data for
CHD are scant or nonexistent. For example, a man born with a
univentricular heart in 1985, is being considered for a Fontan
revision. The risks and benefits of intervention are being dis-
cussed. The patient and his wife are considering starting a
family. They would like to know what the future holds and how
long he might be expected to live. What informative data can
be provided? Although survival rates with different subtypes of
Fontan procedures can be cited and are reassuring in that they
represent progress, what does this mean for the patient? The
family wants to know how long the patient can be expected to
live from his current adult age and if he will be healthy or dis-
abled in any way. Specifically, they would like to know how
many healthy years could be gained on his life if an operation
is performed. Particularly relevant to young adults, there is a
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Figure 1.2 Median age of patients with severe congenital heart disease over time in 1985, 2000, and
2010. (From Mazor Dray E, Marelli AJ. Adult congenital heart disease: scope of the problem. Cardiol

Clin. 2015;33:503-512.)

need to generate data that would inform such decisions in
ACHD populations.

Thus, observations in North America and Europe are con-
sistent in terms of improved mortality and survival rates of
infant and childhood populations. Although great progress
has been made, these findings underscore the work that lays
ahead with respect to improvement of long-term outcomes
of the CHD population into adulthood in terms of survival

and life expectancy adjusted to relevant measures of quality
of life.

Prevalence and Numbers of Adult Congenital Heart
Disease
Based on longitudinal Canadian data from 1983 to 2010 with
comprehensive population denominators, subjects with CHD
were identified using the Quebec CHD database. The preva-
lence of CHD increased by 18% in children compared with
85% in adults from 1985 to 2000.!° By the year 2000, the
number of adults and children with CHD had equalized.!® The
prevalence of CHD continued to rise from 2000 to 2010,
increasing by 11% in children and 57% in adults. By 2010, the
number of adults with CHD exceeded the number of children,
while adults accounted for two-thirds of all CHD and severe
CHD patients (Fig. 1.3A and B). Severe CHD had a prevalence
of 1.76 per 1000 children and 0.62 per 1000 adults.!” These
findings are consistent with those of a systematic review
according to which the prevalence of severe CHD in adults
was estimated at 0.93 per 1000.'® In the United States, an
analysis conducted in conjunction with the CDC used empiric
data from the Quebec CHD database for 2010 to generate
age- and race-adjusted numbers for people living with CHD
in the United States. It was estimated that by 2010, 2.4 million
people had CHD in the United States—1.4 million adults and
1 million children—of whom 300,000 were cases of severe
CHD.? In the United Kingdom, the need for follow-up of
patients older than 16 years of age with moderate or severe
CHD was estimated to be 1600 new cases per year?’ with
patients who have valve disease presenting in late
adulthood.?!

In summary, Fig. 1.4 illustrates the prevalence of CHD
across the life span of infants, children, adults, and older
adults within the same population.'® This figure shows that

8 out of 1000 patients have CHD at birth, consistent with the
most often cited birth prevalence rate in industrialized coun-
tries.?>?3 The prevalence of CHD increases from infancy to
childhood because of the greater ability to diagnose milder
forms of CHD up to age 18 years, thanks to improved diag-
nostic tools such as cardiac ultrasound, with a resulting
prevalence of 11 in 1000 children.!” In 2010, 6 adults in 1000
had CHD and 4 of 1000 occurred in patients older than 65
years.”* As a result of a steep rise in the ACHD population
from 2000-2010, adults now constitute two-thirds of the
CHD population at large. The age distribution of the under-
lying population determines the absolute numbers of sub-
jects in each age group. In industrialized countries, where
adults outnumber children, despite the lower prevalence
rate, there are now more adults than children with CHD, as
shown in Fig. 1.1.

ORGANIZATION OF QUALITY-DRIVEN CARE

Targeting Disease Burden and Mortality

Quality of care has been defined as the degree to which health
services increase the likelihood of desired health outcomes
and are consistent with current professional knowledge.?* As
will be illustrated in subsequent chapters of this book, the
unique needs of this population are centered around lifelong
comorbidities?® including atrial’” and ventricular?® arrhyth-
mias, the repeated need for interventions,?” pulmonary hyper-
tension,**3! cardiovascular risk factors,>* heart failure,>3°
stroke®® and infective endocarditis.’”*® A 400% increase in
adult outpatient clinic workload was reported in the 1990s in
Canada.’ The impact on mortality remains a hard outcome
targeted by health services researchers and administrators and
clinicians alike. The mode of death for ACHD patients has
evolved, due to the shift in mortality from infancy to adult-
hood,!? where cardiovascular disease remains the main mode
of death.*0-*?> Findings in geriatric ACHD patients reflect the
impact of cardiovascular disease on mortality similar to that
of younger ACHD patients, with the additive burden of mul-
tisystem acquired complications.?* In all-cause mortality strat-
ified by age in about 7000 patients at the Royal Brompton
Hospital, the leading causes of death in patients older than 60
years include cerebrovascular accident, multiorgan failure,
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Figure 1.3 A, The number and proportions of adults and children in Quebec, Canada, with all con-
genital heart disease over time in 2000, 2005, and 2010. B, The number and proportions of adults and
children in Quebec, Canada, with severe CHD over time in 2000, 2005, and 2010. (From Marelli AJ,
lonescu-Ittu R, Mackie AS, et al. Lifetime prevalence of congenital heart disease in the general popula-
tion from 2000 to 2010. Circulation. 2014;130:749-756.)

and cancer.** Care will thus become increasingly complex with
the advancing age of younger ACHD patients with severe and
critical CHD.

Impact of Specialized Adult Congenital Heart Disease
Care

It has now been shown that specialized ACHD care improves
outcomes and impacts mortality. The impact on outcomes of
accelerated referral to specialized ACHD centers in Quebec was

analyzed in 7000 to 8000 patients yearly from 1990 to 2005,
comparing those who were referred with those who were not
referred to specialized ACHD centers.?> Mortality rates within
the ACHD population began to decrease significantly after the
onset of accelerated referrals to specialized ACHD centers, con-
sistent with policy recommendations set forth in the published
guidelines (Fig. 1.5) and the protective impact on mortality by
exposure to ACHD specialized care was confirmed. Exposure
to specialized ACHD care was associated with a marked
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Figure 1.5 Time-series analysis: Referral to specialized adult congenital heart disease (ACHD) centers
and ACHD patient mortality. Time-series analysis illustrating observed referrals to specialized ACHD
centers (top line) and ACHD mortality (bottom line) per 1000 ACHD population per year between 1990
and 2005. The dashed lines indicate expected trends after the change points identified by a Poisson
regression, and the black or gray lines represent the observed trends. ACHD, Adult congenital heart
disease. (From Mylotte D, Pilote L, lonescu-Ittu R, et al. Specialized adult congenital heart disease care:
the impact of policy on mortality. Circulation. 2014;129:1804-1812.)

decrease in the odds of death even after controlling for relevant
variables.*

These data provide support for recommendations issued in the
United States,** Canada,® and Europe,*® that ACHD patients
should be referred to ACHD specialized programs. ACHD pro-
grams are those in which specialized personnel and services, both
diagnostic and interventional, are available. ACHD experts have a
minimum of 2 years of advanced training in an ACHD center and
have been certified with ACHD specialty examinations established
in most leading jurisdictions in North America, the United
Kingdom, Europe, and Asia. Partnering of ACHD patient provid-
ers and center-based experts should result in regular scheduled

follow-up visits. Nonspecialized ACHD providers should ideally be

close to ACHD programs offering the full spectrum of multidisci-

plinary ACHD services and congenital heart surgery.
Access and transfer to specialized ACHD should strive for
the following goals:

+ Facilitate linkage between community-based emergency
care facilities and an ACHD program.

+ Offer educational opportunities and continuous support to
nonspecialized personnel including primary caregivers, car-
diologists, and surgeons so that they may contribute opti-
mally to patient management and understand the indications
for referral.
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+ Drive advocacy, provide information to the government, act
as the representative of the specialty, and foster advancement
of ACHD programs.

Multidisciplinary teams and defined referral pathways
should also be available. Patient participation in an ACHD
program will vary with disease severity (simple, moderate,
complex) with additional consideration given to the patient’s
physiological state determined by functional, hemodynamic,
and arrhythmic status as well as the presence or absence of
cyanosis and systemic complications.*”

ACHD center care is required for the following:

+ Initial assessment of suspected or known CHD in adults.

+ Follow-up and continuing care of patients with moderate
and complex lesions.

+ Follow-up and continued care of patients with simple CHD
and physiological complications.

* Surgical and nonsurgical intervention.

+ Risk assessment and support for noncardiac surgery and
pregnancy.

Due to the advancing age of ACHD patients, diagnostic and
invasive CHD procedures should be performed by ACHD
experts. The increasing burden of arrhythmias also mandates
access to electrophysiologists specializing in the field of ACHD.*®

ACHD center care delivery should aim to
+ integrate cardiac and noncardiac multidisciplinary special-

ized services,

+ Dbe patient and family centered,*

* optimize safety by decreasing error and minimizing expo-
sure to low-dose ionizing radiation,*® and

+ be cost-sensitive with judicious evidence-based allocation of
resources.

An accreditation process and criteria for US-based ACHD
clinics, together with patient advocacy groups provided by the
Adult Congenital Heart Association, has been implemented to
ensure systematic benchmarking for ACHD programs. The
Adult Congenital Heart Association is building a roadmap of
standards based on expert consensus, providing an emphasis on
collaboration with the intent of strengthening the network of
specialized ACHD care programs.”!

Different models of transition from pediatric to adult health-
care are applied depending on local resources and circum-
stances. Individual patient education regarding diagnosis and
specific health behaviors should be part of this process. Com-
prehensive information including diagnosis, previous surgical
and/or catheter interventions, medical therapy, investigations,
current outpatient clinic reports, and medication should be kept
by the patient and also be sent to the ACHD facility. Advice on
contraception for female patients is paramount because sexual
activity should be anticipated. The use of electronic health tools
to document complex diagnoses and interventions of a patient
electronic health record improves the accuracy of transfer of
medical information.

A systematic transition process should aim to*?

+ identify or help develop an ACHD program to which trans-
fer of care should be made when transition readiness is
achieved,

+ establish transition policies jointly between pediatric and
adult programs to facilitate transfer when transition readi-
ness is achieved, and

+ establish a transition program or clinic that comprehensively
addresses relevant issues including discussions of risks of
pregnancy/family planning and appropriate advice on
contraception.

Manpower, Training, Education, and
Research

There is an international consensus that the multiple needs of

this population discussed in this and other chapters of this

textbook can best be fulfilled through national and interna-

tional frameworks with common denominators for achieving

quality of care.? As an international community of stakeholders,

our goal is to

+ foster professional specialist training in ACHD,

+ coordinate national or local registries for adults with CHD,

« facilitate research in ACHD,

+ engage patients in planning the future, and

+ centralize resources to provide sufficient patient numbers to
facilitate specialist training, faculty competence, and skills
acquisition.

Such models of care, training, and research for the adult with
CHD are in keeping with the 2001 Bethesda Conference, the
2015 US guidelines,*” the UK National Health Service guide-
lines, and the position statement from the International Society
for Adult Congenital Heart Disease (ISACHD).?

The importance of ACHD as a subspecialty of cardiology has
been recognized by the Calman UK Training Advisory Com-
mittee, the 2006 Bethesda Conference, and the American Board
of Internal Medicine in collaboration with the American College
of Cardiology and the Adult Congenital Heart Association.”!
Basic training in ACHD is now mandatory for adult cardiology
trainees. In 2013, the Accreditation Council for Graduate
Medical Education agreed to support this effort by accrediting
fellowship programs in the subspecialty of ACHD.! The train-
ing pathway involves the completion of a training session
required for certification in cardiovascular disease or pediatric
cardiology, in addition to 24 months of ACHD fellowship train-
ing with at least 18 months of full-time clinical training in an
accredited program. The European Society of Cardiology (ESC)
has also published a position paper setting forth recommenda-
tions with respect to training in the subspecialty of grown-up
congenital heart disease in Europe.”® Similar to the United
States, the ESC also recommends a 24-month training period
including 18 months in a specialist center, 6 months in a general
adult cardiology ward for pediatric cardiology trainees, and 6
months in a pediatric cardiology ward for adult cardiology
trainees. The small number of available centers that can offer
comprehensive training in ACHD at present, coupled with
limited resources, remain obstacles.* Training programs for
other key staff (eg, nurses, obstetricians, imaging staff, techni-
cians, psychologists) in ACHD teams should also be established.
National and international curricula in ACHD are being devel-
oped to disseminate existing information on the management
of the adult patient with CHD and to stimulate research. A new
group of specialized cardiologists in ACHD is required to
ensure the delivery of high-quality lifelong care for this patient
population, which has benefited so much from early pediatric
cardiology and cardiac surgery expertise.>® Barriers to multidis-
ciplinary services should be challenged with the objective of
making needed expert resources available for all ACHD who
need them.”® Educational material to guide ACHD patients has
been developed (https://www.achaheart.org). Electronic-based
learning initiatives have been developed to facilitate knowledge
translation and dissemination. The online ACHD Learning
Center (www.achdlearningcenter.org) and the Congenital Heart
International Professionals (CHiP) network provide network-
ing capabilities and education materials to foster collaboration
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and education. Collaboration with professional associations,
policy makers, and partnership with patient advocacy groups
have resulted in ACHD becoming an important element of
emerging public health agendas at organizations such as the
Congenital Heart Disease Public Consortium (https://aap.org).

Research remains a priority for the ACHD community in
individual jurisdictions and as an international group of stake-
holders and patients. The National Heart, Lung, and Blood
Institute (NHLBI) and the Adult Congenital Heart Associa-
tion convened a multidisciplinary working group to identify
high-impact research questions in ACHD. High-priority areas
of research identified included heart failure, mechanical cir-
culatory support/transplantation, sudden cardiac death, vas-
cular outcomes, single-ventricle disease, and cognitive and
psychiatric issues, with particular emphasis on long-term out-
comes.””>® The NHLBI also convened a working group to
characterize an integrated network for CHD research.”® The
CDC in the United States mapped out a course for a public
health agenda in CHD.®?

Research infrastructure should be created along national and
international axes to accomplish the following:
+ Improve access to CHD in developing countries.
+ Aggregate population-level outcomes for meaningful analy-

ses on the impact of interventions.

+ Provide evidence-based data for the use of standard medical
therapy in ACHD populations.

+ Define quality of life-adjusted life expectancy.

+ Create health services interventions to improve quality of
care and reduce costs.

+ Leverage secondary analyses of existing databases and other
sources of big data using data analytic methodologies.

+ Merge data sources to optimize internal validity and gener-
alizability of research output.

+ Optimize knowledge translation and shape evidence-driven
policy for ACHD patients.

Conclusions

Adults outnumber children with CHD. ACHD as a field has
transitioned from an emerging specialty to one that is solidly
anchored in a well-characterized population with complex, life-
long needs. As a field, we are poised to become engaged in
meeting the triple aim of high-quality healthcare delivery:
improving the health of ACHD populations, improving the
experience of care, and reducing costs.’ The time has come for
national ACHD networks, supported by individual depart-
ments of health, relevant professional societies, and funding
bodies, to care for the beneficiaries of this astonishing success

Meet the public health agenda of CHD across the life span.

story in the management of CHD.
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Grown-Up Congenital Heart or Adult

Congenital Heart Disease: Historical

Perspectives

JANE SOMERVILLE

I have witnessed this history and want to share it...

Cardiology in the 1950s was just emerging as a specialty,
strongly resisted by the professors of medicine in the United
Kingdom and in Europe, where threats of resignation occurred
should this separate from the overlords of general medicine.
Such were the powers of the professors of medicine in the uni-
versity cities. This delayed the formation of specialty cardiology,
but did not stop it. The possibility and intentions of cardiac
surgeons hastened and made it mandatory. The seeds of spe-
cialty cardiology were planted in the 1920s and beginning to
show above ground, stimulated by the invention of roentgenol-
ogy (x-rays) screening, Eindhoven’s electrocardiogram, and
later in the 1930s such towers of medical strength, D. Evan
Bedford and John Parkinson in the United Kingdom, Galla-
vardin in France and Paul Dudley White in the United States.
World War II interrupted the development despite Cournand’s
1941 invention of cardiac catheterization in 1941, for which he
received the Nobel Prize in 1956. War also interrupted the flour-
ishing of cardiac surgery for congenital heart defects initiated
by Gross ligating an infected duct (1938) as suggested to him
by the pediatrician. Cardiac catheterization with heart chamber
pressures and saturations proved to be mandatory for accurate
diagnosis required by the cardiac surgeons emerging as special-
ists from established thoracic surgery. It was accompanied by
angiocardiography, initiated by A. Castellanos in Mexico, to
show anatomy illustrating the valve by injecting mercury into
the veins of a Cuban boy, with disastrous result. The interest in
congenital heart disease flourished because of the challenge to
cardiac surgeons and the new cardiology, which could make
accurate diagnosis. The efforts of physicians to keep up with the
needs of the innovative surgeons in the 1950s and 1960s brought
correct preoperative diagnosis.

In this era, having heard of the new triumphs of cardiac
surgeons, many patients with congenital heart problems (chil-
dren, adolescents, and adults) staggered in wherever there was
some expertise and interest—the National Heart Hospital, Mid-
dlesex Hospital, Guy’s Hospital, Hammersmith Postgraduate
Hospital led by Sir John MacMichael in London, other cities
outside the United Kingdom, Paris with Dubost, Munich, Italy,
Boston, Mayo, and many more in the United States.

Mortality, morbidity, and inaccurate diagnoses were high.
Competition between units was intense, and conferences to
share and show off achievements started. Atrial septal defects
were most frequent, and coarctation, ventricular septal
defects, and lesions requiring surgery with many complica-
tions appeared. However, the greatest challenge came from
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the blue patients with Fallot tetralogy, often having already
survived a shunt procedure (of sorts) or just a thoracotomy.
The presence of pulmonary hypertension received much
effort along with the need to understand the most serious and
common patients with Eisenmenger reaction, so clearly elu-
cidated and clarified by the wisdom of Paul Wood in his
Croonian lectures (1958). Various forms of aortic and pul-
monary stenosis were assessed by invasive tests because sur-
gical treatment was routine, and some frightening
complications occurred after “successful” operations for
coarctation, until the importance and control of postopera-
tive hypertension was understood. Success was survival and
leaving the hospital. No long-term goals were considered.
This is surprising, and many clearly visible abnormalities
remained in these hearts.

As cardiac surgery and diagnosis improved, surgical ambi-
tion and ability expanded. In addition, the need for treatment
of congenital heart diseases for infants and newborns was rec-
ognized because more than 65% of those born with congenital
heart anomalies died in the first year of life. This brought new
challenges in anesthesia, nursing, technology, and the obvious
need for the new specialty of pediatric cardiology.

Pediatric cardiology suffered many of the same difficulties
and fights as cardiology had to separate itself from general
pediatric departments and their professors, particularly in
Europe. It was less difficult to separate from cardiology because
cardiologists did not understand the new language of congenital
heart disease, although they accepted their right to continue
care of adults with congenital heart diseases because they had
always done so, and these patients were “interesting” and still
are! In the United States, they were less territorial. North
America, with its penchant for orders and numbers, had estab-
lished boards, examinations, and training standards where the
volume of patients attracted by cardiac surgery were adequate.
South America muddled on for decades with occasional islands
of hope and help, such as San Paolo, Brazil, and Children’s
Hospital in Buenos Aires and Santiago, Chile, and the work of
an extraordinary and “scary” surgeon, Dr. H. Jaeger who, with
German thoroughness, made good services available for chil-
dren by the late 1960s. By the 1970s, successful pediatric cardiac
surgical units were established with centralization of patients in
the United Kingdom with the help of designated above region
(supraregional) centers launched in a number of areas, although
these centers were not always well chosen or audited. This
occurred with less restriction on centers in the United States
and much of Western Europe.
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Management of congenital heart disease was considered to
be a pediatric problem requiring refined new skills by the mid-
1970s, but with no thought beyond the horizon of adolescence.
Patients with so-called “total corrections” performed for Fallot
and other lesions, the much promoted dream of cardiac sur-
geons, were already returning with new medical needs. Now
adolescents or adults, but with no warnings given to parents or
patients of future problems. Who knew? Who cared? Certainly
not the cardiologists who avoided or ignored the complex
issues, leaving patients to pediatric cardiologists unprepared
and untrained (despite the wishes of many to retain “parental
control” of the patient). They understood the language and the
defect but did not have the facilities or skills to deal with adult
patients.

The need for a new subspecialty was clear and recognized by
Joe Perloff, who was profoundly influenced by Paul Wood in his
training as a fellow in adult cardiology at the National Heart
Hospital, London. He learned from Wood the art of bedside
cardiology, so useful when working with older congenital heart
patients. In 1975, an adolescent cardiac unit, rightly named for
Paul Wood, was opened at the National Heart Hospital to
provide for the growing community of survivors from the suc-
cessful efforts of David Waterston and Dick Bonham-Carter, a
harmonious team of an impeccable surgeon and clever pediatri-
cian in Great Ormond Street Hospital for Sick Children,
London.

In 1959, the forward-thinking pediatric cardiologist, John
Keith, of the Toronto Sick Children’s Hospital and author of the
best textbook, saw the obvious need for continued follow-up of
his patients, mainly for rheumatic heart disease, through to
adulthood to ensure that the vital prophylaxis continued. In
Toronto, led by Mustard (1958), an orthopedic surgeon who
followed Senning (1954) in doing early atrial switches for trans-
position of the great arteries, had produced a number of long-
term survivors, who had many late cardiac problems. Soon
congenital heart patients exceeded the rheumatic hearts, just as
the numbers of grown-up congenital heart (GUCH) patients
will now exceed their pediatric counterparts. Keith asked John
Evans from his own clinic to start an adolescent/adult clinic in
the Toronto General Hospital, joined by a bridge to the Chil-
dren’s Hospital, allowing the necessary independence and
autonomy of the new services. Whether he wanted to redirect
John Evans, a restless entrepreneur, into a different clinic is
unknown. John Evans did not stay long as a cardiologist, and
left to become a successful businessman. The clinic was small,
but continued by Dr. John Woolfe until the 1980s. Gary Webb,
appointed cardiologist at Toronto General Hospital in 1973,
took over the adult congenital service in 1980 as his major
responsibility as a result of the need created by the successful
cardiac surgeons of Toronto Sick Children’s Hospital. Gary,
master communicator, set up a good, integrated group of car-
diologists, organized care of GUCH disease across Canada, and
received a steady flow of patients/graduates of the Toronto Sick
Children’s Hospital. Dick Rowe and Bob Freedom supported
this need, which was clearly better than “obstructive” develop-
ments elsewhere in the world, where many pediatric cardiolo-
gists of necessity continued to see these patients in a pediatric
clinic. The Toronto group was particularly concerned about the
many survivors of the Mustard operation and I attended a cel-
ebration party for all of them in the 1980s.

Trained as an adult cardiologist and having spent years at
Great Ormond Street Hospital seeing real congenital heart
disease patients, not just the tail of surviving adolescents and

adults, I was rewarded by Dick Bonham-Carter with two ses-
sions as a Senior Lecturer at Great Ormond Street in 1968, one
of which I kept until I retired, 30 years later. Having failed to
get on any shortlist for appointment as a consultant in pediatric
or adult cardiology (I was not considered by the hierarchy as
useful because I was not a pediatrician or a conventional cardi-
ologist), I established a new specialty, treating the older patients
with congenital heart disease, because their numbers were
bound to increase. I believed that this approach would make me
the only applicant for a job if such a need was ever
recognized.

In 1972, T was appointed as a consultant cardiologist for
congenital heart disease at the National Heart Hospital, London.
This was a unique appointment and title with no age barrier. It
had access to adult beds but also to four children’s beds, the
latter created against the wishes of some of the senior physi-
cians. The professor of cardiology at the time did not particu-
larly like these complex patients in the unit beds, and therefore
supported the new appointment in the National Health Service
and in the university. The success of this adventure was not only
a result of Dick Bonham-Carter’s referrals of his older survivors
and tricky new adolescents, which he had always referred to
Paul Wood for diagnosis, but mainly to the remarkable surgical
innovations and successes of Donald Ross, whose homograft
valves repaired pulmonary atresia, Fallots, other cyanotic com-
plexities, and challenging patients with aortic stenosis, and
brought nationwide referrals during the golden era of the
National Heart Hospital. This created contact opportunities to
talk around the world about the emerging needs of adolescents
and adults with congenital heart disease and for training enthu-
siastic young colleagues.

I was doing a stint as a visiting professor in Toronto, invited
by a rare, real friend in pediatric cardiology, Bob Freedom, who
arranged a lunch with Gary Webb. Realizing there were too few
patients coming to Dr. Webb’s service, I persuaded Freedom
that all patients needed to transfer, and this led to an increased
flow of selected patients across the bridge, from the Hospital for
Sick Children to the General Hospital, Toronto. The Toronto
General group, led by Gary Webb, made a large contribution to
establishing adult congenital heart services with excellent
imaging directed by Peter Liu, good surgery by Bill Williams,
excellent diagnostic cardiac catheterization, and subsequent
interventions by Peter McLoughlin, and a world-class, desig-
nated congenital heart database. They had it all with Gary on
the Internet, long before anyone else had thought of its use to
unite, communicate, and establish patient groups; furthermore,
the Toronto group promoted education with their annual adult
congenital heart course.

The years after produced clarion calls to create designated
cardiac services for these unique groups of GUCH patients. The
final plenary session on the Future of Paediatric Cardiology
during the first World Congress of Paediatric Cardiology in
London in 1980 was on “Adolescent Survivors’ Triumphs and
Disasters.” From then on, the battle to establish GUCH services
was waged. Lectures and conferences, world congresses, official
national reports from Canada, Bethesda reports in the United
States, also influenced by pediatricians, European Society of
Cardiology, and British Cardiac Society Working group reports,
were almost destroyed by pediatric cardiologists, but rescued
and launched with influence of the president of the latter, Pro-
fessor John Camm. Patient associations formed in the United
Kingdom and Canada, followed by the United States, Holland,
Norway, and Germany working with interested physicians. Joe
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Perloff from the University of California, Los Angeles (UCLA)
devoted time to write his first book in the field, with more to
follow.

One wonders why the services for GUCHs have been so dif-
ficult to establish with so many patients in need. There still seem
to be many obstacles to this effort in many parts of the world.
There are many different names for the same patient group; one
can use what suits the language, but the need is the same. It is
not something to squabble about.

Financing is a problem, and allotting funds, areas, and train-
ing are present difficulties. Pediatric cardiology is often a main
stumbling block because many do not want to give up patients,
particularly where money is concerned (as in United States),
parents do not like change after years of the same good care and
understanding, and pediatricians register concern about no
specialist unit to which their patients can be referred. Perhaps
this is a chicken and egg problem? Equally, adult cardiology has
not wanted to understand or have any training in the last 30
years, nor do they want to give funds or beds. They want the
adult cardiology department filled with money-generating cor-
onary artery disease patients, for interventions. Cardiac surgery
for GUCHSs (adults!), where it should be done, and by whom,
is an ongoing battle. The jointly trained adult/pediatric cardiac
surgeon is the answer, but this involves long training and joint
appointments, although now obligatory, in specialized linked
units, which are few and difficult to staff. One in five admissions
to a specialist GUCH unit is for surgery, often combined with
catheter intervention; where this is done may be problematic
because pediatric ICU nurses and staff may not be familiar with
adult care, whereas care in an environment of adult care unfa-
miliar with congenital heart matters may not be safe. Health
care administrators are generally disinterested unless catastro-
phe reaches the press or someone with political influence has a

child with congenital heart disease. There have been a few
exceptions to this, as at the Royal Brompton Hospital for
example, where the CEO thought GUCH was a unique selling
point (USP). Physicians are “selfies” and constantly in rivalry,
or are part of hospitals, units, or departments that want to keep
their patients irrespective of expertise or needs. Recently in the
United Kingdom, pediatricians have managed to obtain a ruling
that they can keep patients under their care until the age of 19
years. Not helpful and, when GUCH patients are too mature to
be admitted to childrens hospitals, they are rapidly referred
when pregnant, when needing contraception, or when gravely
ill with arrhythmias, when septic, or when needing surgery.

Pediatric cardiology philosophy had to be modified by the
ban on admitting patients older than 16 years to children’s hos-
pitals, particularly in the United States, but also in other coun-
tries. Management of GUCHs, or whatever name is chosen, has
created a formula for chaos and mistakes. There are training
issues only recently addressed by a formal plan and process. It
is easier in countries with a funded health service, as in the
United Kingdom and other European countries, and best when
pediatric cardiologists are willing and share their patients’ care
and expertise with physicians treating adults; Malta, a small area
that is full of GUCHs, is a good example of this desirable
collaboration.

Education of all is vital to establishing and maintaining
optimal care. This book is necessary, and it is remarkable and
praiseworthy that the authors are prepared to update this work.
It is now accepted that only a few congenital hearts can be
considered as totally corrected, although a good life, close to
normal, is possible for many patients, provided they receive
good, lifelong care. Education is clearly paramount to improve
further care and patients’ understanding of their condition. This
book will serve to achieve this worthwhile goal.
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The care of adults with congenital heart malformations has
evolved into a specialty in its own right. The malformations are
conceived by the general cardiologist as extremely complex,
requiring a sound knowledge of embryologic development for
their appreciation. The defects are so varied, and can occur in
so many different combinations, that to base their descriptions
on embryologic origins is at best speculative and at worst utterly
confusing. Fortunately, in recent decades great strides have
been made in enabling these malformations to be more readily
recognizable to all practitioners who care for the patient born
with a malformed heart. Undoubtedly, the introduction of
the system known as “sequential segmental analysis,” hand in
hand with developments in angiography and cross-sectional
echocardiography, has revolutionized diagnosis.!> The key
feature of this approach is akin to the computer buff’s WYSIWYG
(what you see is what you get), except that in this case it is
WYSIWYD (what you see is what you describe). Best of all, it
does not require knowledge of the secrets of cardiac
embryogenesis.

Cardiac morphology applied to the adult patient with con-
genital heart disease (CHD) is often not simply a larger version
of that in children. Cardiac structures grow and evolve with the
patient. Structural changes occur after surgical palliation and
correction. Even without intervention in infancy, progression
into adulthood can bring with it changes in ventricular mass,
calcification or dysplasia of valves, fibrosis of the conduction
tissues, and so on. It is, nevertheless, fundamental to diagnose
the native defect. The focus of this chapter is on sequential
segmental analysis and its terminology.

Sequential Segmental Analysis: General
Philosophy

To be able to diagnose the simplest communication between the
atria or the most complex of malformations, the sequential
segmental approach®” (also known as the European approach
due to the promoters of the original concepts) as described here
requires that normality be proven rather than assumed. Thus
the patient with an isolated atrial septal defect in the setting of
a normally constructed heart undergoes the same rigorous
analysis as the patient with congenitally corrected transposition
associated with multiple intracardiac defects.

Any heart can be considered in three segments: the atrial
chambers, the ventricular mass, and the great arteries (Fig. 3.1).
By examining the arrangement of the component parts of the
heart and their interconnections, each case is described in a
sequential manner. There are limited possibilities for the
arrangement of the individual chambers or arteries that make
up the three segments. Equally, there are limited ways in which
the chambers and arteries can be related to one another. The
approach begins by examining the position of the atrial
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chambers. Thereafter, the atrioventricular (AV) junction and
the ventriculoarterial junctions are analyzed in terms of con-
nections and relations. Once the segmental anatomy of any
heart has been determined, it can then be examined for associ-
ated malformations; these need to be listed in full. The examina-
tion is completed by describing the cardiac position and
relationship to other thoracic structures. The segmental combi-
nations provide the framework for building the complete picture
because in most cases the associated lesions produce the hemo-
dynamic derangement.

The philosophy of segmental analysis is founded on the mor-
phologic method (Box 3.1). Thus chambers are recognized
according to their morphology rather than their position.>*” In
the normally structured heart, the right-sided atrium is the sys-
temic venous atrium, but this is not always the case in the mal-
formed heart. Indeed, the very essence of some cardiac
malformations is that the chambers are not in their anticipated
locations. It is also a fact of normal cardiac anatomy that the
right-sided heart chambers are not precisely right sided; nor are
the left chambers completely left sided (Fig. 3.2).8 Each chamber
has intrinsic features that allow it to be described as “morphologi-
cally right” or “morphologically left,” irrespective of location or
distortion by the malformation.”!? Features selected as criteria
are those parts that are most universally present even when the
hearts are malformed. In this regard, venous connections, for
example, are not chosen as arbiters of rightness or leftness of
atrial morphology. The atrial appendages are more reliable for
identification. In practice, not all criteria for all the chambers can
be identified in the living patient with a malformed heart. In
some cases there may be only one characteristic feature for a
chamber, and in a few cases rightness or leftness can be deter-
mined only by inference. Nevertheless, once the identities of the
chambers are known, the connections of the segments can be
established. Although spatial relationships—or relations—
between adjacent chambers are relevant, they are secondary to
the diagnosis of abnormal chamber connections. After all, the
connections, like plumbing, determine the flow through the
heart, although patterns of flow are then modified by associated
malformations and hemodynamic conditions. The caveat remains
that valvular morphology in rare cases (eg, an imperforate valve)
allows for description of the connection between chambers,
although not in terms of flow until the imperforate valve is ren-
dered patent surgically or by other means.

Morphology of the Cardiac Chambers
ATRIAL CHAMBERS

All hearts possess two atrial chambers, although they are some-
times combined into a common chamber because of complete
or virtual absence of the atrial septum. Most often, each atrial
chamber has an appendage, a venous component, a vestibule,
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Figure 3.1 The three segments of the heart analyzed sequentially.

Sequential Segmental Analysis

Determine arrangement of the atrial chambers (situs)
Determine ventricular morphology and topology
Analyze atrioventricular (AV) junctions

Type of AV connection

Morphology of AV valve

Determine morphology of great arteries

Analyze ventriculoarterial junctions

Type of ventriculoarterial connection
Morphology of arterial valves

Infundibular morphology

Arterial relationships

Catalog-associated malformations

Determine cardiac position

Position of heart within the chest

Orientation of cardiac apex

Anterior view

and a shared atrial septum. Because the last three components
can be markedly abnormal or lacking, they cannot be used as
arbiters of morphologic rightness or leftness. There remains the
appendage that distinguishes the morphologically right from
the morphologically left atrium. Externally, the right appendage
is characteristically triangular with a broad base, whereas the
left appendage is small and hook shaped with crenellations (see
Figs. 3.2 and 3.3). It has been argued that shape and size are the
consequence of hemodynamics and are wunreliable as
criteria.!!

Internally, however, the distinguishing features are clear.'?
The terminal crest is a muscular band that separates the pecti-
nate portion—the right appendage—from the rest of the atrium.
The sinus node is located in this structure at the superior
cavoatrial junction. Because the appendage is so large in the
morphologically right atrium, the array of pectinate muscles
occupies the entire parietal wall and extends to the inferior wall
toward the orifice of the coronary sinus (see Fig. 3.3). In con-
trast, the entrance (os) to the left appendage is narrow, the
terminal crest is absent, and the pectinate muscles are limited.
The smoother-walled morphologically left atrium, however, has
on its epicardial aspect a prominent venous channel, the coro-
nary sinus, which can aid in its identification (see Figs. 3.2 and
3.3). Where the septum is well developed, the muscular rim
around the oval fossa is indicative of the morphologically right
atrium, because the flap valve is on the left atrial side.

VENTRICLES

Ventricular morphology is a little more complex than atrial
morphology in that some malformations may have only one
ventricular chamber or one large ventricle associated with a tiny
ventricle. Normal ventricles are considered as having three
component parts (“tripartite”; see Chapter 46): inlet, outlet, and
trabecular portions.'>!* There are no discrete boundaries
between the parts, but each component is relatively distinct
(Fig. 3.4). The inlet portion contains the inlet (or AV) valve and
its tension apparatus. Thus it extends from the AV junction to
the papillary muscles. The trabecular part extends beyond the
papillary muscles to the ventricular apex. Although the trabecu-
lations are mainly in the apical portion, the inlet part is not
completely devoid of trabeculations. The outlet part leading

Left view Inferior view

Figure 3.2 These four views of the endocast from a normal heart show the intricate spatial relation-
ships between left (red) and right (blue) heart chambers and the spiral relationships between the aorta
and pulmonary trunk. The atrial chambers are posterior and to the right of their respective ventricular
chambers. Note the central location of the aortic root. The right atrial appendage has a rough endo-
cardial surface owing to the extensive array of pectinate muscles. The left atrial appendage is hooklike.
The left and inferior views show the course of the coronary sinus relative to the left atrium. Ao, Aorta;
CS, coronary sinus; LA, left atrium; LV, left ventricle; PT, pulmonary trunk; RA, right atrium; RV, right

ventricle.



Figure 3.3 A, The right and left atrial appendages have distinctively
different shapes. B, The internal aspect of the right atrium displays the
array of pectinate muscles arising from the terminal crest. The oval fossa
is surrounded by a muscular rim. C, The internal aspect of the left atrium
is mainly smooth walled. The entrance (o0s) to the left appendage is
narrow. D, This four-chamber section shows the more apical attachment
of the septal leaflet of the tricuspid valve relative to the mitral valve.
Pectinate muscles occupy the inferior right atrial wall, whereas the left
atrial wall is smooth. The broken blue lines indicate the course of the
coronary sinus passing beneath the inferior aspect of the left atrium.
Ao, Aorta; CS, coronary sinus; IVC, inferior vena cava; LA, left atrium;
LAA, left atrial appendage; LV, left ventricle; MV, mitral valve; OF, oval
fossa; PT, pulmonary trunk; RA, right atrium; RAA, right atrial append-
age; RV, right ventricle; TV, tricuspid valve.

toward the great arteries is in the cephalad portion. It is usually
a smooth muscular structure, termed the infundibulum, in the
morphologically right ventricle. In contrast, the outlet part of
the morphologically left ventricle is partly fibrous, owing to the
area of aortic-mitral fibrous continuity. The mitral valve is
always found in the morphologically left ventricle, and the tri-
cuspid valve is always in the morphologically right ventricle,
although these features have no value when the ventricle has no
inlet. Similarly, the outlets are not the most reliable markers.

Of the three ventricular components, the distinguishing
marker is the apical trabecular portion. Whenever there are two
ventricular chambers, they are nearly always of complementary
morphology, one being morphologically right and the other
morphologically left. Only one case has been reported of two
chambers of right ventricular morphology.!> Characteristically,
the trabeculations are coarse in the morphologically right ven-
tricle and form a fine crisscross pattern in the morphologically
left ventricle. Thus, no matter how small or rudimentary, if one
or more component parts are lacking, the morphology of a
ventricle can be identified.

In addition to right and left morphology, there is a third
ventricular morphology. This is the rare variety in which the
trabeculations are coarser than the right morphology and is
described as a solitary and indeterminate ventricle (Fig. 3.5).
There is no other chamber in the ventricular mass. More often,
the situation is one of a large ventricle associated with a much
smaller ventricle that lacks its inlet component (see Fig. 3.5).
Because its inlet is missing, the smaller ventricle is described as
rudimentary, but it may also lack its outlet component. The
third component—the apical portion—is always present. It may
be so small that identification is impossible, but its morphology

3 Cardiac Morphology and Nomenclature 15

Inlet Apical

Figure 3.4 A, This anterior view of the right ventricle and corresponding
diagram show the tripartite configuration of the normal ventricle. The
apical portion is filled with coarse trabeculations. The pulmonary valve is
separated from the tricuspid valve by the supraventricular crest, which is
an infolding of the ventricular wall. The septomarginal trabeculation is
marked by the dotted lines. B, The left ventricle also has three portions,
but its outlet portion is sandwiched between the septum and the mitral
valve. The apical trabeculations are fine, and the upper part of the septum
is smooth. There is fibrous continuity (asterisk) between aortic and mitral
valves. MB, Moderator band. Other abbreviations are as in Figure 3.3.

can be inferred after identifying the larger ventricle. The rudi-
mentary ventricles are usually smaller than constituted ventri-
cles, but not always. Normal ventricles can be hypoplastic; a
classic example is the right ventricle in pulmonary atresia with
intact ventricular septum (see Fig. 3.5) (see Chapter 46). Size,
undoubtedly important in clinical management, is independent
of the number of components a ventricle has.

In clinical investigations, the nature of trabeculations may
not be readily identifiable. For instance, the fine trabeculations
in the hypertrophied morphologically left ventricle can appear
thick. Adjuncts for diagnosis must be considered. In this respect,
a review of normal ventricular morphology is helpful. The inlet
component of the right ventricle is very different from that of
the left ventricle. The tricuspid valve has an extensive septal
leaflet together with an anterosuperior and a mural (inferior)
leaflet. Tethering of the septal leaflet to the septum is a hallmark
of the tricuspid valve. At the AV level, its attachment—or hinge
point—is more apically positioned than the point at which the
mitral valve abuts the septum (see Fig. 3.3D). This is an impor-
tant diagnostic feature, recognizable in the four-chamber
section. In contrast, the mitral valve has no tendinous cords
tethering it to the septum. The normal, deeply wedged position
of the aortic valve between the mitral and tricuspid valves
allows direct fibrous continuity between the two left heart valves
(see Fig. 3.4). Consequently, the left ventricular outlet lies
between the ventricular septum and the anterior (aortic) leaflet
of the mitral valve. This passage is detected in cross-sectional
views as a cleavage or recess between the septum and the mitral
valve. Both the anterior (aortic) and posterior (mural) leaflets
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Figure 3.5 A, The solitary and indeterminate ventricle (Indet. V) displayed in “clam”; fashion to show
both right and left atrioventricular (AV) valves (solid arrows) and both arterial outlets (circles). B, This
heart, with absence of the right AV connection, shows the rudimentary right ventricle lacking its inlet
portion. C, This hypoplastic right ventricle in a heart with pulmonary atresia has a muscle-bound apical
portion and a small tricuspid valve at its inlet portion (arrow). PT, Pulmonary trunk; RA, right atrium;

RV, right ventricle.

of the mitral valve are attached to the two groups of papillary
muscles situated in anterolateral and posteromedial positions
within the ventricles. More accurately, the respective papillary
muscles are superiorly and inferomedially situated, as depicted
on tomographic imaging.

The normal outlets also have distinctive morphologies. As
described earlier, the right ventricular outlet is completely mus-
cular. The conical muscular infundibulum raises the pulmonary
valve to occupy the highest position of all the cardiac valves. The
infundibulum is not discrete because it is a continuation of the
ventricular wall. In its posterior and medial parts, it continues
into the supraventricular crest formed in part by the ventricu-
loinfundibular fold (see Fig. 3.4). The crest distances the tricuspid
valve from the pulmonary valve. The outlet septum is diminutive
or lacking in the normal heart but comes into prominence in
hearts with malformed outlets, exemplified by hearts with tetral-
ogy of Fallot or a double-outlet right ventricle (see Chapters 43
and 50).1617 On the septal aspect, the ventriculoinfundibular fold
is clasped between the limbs of another muscular structure char-
acteristic of the right ventricle. This is the septomarginal trabecu-
lation, which is like a Y-shaped strap (see Fig. 3.4). The fusion of
its limbs to the fold of musculature forms the supraventricular
crest. Further muscular bundles—the septoparietal trabecula-
tions—cross from the crest to the free (parietal) ventricular wall
in the outlet portion. The medial papillary muscle of the tricuspid
valve inserts into the posterior limb of the septomarginal trabecu-
lation. The body of this trabeculation extends into the trabecular
component, where it gives rise to a characteristic bundle—the
moderator band—that passes across the cavity of the right ven-
tricle to reach the free (parietal) wall. This is no longer the outlet
region, but its features are useful diagnostic clues for recognizing
a right ventricle. In contrast, the left ventricular outlet is smooth
(see Fig. 3.4); there is no equivalent of the supraventricular crest
nor the moderator band.

GREAT ARTERIES

The great arteries are recognized by their branching patterns
rather than the arterial valves, because the semilunar leaflets are
indistinguishable. The coronary arteries arise from the aortic

Collateral arteries
supply lungs

Common
arterial trunk arterial trunk

Aorta Pulmonary

trunk

Solitary

Figure 3.6 Four major categories of great arteries. In contrast to the
common arterial trunk, the solitary arterial trunk lacks connections with
central pulmonary arteries.

sinuses. As the aorta ascends in a cephalad direction, it arches
to the left and gives rise to the neck and arm arteries before
turning inferiorly to become the descending thoracic aorta. In
adults, the pulmonary trunk is recognized as the great artery
that bifurcates into the right and left pulmonary arteries. A third
vessel, the arterial duct, may be visualized in infancy. In the
normal heart the pulmonary trunk passes anterior and to the
left of the aortic root. The aorta and pulmonary trunk ascend
in spiral relationships with the aorta arching over the right
pulmonary artery (see Fig. 3.2).

When there are two great arteries, it is an easy matter to dis-
tinguish the aorta from the pulmonary trunk. The aortic sinuses
give origin to the coronary arteries in the vast majority of cases.
At the arch, the aorta gives branches to the head, neck, and arm.
Although some of its branches may be absent in malformations,
or its arch may be interrupted, the aorta is the vessel that gives
origin to at least one of the coronary arteries and the greater part
of the systemic supply to the upper body. The pulmonary trunk
rarely gives origin to the coronary artery. It usually bifurcates into
the left and right pulmonary arteries (Fig. 3.6). When only one
great artery is found, it is frequently presumed to be a common
arterial trunk (truncus arteriosus) (Chapter 37). However, care



must be taken in making this diagnosis to avoid missing an atretic
aorta or atretic pulmonary trunk (see later). A common arterial
trunk is defined as one that leaves the ventricular mass via a
common arterial valve and supplies the coronary, systemic, and
pulmonary arteries directly (see Chapter 37). This must be dis-
tinguished from the situation often referred to as “truncus” type
IV, in which the solitary trunk does not give rise to any intraperi-
cardial pulmonary arteries (a severe form of tetralogy with pul-
monary atresia; see Chapter 44) (see Fig. 3.6). Collateral arteries
that usually arise from the descending aorta supply the lungs. A
case may be made for such an arterial trunk to be either an aorta
or a truncus. For simplicity, this is described as a solitary arterial
trunk.

Arrangement of Atrial Chambers

The first step in segmental analysis is determining the atrial
arrangement. As discussed earlier, the morphology of the
appendage with the extent of the pectinate muscles permits
distinction of morphologic rightness or leftness. Even with jux-
taposition of the appendages, atrial arrangement can be deter-
mined. There are only four ways in which two atrial chambers
of either right or left morphology can be combined. The first
two variants occur with lateralization of the atrial chambers.
The arrangement is described as usual (or situs solitus) when
the morphologically right atrium is on the right and the mor-
phologically left atrium is on the left. There is a mirror image
of the usual arrangement (situs inversus) when the chambers
are on the wrong sides (Fig. 3.7). In the other two variants, the
appendages with arrangement of pectinate muscles are isomeric
(see Chapter 53).!2 There are bilaterally right or bilaterally left
morphologies (see Fig. 3.7).

Because direct morphologic criteria are not always acces-
sible by the clinician, indirect ways must be used to determine
situs. Bronchial morphology identifiable from the penetrated
chest radiograph is a good guide, because there is good cor-
relation between atrial and bronchial morphology (see Fig.
3.7). Another method is to study the relative positions of the
great vessels just below the diaphragm using imaging tech-
niques such as cross-sectional echocardiography or magnetic
resonance imaging. This allows inference of most cases of
isomerism (Fig. 3.8). In patients with isomeric situs, the great
vessels lie to the same side of the spine. In cases of left isomer-
ism, when the inferior vena cava (IVC) is interrupted and
continued via a posterior hemiazygos vein, as in 78% of post-
mortem cases,'? it lies to the same side of the spine as the aorta
but posteriorly (see Chapter 53).

In cases with lateralized atrial chambers, the atrial arrange-
ment is harmonious with the remaining thoracoabdominal
organs, so that the morphologically right atrium is on the same
side as the liver and the morphologically left atrium is on the
same side as the stomach and spleen (see Fig. 3.7). The isomeric
forms are usually associated with disordered arrangement of the
abdominal organs (visceral heterotaxy) (see Chapter 53). Iso-
meric right arrangement of the appendages is frequently found
with asplenia, whereas isomeric left is found with polysplenia (see
Fig. 3.7).!8 These associations, however, are not absolute.®!%20

Determination of Ventricular Morphology
and Topology

The morphology of the ventricles, the second segment of the
heart, was described previously. Briefly, three morphologies
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Figure 3.7 These four panels depict the four patterns of atrial arrange-
ment and corresponding arrangement of the lungs, main bronchi, and
abdominal organs usually associated with each type. The right main
bronchus is short, whereas the left main bronchus is long. LA, Left
atrium; RA, right atrium.

are recognized: right, left, and indeterminate (see Figs. 3.4 and
3.5). In hearts with two ventricular chambers, however, it is
necessary to describe ventricular topology based on the spatial
relationship of one ventricle to the other. There are two dis-
crete topologic patterns that are mirror images of each other.
Right-hand topology is the normal pattern. Determination of
ventricular topology first requires identification of the mor-
phologically right ventricle. If the palmar surface of the right
hand can be placed, figuratively speaking, on the septal surface
so that the wrist is at the apex, the thumb in the inlet, and the
fingers toward the outlet, then this is the right-hand pattern
(Fig. 3.9). If only the palm of the left hand can be placed on
the septal surface of the right ventricle in the same manner,
then left-hand topology is described. This convention allows
analysis of the AV junction in hearts with isomeric arrange-
ment of the atrial appendages (see later). It is also helpful to
the surgeon in predicting the course of the ventricular con-
duction bundles. Ventricular topology in univentricular AV
connections (see later) with dominant left ventricle is inferred
from the larger ventricle because the rudimentary right ven-
tricle lacks at least the inlet portion of the three ventricular
components to position the palm properly. Ventricular topol-
ogy does not apply to hearts with solitary indeterminate
ventricles.
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Figure 3.8 The locations of the aorta and the inferior vena cava (IVC)
relative to the spine can provide clues to atrial arrangement.

Ventricular topology

Right hand Left hand

Figure 3.9 Ventricular topology is determined by placing the palm,
figuratively speaking, on the septal surface of the morphologically right
ventricle (RV) such that the wrist is in the apical portion, the thumb is in
the inlet, and the fingers are pointing to the outlet.

Analysis of the Atrioventricular Junction

As the union of atria with the ventricles, the AV junction varies
according to the nature of the adjoining segments. Analysis of
the junction involves, first, determining how the atrial cham-
bers are arranged and the morphology (and topology where
appropriate) of the chambers within the ventricular mass.
Second, the type of AV junction is described according to how
the atria connect to the ventricles. Third, the morphology of the
AV valves guarding the junction is noted.

The arrangement of the atria influences the description of
the AV junction based on whether they are lateralized (usual or
mirror image of usual) or isomeric. On the other hand, the
ventricles exert their influence depending on whether there are

two ventricular chambers (biventricular) or only one (univen-
tricular) in connection with the atrial chambers.

When lateralized atria each connect to a separate ventricle,
there are only two possibilities. Connections of morphologically
appropriate atria to morphologically appropriate ventricles are
described as concordant (Fig. 3.10). When atria are connected
to morphologically inappropriate ventricles, the connections
are termed discordant (see Fig. 3.10). In contrast, when an iso-
meric arrangement of the atrial appendages exists, and each
atrium connects to its own ventricle, the connections are neither
concordant nor discordant. Instead, the connections are
described as ambiguous (see Fig. 3.10). It is in this setting that
identification of ventricular topology is particularly useful.
Thus the three connections—concordant, discordant, and
ambiguous—have in common the fact that each atrium is con-
nected to its own ventricle. That is, all three are biventricular
AV connections.

There remains a further group of AV connections. Irre-
spective of their arrangement, the atria in these hearts
connect with only one ventricle; that is, they are univentricu-
lar connections. The distinction from biventricular connec-
tions is that even though there are two ventricles in most
cases of univentricular connection, only one ventricle makes
the connection with the atrial mass (Fig. 3.11). Hearts with
univentricular AV connections have been the subject of argu-
ments over terminology. Central to the controversy is the
issue of the singular nature of the ventricular mass—a single
or common ventricle.?>? In fact, the majority of hearts with
these variants have two ventricles. The ventricles are usually
markedly different in size because one of them is not con-
nected to an atrium. Thus the smaller ventricle lacking its
inlet portion is both rudimentary and incomplete. The exem-
plar pattern is when both atria connect to the same ventri-
cle—a double-inlet connection (Fig. 3.12A) (see Chapter 51).
This pattern can be found with any of the four variants of
atrial arrangement and when the connecting ventricle is any
of the three morphologies (see Fig. 3.11). The atria can be
connected to the morphologically left ventricle, in which
case the morphologically right ventricle is rudimentary. Sim-
ilarly, the connection can be to a dominant morphologically
right ventricle when the left ventricle is rudimentary. Rarely
there is only one ventricle; this is described as a solitary and
indeterminate ventricle.

Within the group of univentricular connections, the remain-
ing two patterns exist when one of the atria has no connection
with the underlying ventricular mass (see Fig. 3.11). These pat-
terns involve the absence of either the right or the left AV con-
nections (see Fig. 3.12). Absent connections are the most
common causes of AV valvular atresia (see Chapter 52). The
classic examples of tricuspid atresia and mitral atresia have
absence of the right or left AV connection, respectively, instead
of the affected valve being imperforate. Although these are con-
venient shorthand terms, it is speculative to speak of “tricuspid”
or “mitral” atresia in these settings when the valve is absent!
Either type of absent connection can be found with the other
atrium connected to a dominant left, dominant right, or a soli-
tary and indeterminate ventricle. When the connecting ven-
tricle is of left or right morphology, then, as with the double
inlet, the complementary ventricle is rudimentary and
incomplete.

In the presence of a dominant and a rudimentary ventricle,
an aid to diagnosis of ventricular morphology is the relative
locations of the ventricles. Rudimentary ventricles of right
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Figure 3.10 Biventricular atrioventricular (AV) connections are present when each atrium connects to
its own ventricle. This diagram depicts the variations possible in the four patterns of atrial arrangement.
Ambiguous AV connections are formed in hearts with isomeric arrangement of the atrial chambers. LA,
Left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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Figure 3.11 The three types of univentricular atrioventricular (AV) connections are double inlet, absent
right, and absent left. Variations then exist in atrial arrangement and morphology of the connecting

ventricle. LV, Left ventricle; RV, right ventricle.

morphology are situated anterosuperiorly, although they may
occupy a more rightward or leftward position in the ventricular
mass. In contrast, rudimentary left ventricles are found inferi-
orly, either leftward or rightward.

The morphology of the AV valves requires a separate descrip-
tion (Table 3.1). Valvular morphology can influence the type of

AV connection. Imperforateness of a valve has been alluded to
previously. Another situation is straddling and overriding.
Straddling valve is the situation in which the valve has its
tension apparatus inserted across the ventricular septum to two
ventricles. Overriding of the valve, in contrast, describes only
the opening of the valvular orifice across the septal crest. When



20 PART | General Principles

Figure 3.12 A, This heart with double inlet shows both right (RAVV)
and left (LAVV) atrioventricular valves opening to the same dominant
left ventricle (LV). The pulmonary outlet is from the LV, whereas the aorta
arises from the rudimentary right ventricle (Rudi. RV). B, This heart with
an absent right atrioventricular (AV) connection shows the blind muscu-
lar floor of the right atrium. The left atrium connects to the dominant
LV. This section is taken inferior to the Rudi. RV. C, This left inferior view
of a heart with an absent left AV connection shows the Rudi. LV and a
small ventricular septal defect, which allows communication with the
dominant right ventricle. Ao, Aorta; PT, pulmonary trunk.

TABLE
341

Atrioventricular Connection Morphology of Valve

Concordant Two patent valves

Discordant One patent + one imperforate valve
(right or left)

Ambiguous One totally committed + one
straddling valve (right or left)

Double inlet Two straddling valves

Common valve (may or may not
straddle)

Sole valve, totally committed; sole
valve, straddling

Absent right or left atrioventricular
connection

a valve straddles, it most often also overrides; the same is true
the other way round. It is, however, the degree of override that
determines the AV connections that are present (Fig. 3.13).2
The valve is assigned to the ventricle connected to its greater
part. There is then a spectrum between the extremes of one-to-
one AV connections (biventricular) and double-inlet (univen-
tricular) AV connections.

There is one other pattern that merits special mention. When
one AV connection is absent, the sole valve may be connected
exclusively within the dominant ventricle or, rarely, it may strad-
dle and override the ventricular septum. The effect is to produce
a double outlet from the connecting atrium. The connection is
then described as uniatrial and biventricular (Fig. 3.14).”

Determination of Morphology of the Great
Arteries

As discussed previously, the aorta and pulmonary trunk are
distinguished by their branching patterns and origins of the

Univentricular AV
connections

Biventricular AV
connections

L 5

I

>

Concordant, discordant Double inlet

or ambiguous

Figure 3.13 The extent of commitment of the valvular orifice deter-
mines the atrioventricular (AV) connection. This diagram shows an
example of the spectrum between biventricular and univentricular con-
nections depending on the override of the right AV valve.

coronary arteries rather than by the arterial valves. These fea-
tures permit distinction even when the valves are atretic. There
are two further variants of great arteries: the common arterial
trunk and solitary arterial trunk (see Fig. 3.6). When only one
great artery is found, however, it must not be assumed to be
either of these single-outlet entities. It may be a single outlet via
an aortic or pulmonary trunk in the presence of an atretic and
hypoplastic complementary arterial trunk. A common arterial
trunk (also known as persistent truncus arteriosus) has a single
arterial valve and always gives rise to at least one coronary
artery, at least one pulmonary artery, and some of the systemic
arteries (see Chapter 37). The pulmonary trunk, or its remnant,
and intrapericardial pulmonary arteries are lacking in the soli-
tary arterial trunk—also known as truncus type IV or tetralogy
with pulmonary atresia and major aortopulmonary collateral
arteries (MAPCAs) (see Chapter 44). The lungs are supplied by
collateral arteries, which usually arise from the descending
aorta.

Analysis of the Ventriculoarterial Junction

To analyze the connections at the ventriculoarterial junction,
the precise morphology of both the ventricular and arterial
segments must be known. The spatial relationships of the great
arteries and the morphology of the ventricular outlets—the
infundibular morphology—need to be described separately
because they are not determinants of the type of connections.
As with the AV junction, concordant and discordant connec-
tions are described when each great artery is connected to a
ventricle (Fig. 3.15). Thus “concordant connection” describes
connections of the aorta and pulmonary trunk to the appropri-
ate ventricles and “discordant connection” describes the reverse.
The combination of usual, or mirror image, atrial arrangement
with concordant AV connections and discordant ventriculoar-
terial connections gives “complete transposition of the great
arteries.” This description of so-called d-transposition imposes
no restrictions on aortic position or developmental implica-
tions. Similarly, the segmental combination of usual, or mirror
image, atrial arrangement with discordant AV and ventriculo-
arterial connections describes “congenitally corrected transpo-
sition” (so-called [-transposition). The use of the term
transposition in isolation is meaningless. Double-outlet ventri-
cle exists when one arterial trunk and more than half of the
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connectionk

Uniatrial biventricular connection

Figure 3.14 An example of a uniatrial biventricular connection in a heart with an absent right atrio-
ventricular connection. The left atrium opens to both ventricles.

Figure 3.15 A, Discordant ventriculoarterial connections showing an
inappropriate great artery emerging from each ventricle. B, A heart with
both aorta and pulmonary trunk arising from the right ventricle (RV)
exemplifying double-outlet connections. Ao, Aorta; LV, left ventricle; PT,
pulmonary trunk.

other arterial trunk are connected to the same ventricle, be it of
right ventricular, left ventricular, or indeterminate morphology
(see Fig. 3.15) (see Chapter 50). Defined in this way, muscular
subaortic and subpulmonary outflow tracts (bilateral infun-
dibula) are not essential for diagnosing double-outlet right ven-
tricle. In contrast, a single outlet from the ventricular mass
occurs when there is a common or solitary arterial trunk, as
defined in the previous section. A single outlet may also be
produced by aortic or pulmonary atresia when it is not possible
to determine the ventricular origin of the atretic arterial trunk.
More usually, atresia is due to an imperforate valve, in which
case the connection can be determined as concordant, discor-
dant, or double outlet.

The morphology of the arterial valves is described as ste-
notic, regurgitant, dysplastic, imperforate, common, or overrid-
ing. Overriding valves are assigned to the ventricle supporting
more than 50% of their circumference.

The spatial relationship of the aorta relative to the pulmonary
trunk is of lesser importance nowadays than in the past era when
it was used to predict the ventriculoarterial connections. Two

features can be described. One is the orientation of the arterial
valves according to anterior/posterior and right/left coordinates.
The other is the way the trunks ascend in relation to one another.
Usually there is a spiral relationship. Less frequently they ascend
in parallel fashion, alerting the investigator to possible associa-
tion with intracardiac malformations.

The final feature to note is the morphology of the ventricular
outflow tract. The usual arrangement is for the outflow tract of
the right ventricle to be a complete muscular infundibulum,
whereas there is fibrous continuity between the arterial and AV
valves in the left ventricle. Both outflow tracts can be muscular,
as occurs in some cases of double-outlet right ventricle, but this
arrangement is not pathognomonic of the lesion (see Chapter
50). Again, although infundibular morphology was used previ-
ously to infer ventriculoarterial connections, this is no longer
necessary with modern noninvasive technologies such as mag-
netic resonance imaging or echocardiography.® Furthermore,
direct visualization provides more accurate information on the
“plumbing.”

Associated Malformations

Sequential segmental analysis cannot be completed without a
thorough search for associated lesions. In the majority of cases
the chamber combinations will be regular, but it is the associ-
ated malformation (or malformations) that has the major
impact on clinical presentation. Anomalies of venous connec-
tions, atrial malformations, lesions of the AV junction, ven-
tricular septal defects, coronary anomalies, aortic arch
obstructions, and so on, must be investigated and recorded.

Location of the Heart

Abnormal position of the heart relative to the thorax is striking.
It is usually observed on initial examination but is independent
of the chamber combinations. Two features, the cardiac position
and apex orientation, need to be described separately. The heart
may be mostly in the left chest, approximately midline, or
mostly in the right chest. For each of these locations, the cardiac
apex may point to the left, to the middle, or to the right.
Nominative terms such as dextrocardia are nonspecific and may
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be confusing unless the direction in which the apex of the heart
points is specifically described.

Conclusion

The nomenclature for CHD need not be complicated (Table
3.2). The morphologic method overcomes many of the contro-
versies that confer malformed hearts with the undeserved
reputation of being anatomically complex. The majority of mal-
formed hearts will have usual chamber connections and rela-
tions and will be described segmentally as having usual atrial
arrangement, concordant AV connections, and concordant
ventriculoarterial connections. However, they will also have
intracardiac defects, such as atrial septal defects (see Chapter
25), AV septal defects (see Chapter 27), ventricular septal
defects (see Chapter 26), or tetralogy of Fallot (see Chapter 43).
Some will have associated vascular anomalies such as coarcta-
tion (see Chapter 36), vascular slings or rings (see Chapter 38),
and so on. Even in these situations, analyzing the heart seg-
mentally is an important checklist that will eliminate any over-
sight. The segmental approach is particularly helpful in
describing hearts with abnormal connections and chamber
relationships, allowing each level of the heart to be analyzed in
sequence without having to memorize complex alpha-numeric
computations. For example, a heart with a usual atrial arrange-
ment, absence of the right AV connection, and concordant
ventriculoarterial connection will mean just that. Further anal-
ysis is required to demonstrate that the left atrium is connected
to the morphologic left ventricle that gives rise to the aorta,
with the rudimentary right ventricle supporting the pulmonary
trunk. In other words, this is the more common form of so-
called tricuspid atresia but segmental analysis clarifies the
“plumbing” (see Table 3.2).

Furthermore, the adult with CHD is likely to have had
surgical interventions in childhood. Even so, segmental anal-
ysis is applicable in describing the native lesion, with addi-
tional surgical repairs or palliations noted (see Table 3.2). The
diagnostician should, therefore, be familiar with the various
types of palliative and corrective procedures. The availability
of noninvasive modalities, such as cross-sectional echocar-
diography, magnetic resonance imaging, and multislice com-
puted tomography, provides accurate diagnosis of even the
most complicated patterns of chamber combinations and
relationships. The best feature of the morphologic method
is that it owes nothing to presumptions on embryologic
maldevelopment.

TABLE
3.2

Commonly Used Term

Atrial septal defect

Ventricular septal
defect

Atrioventricular septal
defect

Coarctation

Fallot tetralogy (with
anomalous LAD and
right aortic arch)

Transposition of the
great arteries with
VSD, aortic stenosis
and coarctation

Congenitally corrected
transposition with
VSD, PS, and Ebstein
malformation

Truncus arteriosus
following homograft
repair

Pulmonary atresia with
VSD and collaterals

Tricuspid atresia with
transposition and
coarctation

Double-outlet right
ventricle

Double-inlet left
ventricle with
transposition and
coarctation

Situs inversus,
dextrocardia, double-
outlet right ventricle
with pulmonary
atresia

ASD, Atrial septal defect; AV, Atrioventricular; PS, pulmonary stenosis; RV, right ventricle;

Sequential Segmental Analysis

Usual atrial arrangement, concordant AV, and VA
connections + ASD (oval fossa defect)

Usual atrial arrangement, concordant AV, and VA
connections + perimembranous inlet VSD

Usual atrial arrangement, concordant AV, and VA
connections + atrioventricular septal defect with
common valvar orifice

Usual atrial arrangement, concordant AV, and VA
connections + coarctation

Usual atrial arrangement, concordant AV, and
VA connections+ perimembranous outlet VSD
with subpulmonary stenosis (tetralogy of Fallot),
overriding aorta, right ventricular hypertrophy,

pulmonary valvar stenosis, anomalous origin of LAD

from right coronary artery, right aortic arch
Usual atrial arrangement, concordant AV, and

discordant VA connections + perimembranous and

malalignment VSD, aortic stenosis, coarctation

Usual atrial arrangement, discordant AV, and
VA connections + perimembranous VSD,
subpulmonary stenosis, Ebstein malformation

Usual atrial arrangement, concordant AV

connections, and single-outlet VA connection with

common arterial trunk + muscular outlet VSD,

ASD (oval fossa type). Repair with RV to pulmonary

artery conduit and patch closure of VSD

Usual atrial arrangement, concordant AV
connections, and single-outlet VA connection
with pulmonary atresia + perimembranous VSD,
systemic to pulmonary collateral arteries

Usual atrial arrangement, absent right connections,
and discordant VA connections + morphologic
left atrium to morphologic left ventricle, VSD,
coarctation

Usual atrial arrangement, concordant AV
connections, and double-outlet VA connections
from the right ventricle + VSD, ASD (oval fossa
type)

Usual atrial arrangement, univentricular AV
connections to the left ventricle, and discordant
VA connection + double-inlet left ventricle,
rudimentary right ventricle in right anterior
position, VSD, coarctation

Mirror-imaged atrial arrangement, concordant
AV connections, and double-outlet VA valvar
connections from the right ventricle + muscular
inlet VSD, valvar pulmonary atresia, heart in right
chest, apex to right

VSD, ventricular septal defect.
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Adults With Congenital Heart Disease:

A Genetic Perspective

W. AARON KAY | STEPHANIE M. WARE

As a result of the genetic revolution, the impact of genetics
must be considered in the diagnosis, management, and treat-
ment of the patient populations of most specialty clinics. It is
likely that genetic information will eventually transform the
definitions and taxonomy of congenital heart disease (CHD)
used in daily practice. As we learn to apply genetics to risk
assessment and develop a better understanding of pathogenesis
of heart malformations, many of our diagnostic and therapeutic
strategies will be impacted. The goal of this chapter is to high-
light the importance of incorporating genetics into the care of
adult congenital heart disease (ACHD) patients. At the conclu-
sion of the chapter the reader should be familiar with features
that should prompt consideration of a genetic syndromic diag-
nosis and referral for additional evaluation. In addition, the
reader should be aware of the resources available to investigate
genetic diagnoses, understand a basic approach to genetic
testing, and understand the importance of recurrence risk
counseling for the ACHD patient.

Genetic Basis of Congenital Heart Disease

CHD refers to structural or functional abnormalities that are
present at birth even if discovered much later. CHD comprises
many forms of cardiovascular disease in the young, including
cardiac malformations, cardiomyopathies, vasculopathies, and
cardiac arrhythmias. It has been estimated that 4 to 10/1000 live-
born infants have a cardiac malformation, 40% of which are diag-
nosed in the first year of life.! However, bicuspid aortic valve
(BAV), the most common cardiac malformation, is usually
excluded from this estimate. BAV is associated with considerable
morbidity and mortality in affected individuals and, by itself,
occurs in 10 to 20/1000 of the population. When isolated aneu-
rysms of the atrial septum and persistent left superior vena cava,
each occurring in 5 to 10/1000 live births, are taken into account,
the incidence of cardiac malformations approaches 50/1000 live
births. The incidence of cardiomyopathy, vasculopathy, and
arrhythmias, including channelopathies, is less well characterized,
but in light of the just-mentioned considerations, an incidence of
cardiac disease of 50/1000 live births is a conservative estimate.
Heart development is under genetic control.>* The genetic
contribution to CHD is well recognized based on familial
clustering, differing recurrence rates depending on the type of
CHD, and well-recognized genetic syndromes associated with
CHD. Mendelian inheritance of CHD includes autosomal
dominant, autosomal recessive, X-linked, and mitochondrial
inheritance. In many cases, rather than being inherited in a
Mendelian fashion, CHD is inherited as a complex trait with
multifactorial causation. Epidemiologic information demon-
strates clustering of both concordant and discordant CHDs in
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families.>® The classes of CHD with the highest recurrence
risk of the same defect phenotype were heterotaxy, with a rela-
tive risk of 79.1 (95% confidence interval [CI]: 32.9 to 190),
right ventricular outflow tract defects, with a relative risk of
48.6 (CI: 27.5 to 85.6) and left ventricular outflow tract
obstructive (LVOTO) defects, with a relative risk of 12.9 (95%
CI: 7.48 to 22.2). In addition, families were found to have
clustering of distinct phenotypes of different heart defects,
with a relative risk of 3.02, suggesting that common genetic
causes may underlie a broad variety of malformations.® Epi-
demiologic studies also indicate that approximately 25% of
CHD is syndromic, whereas 75% is nonsyndromic.”® With
progressively sophisticated genetic testing available, the causes
of CHD are increasingly identified at the molecular or cyto-
genetic level. Because of this, consensus guidelines recom-
mend genetic testing in patients with particular classes of
CHD?’ (eg, testing infants with interrupted aortic arch for
22q11.2 deletion syndrome [DiGeorge or Velocardiofacial
syndrome]). However, most ACHD patients were born prior
to the ability to test for these disorders.!”

Genetics in the Adult Congenital Heart
Disease Population

The rate of genetic cardiac disease in the ACHD population
should be very similar to rates quoted for the adult population
for heritable conditions such as cardiomyopathy, connective
tissue disorders, vasculopathies, and inherited arrhythmias.
Although some children with syndromic congenital heart
defects die in infancy, one would still expect a significant preva-
lence in the ACHD population, but few dedicated studies have
been performed.'® A recent study in the ACHD population
indicates that there remain a relatively large number of patients
who have a syndromic basis of their CHD and would benefit
from diagnostic evaluation.!!

The landscape of genetic evaluation and genetic testing has
changed substantially over the past two decades. For example,
the standard of care with neonates is currently to provide genetic
testing for 22q11.2 deletion syndrome for a variety of conotrun-
cal lesions, including truncus arteriosus, tetralogy of Fallot with
absent pulmonary valve, right aortic arch, and others.” However,
this was not standard practice until recently; thus the majority
of ACHD patients have likely not been offered modern genetic
testing. In a 2005 study of 103 consecutive adult patients with
conotruncal malformations, Beauchesne et al. identified a preva-
lence of 22q11.2 deletion of 5.8%. Half of those patients report-
edly did not have physical features of 22ql1.2 deletion
syndrome.'? In addition, in a study of 156 consecutive Chinese
patients with conotruncal abnormalities but no genetic
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diagnosis, 11.5% were diagnosed by fluorescence-polymerase
chain reaction (PCR) and fluorescence in situ hybridization
(FISH) with 22q11.2 deletion syndrome. In this study only two-
thirds of those found to have 22q11.2 deletions were considered
dysmorphic by their referring cardiologist. This study concluded
that nearly 1 in 10 adults with conotruncal lesions have undiag-
nosed 22q11.2 disease, thus emphasizing the benefit of thorough
phenotypic assessment by someone knowledgeable about genetic
syndromes and cytogenetic testing in this population.'?

Assessment by the Adult Congenital Heart
Disease Clinician

It is important for the ACHD clinician to be aware of genetic
etiologies of disease for a variety of reasons. First, although
many patients are appropriately diagnosed in childhood with
genetic syndromes, it is not uncommon for less obvious cases
to be lacking an appropriate diagnosis. Identifying patients
who should undergo further assessment may require a high
level of suspicion. Second, unfortunately there are large
numbers of patients who are lost to follow-up for many years
and may reestablish care with an adult provider who does not
have access to old records. In addition, some patients may be
diagnosed with CHD for the first time in adulthood. Third,
extracardiac manifestations are common in genetic syndromes
leading to cardiovascular malformations, and knowledge of
underlying syndromes is essential for generating appropriate
referrals for care and management. Fourth, having a genetic
diagnosis can help provide the patient with appropriate social
services, as needed, and can justify additional therapy or neu-
ropsychiatric testing and evaluation. Finally, having knowl-
edge of either a discrete syndrome or a specific genetic
diagnosis can help further refine the risk of transmission of
CHD to the offspring. This recurrence risk information is of
primary importance to many ACHD patients who would like
a family.!>!

In evaluating the ACHD patient, medical history, family
history, and the clinical examination are all important facets
contributing to an assessment of the likelihood of identifying a
genetic cause for CHD. Detailed assessment of the patient’s
medical history, and in some cases the pregnancy history, can
provide a starting point for classification of genetic disease. In
some cases, clinical history will identify the presence of a char-
acteristic trait that would not otherwise be found on clinical
examination. One example is the individual who was born with
polydactyly but had early surgical removal of extra fingers or
toes. This type of information can be crucial for the classifica-
tion of patients with syndromic versus nonsyndromic pheno-
types. A developmental assessment is also part of the medical
history. Evaluation of past gross and fine motor skills, as well as
cognitive development will lead to the recognition of develop-
mental delay, which is more likely to be associated with CHD
as part of a syndrome. Because this assessment may not have
been done since childhood, it is particularly important to
explore this aspect of the past medical history with the adult
patient. In general, any patient with evidence of other birth
defects, in addition to CHD, should be referred for further
evaluation by a geneticist. Likewise, consideration of referral
should occur for patients with abnormalities of stature (tall
stature or short stature), sensory deficits without obvious expla-
nation, or intellectual disability. Table 4.1 summarizes possible
findings that should trigger suspicion of a genetic syndromic
condition and prompt further evaluation.

TABLE
4.1

Reason for Referral Examples/Features

Suspicion of a genetic syndrome  Intellectual disability

Autism

Dysmorphic features

Short stature or tall stature

Other congenital anomalies

Endocrine abnormalities

Sensory deficits such as congenital hearing
loss or significant visual impairment

Neurologic deficits or psychiatric illness

Unexplained medical conditions

Family member with concordant or
discordant congenital heart defect

Patient and parent with intellectual disability
(regardless of parental CHD status)

Family history of CHD

Family history of intellectual
disability or multiple

miscarriages
Isolated CHD highly associated ~ Interrupted aortic arch, truncus arteriosus
with specific syndromes etc.

Preconception or prenatal
genetic counseling regarding
recurrence risk

Facilitation of genetic testing;
pretest or posttest genetic
counseling

Provision of specific recurrence based on
type of heart defect (nonsyndromic CHD)
or syndrome

Provision of educational resources and
anticipatory guidance

CHD, Congenital heart disease.

Family history can distinguish genetic conditions that are
not usually inherited (eg, Down syndrome or trisomy 21) from
genetic conditions that exhibit familial clustering (eg, BAV).
The recognition of familial heart disease has been complicated
by three genetic phenomena that obscure the familial nature:
reduced penetrance, variable expressivity, and genetic hetero-
geneity. Furthermore, whereas most patients believe family
history is important, many are unfamiliar with important clini-
cal details. Too often, in the hustle and bustle of a busy clinic,
family history is asked on the initial visit, recorded, and never
revisited. This leads to a situation in which family history is an
underused tool in the recognition of genetic etiology. A precise
recording of family history may require revisiting the questions
on more than one occasion and obtaining information from
more than one family member. In addition, family history, like
other elements of the medical history, is dynamic and subject
to change with the passage of time. Based on family history and
clinical examination, the likelihood of identifying a genetic
etiology can be determined. If the condition appears to be
inherited, a three-generation pedigree is imperative to further
the differential. Some clinics are not structured to allow for
collection of this information, and referral to a genetic coun-
selor and/or geneticist is important in this instances.!>!® The
family history is often the primary tool used to counsel patients
about recurrence risk. Patterns of inheritance that may be iden-
tified include autosomal dominant, autosomal recessive,
X-linked, and mitochondrial. However, physicians should use
caution not to rely entirely on family history because some
genetic conditions occur de novo rather than being inherited.
However, these conditions can then be passed on to the patient’s
offspring.

A genetic condition may be identified by recognizing signa-
ture cardiac and/or noncardiac findings during the clinical
examination. For example, tetralogy of Fallot is a signature
cardiac malformation for 22q11.2 deletion syndrome, but a
physician evaluating a patient with right ventricular outflow
tract malformation may overlook characteristic dysmorphic
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TABLE
4.2

Condition

General Principles

Cardiomyopathy (hypertrophic, dilated,
others)

Heritable arrhythmias (prolonged QT
syndrome, catecholaminergic polymorphic
ventricular tachycardia)

Marfan syndrome, Loeys-Dietz syndromes
and related syndromic aortopathies

22q11.2 deletion syndrome (DiGeorge,
velocardiofacial syndrome)

Williams-Beuren syndrome

7q11.23 duplication syndrome
Jacobsen syndrome

1p36 deletion syndrome

Cause

Single gene mutations, often in
components of sarcomere or
cytoskeleton

Single gene mutations in ion channels
or receptors

>8 genes known to be causative

Deletion chromosome 22q11.2

Deletion chromosome 7q11.23

Duplication chromosome 7q11.23
Deletion chromosome 11q23

Deletion chromosome 1p36

Diagnosis

NGS panel testing (preferred);
whole exome sequencing

NGS panel testing (preferred);
whole exome sequencing

NGS panel testing

FISH or MLPA for 22q11.2;
chromosome microarray

FISH for Williams or chromosome
microarray

Chromosome microarray

Chromosome analysis or
chromosome microarray

Chromosome microarray;

Common Cardiac Features

See diagnostic imaging criteria

See diagnostic electrophysiologic studies

Aortic dilation, mitral valve prolapse, BAV

Conotruncal defects: IAA type B, TrA,
TOE, VSD (75%-80%)

AS (especially SVAS), PPS, valve defects
(80%-100%)

Aortic dilation; ASD, PDA, VSD

Left-sided obstructive CHD

ASD, VSD, PDA, TOF, CoA, PS, Ebstein

Turner syndrome 45,X karyotype, mosaicism, or other

X chromosome abnormality

Noonan, Costello, Cardiofaciocutaneous >13 genes known to be causative

and other RASopathies

Alagille syndrome Mutation in JAGI gene; rare
mutations in NOTCH2

Holt-Oram syndrome Mutation in TBX5 gene

Char syndrome Mutation in TFAP2B

Percentages indicate the penetrance of cardiac defects in the specific syndrome (if known).

chromosome analysis in some
cases

anomaly (43%-71%); cardiomyopathy
(27%)
Left-sided defects: Aortic dilatation, AS,
BAV, CoA, HLHS, PAPVR (15%-50%)
ASD, HCM, PDA, PS, VSD (80%-90%)

Chromosome analysis or
chromosome microarray

Single gene testing (PTPN11 gene
mutations in 50%); NGS panel
testing available

Single gene testing (JAGI mutations
in 70%-95%; NOTCH2 mutations
in <1%); NGS panel testing

Single gene testing; NGS panel
testing

Single gene testing; NGS panel
testing

AS, ASD, PPS, PS TOE, VSD (85%-95%)

ASD, conduction defects VSD (75%-85%)

PDA (100%)

Abbreviations: AS, Aortic stenosis; ASD, atrial septal defect; BAV, bicuspid aortic valve disease; CoA, coarctation of the aorta; FISH, fluorescence in situ hybridization; HCM, hypertrophic
cardiomyopathy; HLHS, hypoplastic left heart syndrome; IAA, interrupted aortic arch; MLPA, multiplex ligation-dependent probe amplification; NGS, next-generation sequencing;
PAPVR, partial anomalous pulmonary venous return; PDA, patent ductus arteriosus; PPS, peripheral pulmonary stenosis; PS, pulmonary stenosis; SVAS, supravalvular aortic stenosis; TrA,

truncus arteriosus; TOF, tetralogy of Fallot; VSD, ventricular septal defect.

facial features. Table 4.2 outlines common genetic syndromes
identified in the ACHD population. Even with what appears to
be isolated CHD, typical features of the cardiac phenotype may
suggest a genetic etiology with known inheritance. For example,
electrocardiographic findings of prolonged QT interval or
echocardiographic findings of unexplained cardiac hypertro-
phy would be recognized by most cardiologists as conditions
with a strong likelihood of genetic etiology and family
clustering.

ACCESS TO GENETICS EXPERTISE IN ADULT
CONGENITAL HEART DISEASE CLINICS

Ideally the ACHD physician will work in a comprehensive
center with ready access to a specialist in cardiovascular genet-
ics. Although no formal studies have been performed, an
informal nonscientific survey of attendees to the 21st Interna-
tional Symposium on Congenital Heart Disease in the Adult
showed that 24% of ACHD clinics use genetics professionals
as part of a multidisciplinary clinic, but only 18% have a pro-
tocol to generate regular referrals due to triggers such as syn-
dromic features or specific phenotypes of cardiac
malformations.'® Several models of care are possible. In some
clinics, ACHD physicians have genetic counselors present
within the clinic or available for a subset of clinics to counsel
about recurrence risk or facilitate necessary genetic testing.
Genetic counselors can also triage patients who would warrant
further evaluation by a geneticist. In other clinics, patients are
referred directly to the genetics service. For some specific

diseases, such as connective tissue disorders, geneticists and
cardiologists may work together in multidisciplinary clinics.
With the increasing complexity of genetic testing, access to
genetic counselors through commercial genetic testing labora-
tories is a new option for specific queries about genetic testing.
Given the large number of ACHD patients across the globe,
the reality is that many ACHD specialists will be in smaller
programs without a comprehensive genetics services, given
that there are a relatively small number of geneticists and
genetic counselors compared with most other specialties. Thus
it is important that the ACHD physician has an understanding
of the benefits and limitations of available genetic testing
methods and knows how to access resources for more compre-
hensive evaluations as needed.

Genetic Testing

If at completion of the personal medical history, family history,
and clinical examination a genetic etiology of heart disease is
suggested then genetic testing may be considered. A stepwise
process for genetic testing identification, counseling, and expla-
nation of results, as well as a discussion of the implications
follows.

TYPES OF TESTING

Within the past decade, emergence and refinement of novel
genetic testing has provided enormously effective tools for diag-
nosis and identification of CHD-causing genes. Clinically
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TABLE
4.3

Test Type Target Resolution  Detects
Karyotyping ~ Cytogenetic ~Genome >10 Mb Aneuploidies,
chromosomal
abnormalities
FISH Cytogenetic Chromosomal >20 kb Aneuploidies,
region chromosomal
abnormalities
CMA (aCGH, Molecular ~ Genome 5 kbp SNPs, CNVs
SNP arrays) and other
submicroscopic
rearrangements
Sanger Molecular ~ Gene specific  Single base  SNPs, indels
sequencing
WGS/WES Molecular Genome/ Single base  SNPs, indels,

exome CNVs?

aDetection of indels and CNVs can be difficult using current technology. Bioinformatics
capabilities are emerging.

aCGH, Array comparative genomic hybridization; CMA, chromosome microarray
analysis; CN'Vs, copy number variants; FISH, fluorescence in situ hybridization; SNPs,
single nucleotide polymorphisms; WES, whole exome sequencing; WGS, whole genome
sequencing.

avaijlable genetic tests are expanding rapidly, and new tests are
offered multiple times each year as new genes with clinical
testing utility are identified. Therefore rather than discussing
specific tests, this section will focus on categories of genetic
testing (Table 4.3).

Chromosome testing using standard metaphase karyotype
is the traditional method for analyzing chromosome number
and structure. In cases of CHD it is best used if one suspects
aneuploidy (abnormalities of chromosome number, such as
trisomy 13, 18 or 21, or monosomy, such as 45,X [Turner
syndrome]). Karyotype can also detect gross chromosomal
structural rearrangements, such as translocations and large
deletions (>10 Mb), duplications, and inversions. It can detect
carriers of balanced translocations that may cause recurrent
miscarriage. Karyotyping is performed using peripheral
blood lymphocytes, cord blood, skin fibroblasts, or bone
marrow. In case of prenatal chromosomal diagnosis, cells
from amniotic fluid or chorionic villus sampling are used.
Methods for noninvasively testing fetal DNA are beginning
to emerge.

Although karyotyping remains the gold standard for diag-
nosis of aneuploidies and other large chromosomal abnormali-
ties, cytogenetic methods, such as FISH and chromosome
microarray analysis (CMA), have proven invaluable in identify-
ing microdeletion and duplication syndromes resulting from
abnormalities too small to be detected by conventional chromo-
somal analyses (see Table 4.3). FISH is a molecular cytogenetic
technique that is used to localize specific DNA sequences within
interphase chromatin and metaphase chromosomes. This tech-
nique uses fluorescent probes that bind to specific sequences on
a particular chromosome and is useful for identification of
deleted regions that are too small to detect by karyotype. FISH
is also useful for the rapid identification of a specific chromo-
some (eg, in the confirmation of a specific trisomy). One of the
disadvantages of FISH is that the probes are locus specific.
Therefore one must have a specific condition in mind when
ordering testing. For example, FISH for 7q11.23 deletion will
detect Williams-Beuren syndrome but will not test for any other
genetic disorders. For this reason, except in cases of very high
suspicion of a specific condition, CMA is typically the first test
of choice.

CMA offers the additional opportunity to delineate chromo-
some abnormalities with high accuracy. A copy number variant
(CNV) occurs when a deletion or a duplication results in a
respective increase or decrease in that specific segment of DNA.
CNVs typically involve DNA segments that are smaller than
those recognized microscopically (<3 Mb) and larger than
those recognized by direct sequencing (>1 kb). This includes
so-called large-scale variants (>50 kb) that can be detected
using CMA. Studies have found cryptic chromosomal abnor-
malities in patients with CHD and additional birth defects,
which could not be identified using standard cytogenetic tech-
nique.!”!8 Several studies on CNVs have resulted in the publi-
cation of maps of normal variation in the human genome, as
well as of disease-specific CNVs. These may be found in online
catalogs, such as the DECIPHER database (https://decipher.sa
nger.ac.uk/) and the Database of Genomic Variants (http://pro
jects.tcag.ca/variation/). These developments are significant: an
ever-growing body of studies indicate that pathogenic CNV's
are a major cause of CHDs, occurring in 3% to 25% of patients
with extracardiac abnormalities and in 3% to 10% of patients
with isolated heart defects (reviewed by Lander and Ware!®). In
practice the relatively limited resolutions of karyotyping and
FISH have rendered them insufficient to detect a genetic cause
in the majority of patients with CHDs of uncertain etiology'’
and in nearly half of all patients with syndromic CHD. There-
fore use of CMA as a higher fidelity option for first-line CHD
genetic testing has been recommended as standard of care,
particularly when extracardiac features are present and a sus-
pected diagnosis is lacking.!”?° This opinion has been strongly
supported by additional clinical and research studies assessing
diagnostic yields in selected cohorts.!” Physicians encountering
patients with potentially syndromic phenotypes but normal
CMA results would be prudent to rule out the possibility of a
previously missed monogenic cause. Supporting this recom-
mendation, Breckpot et al.'® identified 7% of patients in their
cohort with normal CMA results who were later found to have
a single-gene disorder by DNA mutation analysis on
follow-up.

DNA mutation analysis is a technique used to identify small
nucleotide changes that cause disease. Mutation analysis identi-
fies changes in the coding sequence of the gene, including small
deletions, insertions, or substitutions of nucleotides that alter
the encoded amino acid and consequently protein structure.
The advent of massively parallel next-generation sequencing
(NGS) technologies, methodologically distinct services that
share similar foundations in repeated sequencing of DNA frag-
ments (reviewed in Dorn et al.!, with a focus on CHD), has
dramatically altered the landscape of genetic testing. The devel-
opment of this technology has allowed sequencing of many
more nucleotides of DNA more efficiently, with less labor, and
at significantly reduced cost. This scalability of this technology
has led to the development of large DNA sequencing panels,
whole exome (protein encoding regions) sequencing (WES),
and whole genome sequencing. Discussion of the benefits and
limitations of panel NGS versus a broader WES approach have
been described. Similar to CMA, NGS approaches provide
greater diagnostic utility for suspected genetic disease of uncer-
tain etiology and for genetically heterogeneous conditions
stemming from mutations in larger numbers of causative loci.
The flexibility of NGS has led to its widespread adoption in
both clinical and research settings.’>>* Decisions regarding
panel NGS versus WES are patient and disease specific. WES
has been demonstrated to be both robust and cost effective and



28 PART | General Principles

is a good testing option for patients with complex phenotypes
for whom traditional single and multigene panels were unre-
vealing, prohibitively expensive, or otherwise unavailable. WES
has already been used successfully to identify genetic defects
associated with a diverse spectrum of CHDs.?> However, inter-
pretation of detected variants remains a major challenge as
WES identifies, on average, 12,000 unique coding variants per
exome sequenced and potentially pathogenic variants are
observed even in apparently healthy individuals.?®?” It is
expected that reporting laboratories will perform a thorough
literature review for all variants of potential clinical relevance
and properly classify each as having known or uncertain sig-
nificance. Although WES is clearly beneficial in multiple set-
tings, its use as a first-tier test needs to be weighed carefully.
Interpretation and reporting of clinically relevant mutations,
return of incidental findings, availability of insurance coverage,
and cost effectiveness relative to existing multigene panels are
all considerations.?*?® Thus it is important that care providers
familiar both with the strengths and limitations of WES and its
applicability to the patient’s phenotype(s) be involved in facili-
tating testing.

Mutation analysis is performed using DNA obtained from
peripheral blood lymphocytes, but other tissues, such as skin,
liver, muscle, buccal cells, or saliva, may also be used, depend-
ing on the availability. After a sequence variation is identified,
it is important to determine whether this variation is disease
related. Basic criteria used to establish the disease-causing
potential of a nucleotide change are that it (1) is predicted to
alter the gene coding sense, a gene splice site, or regulatory
region of the encoded protein; (2) segregates with disease in a
kindred; (3) is not found in unrelated, unaffected controls; and
(4) occurs in an evolutionarily conserved nucleotide. Although
each of these criteria should be met by any disease-causing
mutation, supporting evidence will come from the demonstra-
tion that affected individuals from unrelated families have
mutations in the same gene. Recent American College of
Medical Genetics and Genomics (ACMG) guidelines standard-
ize the approach to variant interpretation, although laboratory
to laboratory differences still occur.?® Mutations that cause
disease have been identified in a variety of genes known to be
important for cardiac development.?*3° The extent and hetero-
geneity of the genes and the mutations identified thus far
suggest that they are associated with a variety of pathogenic
mechanisms, including loss of expression, inactivation, or loss/
gain of function of the mutated products. These genetic find-
ings have provided tools for studies in model systems, which
have been informative for cardiac development and the patho-
genesis studies of CHD.

Table 4.4 summarizes the underlying etiologies of CHDs in
isolated cases. Studies indicate that as much as 10% of isolated
CHD may be explained by new mutations that occur for the
first time in the affected individual.** These data require further
validation and are not reflected in Table 4.4 but may represent
a significant contribution to CHD. Additional studies are also
needed to determine whether somatic mutations, occurring
only in the heart and not in the germline, contribute to the
development of CHD.

WHEN TO OFFER TESTING

As discussed previously, any patient with multiple congenital
anomalies or CHD and intellectual disability should have a
comprehensive examination by a geneticist. An American

TABLE
4.4

% Congenital Heart

Genetic Cause Disease Attributed References

Single gene 3-5 van der Bom et al.’!

Chromosomal/ 8-10 van der Bom et al.>! and
aneuploidy Roos-Hesselink et al.*

Copy number 3-25 (syndromic), 3-10 Lander and Ware!®
variation (isolated)

Environmental 2 Kuciene and Dulskiene®

Multifactorial Unknown, estimated 80-85 Roos-Hesselink et al.*?

Modified from Cowan JR, Ware SM. Genetics and genetic testing in congenital heart
disease. Clin Perinatol. 2015;42:373-393.

College of Medical Genetics and Genomics position statement
recommends chromosome microarray as standard of care
genetic analysis for patients with intellectual disability, develop-
mental delay, autism spectrum disorders, and multiple congeni-
tal malformations.!” Official guidelines for molecular or
cytogenetic testing in the ACHD population have not been
established but likely will be forthcoming. A guideline for cyto-
genetic testing in neonates has been proposed.”’ The 2007
American Heart Association (AHA) consensus statement rec-
ommends offering FISH testing for 22q11.2 deletion for neo-
nates with several conotruncal anomalies.” Although studies are
limited, the yield of testing ACHD patients with conotruncal
anomalies for 22q11.2 deletion syndrome indicates more wide-
spread testing should be considered. Strong consideration of
panel NGS testing should occur when familial CHD is identi-
fied, particularly if multiple affected family members are avail-
able for evaluation and testing.

PREPARING THE PATIENT FOR GENETIC TESTING

Patients who decide to undergo genetic testing should be pre-
counseled for the possible test results. In general, there are three
possibilities for the results of a clinical genetic test: positive,
negative, and uncertain. A positive test makes a genetic diagno-
sis in the family and may confirm a clinical opinion in the case
of genetic syndromes. A negative test does not imply that the
cause of CHD is not genetic, merely that a clear genetic etiology
was not identified within the limits of the specific test chosen.
That patient and his or her family members are still at risk and
should be managed according to their personal or family
history. An uncertain result implies that a genetic change was
identified that is not commonly seen in the population, but
insufficient evidence exists at the current time to assign causal-
ity. These uncertain results should not influence clinical care. It
is particularly important that uncertain results be revisited over
time because results in this category are reinterpreted as more
genetic testing is performed.

IMPLICATIONS OF GENETIC TEST RESULTS

After a genetic test result is obtained, it can be used to make
decisions about management, screening, and prophylaxis.
Patients with isolated CHD are at risk for secondary phenotypes
that can be caused by their gene mutation. For example, patients
with an NKX2.5 mutation may have undergone successful
surgery for a congenital heart defect, but they will continue to
be at risk for atrioventricular block. They should receive regular
electrocardiographic screenings to monitor that risk and
encourage early treatment of any abnormal findings. Early
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detection of genetic status can improve screening and manage-
ment; and as we come to understand the underlying pathogen-
esis, detection will be important for prophylactic treatment,
such as the use of an implantable cardiac defibrillator in patients
with channelopathies.

IMPLICATIONS FOR FAMILY MEMBERS

Genetic information has health management and psychosocial
implications for extended family members too. Individuals who
have not previously had any symptoms or risks for CHD may
become candidates for intensified screening, owing to the
genetic diagnosis of a family member. Family members with a
negative clinical history of CHD may think they are not at risk
for hereditary heart conditions. After a genetic cause has been
identified, it can be advantageous to rule out individuals who
are not at risk for a condition. This can prevent unnecessary,
expensive, and sometimes inconvenient screening practices.
Information that has implications for family members must be
managed cautiously because some family members may not be
interested in sharing genetic information, getting genetic
testing, or carrying out prophylactic measures that are available
to them.

Recurrence Risk of Congenital Heart
Disease

Recurrence risk is a statistic that estimates the probability that
a condition present in one or more family members will recur
in another relative in the same or future generations. Improved
survival of CHD in recent decades has led to more CHD patients
living to reproductive age and to renewed interest in recurrence
risks. Ideally recurrence risk is based on knowledge of the
genetic nature of the CHD of interest and the family pedigree.
When the disorder is known to have single gene inheritance,
the recurrence risk can be determined from known patterns of
inheritance. For example, Marfan syndrome, Noonan syn-
drome, and Holt-Oram syndrome are examples of autosomal
dominant conditions, each of which has a 50% risk of recur-
rence in offspring. For some disease processes, counseling may
become complicated when reduced penetrance or variable
expressivity are present. Knowledge that an individual has
inherited the genetic mutation that causes disease in the family
does not necessarily allow prediction of the age of onset of
features or the severity, and this may differ by disease process
and by mutation.

For most forms of CHD, the underlying patterns of inheri-
tance are unknown; in this situation, recurrence risk is based
on previous experience. These empiric recurrence risks can be
extended to include distant relatives, but adults with CHD are
likely to be primarily concerned with risks to their siblings and
their children. The transmission risk from parent to offspring is
often estimated at 3% to 5% if a known gene mutation or genetic
syndrome is not identified. This risk is increased if there has
already been an initial offspring with CHD. However, it is
becoming increasingly clear that specific subtypes of CHD
confer higher risk, as does gender of the patient, and therefore
empiric recurrence risk information should be personalized.
For example, LVOTO defects, including BAV, coarctation of the
aorta (CoA), aortic valve stenosis (AVS), and hypoplastic left
heart syndrome (HLHS) have been shown to be highly herita-
ble, and multiple gene loci have been mapped.>>-38 The recur-
rence risk of these lesions has been shown to range from 5%

TABLE
4.5
Father Mother 1 Sibling 2 Siblings
Defect Affected Affected Affected Affected
ASD 1.5-3.5 4-6 2.5-3 8
AVSD 1-4.5 11.5-14 3-4 10
VSD 2-35 6-10 3 10
AS 3-4 8-18 2 6
PS 2-3.5 4-6.5 2 6
TOF 1.5 2-2.5 2.5-3 8
CoA 2-3 4-6.5 2 6
PDA 2-2.5 3.5-4 3 10
HLHS 20 2 6
TGA 27 1.5 5
L-TGA 3.532 5-6 NR

Merged cells indicate recurrence when one parent is affected, irrespective of gender, and are
used in the absence of gender-stratified risks.

ASD, Atrial septal defect; AS, aortic stenosis; AVSD, atrioventricular septal defect; CoA,
coarctation of the aorta; HLHS, hypoplastic left heart syndrome; L-TGA, congenitally
corrected transposition of the great arteries; NR, not reported/insufficient data; PDA,
patent ductus arteriosus; PS, pulmonary stenosis; TGA, transposition of the great arteries;
TOE tetralogy of Fallot; VSD, ventricular septal defect.

Data from Nora JJ. From generational studies to a multilevel genetic-environmental
interaction. ] Am Coll Cardiol. 1994;23:1468-1471; Nora JJ, Nora AH. Update on
counseling the family with a first-degree relative with a congenital heart defect. Am ] Med
Genet. 1988;29:137-142; Calcagni G, Digilio MC, Sarkozy A, Dallapiccola B, Marino B.
Familial recurrence of congenital heart disease: an overview and review of the literature.
Eur J Pediatr. 2007;166:111-116, except where otherwise noted.

risk of BAV in first-degree family members of individuals for
AVS, CoA, or HLHS up to 22% recurrence risk of CHD in
siblings of patients with HLHS. It is important to realize that a
defect that is seemingly minor, such as BAV with only mild
aortic stenosis, can have a genetic cause with variable pene-
trance, and in some cases the offspring may be severely affected
with more severe LVOT obstruction or even HLHS. Because of
the high heritability of these defects, diagnosis of an LVOTO
defect should prompt cardiac screening in first-degree relatives.
The risk for transmission appears to be higher when the affected
parent is the mother compared with when the father has CHD.
The genetic basis of this predilection is unknown, and the phe-
nomenon has not been confirmed based on genetic diagnosis.
As more information is published on this topic, clinicians will
be able to provide more accurate information to adults with
CHD who are concerned about the risks for their family
members. Table 4.5 provides empiric recurrence risks for several
CHD types.

ACHD patients are interested in understanding their diag-
nosis, family risk, and recurrence risk. In one study, more than
50% of ACHD patients did not estimate recurrence risk well,
and 41% desired additional information regarding the heritabil-
ity of CHD.!! The majority of patients seen by a geneticist
expressed understanding of their inheritance risk, whereas only
29% expressed understanding when receiving inheritance risk
information from a cardiologist or a nurse. The accuracy of
genetic counseling depends heavily on the accuracy of the
patients genetic diagnosis. Although the underlying genetic
cause(s) are frequently not identified in cases of isolated non-
syndromic CHD, newer technology, such as NGS, is rapidly
identifying new genes associated with CHD. Future challenges
will be to identify susceptibility factors and to determine the
cumulative effect of multiple risk factors combining to create
multifactorial inheritance.?

The current standard of care is to offer a fetal echocardio-
gram at approximately 20 weeks of gestation to an expectant
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mother if either she or the father of the fetus is known to have
CHD, to identify early in the gestation the presence of critical
CHD that may require neonatal surgery. Imaging studies
(ultrasonography, magnetic resonance imaging, fetal echocar-
diography), chorionic villus sampling, and amniocentesis are
increasingly used for the evaluation of the fetus suspected of
having CHD. For example, early, high-resolution ultrasound
measurements of nuchal translucency have been used to
predict CHD in high-risk families.* Chorionic villus sam-

in the fetus. Genetic tests can also be used for preimplantation
genetic diagnosis in future pregnancies. This procedure
involves external fertilization of embryos, as used for in vitro
fertilization, but adds a genetic screening step prior to rein-
troduction of the nonaffected embryos to the uterus. Although
preimplantation genetic diagnosis is infrequently used for
non-life-threatening conditions or adult-onset disease, its use
may be increased as the technology is improved and the cost
decreases. Preimplantation genetic diagnosis has already been

pling and amniocentesis are invasive tests that involve the = used to test for Holt-Oram syndrome and Marfan
removal of placental tissue or amniotic fluid for genetic testing ~ syndrome.*!
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Clinical Assessment

JUDITH THERRIEN | ARIANE MARELLI | JOSEPH K. PERLOFF*

Congenital malformations of the heart, by definition, originate
in the embryo, then evolve during gestation, and change con-
siderably during the course of extrauterine life.! Before World
War 11, these malformations were regarded as hopeless futilities.
Abbott was advised by William Osler to devote herself to the
anatomic specimens in the collection at McGill University, and
Helen Taussig was advised to occupy herself with the hopeless
futilities in the Harriet Lane Children’s Clinic at Johns Hopkins
University. Congenital heart disease (CHD) in adults was then
an oxymoron.

With the advent of relatively recent refined surgical, anesthe-
sic, and interventional techniques, these infants and children
are now surviving into adulthood,” and CHD in adults has
become a reality.

Clinical recognition of congenital malformations of the
heart has long depended on information from four primary
sources—the history, the physical examination, the electrocar-
diogram (ECG), and the chest radiograph.’ Routine diagnos-
tic tools now include transthoracic echocardiography (see
Chapter 6).13

The medical history is an interview—a clinical skill not easily
mastered. Questions must be pertinent and one must learn to
listen.

The physical examination includes the general physical
appearance, the arterial pulse, the jugular venous pulse, inspec-
tion of the chest, precordial percussion and palpation, and
auscultation.*

The ECG (Willem Einthoven, 1903) and chest radiograph
(Wilhelm Conrad Roentgen, 1895) continue to provide key
diagnostic insights in 2016, even in complex CHD.!

Echocardiography—two-dimensional (2D) echocardiogra-
phy with color flow imaging and Doppler interrogation—has
taken its place routinely as a part of the clinical assessment
alongside the time-honored ECG and chest radiograph, and is
reviewed in detail in Chapter 5.1

Maximum information should be extracted from each of
these sources while relating information from one source to that
of another, weaving the information into an integrated whole.
Each step should advance our thinking and narrow the diag-
nostic possibilities. By the end of the clinical assessment, unten-
able considerations should have been discarded, the possibilities
retained for further consideration, and the probabilities brought
into sharp focus.

Diagnostic thinking benefits from anticipation and supposi-
tion.! After drawing conclusions from the history, for example,
it is useful to pause and ask, “If these assumptions are correct,
what might I anticipate from the physical examination, ECG,

TDeceased.

the radiograph, or the echocardiogram to support or refute my
initial conclusions?” Anticipation heightens interest and fosters
synthesis of each step with the next.

Medical History

In adults with CHD, the history begins with the family
history. Has CHD occurred among first-degree relatives? Was
there maternal exposure to teratogens or environmental
toxins during gestation? Was birth premature or dysmature?
How soon after birth was CHD suspected or identified? Did
the child squat or have cyanotic spells? The maternal parent
is likely to be the best source of this important, if not crucial,
information. The mother will surely recall whether her
neonate remained in the hospital after she was discharged
and is likely to remember whether the initial suspicion of
CHD was a murmur or cyanosis. In mentally impaired
patients, the history is necessarily secured through a parent
or guardian.

The ABCs of the medical history in adults with CHD reside
in determining (1) the anatomy, that is, the cardiac anomaly the
patient had at birth; (2) the beneficial intervention, that is, what
intervention (if any) the patient underwent and at what time
(age and calendar time); and (3) the common cardiac sequela
after intervention.

ANATOMIC DIAGNOSIS

Identifying the anatomic diagnosis at birth through the inter-
view with the patient/parent or through chart review is of
fundamental importance. This immediately sets the stage for
which surgery or intervention the patient likely underwent
and for possible cardiac residual sequelae the patient may
have.

SURGICAL/INTERVENTIONAL TREATMENT

Determining which surgical or interventional treatment(s) the
patient has undergone, at what age, and what calendar year
the intervention occurred will help sharpen your focus for the
rest of the history taking while you look for specific symptoms.
For example, a patient with D transposition of the great arter-
ies (DTGA) who underwent a surgical procedure in the 1980s
likely had a Mustard procedure (atrial switch) and may com-
plain of dyspnea on exertion because of systemic right ven-
tricular failure. On the other hand, a patient with DTGA who
underwent a procedure after 1990 likely had an arterial switch
and will be asymptomatic or rarely have chest pain from coro-
nary artery stenosis from relocation. Similarly, a patient who
underwent coarctation repair in infancy may have evidence of

31



32 PART | General Principles

iy S s

Figure 5.1 A, Characteristic Brushfield spots consisting of depigmented foci along the circumference
of the iris (arrows) in a child with Down syndrome. The sparse eyelashes are also characteristic. B,
Typical inner epicanthal folds (arrows) and depressed nasal bridge in a child with Down syndrome.

recoarctation of the aorta on physical examination with sys-
temic hypertension, whereas a patient who underwent repair
in late childhood may have residual systemic hypertension
from abnormal noncompliant arterial vessels.

COMMON SEQUELA POST INTERVENTION

Knowing the common sequela after cardiac surgery or cath-
eter intervention for each specific cardiac diagnosis will help
you focus your history taking and anticipate your findings on
physical examination. For example, a patient with tetralogy
of Fallot (TOF) who underwent primary repair in the 1990s
likely had a transannular patch repair and now has significant
right ventricular dilation from free pulmonary regurgitation.
The history will then focus on the presence or absence of
palpitation and/or syncope from ventricular tachycardia and
symptoms of right-sided heart failure. Similarly, in a patient
who underwent a Fontan procedure, history taking will focus
on the presence or absence of palpitations since 30% or more
of Fontan patients develop arrhythmias in adulthood.

SYMPTOMATOLOGY

Exercise capacity or dyspnea (New York Heart Association
[NYHA] class) in acyanotic patients can be judged by com-
paring their ability to walk on level ground with their ability
to walk up an incline or stairs. In judging the presence and
degree of symptoms, it is good to remember that patients who
describe themselves as asymptomatic before surgery often
realize that they are symptomatically improved after surgery.

The presence or absence of chest pain and the characteristics
of it (at rest vs. on exertion, pleuritic vs. angina, etc.) must be
documented.

A history of palpitations can often be clarified by asking
the patient to describe the onset and termination of the rapid
heart action, the rapidity of the heart rate, and the regularity
or irregularity of the rhythm. Physicians can simulate the
arrhythmic pattern—rate and regularity or irregularity—by
tapping their own chest to assist the patient in identifying the
rhythm disturbance. Palpitations accompanied by dizziness
or syncope are an ominous sign and need further workup.

A cyanotic congenital cardiac malformation or a postopera-
tive heart with valvular prosthesis or residual shunt peripatch

can be a substrate for infective endocarditis. Questions should
focus on routine day-to-day oral hygiene of teeth and gums and
on antibiotic prophylaxis before dental work.®

Physical Examination

Physical examination of the heart and circulation includes the
general physical appearance, the arterial pulse, the jugular
venous pulse, the chest inspection, precordial percussion and
palpation, and auscultation.*

PHYSICAL APPEARANCE

Certain physical appearances predict specific types of CHD.
Down syndrome (Fig. 5.1) is associated with an atrioventricular
(AV) septal defect. Coexisting cyanosis predicts a nonrestric-
tive inlet ventricular septal defect with pulmonary vascular
disease, to which Down syndrome patients are especially and
prematurely prone.! Williams syndrome is associated with
supravalvular aortic stenosis and an increase in the right bra-
chial arterial pulse. The probability of coexisting peripheral
pulmonary arterial stenosis demands auscultation at nonprec-
ordial thoracic sites. Differential cyanosis connotes flow of
unoxygenated blood from the pulmonary trunk into the aorta
distal to the left subclavian artery, a distinctive feature of a
nonrestrictive patent ductus arteriosus with pulmonary vascu-
lar disease and reversed shunt. A patient with a webbed neck
and short stature will likely have Turner syndrome and may
carry a bicuspid aortic valve, a dilated aorta, and/or a coarcta-
tion of the aorta.

ARTERIAL PULSE

With careful practice, the trained finger can become a most
sensitive instrument in the examination of the pulse.”
James Mackenzie, 1902

The ancient art of feeling the pulse remains useful in con-
temporary clinical medicine.* The arterial pulse provides infor-
mation on blood pressure, waveform, diminution, absence,
augmentation, structural properties, cardiac rate and rhythm,
differential pulsations (right-left, upper-lower extremity), arte-
rial thrills, and murmurs.*
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Cyanotic

Scar Location Palliative Procedure

Right lateral (or Right Blalock-Taussig shunt

heart disease thoracotomy) (right subclavian artery to right
Left lateral (or pulmonary artery shunt) for PA-
thoracotomy) VSD, TOE univentricle

Midline sternotomy  Left Blalock-Taussig shunt

(left subclavian artery to left
pulmonary artery shunt) for PA-
VSD, TOE, univentricle

Waterston shunt (ascending aorta to
right pulmonary artery shunt)

Potts anastomosis

(descending aorta to left pulmonary
artery shunt) for PA-VSD, TOE,

univentricle
Acyanotic — Repair
heart disease  Left lateral (or For coarctation
thoracotomy)

<1980: for ASD, VSD, LVOTO,
RVOTO, Ebstein, Mustard/Senning

>1980: for Fontan, TOF

>1990: for arterial switch

Midline sternotomy

ASD, Atrial septal defect; LPA, left pulmonary artery; LVOTO, left ventricular outflow
tract obstruction; PA-VSD, pulmonary atresia with ventricular septal defect; PS,
pulmonic stenosis; RPA, right pulmonary artery; RVOTO, right ventricular outflow tract
obstruction, TOE tetralogy of Fallot; VSD, ventricular septal defect.

In Williams syndrome, a disproportionate increase in the
right brachial arterial pulse is attributed to the exaggerated
Coanda effect associated with supravalvular aortic stenosis.

When coarctation of the aorta obstructs the orifice of the left
subclavian artery, the left brachial pulse is diminished or absent,
whereas the right brachial artery is hypertensive. An absent
right or left radial pulse may corroborate the history of a right
or left classic Blalock-Taussig shunt (Table 5.1).

VEINS: JUGULAR AND PERIPHERAL

In 1902 James Mackenzie established the jugular venous pulse
as an integral part of the cardiovascular physical examination,’
and in the 1950s Paul Wood furthered that interest.® The jugular
pulse provides information on conduction defects and arrhyth-
mias, waveforms and pressure, and anatomic and physiologic
properties.? First-degree heart block is identified by an increase
in the interval between an a wave and the carotid pulse, which
is the mechanical counterpart of the PR interval, as often seen
in congenitally corrected transposition of the great arteries;
second-degree heart block, which is almost always 2:1 with this
malformation, is identified by two a waves for each carotid
pulse. In congenital complete heart block, a normal atrial rate
is dissociated from a slower ventricular rate that arises from an
idioventricular focus. Independent a waves are intermittently
punctuated by cannon waves (augmented a waves), which are
generated when right atrial contraction fortuitously finds the
tricuspid valve closed during right ventricular systole.

In the normal right atrial and jugular venous pulse, the a
wave is slightly dominant, whereas in the normal left atrial pulse
the a and v crests are equal. A nonrestrictive atrial septal defect
permits transmission of the left atrial waveform into the right
atrium and into the internal jugular vein, so the crests of the
jugular venous a and v waves are equal.

In TOF and in Eisenmenger ventricular septal defect, the right
atrial pulse and jugular venous pulse may be abnormally elevated
as a result of a restrictive right ventricle (in the case of TOF) or
failing right ventricle (in the case of Eisenmenger syndrome).

In Ebstein anomaly, the waveform and height of the jugular
pulse are normal despite severe tricuspid regurgitation because
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of the damping effect of the large right atrium. In severe iso-
lated pulmonary stenosis, jugular a waves are large if not giant
because of the increased force of right atrial contraction needed
to achieve presystolic distention sufficient to generate supra-
systemic systolic pressure in the afterloaded right ventricle
(Starling law). Large a waves in tricuspid atresia coincide with
restrictive interatrial communication; if the atrial septal defect
is nonrestrictive, the right atrial waveform is determined by
the distensibility characteristics of the left ventricle with which
it is in functional continuity. Similarly, but for a different
reason, the right atrial waveform, after an atrial switch opera-
tion for complete transposition of the great arteries, is deter-
mined by the distensibility characteristics of the left ventricle
via the systemic venous baffle. After a Fontan operation, the
waveform of the jugular venous pulse necessarily disappears
because the right internal jugular vein and superior vena cava
reflect nonpulsatile mean pulmonary arterial pressure.

Varicose veins are the most common clinically important
vascular abnormality of the lower extremities and are important
sources of paradoxic emboli via the right-to-left shunts of cya-
notic CHD. Varices are commonly overlooked and often under-
estimated during routine physical examination because the legs
are not exposed when the patient is lying on the examining
table. Gravity distends the leg veins, so examination in the
standing position is obligatory.*

CHEST INSPECTION

The presence of scars will confirm the history of a surgical
intervention, and the location of scars helps you define its
nature. Midline sternotomy are performed for intracardiac
repair, whereas lateral scars (or thoracotomy scars) are often
seen in Blalock-Taussig shunt (right or left) or coarctation
repair (left) (see Table 5.1).

The presence of a pectus excavatum or carinatum may indi-
cate some connective tissue disorders such as Marfan syndrome
or Loeys-Dietz syndrome.

PRECORDIAL PERCUSSION AND PALPATION

Information derived from percussion serves two purposes: (1)
determination of visceral situs (heart, stomach, and liver) and,
much less importantly, (2) approximation of the left and right
cardiac borders.* Situs inversus with dextrocardia is the mirror
image of normal, so gastric tympany is on the right, hepatic
dullness is on the left, and cardiac dullness is to the right of the
sternum (Fig. 5.2A). All but a small percentage of patients with
mirror image dextrocardia have no coexisting CHD, but if the
malposition is not identified, the pain associated with myocar-
dial ischemia, cholecystitis, and appendicitis will be misleading.
In situs solitus with dextrocardia, gastric tympany is on the left
and hepatic dullness is on the right, but cardiac dullness is to
the right of the sternum (see Fig. 5.2B). Predictable patterns of
CHD coexist in most, if not all, patients with situs solitus and
dextrocardia (see later). In situs inversus with levocardia, gastric
tympany is on the right and hepatic dullness on the left (mirror
image), but cardiac dullness is to the left of the sternum (see Fig.
5.2C). CHD always coexists, but the type is not predictable.

AUSCULTATION

Laennec’s discovery of the stethoscope advanced physical diag-
nosis beyond anything previously imagined. The stethoscope is
the oldest cardiovascular diagnostic instrument in continuous
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Figure 5.2 Chest radiographs showing the three basic cardiac malpositions in patients without visceral
heterotaxy. A, Situs inversus with dextrocardia (mirror image). The liver is on the left, the stomach (S)
is on the right, and the cardiac apex is on the right. B, Situs solitus with dextrocardia. The liver (L) is
on the right, the stomach (S) is on the left, and the cardiac apex (A) is on the right. C, Situs inversus
with levocardia. The liver (L) is on the left, the stomach (S) is on the right, and the cardiac apex (A) is
on the left. Desc Ao, Descending aorta.

clinical use, and abnormal auscultatory signs detected with the
stethoscope are often the first suspicion of CHD. A systolic
murmur heard at birth because of obstruction to ventricular
outflow is in contrast to the delayed onset of the systolic
murmur of ventricular septal defect, as pointed out earlier in
the section on the art of history taking. Mobile pulmonary
valvular stenosis is accompanied by an ejection sound that
characteristically varies in intensity with respiration and that
introduces an asymmetrical midsystolic murmur at the left
base, followed by a second sound with a delayed soft second
component.

When a normal first heart sound is split at the apex, the
initial component is louder; but when the second component is

louder, the cause is likely to be the ejection sound of a mobile
bicuspid aortic valve that is functionally normal if there is no
accompanying midsystolic murmur. Conversely, an aortic ejec-
tion sound preceded by a fourth heart sound and followed by a
long symmetric right basal midsystolic murmur connotes
severe bicuspid aortic stenosis (Fig. 5.3), a conclusion sup-
ported by a sustained left ventricular impulse with presystolic
distention.

Ebstein anomaly of the tricuspid valve generates a widely
split first heart sound at the lower left sternal border and a
medium-frequency early systolic murmur of low-pressure tri-
cuspid regurgitation. If the anterior tricuspid leaflet is large and
mobile, the second component of the split first heart sound is
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Figure 5.3 Auscultatory signs of mild, moderate, and severe bicuspid aortic stenosis. A, and P,, Aortic
and pulmonary components of the second heart sound (S,); E, ejection sound; MSM, symmetric mid-
systolic murmur; Sy, first heart sound; S, fourth heart sound.

loud, a sign that predicts adequacy for surgical creation of a
monocuspid valve.

Time-honored auscultatory features of an atrial septal
defect include a short grade 2 to 3 of 6 impure, left basal,
midsystolic murmur followed by a wide fixed splitting of the
second heart sound. A prominent middiastolic medium-fre-
quency flow murmur across the tricuspid valve flow implies
a systemic-to-pulmonary flow ratio of at least 2:1. After repair
of TOF, a medium-frequency middiastolic murmur in the
third left intercostal space represents low-pressure pulmo-
nary regurgitation that is likely to be severe if the right ven-
tricular impulse is easily palpable. A similar middiastolic
murmur in unoperated TOF implies congenital absence of
the pulmonary valve, especially when accompanied by a
prominent midsystolic flow murmur, a combination that
creates a distinctive to-and-fro cadence. In unoperated TOF,
the length and loudness of the midsystolic murmur vary
inversely with the severity of right ventricular outflow
obstruction because the greater the stenosis, the greater the
amount of right ventricular blood that is diverted from the
pulmonary trunk into the biventricular aorta. TOF with pul-
monary atresia and a dilated ascending aorta is accompanied
by an aortic ejection sound that introduces a soft short
midsystolic flow murmur followed by a loud single second
heart sound and a high-frequency early diastolic murmur of
aortic regurgitation.

Eisenmenger syndrome with a nonrestrictive ventricular
septal defect is accompanied by a pulmonary ejection sound
that introduces a soft, short midsystolic pulmonary flow

murmur followed by a loud single second heart sound and a
high-frequency early diastolic Graham-Steell murmur.

Electrocardiogram

The standard 12-lead scalar ECG, when read systematically and
interpreted in clinical context, provides appreciable diagnostic
information, even in complex CHD. Attention should focus
sequentially on the direction, amplitude, configuration, and
duration of P waves; the PR interval; the direction, configura-
tion, amplitude, and duration of the QRS complex; the QT
interval; the ST segment; and the direction and configuration
of the T waves (Table 5.2).

The normal sinus node lies at the junction of a right supe-
rior vena cava and a morphologic right atrium. Atrial depo-
larization generates a P wave that is directed downward and
to the left within a narrow range from birth to senescence.
P-wave directions that deviate from normal imply that the
depolarization focus is not in a normal right sinus node. P
waves that are directed downward and to the right are features
of atrial situs inversus in which mirror image atrial depolariza-
tion originates in a sinus node located at the junction of a left
superior vena cava and an inverted morphologic right atrium.

When the anatomic junction between a superior vena cava
and a morphologic right atrium is deficient or absent, as with a
superior vena caval sinus venosus atrial septal defect, the sinus
node is also deficient or absent. Depolarization then originates
in an ectopic focus, so the P-wave direction is often negative in
the inferior leads (junctional or low atrial rhythm).
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TABLE
5.2

Congenital
Diagnosis

Secundum atrial
septal defect

Ventricular septal
defect

AV canal defect

Patent ductus
arteriosus

Pulmonary
stenosis

Aortic
coarctation

Ebstein’s anomaly

Surgically
repaired TOF

Congenitally
corrected TGA

Complete TGA/
intra-atrial

baffle

UVH with
Fontan

Dextrocardia

ALCAPA
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Rhythm

NSR; T IART/AF
with age

NSR; PVCs

NSR; PVCs 30%

NSR; T IART/AF
with age

NSR

NSR

NSR; possible
EAR, SVT; AF/
IART 40%

NSR; PVCs; IART
10%; VT 12%

NSR

Sinus brady 60%;
EAR; junctional;
IART 25%

Sinus brady 15%;
EAR; junctional;
IART >50%

NSR; P-wave axis
105-165 degree
with situs
inversus

NSR

PR Interval
1 degree AVB 6-19%

Normal or mild T; 1
degree AVB 10%

1 degree AVB >50%

TPR 10-20%

Normal

Normal

1 degree AVB
common; short if
WPW

Normal or mild 1

1 degree AVB >50%;
AVB 2% per year

Normal

Normal in TA; 1
degree AVB in
DILV

Normal

Normal

QRS Axis

0-180 degree;
RAD; LAD in
Holt-Oram or
LAHB

RAD with BVH;
LAD 3-15%

Moderate to
extreme LAD;
normal with

atypical

Normal

Normal if mild;
RAD

with moderate/
severe

Normal or LAD

Normal or LAD

Normal or RAD;
LAD 5-10%

LAD

RAD

LAD in single
RV, TA, single
LV with
noninverted
outlet

RAD

Possible LAD

Atrial Ventricular
QRS Configuration  Enlargement Hypertrophy Particularities
rSr’ or rsR’ with RAE 35% Uncommon “Crochetage”
RBBBi>RBBBc pattern
Normal or rSr’; Possible RAE + BVH 23-61%; Katz-Wachtel
possible RBBB LAE RVH with phenomenon
Eisenmenger
rSr’ or rsR’ Possible LAE Uncommon in Inferoposteriorly
partial; BVH Eisenmenger
in complete;
RVH with
Eisenmenger
Deep SV, tallR Vs  LAE with Uncommon Often either
and Vg moderate PDA clinically silent or
Eisenmenger
Normal; or rSr; R” Possible RAE RVH; severity Axis deviation
increases with correlates with correlates with
severity R:Sin V;and Vg RVP
Normal Possible LAE LVH, especially by ~ Persistent RVH rare
voltage criteria beyond infancy
Low-amplitude RAE with Diminutive RV Accessory pathway
multiphasic Himalayan P common; QII,
atypical RBBB waves IIL, aVE and
V,-Vy
RBBB 90% Peaked P waves; ~ RVH possible QRS duration +
RAE possible if RVOT QTy
obstruction or predictive of
PHT VT/SCD
Absence septal g; Not if no Not if no associated  Anterior AVN;
Qin III, aVE and associated defects positive T
right precordium defects precordial; WPW
with Ebstein
Absence of g, small ~ Possible RAE RVH; diminutive Possible AVB if
1, deep S in left Lv VSD or TV
precordium surgery
Variable; 1 R and RAE in TA RVH with single Absent sinus node
S amplitudes RV; possible LVH in LAI; AV block
in limb and with single LV with L-loop or

precordial leads

AVCD

Inverse Not with situs LVH: tallR V|-V,  Situs solitus: normal
depolarization inversus RVH: deep Q, P-wave axis and
and small RV, and severe CHD
repolarization tall R right lateral

Ant-lat Q waves; Possible LAE Selective Possible ischemia
possible ant-sept hypertrophy of
Q waves posterobasal LV

AF, Atrial fibrillation; ALCAPA, anomalous left coronary artery from the pulmonary artery; AV, atrioventricular; AVB, AV block; AVCD, atrioventricular canal defect; AVN, AV node; BVH,
biventricular hypertrophy; CHD, congenital heart disease; DILV, double-inlet left ventricle; EAR, ectopic atrial rhythm; JART, intra-atrial reentrant tachycardia; LAD, left-axis deviation;
LAE, left atrial enlargement; LAHB, left anterior hemiblock; LA left atrial isomerism; LV, left ventricle; LVH, left ventricular hypertrophy; NSR, normal sinus rhythm; PHT, pulmonary
hypertension; PVC, premature ventricular contraction; RAD, right-axis deviation; RAE, right atrial enlargement; RBBB, right bundle-branch block (i, incomplete; ¢, complete); RV, right
ventricle; RVH, right ventricular hypertrophy; RVOT, right ventricular outflow tract; RVP, right ventricular pressure; SCD, sudden cardiac death; SVT, supraventricular tachycardia; TA,
tricuspid atresia; TGA, transposition of the great arteries; TOF, tetralogy of Fallot; TV, tricuspid valve; UVH, univentricular heart; VT, ventricular tachycardia; WPW, Wolff-Parkinson-

White syndrome.

From Khairy P, Marelli AJ. Clinical use of electrocardiography in adults with congenital heart disease. Circulation. 2007;116(23):2734-2746.

Normal P waves have a single crest or bifid right and left
atrial crests separated by no more than 40 ms because right
atrial depolarization is promptly followed by depolarization of
the left atrium. When atrial size and wall thickness are normal,
the amplitude, configuration, and duration of P waves are
normal. In tricuspid atresia, an increase in amplitude of the
initial crest of the P wave reflects the response to an increased
force of right atrial contraction; the second crest and the pro-
longed negative P terminal force in lead V reflect volume over-
load of the left atrium, which receives the systemic and
pulmonary venous returns. In a repaired TOF with a restrictive
right ventricle or a failing right ventricle from Eisenmenger
syndrome, an increase in amplitude of the initial crest of the P

wave reflects the response to an increased force of right atrial
contraction. Isolated left atrial P-wave abnormalities are
reserved for pressure or volume overload confined to the left
atrium, such as congenital mitral stenosis, left AV valve regur-
gitation of an AV septal defect, or left-sided Ebstein anomaly in
congenitally corrected transposition of the great arteries.
Atrial enlargement is not an ECG diagnosis except in Ebstein
anomaly of the tricuspid valve, in which the diagnosis of
enlargement is based on limb lead P waves and PR interval and
on right precordial QRS complexes. The exceptional size of the
right atrial compartment of the P wave is responsible for a dis-
tinctive, if not diagnostic, ECG combination consisting of an
increase in amplitude (right atrial mass), prolongation of the PR
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Figure 5.4 Electrocardiogram in an adult with Ebstein anomaly of the tricuspid valve. Right atrial
enlargement is indicated by tall peaked P waves, PR interval prolongation, and Q waves in leads V,
to V3. The QRS complex shows right bundle-branch block.

interval (an increase in conduction time from sinus node to AV
node), and precordial Q waves that extend from lead V; to V;
because those sites correspond topographically to epicardial
leads from the enlarged right atrium that extend anatomically
as far left as the V; position or because of the presence of Wolff-
Parkinson-White (WPW) syndrome (Fig. 5.4).

Left-axis deviation in CHD is not as simple as the left ante-
rior fascicular block of acquired heart disease. Left-axis devia-
tion is a time-honored feature of an AV septal defect, but
extreme left-axis deviation with a mean QRS axis directed
toward the right shoulder is evidence of coexisting Down syn-
drome. In univentricular hearts of left ventricular morphology,
the direction of ventricular depolarization tends to be away
from the outlet chamber and toward the main ventricular mass.
Thus, when the outlet chamber is at the right basal aspect of the
heart—the noninverted position—depolarization is to the left
and upward (left-axis deviation) or to the left and downward
(Fig. 5.5).

An increase in amplitude of R and S waves is a feature of
ventricular hypertrophy, but a dramatic increase in limb lead
and precordial R and S wave voltages is unique to univentricular
hearts of the left ventricular type (see Fig. 5.5). The excessive
voltage, together with precordial QRS patterns that are stereo-
typed, justifies a presumptive diagnosis.

Q waves in V; and V, with the absence of Q waves in the
lateral leads suggest congenitally corrected transposition of the
great arteries from inverted initial septal depolarization.

In ostium secundum and sinus venosus atrial septal
defects, notching near the apex of R waves in the inferior
leads (Fig. 5.6) has been called “crochetage” because of resem-
blance to the work of a crochet needle. Crochetage is inde-
pendent of the terminal R wave deformity, but when an rSr’
pattern exists with crochetage in all inferior leads, the speci-
ficity of the ECG diagnosis of atrial septal defect is virtually
certain (see Fig. 5.6).

An increase in duration of the QRS complex is expected
because of prolonged ventricular activation of the bundle-
branch blocks. However, prolonged intraventricular activation
after right ventriculotomy has a special significance. After intra-
cardiac repair of TOE a QRS complex duration of 180 ms or
more is an independent risk factor for monomorphic ventricular
tachycardia and sudden cardiac death, especially if the prolonga-
tion occurred over a relatively short time course.” The increased
QRS complex duration is believed to reflect slow conduction,
which is the electrophysiologic substrate that sustains reentry,
the mechanism of monomorphic ventricular tachycardia, which
is the tachyarrhythmia associated with sudden cardiac death.!°

Chest Radiograph

For interpretation of chest radiographs, a consistent sequence
should be used to avoid oversight. The sequence includes tech-
nique (penetration, rotation, degree of inhalation), age and sex,
right-left orientation, positions and malpositions (thoracic,
abdominal, and cardiac situs), the bones, the extrapulmonary
soft tissue densities, the intrapulmonary soft tissue densities
(vascular and nonvascular), the bronchi, the great arteries, the
great veins, the atria, and the ventricle or ventricles.

Right-left orientation identified in the posteroanterior chest
radiograph sets the stage for assessment of cardiac and visceral
positions and malpositions (see Fig. 5.2A). Radiologic recogni-
tion of the basic cardiac malpositions and the visceral hetero-
taxies underscores the value of radiographic interpretation in
complex CHD.!

A chest radiograph as a rule fortuitously includes the upper
abdomen, thus permitting identification of gastric and hepatic
situs (see Fig. 5.2). If the stomach bubble cannot be seen, visu-
alization can be achieved by aerophagia—the swallowing of air
after deliberate inhalation in adults or from sucking an empty
bottle in infants. A transverse liver implies visceral heterotaxy
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Figure 5.5 Electrocardiogram of a patient with a univentricular heart of left ventricular morphology.
There is left-axis deviation. QRS amplitudes are strikingly increased in leads 3, aVL, aVF, and V3 to Vs.
The precordial QRS pattern is stereotyped (one-half standardized).
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Figure 5.6 Typical electrocardiogram in a patient with an ostium secundum atrial septal defect. There
is notching (crochetage) of the R waves in leads 2, 3, and aVF, with an rSr’ in lead V;.



but does not distinguish right from left isomerism. The inferior
margin of a transverse liver is horizontal in contrast to the
diagonal inferior margin of hepatomegaly in which there are
two lobes of unequal size. Bilateral symmetry implied by a
transverse liver demands bilateral symmetry of the bronchi.
Bilateral morphologic right bronchi establish right isomerism
(Fig. 5.7A), and bilateral morphologic left bronchi establish left
isomerism (see Fig. 5.7B). Right isomerism predicts the pres-
ence of a primitive bilocular heart characterized by common
morphologic right atria, a common AV valve, one ventricular
compartment that gives rise to one great artery, and total anom-
alous pulmonary venous connection.® Left isomerism predicts
the presence of a less primitive heart characterized by common
morphologic left atria, AV septal defect, two ventricles that give
rise to concordant great arteries with obstruction to left ven-
tricular outflow, and inferior vena caval interruption with
azygous continuation recognized by a thoracic shadow that can
be mistaken for a right descending aorta.!

In patients without visceral heterotaxy, three clinically
important cardiac malpositions can be recognized on the chest
radiograph': (1) situs inversus with dextrocardia, (2) situs

A B

Figure 5.7 A, Symmetric morphologic right bronchi characteristic of
right isomerism. B, Symmetric morphologic left bronchi characteristic
of left isomerism.
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solitus with dextrocardia, and (3) situs inversus with levocar-
dia. Situs inversus with dextrocardia (see Fig. 5.2A) is charac-
terized by a stomach bubble on the right, a liver shadow on
the left, a right thoracic heart, a morphologic right bronchus
with a trilobed lung on the left, and a morphologic left bron-
chus with a bilobed lung on the right. If the right/left (R-L)
label on the radiograph (see Fig. 5.2A and B) is overlooked in
a patient with complete situs inversus, the radiograph can be
mistakenly read as normal situs. Mirror-image dextrocardia is
seldom associated with CHD. A coexisting disorder of ciliary
mobility is manifested by sinusitis with bronchiectasis (Karta-
gener syndrome) and male infertility owing to immobility of
sperm.! Situs solitus with dextrocardia is recognized by normal
positions of the stomach, liver, and bronchi in the presence of
a right thoracic heart (see Fig. 5.2B). Left-to-right shunts at
atrial or ventricular levels usually coexist. Situs inversus with
levocardia is recognized by mirror-image positions of stomach,
liver, and bronchi in the presence of a left thoracic heart (see
Fig. 5.2C). CHD invariably coexists, but the types are not
predictable.

Absence of the 12th rib, a bony abnormality typical of Down
syndrome, can be detected in the chest radiograph by counting
the ribs. When an absent 12th rib is coupled with extreme left-
axis deviation (see earlier), the diagnosis of Down syndrome is
virtually conclusive.

Once the visceral/atrial situs and the position of the heart
are established, attention should be directed to the structure of
the heart and the pulmonary blood vessels.

Identification of the four cardiac chambers on the chest
radiograph (right atrium, right ventricle, left atrium, and left
ventricle), the pulmonary artery and aorta, and the measure-
ments of those structures will help guide you as to the original
anatomic diagnosis. For example, an isolated dilated main pul-
monary artery could be indicative of severe pulmonary stenosis
(Fig 5.8A), a hypertrophied right ventricle indicative of TOE, or

Figure 5.8 A, Chest radiograph of a patient with pulmonary stenosis. Arrow pointing to a dilated
main pulmonary artery. B, Chest radiograph of a patient with Eisenmenger syndrome. Arrow pointing
to dilated left pulmonary artery and right pulmonary artery with diminished peripheral pulmonary

vasculature.
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a dilated right atrium suggestive of Ebstein anomaly. The pres-
ence of significant residual postoperative cardiac sequelae can
also be diagnosed on a chest radiograph such as a dilated left
atrium post AV septal defect repair would suggest significant
residual mitral regurgitation or an enlarged left and right pul-
monary artery would suggest severe residual pulmonary hyper-
tension (see Fig. 5.8B).

Finally, identification of the pulmonary vascular pattern on
chest radiograph will also help you identify residual sequela.
A pulmonary vascular ratio of 1:2 (upper vessels vs. lower
vessels) is normal, suggestive of normal pulmonary venous
pressure, a 2:1 ratio is suggestive of pulmonary venous
congestion (increased wedge pressure), and a 1:1 ratio is

suggestive of shunt pathology (such as in atrial or ventricular
septal defect).

Conclusion

The increasing array of laboratory methods provides contem-
porary clinicians with unprecedented diagnostic information,
but an intelligent decision on which laboratory method(s) to
select requires a level of knowledge and sophistication.

This chapter was designed to help in this selection process
by stimulating clinicians to use the basic tools at their dis-
posal—the history, physical examination, ECG, and chest
radiograph—to arrive to a clinical diagnosis at the bedside.

. Perloft JK. Clinical Recognition of Congenital
Heart Disease. 5th ed. Philadelphia, PA: WB
Saunders; 2003.

. Marelli AJ, Mackie AS, Tonescu-Ittu R, Rahme E,
Pilote L. Congenital heart disease in the general
population: changing prevalence and age distri-
bution. Circulation. 2007;115:163-172.

. Brown JW. Preface to Congenital Heart Disease.
London: John Bale Medical Publications; 1939.

. Perloft JK. Physical Examination of the Heart
and Circulation. 4th ed. Beijing: Peoples Medical
Publishing House USA Ltd; 2009.

. Child JS. Echocardiography in anatomic imag-
ing and hemodynamic evaluation of adults with
congenital heart disease. In: Perloff JK, Child JS,

Aboulhosn J, eds. Congenital Heart Disease in
Adults. 3rd ed. Philadelphia, PA: Saunders/Else-
vier; 2009.

. Wilson W, Taubert KA, Gewitz M, et al. Preven-

tion of infective endocarditis: guidelines from
the American Heart Association: a guideline
from the American Heart Association Rheumat-
ic Fever, Endocarditis, and Kawasaki Disease
Committee, Council on Cardiovascular Dis-
ease in the Young, and the Council on Clinical
Cardiology, Council on Cardiovascular Surgery
and Anesthesia, and the Quality of Care and
Outcomes Research Interdisciplinary Working
Group. Circulation. 2007;116(15):1736-1754.

10.

. Mackenzie J. The Study of the Pulse, Arterial, Ve-

nous, and Hepatic, and of the Movements of the
Heart. Edinburgh: Young J. Pentland; 1902.

. Wood P. Diseases of the Heart and Circulation.

2nd ed. Philadelphia, PA: JB Lippincott; 1956.

. Gatzoulis MA, Balaji S, Webber SA, et al. Risk

factors for arrhythmia and sudden cardiac
death in repaired tetralogy of Fallot. Lancet.
2000;356:975-981.

Perloft JK, Middlekauf HR, Child JS, Stevenson
WG, Miner PD, Goldberg GD. Usefulness of
post-ventriculotomy signal averaged electrocar-
diograms in congenital heart diseas0065. Am |
Cardiol. 2006;98:1646-1651.



MARIA BOUTSIKOU | WEI LI

Most patients with congenital heart lesions are diagnosed in
infancy or childhood and then undergo palliative and/or repara-
tive surgery. Despite ongoing advances in cardiac surgery and
intervention, residual anatomic and hemodynamic abnormali-
ties remain common among such individuals. A large propor-
tion of patients with congenital heart disease (CHD) need
lifelong follow-up in specialized centers. Echocardiography
plays an important role not only in the initial diagnosis but also
in the long-term follow-up of these patients. It is routinely used
to

+ Establish the anatomic diagnosis

+ Assess the effect of surgical repair or intervention

+ Identify acquired or residual lesions

« Assess valvar, atrial, and ventricular function

* Guide transcatheter interventions

+ Monitor intra- and postoperative status

+ Guide pacing optimization

Sequential Segmental Analysis

It is important to use sequential segmental analysis for all
abnormalities when examining patients with adult congenital
heart disease (ACHD) by echocardiography. The sequential seg-
mental approach is particularly helpful in describing complex
congenital abnormalities where abnormal connections and rela-
tionships of chambers often coexist. The main steps in sequen-
tial analysis are
* Determination of the thoracoabdominal situs
+ Determination of the atrial situs
+ Determination of the cardiac and apex positions
* Analysis of the atrioventricular connections
+ Determination of the ventriculoarterial connection
+ Assessment of associated malformations and segments

The cardiac chambers and great arteries should be recognized
by their specific morphologic features, not by their position.

Echocardiography in Specific Lesions
ATRIAL SEPTAL DEFECTS

Anatomy and Physiology

Atrial septal defects (ASDs) are direct interatrial communica-

tions that permit the shunting of blood at the atrial level. These

defects comprise the third most common congenital malforma-
tions, with an estimated incidence of 56 per 100,000 live births.!

Based on the site of the communication and its relation to the

neighboring systemic and pulmonary veins, interatrial com-

munications have been classified into the following groups:

+ Secundum ASDs, the most common (60% of cases), which
include defects within the fossa ovalis, usually due to one or
multiple defects within the septum primum. Their size may
vary from a few millimeters to 2 to 3 cm.

Echocardiography

+ Primum ASDs (approximately 20%), involving the lower
(primum) portion of the atrial septum near the crux of the
heart. They are located between the anteroinferior margin of
the fossa ovalis and the atrioventricular (AV) valves. A
primum ASD is often associated with an abnormal left AV
valve (a left-sided AV valve is a trileaflet valve).

+ Sinus venosus defects (5% to 10% of cases). A superior sinus
venosus defect (5%) is located in the superior portion of the
atrial septum near the superior vena cava (SVC). An inferior
sinus venosus defect (<1%) is located near the inferior vena
cava (IVC).

+ Coronary sinus septal defects (<1%), where there is partial
or complete lack of separation of the coronary sinus from
the left atrium (LA).

+ Common atrium, when the entire atrial septum is absent.
Most ASDs are identified and repaired in the individuals

childhood. Small secundum ASDs may become smaller during
the first years of life or may close spontaneously; however, this
is not the case for the other types of ASDs.>* These defects
produce a left-to-right atrial shunt that causes enlargement of
the right cardiac chambers. Raised pulmonary artery pressure
is common in patients with large shunts, but the development
of pulmonary vascular disease and pulmonary hypertension
over time is not as frequent.*?

Associated Lesions
Although the majority of cases are sporadic, ASDs are associ-
ated with numerous other congenital abnormalities (in approxi-
mately 30% of the cases). These include pulmonary valve
stenosis, partial anomalous pulmonary venous connection,
congenital mitral stenosis, mitral valve prolapse, ventricular
septal defect (VSD), patent ductus arteriosus (PDA), and coarc-
tation of the aorta (CoA). Specifically, primum ASDs may occur
alone or in association with a small-inlet VSD and a trileaflet
left AV valve. A superior sinus venosus defect is commonly
associated with anomalous return of the right pulmonary vein
to the right atrium (RA)/superior vena cava (SVC) junction. A
coronary sinus septal defect may coexist with partial or com-
plete anomalous pulmonary vein return as well as persistent left
SVC (Raghib syndrome).®

Additionally, there are well-established associations of differ-
ent types of ASDs with genetic syndromes. Secundum ASDs
may be present in genetic syndromes such as Holt-Oram syn-
drome, Noonan syndrome, or trisomy 21.

Transthoracic Echocardiography in Patients With

Unrepaired Atrial Septal Defects

The goals of transthoracic echocardiography (TTE) in patients

with unrepaired ASDs are

+ Determination of the anatomic site of the septal defect.
The subcostal long- and short-axis views are best for the
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evaluation of all types of ASDs. In patients with suboptimal
subcostal windows, the low left parasternal short-axis view
can often provide adequate imaging of the atrial septum.
However, once these defects are located, their presence
should be documented by different views and confirmed by
shunting and seen on color Doppler as well. Secundum
ASDs are usually visualized in the midportion of the inter-
atrial septum. The parasternal short-axis view can be used to
evaluate the anteroposterior diameter of a secundum ASD.
Primum ASDs are located next to the annuli of AVs and are
best assessed from the apical four-chamber view and para-
sternal short-axis view. The low parasternal short-axis is
used to visualize secundum and sinus venosus ASDs. The
apical four-chamber view is not optimal for the assessment
of ASDs, except for primum ASDs because the interatrial
septum is parallel to the ultrasound beam, resulting in
dropout. Color Doppler helps to identify the defect as well
as to evaluate its size and the direction of shunt (Fig. 6.1).
Estimation of its relationship with neighboring structures
(AV valves, pulmonary veins, systemic veins). The position
and connection of pulmonary veins to the left atrium (LA)
should always be demonstrated. Subcostal, parasternal short-
axis, and high right parasternal views are helpful in detecting
sinus venosus ASDs, as the connection of the right upper
part of the LA, where the right pulmonary vein is normally
located, with the SVC can be seen. Dilatation of the coronary
sinus ostium is seen as an inferior interatrial communication
close to the IVC-to-RA connection. In the patient with a
dilated coronary sinus, the presence of a persistent left SVC
from the suprasternal view should be identified or excluded.
The morphology of the AVs should be also assessed. Primum
ASDs are associated with abnormal (trileaflet) left AV valves,
which are best seen from the parasternal short-axis view.
Color Doppler from the parasternal long-axis, parasternal
short-axis, and apical four-chamber views helps in evaluat-
ing the function of the left AV valve.

+ Evaluation of the hemodynamic significance of the shunt
+ Direction of the shunt: Color Doppler is useful in deter-
mining the direction of the shunt. Since the pressure gradi-
ent between the atria is small, velocity across the defect is
usually low (< 1 to 1.5 m/s) and occurs in late ventricular
systole and early diastole. When the left atrial pressure is
raised due to LV disease or mitral valve stenosis, flow across
the defect becomes continuous and velocity increases. In
patients with atrial fibrillation, left-to-right shunt is not clear

on color as the increased pressure is biatrial.

+ Size of the shunt: The size of the shunt depends on the
size of the defect and the compliance of the ventricles.
Left-to-right shunt usually increases with age as the com-
pliance of the LV declines.

+ Effects of shunting: Unexplained right heart enlargement
and reversed septal motion—typical of right ventricular
(RV) volume overload and elevated RV pressure—are sug-
gestive of significant shunting. RV enlargement indicates a
hemodynamically significant shunt, being present when
the output of the right heart exceeds the left by 50% (Q,/Q;
>1.5).

+ Determine RV systolic pressure: Data regarding RV peak
systolic pressure must be obtained as part of the examination.
The best tricuspid regurgitant Doppler signal should be sought
from multiple views. By applying the modified Bernoulli
equation to the peak velocity of tricuspid regurgitation (TR)
jet, the pressure gradient between the RV and RA is obtained.
Adding on an estimated or measured mean right atrial pres-
sure to this pressure gradient gives the estimate of right ven-
tricular systolic pressure (RVSP) in millimeters of mercury
(mm Hg). In the absence of RV outflow tract (RVOT) obstruc-
tion, RV systolic pressure is equal to pulmonary artery (PA)
systolic pressure. The modified Bernoulli equation is

RV systolic pressure (mm Hg) = {(4) x (TR velocity {m/s})2
+ RA pressure (mm Hg)

Figure 6.1 A, Two-dimensional transthoracic echocardiogram (2D TTE) from the parasternal short-axis
view at the level of the aortic valve showing a large secundum ASD (white arrows). The RA is enlarged.
B, Color Doppler showing a large left-to-right shunt (white arrows). Ao, Aorta; ASD, atrial septal defect;

LA, left atrium; RA, right atrium; RV, right ventricle.



+ Assess biventricular function: (Two-dimensional [2D] echo-
cardiography and Doppler in the parasternal long- and short-
axis views and apical four-, five-, and three-chamber views.) All
conventional parameters for both ventricles can be used.

+ Identify associated lesions: The segmental analysis approach
should be followed to avoid missing important defects.

Contrast Echo

Injection of a mixture of agitated saline and blood through a
peripheral vein can assist in the diagnosis of ASDs. After the injec-
tion, the appearance of microbubbles in the LA and LV or a nega-
tive jet effect in the RA suggests the presence of an interatrial septal
defect. Additionally, contrast echocardiography is very helpful in
diagnosing a coronary sinus septal defect and persistent left SVC.
In this condition, after injection via a left side peripheral vein,
contrast appears first in the LA and LV and then in the RA.

Transesophageal Echocardiography During the Surgical
and Interventional Closure of Atrial Septal Defects

The major indication for ASD closure, irrespective of symptoms,
is the presence of a significant left-to-right shunt (Q,:Q >1.5) that
causes dilation of the right heart chambers and pulmonary artery
pressure less than two-thirds of the systemic pressure.”

Surgical closure is the treatment of choice for primum, sinus
venosus, and coronary sinus septal defects. The surgical closure
of septal defects is followed by almost no mortality and very low
morbidity rates.! Postoperative complications such as arrhyth-
mias are usually transient.

Percutaneous closure: This is the treatment of choice for the
closure of secundum ASDs in the vast majority of cases. Among
the relative contraindications for percutaneous device closure are
large secundum ASDs (>36 to 40 mm), the lack of adequate septal
rims for safe anchoring of the device, and interference of the device
with the function of the AV valve or pulmonary vein (Fig. 6.2).

The procedure is considered safe in experienced centers with
a very low rate of minor or major complications (between 1%
and 6%).® The most common complications include

+ Atrial arrhythmias

*+  Vascular complications

Figure 6.2 A, Two-dimensional transesophageal echocardiogram at O
degrees showing a centrally located large secundum ASD (white arrow)
with anterior and posterior margins that appear sufficient for percutane-
ous closure. B, Color Doppler shows a left-to-right shunt through the
defect (white arrow). ASD, Atrial septal defect; LA, left atrium; RA, right
atrium; RV, right ventricle.
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+ Transient heart block

+  Stroke

* Device thrombosis

* Device erosion through the atrial wall or aortic root

* Device embolization

Before ASD closure, three-dimensional (3D) transesopha-
geal echocardiography is useful for
* Determining suitability for percutaneous closure.

+ Assessment of the shape, diameter, and number of defects as
well as the rims of the septum surrounding the ASD. (The
midesophageal [ME] bicaval, modified ME AV short-axis,
ME four-chamber, and ME two-chamber views are best for
demonstrating ASDs.)
3D TEE is an effective imaging modality for assessing the

dimensions and location of ASDs as well as their spatial rela-

tions to adjacent atrial structures. This is a potential alternative
to 2D TTE for the identification and characterization of ASDs

(Figs. 6.3 and 6.4).

Intraprocedural guidance in cases of percutaneous or
surgical closure of defects: 3D TEE is especially useful in
assessing the exact shape of the defect and providing accurate
measurements of the size of the defect and the surrounding
structures. The stretched diameter of the defect during balloon
inflation can also be measured. 3D TEE is also very useful for
recognizing periprocedural complications such as residual
shunts, device malpositioning, or fractures.

After ASD closure, either with a device or surgical, echocar-
diographic assessment aims to
+ Exclude residual shunts: 2D color Doppler from the subcostal

long- and short-axis views and parasternal short-axis view.

+ Assess RV remodeling: Changes in RV dimensions and RV
systolic function, which can be assessed by RV fractional
area change (FAC), tricuspid annular plane systolic excur-
sion (TAPSE), and tissue Doppler velocity of the tricuspid
annulus (the 2D apical four-chamber view, M-mode, and
tissue Doppler imaging [TDI]).

+ Assess pulmonary venous and systemic venous connections
and flow: 2D color Doppler from the subcostal long- and
short-axis views, apical four-chamber view.

Cautions

+ Normal anatomic variants are important to recognize in
order to avoid confusion. These include atrial septal aneu-
rysm, eustachian valve (originated from the entrance of the
inferior vena cava [IVC] into the RA), and Chiari network
(a strandlike structure that extends from the orifices of the
SVC and IVC).

ATRIOVENTRICULAR SEPTAL DEFECT

Anatomy and Physiology

A complete AVSD consists of

* Ostium primum ASD

+ VSD of the inlet septum

+ Common five-leaflet AV valve with an anterior bridging
leaflet, a posterior bridging leaflet, a left mural leaflet, a
right mural leaflet, and a right anterosuperior leaflet. This
valve is all at the same level within the ASD and VSD. The
AV valve is usually equally committed to both ventricles
but may be primarily committed to a single ventricle.
Further description of the AV valve is based on the extent
and location of attachments of the superior bridging
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Figure 6.3 A, Two-dimensional transesophageal echocardiogram (2D TEE) at 90 degrees shows two
secundum ASDs—a larger one posteriorly (upper white arrow) and a smaller one anteriorly (lower white
arrow). B, Color Doppler shows the two separate flow jets through the ASDs. C, 3D TEE clearly shows
the two separate ASDs. ASD, Atrial septal defect; LA, left atrium; RA, right atrium.

Figure 6.4 Images from a patient with a large atrial septal defect and pulmonary arterial hyperten-
sion after closure with a fenestrated device. A, Three-dimensional transesophageal echocardiogram
(3D TEE) imaging showing a fenestrated device closing the atrial septal defect (ASD); the blue arrow
points to the fenestration on the ASD closure device. B, Two-dimensional transthoracic echocardiogra-
phy (2D TTE) from the parasternal short-axis view; color Doppler demonstrates a left-to-right shunt
through the fenestration (blue arrow). Ao, Aorta; LV, left ventricle; RA, right atrium; RV, right ventricle.

leaflet. The following Rastelli classification is helpful for

the decision on surgical intervention®:

+ Type A. The superior bridging leaflet is divided at the level
of the ventricular septum.

+ Type B. Division of the superior bridging leaflet occurs to
a RV papillary muscle in the RV.

+ Type C. The superior bridging leaflet is undivided or “free
floating” (it has no chordal attachments).

A partial AVSD (ostium primum ASD) consists of the

following:

+ An AV valve divided into right- and left-sided orifices by
a band of tissue connecting the superior and posterior
bridging leaflets. In this case, the AV valve is displaced
downward (but both sides are still at the same level) into
the ventricle and anchored to the crest of the septum,
eliminating the VSD component.

A trileaflet left AV.

+ An intermediate AVSD is characterized by a primum
ASD, a small, restrictive VSD, and separate right and left
(trileaflet) AV valves.

Associated Anomalies

Complete AVSD is common in patients with trisomy 21. It is fre-
quently associated with left or right isomerism. Secundum ASD,
tetralogy of Fallot (TOF), transposition complexes, and double
orifice or parachute type of left AV valve may also be present.

Transthoracic Echocardiography in Unoperated

Patients

The goals of the TTE include

+ Establishing the diagnosis of AVSD: Define the compo-
nents of the AV septal defect (subcostal long-axis, parasternal
long- and short-axis, apical four-chamber views). The apical
and subcostal four-chamber views are best for evaluating



the inlet portion of the heart. They show the ASD and VSD
well. In some instances, the VSD may be closed by chordal
attachments or tricuspid valve (TV) tissue.

* Defining the direction and level of shunting (interatrial and
interventricular) (2D and color Doppler subcostal long-axis,
parasternal long- and short-axis, apical four-chamber views):
Doppler is helpful in defining the levels of intracardiac shunting
and the degree of AV valve regurgitation. The precise hemody-
namics depend on the level of the shunt. Shunting predomi-
nately at the atrial level produces hemodynamics typical of a
primum ASD. Shunting at both atrial and ventricular levels
occurs with complete AVSD.

* Defining the morphology (single orifice or two separate
orifices) and chordal attachments of the leaflets of the AV
valve (subcostal short-axis view, parasternal short-axis view,
apical four-chamber view): The parasternal short-axis view
at the level of the left AV valve is helpful in determining
whether one or two orifices are present and how well they
line up with the ventricles. If two orifices are present, the left
AV valve is usually trileaflet. This is best seen in looking at
the motion of the anterior leaflet, which separates in the
middle as the valve opens in diastole. Additionally, a color
Doppler map will show the location of the regurgitant jet
originating from the closure line.

+ Estimating the size and function of the right and left
ventricles

+ Estimating the presence of LV outflow tract (LVOT) or
RVOT obstruction and its severity: Color Doppler and
pulse-wave (PW) Doppler can be applied sequentially to
assess the level of obstruction, while color-wave (CW)
Doppler is applied to evaluate the severity of obstruction.
Apical three- and five-chamber views are best for the evalu-
ation of LVOT obstruction. Parasternal long-axis (RV
outflow view) and parasternal short-axis views are the best
for evaluating RVOT obstruction. Outflow tract obstruction
can be due to a muscular obstruction or chordae crossing
the outflow tract and inserting into the septum, especially on
the left side.

+ RVSP: Right ventricular systolic pressure is estimated from
TR velocity with CW Doppler (parasternal long axis—RV
inflow view, parasternal short-axis view, and apical four-
chamber view). In patients with large shunts at the ventricu-
lar level, there is risk of early development of irreversible
pulmonary vascular disease unless the pulmonary circula-
tion is protected by RVOT obstruction.

+ Excluding other coexisting anomalies.

Transesophageal Echocardiography
TEE is a very useful imaging tool that can provide a detailed
evaluation of the AV valve prior to surgical repair.

Three-Dimensional Transthoracic Echocardiography
3D TTE—with en-face views as well as the capacity for image
acquisition from different angles—can provide more detailed
information regarding the size of the AV defect, the surround-
ing structures, and the AV valve (Fig. 6.5).
Specifically, 3D TTE can
+ Provide detailed imaging of the five leaflets of the AV valve
and its function. This information is important for Rastelli-
type classification.’
+ Provide information on the morphology of the left AV.
In addition, 3D color Doppler is useful in assessing the
severity of AV valve regurgitation.
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Figure 6.5 A, Three-dimensional transthoracic echocardiography (3D
TTE) image of a complete atrioventricular septal defect (AVSD); the
white arrow points to the ventricular component, and the black arrow
the atrial component of the AVSD. B, 3D TTE image of a common AV
valve viewed from apex to valve. The black arrow points to the common
AV valve. AV, Atrioventricular; LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle.

Transthoracic Echocardiography in Operated Patients

Common complications in operated patients include

+ Left and right AV valve regurgitation and/or stenosis

+ Left ventricular outflow tract (LVOT) obstruction

* Residual shunt at atrial and/or ventricular level

+ Pulmonary vascular disease (in patients who underwent a
late repair)

+ Endocarditis.

+ Complete heart block and arrhythmias (atrial or/and ven-
tricular) are common late complications.

TTE assessment should include

+ Detection of residual shunts: (2D and color Doppler sub-
costal long-axis, parasternal long- and short-axis, apical
four-chamber views.)

+ Detection of AV valve regurgitation: (2D and color Doppler
and spectral Doppler from the subcostal short-axis view,
parasternal short-axis view, apical four-chamber view.)

+ Estimation of the presence of LVOT or RVOT obstruction
and their severity: (Color Doppler and PW Doppler, CW
Doppler from the apical three- and five-chamber views,
parasternal long-axis [RV outflow] and parasternal short-
axis views.)

+ Estimation of the presence of pulmonary arterial hyper-
tension: estimated from TR velocity with CW Doppler
(parasternal long-axis ~RV-inflow view, parasternal short-
axis view and apical four-chamber view).

VENTRICULAR SEPTAL DEFECTS

Anatomy and Physiology

VSDs are among the most common congenital cardiac anoma-

lies, accounting for approximately 40% of these.!? They are char-

acterized by the location of the defect on the interventricular
septum, which includes membranous and muscular portions.

+ The membranous septum is thin and relatively small. It is
bounded by the AV superiorly at the junction of the right
and noncoronary cusps and inferiorly by the muscular
septum.
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The muscular component comprises the majority of the

septum and is divided into three regions.

+ Inlet portion between the mitral and TVs

+ Outlet (infundibular) portion between the aortic and pul-
monic valves

+ Trabecular portion, the largest, extending from the mem-
branous septum to the apex

VSDs commonly include!!

Perimembranous defects (70% to 80% of cases). These

defects lie inferiorly of the TV, resulting in fibrous continuity

between the tricuspid and mitral valves.

Outlet defects (5% to 8% of cases). This is also referred to as

supracrystal, conal, subarterial, subpulmonic, or doubly

committed VSD. Part of the rim is formed by the annulus of

the pulmonary and aortic valves. The right cusp of the aortic

valve may herniate into the defect, creating progressive

aortic regurgitation (Fig. 6.6).

+ Inlet defects (5% to 8% of cases). These are located posterior
and inferior to the perimembranous defect and may be part
of an AV septal defect (Fig. 6.7).

+ Muscular defects often occur within the trabecular portion
of the septum and may be multiple (5% to 20% of the cases);
they may also be located at the outlet septum (Fig. 6.8).
Most VSDs seen in an adult population are either small, with

no significant shunt, or large, with pulmonary hypertension or

Eisenmenger physiology. In a few patients the VSDs result in

significant left-to-right shunt but without concomitant pulmo-

nary vascular resistance; in such cases closure of the VSD is
indicated.

Associated Lesions

VSDs can present as isolated lesions. However, sometimes they
are part of other more complex cardiac malformations, like
tetralogy of Fallot (TOF), congenitally corrected transposition

Figure 6.6 A and B, Two-dimensional transesophageal echocardiogram (2D TEE) permits accurate
assessment of the size and spatial relationships of this muscular-outlet VSD. The blue arrow shows the
location of the VSD. The + symbols indicate the size of the VSD. C, Color Doppler demonstrates a
left-to-right shunt through the VSD (white arrow). Ao, Aorta; LA, left atrium; LV, left ventricle; RV, right

ventricle; VSD, ventricular septal defect.

Figure 6.7 A, Two-dimensional transthoracic echocardiography (2D TTE) from the apical four-chamber
view showing a perimembranous inlet VSD (white arrow). B, Color Doppler shows the left-to-right shunt
through the VSD (white arrow). LA, Left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle;

VSD, ventricular septal defect.



of the great arteries (ccTGA), anomalies of the LVOT or RVOT,
coarctation of the aorta (CoA), and interrupted aortic arch.

Transthoracic Echocardiography in Unoperated

Patients

The goals of the examination are to

* Determine the anatomic location and size of the defect
within the septum: Outlet subarterial VSDs are best seen
from the parasternal long-axis view. They are characterized
by the absence of septal tissue between the superior margin
of the VSD and the hinge of the right coronary cusp. Prolapse
of the aortic valve cusp into the defect is well seen from this
view. With a minimal medial angulation, perimembranous

VSDs can also be viewed. By tilting the transducer to pul-

monary outflow tract, outlet VSD with malalignment of

outlet septum can be demonstrated.

The parasternal short-axis view is very useful for clarifying
different types of VSDs. At the aortic root level, perimembra-
nous VSDs are seen between 9 and 11 o clock and outlet VSDs
between 11 and 12 o’ clock. Doubly commiitted subarterial VSDs
will be seen between 12 o'clock and hinge of the pulmonary
valve and characterized by the absence of septal tissue between
the AV and pulmonary valve cusps. Upon sweeping downward
toward the LV apex, a muscular VSD can be seen at various
location of the septum. Inlet VSDs can be viewed in the apical
four-chamber view or from the parasternal short-axis view at
the level of the mitral valve.

The size of the defect is very important because this deter-
mines the hemodynamic consequences. VSDs are classified as
small when their size is less than one-third of the diameter of
the aorta, moderate when their size is between one to two-
thirds of the aortic diameter, and large when their diameter is
more than two-thirds of the aortic diameter.!?

The echocardiographic examination should exclude the
presence of additional VSDs as well as any coexisting conditions

Figure 6.8 Two-dimensional transthoracic echocardiography (2D TTE)
from parasternal short axis view showing a muscular trabecular ventricu-
lar septal defect (VSD) (blue arrow). LV, Left ventricle; RV, right
ventricle.
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that may need to be taken into consideration before making the

decision for closure, such as a straddling AV valve apparatus or

prolapse of the AV cusps into the VSD.

+ Characterize the hemodynamic significance of the shunt:
Color and spectral Doppler in the parasternal long- and
short-axis views as well as the apical and subcostal four-
chamber views can be used for evaluation of the direction
and hemodynamic significance of the shunt. In patients with
normal RV systolic pressure and normal pulmonary vascular
resistance, there is high-velocity left-to-right shunting across
the VSD. Flow velocity across the VSD greater than 4 m/s in
most pediatric patients suggests that it is restrictive. In adult
patients, this may not always be the case owing to their
higher blood pressure compared with that in the pediatric
population with systemic hypertension. Flow across the
defect may become continuous when LV diastolic pressure
exceeds RV diastolic pressure. With larger defects, large left
to right shunt and elevated pulmonary artery systolic pres-
sure, shunt velocity is lower, but pulmonary vascular resis-
tance may still be normal or only mildly elevated. When RV
systolic pressure and pulmonary vascular resistance signifi-
cantly are raised, flow across VSD becomes bidirectional
with low velocity indicating Eisenmenger physiology.

+ Assess the hemodynamic effects of shunting: Small restric-
tive VSDs usually are characterized by turbulent flow in color
Doppler imaging and high-velocity systolic signal on CW
Doppler (peak instantaneous RV pressure calculated using
the flow velocity across VSD is less than two-thirds of sys-
temic systolic pressure). They are usually not associated with
LA or LV dilation or pulmonary hypertension. LA and LV
enlargement is usually present when the left-to-right shunt
volume exceeds the systemic flow (Q,/Q; >1.5). In a minority
of patients with small, restrictive VSDs, a dilated left heart
with reduced function can be seen, suggesting independent
ventricular disease. Large nonrestrictive VSDs are usually
characterized by a laminar flow in color Doppler signal with
low velocity on CW Doppler (peak instantaneous gradient
<25 mm Hg across the defect).

+ Assessment of RV systolic pressure: RVSP should always
be assessed in patients with VSD because large defects could
be associated with pulmonary hypertension. RV pressures
can be estimated using the gradient across the VSD by the
following formula.

RVSP = Systolic blood pressure
— 4 x (peak flow velocity across VSD)2

Measurement of peak VSD velocity can be problematic if the
jet is deflected by the TV, septal aneurysm, or muscle bundle.
Failure to direct the CW beam parallel to the VSD jet may result
in underestimation of the pressure difference. Because of this,
the TR velocity jet usually gives a more accurate estimate of
peak RV systolic pressure. The estimate of the RV pressure from
VSD velocity must correlate with that determined by the TR
velocity. Any significant disparity needs to be resolved.

Estimated RVSP based on the VSD flow or TR jet velocities
should be compared with a simultaneous measurement of the
systemic systolic blood pressure. It is also important not to
mistake VSD jet velocity for TR velocity when the VSD shunt
is partially or completely directed to the RA.

+ Double-chamber right ventricle (DCRV): This may develop
in patients with small VSDs and result in significant obstruc-
tion (2D color Doppler from the parasternal short-axis view
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and apical five-chamber view with further anterior angula-
tion). In this situation, VSD usually opens to a high-pressure
chamber and flow velocity across the VSD becomes low.
There may be minimal or no gradient across VSD. High-flow
velocity is usually detected at the RVOT, and RV hypertro-
phy is commonly associated. The pressure gradient calcu-
lated using TR reflects the pressure in the high-pressure
chamber of the RV and not the pulmonary artery pressure
(Fig. 6.9).

+ Aortic regurgitation: Prolapse of the aortic cusp with pro-
gressive aortic regurgitation is usually seen in perimembra-
nous and outlet VSDs (2D color Doppler in the parasternal
long- and short-axis and four- and five-chamber views). A
deformed and dilated aortic sinus (usually the right aortic
sinus) prolapsing into the VSD can result in partial or com-
plete closure of the defect and is best seen in the parasternal
long-axis view. The residual VSD can be very small and shunt
through the VSD is hard to obtain using CW Doppler. A
deformed sinus wall can be very thin and may rupture; per-
foration of the sinus of Valsalva may also occur.

Assess for LVOT obstruction: In some cases, posterior
deviation of the outlet septum may result in LVOT obstruction.
This can be also caused by a discrete subaortic ridge. The para-
sternal long-axis view and apical five-chamber view with color
and spectral Doppler are best in assessing the anatomy and
severity.

CLOSURE OF VENTRICULAR SEPTAL DEFECTS

The main indication of VSD closure is the presence of signifi-
cant left-to-right shunt (Q,:Q, >1.5) with LV volume overload
and at same time pulmonary vascular resistance lower than
two-thirds of systemic vascular resistance.” Recurrent endocar-
ditis is another indication for closure of a small VSD.

Transthoracic Echocardiography in Operated Patients
The most common complications after VSD closure are

+ Residual VSD

+ Damaged aortic or TV with regurgitation

+ LVOT obstruction

+ LV dysfunction after long-standing LV volume overload (in
cases of late repair)

+ Conduction disturbances

+ Development of pulmonary vascular disease or Eisenmenger
syndrome
The goals of the echocardiography examination are to

+ Assess for residual VSDs: The presence of residual VSD is
usually detected at the margins of the closure patch.

+ Presence of aortic or TR: Interrogation of the tricuspid and
aortic valves for the presence of regurgitation should always
be performed postoperatively (2D color Doppler in the para-
sternal long-, short-axis, and apical views).

+ Assess for LVOT obstruction: subAS after the placement of
the VSD patch may occur (parasternal long axis view, para-
sternal short axis view, apical five-chamber view with color
and spectral Doppler).

+ Assess LV size and function. LV dimension as well as
regional and global function should be assessed postopera-
tively, especially in cases of late repair after long-standing LV
volume overload.

+ Determine pulmonary artery systolic or mean pressure.
These should be estimated from TV regurgitation velocity,
pulmonary regurgitation (PR), Doppler or shunt through
residual VSDs.

Three Dimensional Echocardiography
With 3D TTE, the size, location, and spatial relation of the VSD
with the adjacent structures can be more precisely assessed. An
en-face view of the defect obtained by 3D TTE can help to
determine the best therapeutic approach, whether surgical or
percutaneous.

Moreover, 3D TEE can be a valuable tool intraoperatively
and during transcatheter device closure in assisting on the
optimal sizing and positioning of the closure device.

Figure 6.9 A, Two-dimensional transthoracic echocardiography (2D TTE) from apical five-chamber
view showing a perimembranous VSD (horizontal white arrow) with DCRV (vertical white arrow).
B, Color Doppler showing the flow acceleration from the high- to low-pressure chambers of the RV
(white arrow). Ao, Aorta; DCRV, double-chamber right ventricle; LA, left atrium; LV, left ventricle; RV,

right ventricle; VSD, ventricular septal defect.



PATENT DUCTUS ARTERIOSUS

Anatomy and Physiology

The ductus arteriosus is a vascular structure that connects the
main pulmonary artery (MPA) with the descending aorta or the
subclavian artery (SA). When a right aortic arch is present, the
ductus arteriosus may connect the MPA with the right-sided
descending aorta (right-sided ductus arteriosus) or the MPA
with the left SA (left-sided ductus arteriosus) or the MPA with
both (bilateral ductus arteriosus). Shortly after birth, once flow
through the lungs is established, the ductus normally closes.
Failure to close results in a left-to-right shunt through the
ductus. Patent ductus arteriosus (PDA) accounts for 5% to 10%
of all congenital malformations and is more common in prema-
ture infants. Usually PDA presents as an isolated lesion. Clinical
presentations in adults vary according to size. PDA can be an
incidental finding, during echocardiographic assessment for
other indications or during clinical examination. It produces an
audible ejection systolic or continuous murmur radiating to the
back.

The consequences of the left-to-right shunt from a PDA
depend on its size and pulmonary vascular resistance. Medium
and large shunts cause congestive heart failure (CHF) due to
increased pulmonary blood flow and volume overload of the
left heart. If uncorrected, pulmonary hypertension develops
and the shunt becomes bidirectional, with cyanosis of the lower
but not the upper extremities (differential cyanosis).

Transthoracic Echocardiography in Unoperated

Patients

The goals of the examination are to

+ Determine the anatomic location, size, and course of the
PDA: The PDA is demonstrated from the ductal view, which
can be gained by sliding the transducer superiorly from the
parasternal short axis into a high left parasternal window and
rotating it clockwise, at which point the pulmonary artery
bifurcation can be seen. From this view of the branch pulmo-
nary arteries, counterclockwise rotation of the transducer
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toward the 12 o clock long axis of the PDA, located between
the descending aorta and left pulmonary artery, can be dem-
onstrated. Ductal flow can be seen in the high parasternal
long-axis view of the pulmonary trunk. Color Doppler dem-
onstrates the flow of the PDA toward the transducer. From the
suprasternal view the PDA could also be found by focusing
on the descending aorta opposite the left subclavian and

swinging toward the left PA (Fig. 6.10).

A PDA is usually cone-shaped with a smaller orifice at the
PA end. According to the shape, PDAs are classified into five
categories (Kirchenko classification). Thus they can be short or
long and straight or tortuous, making complete visualization
difficult.

+ Characterize the hemodynamic significance of the shunt:
With color and spectral Doppler in the parasternal long- and
short-axis views, the suprasternal views can be used to evalu-
ate the direction and hemodynamic significance of the shunt.
The flow profile is characterized by near continuous left-to
right-flow with a peak velocity in early systole, when PA
pressure is less than the systemic pressure (Fig. 6.11).

With large defects and significant pulmonary hypertension
(Eisenmenger physiology), there is a low-velocity bidirectional
shunt. A right-to-left shunt (from the MPA to the descending
aorta) occurs at early systole and a left-to-right shunt (from the
descending aorta to the MPA) occurs at late systole and through-
out diastole. In cases of Eisenmenger syndrome with reduced
shunt, a PDA can be easily missed by 2D echocardiography.
Careful examination at the ductal view with a reduced color
Doppler velocity scale may help to identify the PDA.

+ Assess the hemodynamic effects of shunting: LV enlarge-
ment is usually consistent with hemodynamically significant
shunt through the PDA. The Q,/Q; should be measured.

+ Assess RV systolic pressure: RVSP should always be assessed.
The pressure gradient, calculated using Doppler velocity
across the PDA or TR velocity, provides information about
RV and PA systolic pressure. As with a VSD, the TR velocity
may provide a more accurate estimate of PA systolic

Figure 6.10 A, Two-dimensional transthoracic echocardiography (2D TTE) from the parasternal short-
axis view showing a PDA (white arrow). B, Color Doppler shows left-to-right shunt through the PDA
(white arrows). Ao, aorta; D.Ao, descending aorta; MPA, main pulmonary artery, PDA, patent ductus
arteriosus.
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Figure 6.11 A, Coarctation of aorta (CoA). Two-dimensional transthoracic echocardiography (2D TTE)
suprasternal view of the aortic arch. A discrete narrowing is seen distal to the SA (white arrow). B,
Continuous-wave (CW) Doppler recording through the CoA in the descending aorta. Note the high
peak systolic flow velocity with a long diastolic tail characteristic of significant CoA. SA, Subclavian

artery.

pressure. When bidirectional shunt is present, it is character-
ized by a right-to-left shunt in early systole followed by a
left-to-right flow in late systole and diastole. This indicates
significantly elevated pulmonary vascular resistance and
Eisenmenger physiology.

Transthoracic Echocardiography in Operated Patients

The goals of the examination are to

+ Show that the device is well positioned in patients after
device closure: (2D and color-flow Doppler in the supraster-
nal and parasternal long- and short-axis views.)

+ Assess for residual ductal flow: Residual flow may be traced
by color flow and spectral Doppler in the suprasternal and
parasternal long- and short-axis views.)

+ Exclude LPA stenosis: (2D color-flow, and spectral Doppler
in the suprasternal and parasternal short-axis views.)

+ Assess LV function

+ Assess for residual pulmonary hypertension

Special Consideration

+ Low-velocity retrograde flow in late systole secondary to
swirling flow within an enlarged PA should be differentiated
from ductal flow.

+ Continuous flow into the PA is also seen with a coronary
artery fistula, anomalous left coronary artery from the pul-
monary artery, or an aortopulmonary window. These are
rare congenital abnormalities that should not be confused
with a PDA.

+ The holodiastolic flow reversal in the descending aorta due
to antegrade flow into the ductus in diastole, recorded from
the suprasternal view, should not be confused with diastolic
flow reversal due to aortic regurgitation.

+ Surgically created shunt may have a flow profile similar to
that of a PDA. The origin of the shunt seen from the supra-
sternal view may help in differentiating between the two.

Three-Dimensional Echocardiography

3D TTE may provide more accurate information on the size of
the duct. Additionally, it can provide a more comprehensive
analysis of left atrial and ventricular dimensions and volumes.
3D TEE can be used perioperatively to determine the optimal

device position, the presence of residual shunts through the
duct, and/or the probable obstruction of the left PA after the
placement of the closure device.

COARCTATION OF THE AORTA

Anatomy and Physiology

Coarctation of the aorta (CoA) is the fifth most common congeni-
tal heart defect, present in approximately 6% to 8% of live births
with CHD and is more common in males than in females. It is
commonly located opposite the ductus arteriosus or ligamentous
arteriosum and appears as a shelflike narrowing into the aorta just
below the left SA. Long tubular narrowing, a hypoplastic aortic
arch, or a small general arterial tree are also seen. In two-thirds of
the cases the clinical manifestation occurs early after birth; in one-
third of the cases the diagnosis is made in adulthood.

The etiology of CoA is not clear; however, the role of genetic
factors is increasingly being identified. Almost 12% of patients
with Turner syndrome present with CoA, and an association of
CoA with the presence of a chromosome 22q11 microdeletion
has been demonstrated.'?

Associated Lesions

Associated defects other than bicuspid aortic valve (which
occurs in 22% to 42% of cases) are rare. Aortic atresia or inter-
rupted aortic arch is the extreme anatomic manifestation of
coarctation, with the descending aorta supplied by the ductus
arteriosus or collateral vessels. Other associating anomalies
include VSDs, mitral valve anomalies, and intracranial
anomalies.

Most adult patients with CoA are diagnosed owing to the
presence of long-standing systemic hypertension and a differ-
ence in blood pressure between upper and lower extremities.
Some may present with heart failure, aortic rupture, and
endocarditis.

Transthoracic Echocardiography in Unoperated

Patients

The goals of echocardiographic assessment are to

+ Confirm the presence of CoA and assess its severity: (2D
color Doppler, and spectral Doppler from the suprasternal
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Aneurysm
D. aorta

Figure 6.12 A, Two-dimensional transthoracic echocardiography (2D TTE) from suprasternal view;
repaired coarctation of the aorta (CoA) with aneurysmal dilation of D. aorta (white arrows). B, Same
view after injection of echocardiographic contrast (SonoVue), aneurysm dilation of the D. aorta is clearly
demonstrated (white arrows). A. arch, Aortic arch; D. aorta, descending aorta.

window.) A study of the dimensions of the ascending aorta,
aortic arch, descending and abdominal aorta should be
performed by 2D echo. Color Doppler is useful to locate
the site of coarctation. In patients with severe coarctation,
a CW Doppler tracing through the aortic isthmus shows a
characteristic pattern of high-velocity systolic amplitude (4
to 5 m/s) with continuous antegrade flow through diastole
(diastolic tail). Doppler gradients from the peak systolic
velocity (V) alone tend to overestimate the catheter-mea-
sured gradient. A better correlation has been shown when
the velocity proximal to the coarctation (V;) is included in
the expanded Bernoulli equation (P=4 [V% - Vﬂ) This
may not be necessary if the proximal aortic flow is less than
1 m/s. The coarctation is considered significant when the
peak pressure gradient across the coarctation site is more
than 30 mm Hg with the presence of anterograde diastolic
flow. In rare cases of severe coarctation (near atretic aorta),
Doppler may detect only low velocity (<1 m/s) but continu-
ous flow across the narrowed segment. Low-velocity con-
tinuous flow in the abdominal aorta (spectral Doppler
from the subcostal view) may be helpful in the diagnosis
of severe coarctation. In cases in which multiple obstruc-
tive lesions are in series, there is tubular hypoplasia of the
aortic arch, or the peak flow velocity proximal to the coarc-
tation exceeds 1 m/s, the expanded Bernoulli equation
should be used:

Peak gradient=4V?2__(coarctation)

—4V?%  (pre-coarctation)

In patients with uncorrected coarctation, the direction of the
jet is generally very eccentric. This can lead to underestimation
of the severity of the obstruction owing to malalignment of the
jet’s direction and the ultrasound beam. When 2D imaging is
difficult, color Doppler is helpful in identifying the site of coarc-
tation and guiding Doppler positioning.

* Evaluation of flow in the arterial duct: With a severe coarc-
tation or interrupted aortic arch, no increase in velocity will
be seen if the descending aorta is supplied by an unrestrictive
PDA or by extensive, large collateral vessels. In this case the
large duct supplying the descending aorta must not be

mistaken for the aortic arch. This can be avoided by identify-
ing where the arch vessels originate.

+ Assessment of LV mass, wall thickness and function as well
as the presence of LVOT obstruction: (2D color Doppler and
spectral Doppler from the parasternal long- and short-axis
views and the apical three-, four-, and five-chamber views).

+ Associated lesions: Bicuspid aortic valve with dilation of the
ascending aorta and mitral valve anomalies can coexist and
should also be assessed. (2D color Doppler and spectral
Doppler from the subcostal short-axis view, parasternal
long- and short-axis views, apical four-chamber view, and
apical two- and three-chamber views.) Coarctation is par-
ticularly common in patients with multiple obstructive left
heart lesions and can be part of the Shone syndrome.

Surgical Treatment

Early repair after diagnosis is followed by low morbidity and
mortality and a low risk of complications. The surgical risk in
cases of simple coarctation is less than 1%. Numerous surgical
techniques have been developed according to the severity/com-
plexity of the anatomic lesion and the patient’s age at diagnosis.
The surgical operations include resection of the coarctation site
and end-to-end anastomosis, prosthetic patch aortoplasty, sub-
clavian flap aortoplasty, placement of an interposition graft or
bypass tube graft, or an extra-anatomic bypass graft with con-
nection of the ascending to the descending aorta.

Interventional Treatment

Stent angioplasty is a safe alternative treatment for adult patients

with coarctation, especially in cases of recoarctation or residual

stenosis.
The main complications of CoA include

* Arterial hypertension

* Recoarctation or residual stenosis

+ Dilation or aneurysm of the ascending or descending aorta
(Fig. 6.12)

+ Coronary artery disease

+ Aortic stenosis (AS) or regurgitation in patients with bicus-
pid aortic valve

+ Infective endocarditis or endarteritis

+ Rupture of an aortic or cerebral aneurysm
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Transthoracic Echocardiography After Repair

+ Recoarctation or residual stenosis: (2D color Doppler and
spectral Doppler from the suprasternal view.) Mildly increased
flow velocity in the descending aorta is a common finding in
repaired or stented coarctation. The presence of a diastolic tail
or the ratio of systolic flow velocity at the end of the T wave
on electrocardiography (ECG) to a peak systolic velocity of
more than 0.5 suggests clinically significant recoarctation.'*

+ Dilation or aneurysm of the ascending or descending aorta:
(2D color and spectral Doppler from the suprasternal view,
parasternal long-axis and apical two- and five-chamber views.)
Contrast echocardiography can be helpful in demonstrating

aneurysmal dilation of the aortic arch and descending aorta or

pseudoaneurysm at the repair site. Computed tomography (CT)
or computed magnetic resonance (CMR) is superior in demon-
strating an aneurysm.

Three-Dimensional Echocardiography

3D TTE can provide information on the extracardiac vascular
landmarks. 3D TEE can provide superior images in patients
with surgically repaired coarctation; the images acquired in this
setting with 2D TTE are usually suboptimal owing to the tor-
tuosity of the aorta and/or the presence of fibrosis. Additionally,
3D TEE can provide useful information intraoperatively regard-
ing the anatomy of coarctation.

PULMONARY STENOSIS

Anatomy and Physiology

Pulmonary stenosis (PS) can be valvar, subvalvar (infundibu-
lar), or supravalvar. Most cases (approximately 80%) are at the
valvar level. PS is usually an isolated congenital anomaly,
although it is sometimes associated with other congenital heart
defects such as ASDs, peripheral pulmonary artery stenosis, and
Noonan syndrome (a dysplastic or myxomatous pulmonary
valve with small annulus). Other syndromes associated with PS
are congenital rubella, William syndrome, and Alagille syn-
drome.'® Depending on the severity of PS, its clinical presenta-
tion and diagnosis vary from fetal diagnosis in severe cases to
a coincidental finding in mild cases.

In valvar stenosis the three leaflets of the valve are usually
present, but with thickened and fused commissures and a
reduced orifice. Unicuspid or bicuspid valves can also be seen.
Subvalvar PS includes infundibular PS and a double-chambered
RV (DCRV). Infundibular stenosis may be caused by a discrete
fibromuscular diaphragm located within the RV infundibulum.
Infundibular hypertrophy and stenosis can also develop second-
ary to severe valvar PS. DCRV is characterized by the presence
of prominent muscular bundles that create a division of the RV
into two parts, a high-pressure proximal inflow chamber and a
low-pressure distal outflow chamber. DCRV is most frequently
associated with a small restrictive perimembranous VSD.

Transthoracic Echocardiography in Unoperated

Patients

The goals of echocardiographic assessment are to

+ Characterize the morphology of the pulmonary valve
and assess the severity of the stenosis: The pulmonary
valve is best visualized from the parasternal long-axis view
by tilting the transducer toward the patient’s left shoulder
and by the parasternal short-axis view at the base of the
heart. The 2D images show thickened pulmonary valve
cusps, restricted systolic motion, and doming in systole.
The severity of the obstruction is determined by measuring

the peak Doppler velocity across the pulmonary valve. Mul-
tiple transducer positions should be checked to be certain
to obtain the highest velocity. The pressure gradient is cal-
culated using the modified Bernoulli equation. The degree
of stenosis is judged mild when the peak instantaneous
gradient is less than 40 mm Hg, moderate with gradients
between 40 and 70 mm Hg, and severe when the gradient
is greater than 70 mm Hg. The pressure gradient is flow-
dependent and may not always be a reliable indicator of the
severity of stenosis. Flow across the valve can be reduced
secondary to poor RV systolic function or increased due to
insufficiency of the pulmonary valve.

+ Determine the shunt’s size: A large left-to-right shunt can
cause increased velocity across the pulmonary valve when
no valve stenosis is present. If increased flow is due to a
shunt, the RVOT and PA velocities are both increased. In
contrast, in valvar PS, the RVOT velocity should be normal
while the PA velocity is increased.

* Define the type of sub-PS and assess the severity of
obstruction: The presence of a discrete fibromuscular ridge
in the infundibular region or the prominent muscle bundles
in the DCRV can be visualized in the parasternal short-axis,
subcostal short-axis, and modified apical five-chamber
views. Turbulent flow in color Doppler helps to identify the
presence and site of stenosis within the RV in cases of DCRV.
The distance of the muscle bundles from the tricuspid and
pulmonary valves can also be estimated.

+ Assess the presence of VSD: It is important to identify the
presence of an VSD in cases of DCRV. In the presence of high-
pressure proximal to the RV chamber, the gradient across the
VSD is expected to be low even if it is restrictive. 2D color
Doppler and spectral Doppler from the parasternal short-axis
and parasternal long-axis views as well as the subcostal short-
axis and modified apical five-chamber views can be used.

+ Evaluate RV size and function and assess the presence of
RV hypertrophy: RV systolic function can be assessed by RV
fractional area change (FAC), TAPSE, and tissue Doppler
velocity of tricuspid annulus and RV speckle strain.'®
Doppler profile in MPA (antegrade flow during atrial systole,
@ wave) can give useful information on RV diastolic
dysfunction.

+ RA: In severe congenital PS, the RV is usually hypertro-
phied while the RA is dilated. RA area can be measured by
2D echocardiography from the apical four-chamber view. An
area of more than 18 cm? suggests RA dilation.

+ Measure the dimensions of the main PA and PA branches:
The parasternal long- and short-axis views are best for
assessing the main PA and its proximal branches. The main
PA is often dilated, but the extent of dilation does not neces-
sarily correlate with the severity of stenosis.

+ Estimate RV systolic pressure: RVSP should always be
assessed. The Doppler velocity of the TR provides informa-
tion about RV and PA systolic pressure.

The most common residual lesions after surgical repair are

+ Recurrent RVOT obstruction

+ Residual VSD

+ RV dysfunction (systolic or diastolic)

ANOMALIES OF THE LEFT VENTRICULAR
OUTFLOW TRACT

Anatomy and Physiology
Obstruction of the LVOT may occur at the subvalvar, valvar, or
supravalvar level. Approximately 70% of aortic stenosis cases



occur at the valvar level. Most cases with congenital aortic valve
stenosis have a bicuspid aortic valve. Other valvar abnormalities
of the aortic valve include unicuspid aortic valve, acommisural
(diaphragmatic valve) aortic valve, and quadroleaflet valve.

Sub-AS is narrowing below the aortic valve and corresponds
to 23% of cases. Subvalvar AS may present as a discrete fibro-
muscular ridge or a tunnel-type diffuse narrowing of the LVOT
(Fig. 6.13).

Supravalvar stenosis is rare (6%) and can be membranous; it
may be hourglass-shaped or associated with hypoplasia of the
ascending aorta and may involve the coronary artery orifices
(Fig. 6.14).

Figure 6.13 Two-dimensional transthoracic echocardiography (2D TTE)
from the parasternal long axis view. Blue arrows show a subaortic fibro-
muscular ridge. Ao, Aorta; LA, left atrium; LV, left ventricle.
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Associated Lesions

Bicuspid aortic valve is associated with other congenital
aortic and cardiac abnormalities in 30% of cases. In 22% to
42% of patients with aortic coarctation, a bicuspid aortic
valve is present. Bicuspid aortic valve can be associated with
subvalvar AS, parachute mitral valve (PMV), VSDs, PDA,
bicuspid pulmonary valve, Ebstein anomaly, and hypoplastic
left heart syndrome. Shone syndrome includes the presence
of subvalvar AS, valvar AS, aortic coarctation, PMV, or
supramitral ring. Dilation of the aortic root and the ascend-
ing aorta is a common finding in patients with bicuspid
aortic valve.

Transthoracic Echocardiography in Unoperated

Patients

The goals of the examination are to

+ Characterize the anatomy of the valve: The parasternal
short axis is best for defining the leaflet morphology whereas
the long axis is best for valve motion during systole. In the
short-axis view, a true bicuspid valve has two leaflets of rela-
tively equal size, a straight closure line in diastole and a
noncircular orifice in systole (Figs. 6.15 and 6.16).

+ A functional bicuspid aortic valve has three leaflets with
fused commissures and the “Y” pattern, but the commissures
are very much thickened with varying degrees of leaflet
fusion. A unicommissural valve, often seen in infants and
children, has a single commissure along half the diameter of
the orifice and in systole a circular orifice that is eccentrically
positioned (Fig. 6.17).

+ Assess the severity of aortic valve stenosis or regurgita-
tion: Color and spectral Doppler is used to obtain the highest
Doppler velocity in multiple views including the apical,
suprasternal, right parasternal, and subcostal. Three echo-
cardiographic parameters are used to determine the severity
of the stenosis and the timing for intervention: mean pres-
sure gradient, aortic velocity, and valve area. The peak
instantaneous gradient is used widely to determine the need
for intervention, which is recommended.!”

Figure 6.14 A, Two-dimensional transesophageal echocardiogram left ventricular outflow tract (2D
TEE LVOT) view showing supra-aortic stenosis (white arrow). B, Color Doppler shows turbulent flow at
the level of the supra-aortic valve. Ao, aorta; LV, left ventricle.



Figure 6.15 Two-dimensional transthoracic echocardiography (2D TTE) of parasternal short-axis view
showing a bicuspid aortic valve (white arrow). LA, Left atrium; RA, right atrium; RV, right ventricle.

Figure 6.16 Two-dimensional transthoracic echocardiography (2D TTE) of parasternal long-axis
(A) and short-axis (B) views of a bicuspid aortic valve. Valve leaflets are thickened and doming.

i
—

Figure 6.17 Two-dimensional (2D) (A) and three-dimensional (3D) (B) transesophageal echocardio-
gram (TEE) showing a calcified functional bicuspid aortic valve (arrows). Ao, Aorta; LA, left atrium; LV,
left ventricle; RA, right atrium; RV, right ventricle.
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Figure 6.18 A, Two-dimensional transesophageal echocardiogram (2D TEE): a bicuspid aortic valve
with a severely dilated ascending aorta. B, Color Doppler shows the aortic regurgitation jet through
the aortic valve (white arrow). Ao, Aorta; AR, aortic regurgitation; LV, left ventricle; LA, left atrium; RA,

right atrium; RV, right ventricle.

+ In symptomatic patients with severe AS (mean gradient 240
mm Hg or aortic velocity 4.0 m/s or greater).

+ In asymptomatic patients with severe AS and LVEF less
than 50%.

Aortic valve area can be calculated using the continuity
equation. Proper alignment with the jet is imperative to
avoid underestimating the gradient. The gradient is affected
by the volume of flow, so that LV dysfunction and low cardiac
output give a lower gradient, whereas aortic insufficiency
increases the gradient. In cases of low flow, low gradient AS,
stress echocardiography can be helpful in clinical decision
making.

+ Assess LV systolic and diastolic function and the presence
of LV hypertrophy (LVH): Diastolic dysfunction and LVH
are common in patients with severe AS. 2D color spectral
Doppler and tissue Doppler imaging (TDI) from the para-
sternal long and short axis as well as apical three-, four-, and
five-chamber views are used to assess systolic and diastolic
LV function.

+ Assess aortic root dimensions and the ascending aorta:
Aortopathy is common in patients with bicuspid aortic valve.
High parasternal long-axis and right parasternal and supra-
sternal views can be used to assess the diameter of aortic
root, ascending aorta, and aortic arch. The presence of aortic
coarctation should be excluded (Fig. 6.18).

+ Estimate the level and severity of LVOT obstruction: Color
Doppler and PW Doppler can be applied sequentially to
assess the level of obstruction, whereas CW Doppler is
applied for the evaluation of the severity of obstruction.
Apical three- and five-chamber views are best for evaluating
LVOT obstruction.

+ Identify associated anomalies

Transthoracic Echocardiography in Operated Patients
TTE after surgical and interventional therapy aims to investi-
gate the occurrence of postoperative complications:

+ Recurrence of LVOT obstruction

+ Aortic valve dysfunction

+ Endocarditis (Fig. 6.19)

+ Dysfunction of prosthetic valve

+ Aortic root dilatation and dissection

+ LV dysfunction

Figure 6.19 Transesophageal echocardiogram left ventricular outflow
tract view: vegetation on a bicuspid aortic valve in a patient with infec-
tive endocarditis (blue arrow). Ao, Aorta; LA, left atrium; LV, left ventricle;
RV, right ventricle.

LEFT VENTRICULAR INFLOW ABNORMALITIES

Cor Triatriatum

This is a rare congenital anomaly in which the common pulmo-
nary venous chamber is separated from the rest of the LA by a
fibromuscular membrane (Fig. 6.20).

Other associated anomalies may be a patent foramen ovale
(PFO), ASD, PDA, persistent SVC, and CoA. The diagnosis may
be incidental in cases where there is no significant obstruction.
However, symptoms may resemble those of mitral stenosis,
including dyspnea, cough, hemoptysis, and chest pain. Atrial
fibrillation and left atrial thrombus formation with systemic
embolism may be the common clinical presentations of the
disorder.

Parachute Mitral Valve

This congenital anomaly involves the attachment of all chordae
tendineae to a single papillary muscle (most commonly the
posteromedial papillary muscle). In most cases patients present
with mitral stenosis during infancy. However, sometimes the
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chordae tendineae may be long and lax, precluding complete
coaptation of the leaflet cusps, which may even prolapse into
the LA, thus resulting in mitral regurgitation (MR). Rarely,
there may be no functional abnormality of the mitral valve
apparatus. The parachute mitral valve (PMV) may be part of the
Shone complex. It is also associated with other congenital heart
anomalies such as aortic valve stenosis, ASD, AVSD, and hypo-
plastic left heart.'®

Straddling Mitral Valve

This lesion constitutes mitral valve chordal attachments in the
RV. It is always associated with VSD, and a number of congenital
disorders may be also be present, such as double-outlet RV and
transposition of the great arteries (TGA).

Transthoracic Echocardiography in Unoperated

Patients

The goals of examination are

+ To assess mitral valve leaflet morphology, annular size, and
the morphology and function of the valve apparatus (length
and morphology of chordae and papillary muscle). From the
parasternal short-axis view, scanning from the level of the
MV annulus to that of the papillary muscle, abnormal
chordal insertion into a single papillary muscle can be iden-
tified, although in some cases two papillary muscles exist. 2D
TTE in the subcostal view, parasternal long- and short-axis
views, and apical four- and three-chamber views is helpful
in assessing valve morphology and function.

+ To evaluate the severity of mitral stenosis or regurgitation
(color-flow Doppler, spectral Doppler in the subcostal view,
parasternal long- and short-axis views, apical four- and
three-chamber views). Mitral stenosis is found mainly at the
subvalvar level. Stenosis can be underestimated if the Doppler
sample is placed at the leaflet level or by the planimetry
method. From the apical four-chamber view, the CW
Doppler recording of transmitral flow should be used to
calculate peak and mean gradients.

Figure 6.20 Three-dimensional transesophageal echocardiogram
image from a patient with cor triatriatum demonstrating a membranous
structure in the left atrium (LA) that separates the LA into two parts. The
blue arrows point to the restricted defect on the membrane.

+ To assess ventricular size and function

+ To evaluate LA size

+ To estimate RVSP by TR jet (color-flow CW Doppler in the
parasternal long-axis [RV inflow] view, parasternal short-
axis and apical four-chamber view).

+ To identify associated anomalies

Three-Dimensional Echocardiography

3D TTE echocardiography offers better visualization of the
mitral valve leaflets and the mitral valve apparatus. The ability
to quantify the severity of valve stenosis or regurgitation, iden-
tify leaflet defects, and determine the size of the valve area are
some of the advantages of 3D TEE.

Postoperative Assessment
Mitral valve repair or replacement is the definitive treatment for
patients with these lesions.
Postoperative assessment includes
+ Postsurgical residual mitral stenosis or regurgitation
+ Function of the prosthetic mitral valve
+ Presence of paravalvar leaks
+ Hemodynamic significance of associated lesions

TETRALOGY OF FALLOT

Anatomy and Physiology

The main anatomic feature of TOF is the anterocephalad devia-
tion of the outlet septum, which results in VSD, a large aorta
overriding the septum (biventricular origin of the aortic valve
leaflets), RVOT stenosis, and RV hypertrophy.

The spectrum of clinical presentations in patients with TOF is
broad, extended from cases with good pulmonary blood flow
(“pink tetralogy”) to cases with pulmonary atresia presenting with
profound cyanosis when the PDA closes. The pulmonary valve is
usually dysplastic but not often the main cause of obstruction.'”

Common associated lesions found in patients with TOF are
PFO, ASD, AV septal defect (AVSD), right aortic arch, and
coronary anomalies. Occasionally one of the two pulmonary
arteries may be absent (usually the left). In 15% of patients with
TOE Di George syndrome may also be present.

Transthoracic Echocardiography in Unoperated

Patients

The goals of echocardiographic assessment include

+ Sequential segment analysis to determine cardiac position
and situs (subcostal long-axis view), pulmonary and sys-
temic venous connections to the atria (subcostal short-axis
view, apical four-chamber view). Assessment of atrioven-
tricular and ventriculoarterial connections.

« Assessment of VSD, aortic override, and aortic valve. Direc-
tion of shunt and maximum velocity through the VSD by CW
Doppler 2D TTE, color-flow Doppler, spectral Doppler in
the parasternal long-axis view, parasternal short-axis view,
apical four- and five-chamber views). AV morphology and
function (parasternal long-axis view, parasternal short-axis
view, apical five-chamber view).

+ Assessment of the site and the degree of RVOT obstruc-
tion. Color Doppler and PW Doppler can be applied
sequentially to assess the level of obstruction, whereas CW
Doppler is applied for the evaluation of the severity of
obstruction. Parasternal long-axis (RV outflow view) and
parasternal short-axis views are best for the evaluation of
RVOT obstruction.



+ Assessment of pulmonary valve abnormalities and coexis-
tence of PA branch stenosis. RVSP is estimated from TR
velocity with CW Doppler (parasternal long axis—RV inflow
view, parasternal short-axis view and apical four-chamber
view).

+ Assessment of AV valve morphology and function (sub-
costal short-axis view, parasternal long-axis view, RV inflow
view, apical four-, two-, and three-chamber views).

+ Determination of aortic arch sidedness and the presence
of aortopulmonary collaterals (suprasternal view).

+ Assessment of coronary artery anomalies (parasternal
short-axis view, modified apical four-chamber view angu-
lated anteriorly).

+ Assessment of associated abnormalities, including PDA
with CW Doppler (parasternal short-axis and suprasternal
views).

Surgical Therapy

Surgical therapy is the treatment of choice for patients with
TOE Most patients presenting in adulthood have already
undergone a reparative operation. A small number of adult
patients still live with only palliative procedures.

Transthoracic Echocardiography After Palliative

Procedures

+ Blalock-Taussig shunt (BT shunt): classic, SA-to-PA anas-
tomosis or modified, placement of interposition graft
between SA and ipsilateral PA.

+ Waterston shunt: ascending aorta to main or right PA anas-
tomosis (side to side).

+ Potts shunt: descending aorta to left PA a anastomosis (side
to side).

+ Brock procedure: infundibular resection or closed pulmo-
nary valvotomy.

* Relief of RVOT obstruction (without closure of the VSD).
Residual lesions and/or complications after palliative pro-

cedures: Palliative shunts, especially the Waterston and Potts

shunts, may lead to pulmonary hypertension, whereas BT
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shunts and the Potts anastomosis may result in branch PA ste-

nosis. Patient who have undergone the Brock procedure will

still have the original anatomic abnormality but less severe

RVOT obstruction and variable degrees of PR.
Echocardiographic assessment should focus on

+ Assessment of patency of BT shunts: Shunts can usually be
visualized from suprasternal views. Aliased color Doppler
flow helps in identifying the position of shunt. Flow through
the shunt should be of high velocity (>4 m/s) continuously
throughout systole and diastole with a characteristic saw-
tooth Doppler spectral pattern, consistent with the continu-
ous aortic-to-pulmonary pressure gradient. Reduced flow
velocity often suggests an increase in PA pressure. Shunt
stenosis can be challenging. Narrow jet on color flow is sug-
gestive of shunt stenosis. Doppler velocity can often under-
estimate the pressure gradient because the modified
Bernoulli equation is invalid in assessing long segmental
narrowing. Other imaging modalities (CMR or CT) can be
helpful in identifying shunt narrowing. Pulmonary hyper-
tension is not uncommon in patients after a Waterston or
Potts shunt. These two shunts have been more or less aban-
doned as palliative procedures.

Surgical Repair
In the modern era, most adult patients with a diagnosis of TOF
will have had surgical repair during infancy or early childhood,
although very occasionally there are adults surviving with pal-
liative procedures or without any intervention.
The most common residual anatomic and hemodynamic
abnormalities after reparative surgery are
+ PR
+ Residual or recurrent RVOT obstruction or branch PS
+ Akinetic and aneurysmal dilatation of the RVOT
+ RV dilation and dysfunction
+ TR
* Residual VSD and/or ASD
+ Aortic dilation and aortic regurgitation
+ LV dysfunction (Fig. 6.21)

Figure 6.21 Two-dimensional transthoracic echocardiography from a patient with repaired tetral-
ogy of Fallot. A, Parasternal long-axis view showing dilated right ventricle. B, Parasternal short-axis
view demonstrating aneurysmal dilation of the RVOT and absence of functional pulmonary valve tissue.
Ao, Aorta; LA, left atrium; LV, left ventricle; MPA, mean pulmonary artery; RVOT, right ventricular

outflow tract.
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Figure 6.22 Transesophageal echocardiogram from patient with repaired tetralogy of Fallot. A,
Two-dimensional transthoracic echocardiography (2D TTE) from the parasternal short-axis view dem-
onstrates a severely dilated RVOT with a dilated pulmonary annulus and absence of pulmonary valve
tissue. B, Color Doppler showing a broad jet of PR (white arrows) originating near a branch pulmonary
artery, a feature of severe PR. Ao, Aorta; MPA, main pulmonary artery; PR, pulmonary regurgitation;
RVOT, right ventricular outflow tract.

Transthoracic Echocardiography in Operated Patients

+ PR is commonly seen in adults with repaired TOEF. It may
result in RV volume overloading, dilation, and dysfunction.
PR can be visualized by color Doppler imaging from the
parasternal long-axis (RV outflow) view and parasternal
short-axis view. Severe PR can be quantified by
+ Color Doppler; PR width greater than 0.98 cm and dia-

stolic flow reversal in the main or even branch PAs.

+ CW and PW Doppler; dense spectral CW Doppler signal
and early termination of PW Doppler signal (pulmonary
regurgitation [PR] index <0.77)% (Figs. 6.22 and 6.23)

+  Pressure half-time <100 ms.?!

PR duration and PR pressure half-time can be shortened by
increased RV end-diastolic pressure and a fast heart rate. There-
fore, in patients with high RV end-diastolic pressure, PR can be
overestimated using PI index and pressure half-time.

+ Main PA diameter is measured at its midpoint during systole
and the branch PAs are measured at the level of origin.
Color-flow imaging and CW Doppler in PA branches can be
used to assess pulmonary branch stenosis. (parasternal long-
axis view, RV outflow view, parasternal short-axis view,
suprasternal view).

* Residual RVOT lesions: Residual RVOT obstruction can be
present at any level. From the parasternal and subcostal long-
axis and short-axis views, RVOT can be visualized on 2D TTE.
Color, PW, and CW Doppler can be helpful in identifying the
site of obstruction at either the infundibular, pulmonary valve,
or supravalvar level. The infundibular stenosis usually has a
late peaking of Doppler signal while valvar or supravalvar PS
has midsystolic peaking. The grading for the severity of
obstruction should be similar to that used for the assessment
of simple PS.

+ Aneurysmal dilatation and akinetic RV anterior wall are
commonly seen in patients with repaired TOE especially when
a transannular patch has been used. If present, it contributes to

* PRindex = a/b = 1
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Figure 6.23 Imaging from a patient with repaired tetralogy of Fallot
(TOF). Continuous-wave (CW) Doppler recording of flow across a pul-

¢ . - . . monary valve shows (A) mild PR (performance index [PI] index = 1) and
overall RV dilatation and dysfunction. The dimension of aneu- (B) severe PR (Pl index = 0.5). PR, Pulmonary regurgitation.

rysm and length of akinetic wall should be measured from the
parasternal or subcostal long- and short-axis views.



Main PA and proximal branch PAs. From the standard
parasternal short-axis view or high left and right paraster-
nal window and suprasternal view main PA and proximal
left and right pulmonary arteries can be assessed. Color,
PW, and CW Doppler should be used to estimate any
obstruction.

TV anatomy and function: TV dysfunction, mainly regur-
gitation, is usually functional, secondary to RV dilation, but
may also relate to VSD closure. Color Doppler in the latter
demonstrates that TR jet is adjacent to the VSD patch and
the septal attachment of the TV. Valve prolapse due to
chordal rupture or previous infective endocarditis and
damaged valve due to pacemaker or defibrillator use may
occasionally be seen in some patients.

Assessment of RV size: RV dilation and dysfunction are
common in repaired TOE RV dimension should be assessed
from multiple views. Dilation of the RV outflow area and/or
aneurysm formation is often the early presentation, which
contributes to the overall increase in RV volume and should
be measured from parasternal or subcostal long- and short-
axis views. RV inflow dimensions are measured from the
focused RV apical 4-chamber view with both the crux and
apex visible to avoid foreshortening. A diameter greater than
4.2 cm at base and more than 3.5 cm at the midcavity level
indicates RV dilatation.

Assessment of RV function: RV systolic function can be
assessed by RV FAC, TAPSE, and TDI velocity of the tricus-
pid annulus. The inlet part of RV function is often main-
tained at the early stage of disease. The aneurysmal akinetic
RVOT often results in overall reduced RV ejection fraction
(EF) measured by CMR. Therefore nongeometric parame-
ters such as myocardial acceleration during isovolumic con-
traction, myocardial performance index (MPI) (Tei index),
and total isovolumic time (t-IVT) maybe more accurate in
reflecting true RV function. Echocardiographic assessment
of myocardial deformation using 2D speckle tracking is less
angle-dependent and has been shown to provide prognostic
value in patients with pulmonary hypertension; it should be
routinely applied to this group of patients. Assessment of RV
diastolic dysfunction must combine the Doppler profile in
MPA (antegrade flow during atrial systole, “a” wave), right
atrial dilation, flow reversal in the hepatic vein, and IVC
dilatation and noncollapsing.?? Doppler indices of TV inflow
are not always reliable for the assessment of RV diastolic
function.

RA: RA area can be measured by 2D echocardiography from
the apical 4-chamber view. An area more than 18 cm” sug-
gests RA dilatation.

LV size and function. LV dimension as well as regional and
global function should be routinely assessed. Several studies
have shown that LV dysfunction is an important prognostic
marker for premature death in TOE23

Aortic root and ascending aorta dilation. From parasternal
long axis view, aortic root diameter at three levels (hinge
point, sinus level and sinotubular junction) and proximal
ascending aorta can be measured using 2D imaging during
mid to late systole (maximal expansion).

The presence and severity of aortic regurgitation can be
assessed using color and CW Doppler (parasternal long axis
and apical five-chamber views). Residual shunts. Residual
VSD commonly located at the superior end of the patch can
be identified using 2D and color Doppler flow mapping from
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multiple planes. Using flow velocity across the VSD, RVSP
can be assessed.

RV systolic pressure = BP — 4 x V>

max
(maximum velocity across VSD).

Residual ASD or the presence of PFO can also be identified
using color Doppler.

Transesophageal/Three-Dimensional Echocardiography
TEE can be used preoperatively for the assessment of the size
of VSD, the level and severity of RVOT obstruction, and the
presence of additional lesions. Additionally, it is a useful tool
intraoperatively for the assessment of hemodynamically signifi-
cant lesions that could affect the postoperative clinical course
and the result of surgical repair.

3D TTE can provide more precise assessment of the size
of the VSD and its relation to the surrounding structures.
Additionally, 3D echocardiography can be very useful in the
assessment of RV volume and PR?* and help in identifying
high-risk patients who qualify for closer follow-up or
intervention.?®

TRANSPOSITION OF THE GREAT ARTERIES

Anatomy and Physiology

D-TGA is characterized by atrioventricular concordance and
ventriculoarterial discordance. TGA accounts for 5% to 10% of
all CHD and is the second most common cyanotic lesion after
TOE2627

Associated Lesions

+ VSDs are the most common, present in one-third of the
cases.”’

« LVOT obstruction (subvalvar/valvar stenosis).

+ Coronary artery anomalies. In 18% of the cases the circum-
flex artery arises from the right coronary artery.?
PFOs, ASD, PDA, and persistent left SVC, partial or total
anomalous pulmonary vein drainage, anomalies of valves
and anomalies of the great arteries (eg, CoA, interrupted
aortic arch, hypoplastic aortic arch).

Echocardiographic Assessment of Unrepaired Cases
Unoperated simple cases of TGA are not compatible with life.
Nearly all patients surviving to adulthood without surgical
repair will have associated lesions to allow mixing of blood.

* Assessment of cardiac position and situs (subcostal long-
axis view, color Doppler)

The pulmonary valve (PV) and systemic vein connections
to the atria (subcostal short-axis view, apical four-chamber
view, color Doppler)

+ AV valve morphology and function (subcostal short-axis

view, parasternal long-axis view, RV inflow view, apical four-
chamber view, apical two-chamber and three-chamber view,
color, CW, and PW Doppler)
Identification of the morphologic characteristics of each
ventricle, to confirm that the morphologic RV is connected
with RA and the morphologic LV is connected to LA. Assess-
ment of ventricular size and function as well as identification
of regional wall motion abnormalities (parasternal short-
and long-axis and apical four-, five-, and three-chamber
views).
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Determination of ventriculoarterial connections. From
the parasternal long-axis view, two great arteries are seen
parallel with the aorta anterior to the pulmonary artery.
On the parasternal short-axis view, typically the two great
arteries are seen as two circles with the aorta anterior and
on the right of the PA. When the probe is tilted anteriorly
from the apical four-chamber view, the first vessel seen
will be the bifurcating PA and further anteriorly will be
the aorta.

Assessment of morphology and function of semilunar
valves (2D, color and spectral Doppler in the parasternal
long- and short-axis views and the apical five- and three-
chamber views).

Assessment of size and location of VSDs. Acquisition of
peak velocity and instantaneous peak gradient across the
VSD (2D color and CW Doppler in the parasternal long-axis
view, parasternal short-axis view, apical four- and five-cham-
ber views).

Assessment of the site and degree of LVOT obstruction
(parasternal long-axis view, parasternal short-axis view,
apical four-chamber view with color and spectral Doppler).
Assessment of PA stenosis if present (2D color Doppler,
CW Doppler in the parasternal long-axis view, apical five-
chamber view and parasternal short-axis view, suprasternal
view).

Determination of aortic arch sidedness and the pres-
ence of other associated anomalies such as CoA, PDA
(color Doppler and CW Doppler for the assessment of
velocities across the CoA and PDA in the suprasternal
view).

Assessment of coronary artery anomalies (parasternal
short-axis view, modified apical four-chamber view angu-
lated anteriorly, color Doppler). Careful 2D imaging with
the use of optimized settings is important. Careful inspec-
tion of the area between the semilunar valves in the para-
sternal short-axis view, when possible, may reveal a double
border of the posterior aortic root, which is evidence of
the coronary artery passing between the aortic and pul-
monary roots.

Transthoracic Echocardiography for Patients After
Surgical Repair

There are several surgical options, including atrial switch, arte-
rial switch, and Rastelli-type repair.

Atrial Switch Operation

The physiologic circulation is restored by redirection of the
venous return to the contralateral ventricle via baffles con-
structed with pericardial tissue (Mustard operation) or with the
atrial septal and free wall flaps (Senning operation). The RV
remains the systemic ventricle (Fig. 6.24).

The most common postoperative complications, usually late,
in patients who have undergone atrial switch operations include
+ Systemic RV dysfunction and progressive TR
+ Baffle leaks or obstruction
¢ Pulmonary arterial hypertension
+ LVOT obstruction
+ Atrial arrhythmias

Echocardiographic Evaluation

In addition to the basic echocardiographic evaluation discussed

previously, the following issues should be addressed in patients

who have undergone an atrial switch operation:

+ Assessment of pulmonary and systemic venous pathways.
Identification of baftle leak or obstruction. Venous pathway
can be identified from the parasternal long-axis view with
anterior angulation, parasternal short-axis view, apical and
subcostal views. Calcified baffle with narrow pathway on
2D TTE and turbulent flow on color Doppler mapping
usually indicate venous pathway obstruction. When there
is mild obstruction, flow velocity across the pathway
increases (V.. >1.6 m/s) but is still pulsatile. With severe
obstruction, flow becomes continuous, but flow velocity is
not necessarily high. Dilation of the azygos vein with
increased flow toward the lower body is often an indirect
sign of an SVC pathway obstruction.

Small baffle leaks are common after the Mustard or Senning
operations. Using color Doppler, the shunt through the leak can
be identified. Mixed blood and saline contrast injection through

Figure 6.24 A, Two-dimensional transthoracic echocardiography of apical four-chamber view from a
patient with transposition of the great arteries (TGA) after an atrial switch operation showing pulmonary
venous blood redirected to the right ventricle (blue arrow). B, Color flow image showing blood flow
from pulmonary veins being redirected to the right ventricle (blue arrow). C, Color flow image showing
blood flow from inferior vena cava (IVC) baffle to the left ventricle (blue arrows). mLV, Morphologic left
ventricle; mRV, morphologic right ventricle; PVs, pulmonary veins.



the peripheral vein is helpful to identify the baftle leak. The

indirect sign of significant baffle leak is LV volume overload,

presenting as a normal sized instead of compressed banana-
shaped LV provided there is no LV hypertension to account for

it (Fig. 6.25).

+ Assessment of systemic RV systolic function and evalua-
tion of TR. Accurate assessment of systemic RV function is
challenging. FAC, TAPSE, Tai index, tissue Doppler imaging
(TDI), isovolumic myocardial acceleration of the RV free
wall, t-IVT, and longitudinal strain using 2D speckle track-
ing all can be used in assessing RV function.?

+ TV regurgitation: In most cases TR is functional owing to
annular dilation and ventricular dysfunction. Congenitally
abnormal TV or damaged valve due to endocarditis can be
seen in some patients. Color, PW, and CW Doppler are used
for the estimation of TR severity in the parasternal long-axis
(RV inflow), parasternal short-axis, and apical four-chamber
views.

+ Assessment of LV function and LVOT obstruction. A vari-
able degree of LVOT obstruction due to muscular-fibrosis
ridge or ring can be seen. From the apical five-chamber view,
the peak and mean pressure gradients across LVOT can be
quantified using CW Doppler. In cases of significant LV
pressure overload, LV appears equal in size with the systemic
RV in the parasternal short-axis view.

+ Pulmonary hypertension. Increased PA pressure can be
compensated well for a very long period. LV dilation and
dysfunction develop only at a late stage of disease. MR is
very rarely seen during the compensating period. There-
fore an increase in PA pressure is often missed. Recording
of PR velocity even with a trivial to mild degree of regur-
gitation often provides an estimate of mean PA pressure

Figure 6.25 Two-dimensional (2D) color-flow image of transthoracic
echocardiography (TTE) from a patient with transposition of great arter-
ies (TGA) after Mustard repair showing IVC baffle leak (yellow arrow).
IVC, Inferior vena cava; mLV, morphologic left ventricle; mRV, morpho-
logic right ventricle.
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(PAPm). A normally shaped LV without any source of
volume overload can be an indirect sign of an increase in
PA pressure.

Arterial Switch Operation

The arterial switch operation is aimed at normalizing ventricu-

loarterial concordance. It is performed early in life and includes

switching of the aorta and coronary arteries from the systemic

RV and of the PA from the LV and reattaching both great arter-

ies to the appropriate ventricles. The coronary arteries are reim-

planted into the neoaorta. Often the PA is brought anteriorly by

the LeCompte maneuver. The most common complications

after the arterial switch operation include

+ PS (usuallyat the level of anastomosis and proximal branches)
and pulmonary valve dysfunction

+ Neoaortic root dilation with aortic regurgitation

+ Stenosis of the coronary ostia and biventricular
dysfunction

* Pulmonary hypertension

Echocardiographic Evaluation

+ RVOT and PAs: RVOT stenosis is the most common reason
for late reoperation after the arterial switch operation. Ste-
nosis can be at any level but is most commonly seen at the
suture line of the neopulmonary artery. The main PA and
pulmonary branches after the LeCompte maneuver can be
difficult to visualize by conventional 2D echocardiography.
A high parasternal short-axis view or suprasternal view in
some cases can demonstrate the PA bifurcation with the
proximal course of the branches. Peak velocities in the distal
PA less than 2 m/s are considered to be within normal limits.
Trivial supravalvar PS with peak flow velocity between 2 and
2.5 m/s is very common. Peak flow velocity in the distal PA
>4 m/s would suggest significant stenosis. But if the stenosis
involves a long narrow segment, it can be underestimated by
gradient calculation using the Bernoulli equation. In some
cases, the apical five-chamber view with further anterior
angulation or the subcostal oblique sagittal view can dem-
onstrate the anastomosis between the main PA and proximal
branches more clearly. A high parasternal long-axis view can
demonstrate the RVOT from the RV to the main PA (even
to the bifurcation in some cases). From this view subvalvar
PS and pulmonary valve function can be assessed. The sever-
ity of PR can be assessed using the same parameters as
described in the assessment of repaired TOE?”

*+ Neoaortic root and valve: Neoaortic root dilatation and
aortic valve regurgitation is a late complication of the arterial
switch operation. Aortic root diameter can be measured
from the parasternal long-axis views at three levels during
systole. AV regurgitation, if present, should be assessed from
the parasternal long- and short-axis views and apical five-
and three-chamber views. The severity of aortic regurgita-
tion can be graded based on the diameter of the jet’s vena
contracta, end-diastolic velocity of aortic regurgitation, and
degree of diastolic reverse flow in the descending and
abdominal aorta. LV dilation and active contraction is often
the indirect sign of significant aortic regurgitation.

+ Assessment of biventricular size and function. Abnormal
coronary artery anatomy and surgical coronary artery
translocation are the known substrates for myocardial
ischemia after the arterial switch operation. Many patients
with arterial switch repair have a low-normal LV ejection
fraction (EF). All known parameters for assessing LV and
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RV function should be used in these patients. Dobutamine
and exercise stress echocardiography are helpful in identi-
tying inducible myocardial ischemia and reduced contrac-
tile reserve in patients with significant coronary artery
lesions.

+ Pulmonary hypertension. Late onset of pulmonary hyper-
tension is a rare but important complication. Tricuspid and
PR velocities can be used for estimating PA pressure. In
working out pressure gradients, coexisting PS should be
taken into account. RV hypertrophy in the absence of RVOT
obstruction may be an indirect sign of pulmonary
hypertension.

RASTELLI OPERATION

This procedure is usually performed in TGA patients with large

subaortic VSDs and PS. The physiologic circulation is restored

because the oxygenated blood is directed through the baffle to

the aorta and the systemic venous blood from the RV through

the conduit to the PA. Potential complications after the Rastelli

operation include

+ Conduit degeneration resulting in stenosis and/or regur-
gitation

+ Secondary RV dilation and dysfunction, TR

+ Obstruction of the LV-to-aorta pathway

*+ Aortic regurgitation

+ LV dysfunction

+ Residual VSD

ECHOCARDIOGRAPHIC EVALUATION

+ Evaluation of the RV-PA conduit function: Degeneration
of the RV-PA conduit and stenosis are inevitable late after
repair. The surgically placed RV-PA conduit is often located
anterosuperiorly; therefore high parasternal or suprasternal
views are helpful in identifying and assessing the conduit and
the function of the valve. Bright calcifications on 2D TTE
often provide a clue to the location of the conduit. Color
Doppler is particularly helpful to identify flow through the
conduit and to direct interrogation by spectral Doppler. CW
Doppler probe (pencil probe) is useful in detecting the
highest flow velocity through the conduit and the proximal
branch PAs. Conduit stenosis is often seen at multiple levels
and involves long segments; gradient can therefore be under-
estimated with the modified Bernoulli equation. Estimation
of RV systolic pressure is based on the peak gradient across
the conduit and the TR velocity. When there is a residual
VSD, flow velocity across it can also be used to assess RV
systolic pressure.

+ Evaluation of LV to aorta pathway. Obstruction of LV-to-
aorta pathway can easily be overlooked or underestimated
owing to the angulation. Nonstandard transducer position
and modified apical and parasternal views can help to detect
the highest flow velocity across the LVOT and aorta. Aortic
regurgitation is among the late complications and should be
assessed in the same way as in isolated aortic regurgitation.

+ Detection of residual VSDs. Residual VSDs are often seen
at the border of the VSD patch. VSD patch dehiscence can
also be seen in patients long after repair and after infective
endocarditis. This will result in an acute increase in shunt
volume across the VSD. Color and CW Doppler can be used
to obtain peak velocity across VSD in the subcostal, para-
sternal long and short-axis views.

Transesophageal/Three-Dimensional Echocardiography
TEE is a valuable tool for the intra- and postoperative evalua-
tion of these patients. It is useful for
* Visualization of the great vessels
+ Assessment of baffle leak or obstruction in TGA patients
after the atrial switch operation. In many cases the TTE
windows are very poor; thus TEE can help to evaluate the
presence of these complications. Additionally, it could help
in the exclusion of the presence of thrombi in the atria and
baffles prior to cardioversion in cases of atrial arrhythmias.
In patients undergoing the arterial switch operation, TEE
may be used intraoperatively to detect regional wall motion
abnormalities, visualize reimplantation sites of the coronary
arteries, and detect the presence of any residual VSD. Addi-
tionally, in case of poor TTE windows, TEE can be used to
assess aortic and pulmonary supravalular anastomoses and
evaluate PA and branch stenosis after the LeCompte
maneuver.
3D echocardiography, especially 3D TEE, offers complete
visualization of the valves, especially the TV, which can be dys-
functional in some patients with TGA. All the TV leaflets can
be clearly visualized. Quantification of the severity of regurgita-
tion, identification of leaflet defects, sizing of the area of non-
coaptation, and assessment of valve prolapse are some of the
advantages of 3D assessment.”’ Additionally, 3D TEE offers a
more detailed assessment of outflow tract obstruction and visu-
alization of the pulmonary valve. 3D TTE can be valuable in the
identification of atrial baffle obstructions, which are important
but difficult to assess by conventional 2D TTE.?

Dobutamine Stress Echocardiography/Contrast
Echocardiography

Dobutamine stress is useful for assessing ventricular contractile
reserve, the exclusion of ischemia in TGA patients after the
arterial switch operation, and for assessing further dynamic LV
and RV outflow tract obstruction. Furthermore, injection of a
mixture of agitated saline and blood through a peripheral vein
can be helpful in the detection of baffle leaks in patients with
poor echocardiographic windows.

CONGENITALLY CORRECTED TRANSPOSITION OF
THE GREAT ARTERIES

Anatomy and Physiology

Congenitally corrected transposition of the great arteries

(ccTGA) is characterized by atrioventricular and ventriculoar-

terial discordance. It accounts for 0.5% of all types of CHD. It

is also called L-transposition because the morphologic RV is in
the levoposition. The great vessels are also abnormally oriented,
with the aorta usually anterior and to the left of the PA.

More than 90% of the patients with ccTGA have associated
cardiac anomalies.’!

+ About 20% of patients have dextrocardia,”® and 5% present
with a mirror-imaged atrial arrangement.?”

+ VSD is present in approximately 60% to 80% of these
patients.

+ LVOT obstruction (subvalvar and/or valvar PS) is present in
50% of cases. The subvalvar stenosis can be in the form of a
fibromuscular ridge or ring, or there may be fibrous tissue
tags originating from any of the valves near outflow tract.
Occasionally LVOT obstruction is caused by a large aneu-
rysm at the membranous septum. LVOT obstruction is com-
monly associated with VSD and TV abnormalities.



+ TV anomalies are very common, occurring in approximately

90% of the cases. Malformation of the TV varies, including
the Ebstein malformation, thickening of the TV leaflets, and
straddling valve.?®

Other associated anomalies include mitral valve abnormali-
ties (cleft mitral valve, straddling valve), ASD, CoA, coro-
nary artery anomalies, and also complete heart block
(acquired).
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septal and posterior leaflets. In rare cases a quadracuspid
systemic AV valve can been seen from the short-axis views.
Straddling of the AV valves in the presence of a VSD can be
present and may preclude surgical repair. The hemodynam-
ics of both AV valves can be assessed from the apical four-
chamber views with color, PW, and CW Doppler. The
parasternal long- and short-axis views and sometimes sub-
costal views should also be used together with color and
Doppler for the assessment of valve function (Fig. 6.26).

Determination of ventriculoarterial connection. In

Assessment of Unrepaired Transposition of the Great
Arteries by Transthoracic Echocardiography
+ Assessment of cardiac position and atrial situs. Subcostal

patients with ccTGA, it may be challenging to obtain a stan-
dard parasternal long-axis view; the diagnosis should be

imaging facilitates detection of atrial situs and cardiac posi-
tion and apex and thus determines the presence or absence
of dextrocardia or mesocardia. Abdominal sidedness is
usually concordant (in 70% of cases) with atrial arrange-
ment. The subcostal cross-sectional view can demonstrate
the position of the great vessels, whereas color and PW
Doppler can help differentiate the abdominal aorta from the
IVC. On PW Doppler, abdominal aortic flow is pulsatile
during systole, with peak flow velocity at about 1 m/s,
whereas IVC flow typically has S and D waves with much
lower velocity.

Ventricular morphology and atrioventricular connection
can be determined from the apical four-chamber views. The
RV and LV can be differentiated by their intrinsic character-
istic morphologic features. The RV is usually guarded by the
TV, which has septal attachments and apical displacement as
compared with the mitral valve.

AV valve morphology and function. Abnormalities of the
systemic AV valve are very common. The apical four-cham-
ber view is ideally suited to describe the morphology of the
AV valves. From this view the septal leaflet of the systemic
AV valve is often seen more displaced toward apex, resem-
bling that of the Ebstein malformation of the TV. But the
Ebstein malformation in this condition is different from the
typical right-sided Ebstein anomaly because it has no large
sail-like anterior leaflet and no rotational displacement of

considered if this is the case. The connection of the ventricles
to the great arteries can be identified best in a high paraster-
nal short-axis view and a modified apical five-chamber view;
PA is easily recognized by its bifurcation; the aorta is usually
anterior to the left of pulmonary artery with the coronary
arteries arising from its root.

Identification of VSDs. Orientation of the interventricular
septum can be demonstrated from the parasternal short-axis
view. From this view, a perimembranous VSD can be assessed
for its size and direction of shunting by 2D echocardiography
and color Doppler. Peak flow velocity should be obtained by
CW Doppler; the pressure difference between systemic RV
and pulmonary LV can then be calculated. When a VSD is
adjacent to the subpulmonary region and subvalvar and
valvar PS coexist, peak flow velocity across the VSD can
easily be mixed with the flow velocity from the valvar and
subvalvar PS. Careful recording of the mitral valve regurgita-
tion can help in accurately calculating the pulmonary LV
systolic and PA pressure.

Assessment of the site and degree of LVOT obstruction.
LVOT obstruction can occur at valvar and/or subvalvar level.
Isolated valvar PS is less common than combined subvalvar
and valvar obstruction. LVOT obstruction can be identified
from modified apical five-chamber views. 2D imaging is
helpful in identifying the morphology and level of obstruc-
tion. Color and Doppler can assess the severity of obstruction

Figure 6.26 A, Transthoracic echocardiography of the apical four-chamber view in a patient with
(corrected) congenital transposition of the great arteries (TGA). B, Color Doppler shows the tricuspid
regurgitation jet (white arrow). LA, Left atrium; mLV, morphologic left ventricle; mRV, morphologic right

ventricle; RA, right atrium; TR, tricuspid regurgitation.
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by detecting peak flow velocity and calculating the gradient.
When the obstruction originates from multiple levels, it is
difficult to determine the severity of obstruction at each level.
But a multilayered Doppler profile often results from a differ-
ent flow velocity, hence suggesting obstruction at different
levels. Modified parasternal and subcostal views can also
provide images for the LVOT morphology, but it may still be
challenging to align the ultrasound beam to the direction of
blood flow. After identifying the site of obstruction, a blind
CW Doppler probe can usually detect the peak flow velocity
across the obstruction.

+ Determination of aortic arch sidedness and the presence of
other associated anomalies such as CoA, PDA, and persis-
tence of left SVC. (Color and CW Doppler for the assessment
of velocities across the CoA and PDA in suprasternal views.)

+ Assessing ventricular function. Accurate assessment of sys-
temic RV function is challenging by echocardiography. Stan-
dard methods of echocardiographic assessment of
morphologic LV cannot be applied to the morphologic RV.
Ventricular systolic dysfunction by EF tends to be underes-
timated, especially when severe TR coexists. FAC, TAPSE,
MPI (Tai index), TDI, and isovolumic myocardial accelera-
tion of the RV free wall and myocardial deformation can be
used in assessing RV function.

Echocardiographic Assessment in Patients After
Surgical Repair

PA banding may be performed early in life for patients with
large VSDs without PS. Patients with severe PS may receive
arterial shunts. Physiologic repair includes VSD closure and
placement of a LV-to-PA conduit in patients with LVOT
obstruction.

Double-Switch Operation

The double-switch operation is also called anatomic repair,
which combines atrial switch (Mustard or Senning) and arterial
switch operations. It restores the physiologic circulation by redi-
recting the venous return to the contralateral ventricle via atrial
baffles and of the arterial switch operation, which offers ana-
tomic correction of the ventriculoarterial continuity.

In addition to the basic echocardiographic evaluation pre-
sented here, the following issues should be addressed in patients
who have undergone surgical repair:

+ Assessment of RV and AV function

+ Identification of baftle leak/obstruction, ventricular outflow
tract obstruction, and conduit function after a double-switch
or Rastelli operation

+ Assessment of LV function after PA banding

Transesophageal/Three-Dimensional Echocardiography
TEE may be used in patients with suboptimal echocardio-
graphic windows to
+ Exclude thrombus formation in atrial appendages prior to
cardioversion in patients with supraventricular tachycardia
+ Describe in detail the morphology of the AV valves
+ Assess LVOT obstruction
+ Determine the presence and position of interatrial or intra-
ventricular communication
+ Assess baffle leak or obstruction in ccTGA patients after the
double-switch operation
In patients undergoing surgical repair, TEE can be used
intraoperatively to evaluate prosthetic valve function, detect
residual atrial or ventricular septal defects, or for monitoring
PA banding (Fig. 6.27).

EBSTEIN ANOMALY OF THE TRICUSPID VALVE

Anatomy and Physiology

The Ebstein anomaly is present in approximately 1% of patients
with congenital heart malformations. It is a myopathy charac-
terized by embryonic failure of delamination of the septal, infe-
rior, and (in some) anterior leaflets of the tricuspid valve (TV),
resulting in adherence of the leaflets to the underlying RV myo-
cardium; apical displacement of the tricuspid leaflets (septal >
inferior > anterior) with an anteroapical shift in the functional
TV orifice toward the RVOT; dilatation of the atrialized portion
of the RV; anterior leaflet fenestrations, redundancy, or tether-
ing, and dilation of the anatomic TV annulus.

Associated Anomalies

The most commonly associated cardiac defects include ASD or
PFO (~80% to 90%) and RVOT obstruction, which can occur
secondary to structural abnormalities (pulmonary valve steno-
sis or pulmonary atresia), branch PA stenosis or PDA. Bicuspid
aortic valve and myocardial noncompaction have also been
reported in Ebstein anomaly.

Arrhythmias are common and include accessory conduction
pathways (Wolff-Parkinson-White syndrome) in 15% to 20%
and atrial fibrillation or flutter, which occur with increasing
frequency with advancing age; 30% to 40% of patients will
develop atrial tachyarrhythmias by 50 years of age.

Echocardiographic Evaluation in Unrepaired Cases

2D echocardiography is the diagnostic test of choice. The fea-

tures are as follows®%:

+ Apical displacement of the septal and/or posterior leaflets
of the TV into the RV chamber. This is best demonstrated
from the apical four-chamber view (for septal leaflet) and
parasternal long-axis RV inflow view. The normal distance
between the septal hinge points of the tricuspid and mitral
valves is less than 0.8 cm/m?. A value greater than 0.8 cm/m?
is a diagnostic feature of the Ebstein anomaly, along with

Figure 6.27 Three-dimensional transthoracic echocardiography image
in a case of congenitally corrected transposition of the great arteries
(cc-TGA) showing the morphology of a hypertrophied right ventricle
located on the left, thickened tricuspid valve (TV), with a severely dilated
left atrium. LA, Left atrium; mLV, morphologic left ventricle; mRV, mor-
phologic right ventricle; RA, right atrium.



evidence of failure of delamination with points of tethering
between the leaflets and underlying myocardium (Fig. 6.28).
Elongated, redundant, and/or sail-like anterior leaflet
with abnormal tethering of the chordae tendinea to the
apex or RV free wall. This can also be demonstrated from
the parasternal RV inflow or apical four-chamber views.
Variable degree of atrialized portion of the right ventricle
with dilation and thinning of the wall and dilatation of the right
AV junction. In some cases the orifice of the TV is displaced
and rotated toward the RVOT. The orifice of the TV, when
opening into the RVOT, can be seen from the parasternal long-
axis and apical five-chamber views. From the apical four-cham-
ber view, the tethered anterior leaflet and undelaminated septal
leaflet can be visualized. However, coaptation of the valve leaf-
lets and the valve orifice cannot be demonstrated.

According to the Carpentier classification, cases of Ebstein

anomaly are classified into four categories. Type A: mild dis-
placement of the septal leaflet, small atrialized RV, and adequate
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volume of the true RV. type B: massive displacement of the
septal leaflet with a large atrialized component of the right
ventricle but a freely moving TV anterior leaflet. Type C: the
inferior leaflet is absent, and the anterior leaflet is severely
restricted in its movement, so that it may cause significant
obstruction of the RVOT. Type D: leaflet tissue is extremely
reduced; RV walls are thin and contract poorly. There is almost
complete atrialization of the ventricle except for a small infun-
dibular component.*

+ TV regurgitation and stenosis. Most adults with an unre-
paired Ebstein anomaly have moderate to severe TR with
multiple or single large regurgitation jets. In severe cases
color flow mapping may not show the regurgitation jet
clearly owing to the low-pressure difference between the RV
and RA and the large amount of regurgitation. The severity
of TV regurgitation is better demonstrated by a PW or CW
Doppler profile of the low-velocity triangular Doppler trace
or even laminar flow in very severe cases (Fig. 6.29). This is

Figure 6.28 Two-dimensional transthoracic echocardiography from a patient with Ebstein anomaly of
the tricuspid valve. A, Parasternal long-axis view showing a TV orifice in the RVOT area (white arrow).
B, Parasternal short-axis view showing a TV orifice rotated toward the RVOT (white arrow), as a result,
there is a large atrialized ventricular component. Ao, Aorta; LV, left ventricle; PA, pulmonary artery; RA,
right atrium; RVOT, right ventricular outflow tract; TV, tricuspid valve.

Figure 6.29 A, Transthoracic echocardiography apical four-chamber view of a patient with Ebstein
anomaly showing a markedly displaced septal leaflet (white arrow) and a large atrialized right ventricular
component. B, Color Doppler demonstrating a broad jet of severe TR (white arrows). aRV, Ascending
right ventricle; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; TR, tricuspid regurgita-

tion; TV, tricuspid valve.
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because of near equal RV and RA pressure from severe tri-
cuspid regurgitation. Tricuspid stenosis is rarely seen in
unrepaired Ebstein anomaly in adult patients.

+ Anatomic severity can be assessed by the Celemajer index.**
This index is calculated from the chamber area ratio in the
apical four-chamber view at end-diastole using the following
equation:

(RA + atrialized RV) / (RV + LA +LV)

+ A ratio 21 in conjunction with cyanosis has been associated
with reduced exercise tolerance in adult patients.>

+ Assessment of ventricular function. Accurate assessment of
RV function is challenging in the case of Ebstein anomaly. A
thin-walled RV often presents as hyperdynamic due to the
presence of severe TR. TAPSE usually has high normal or
above normal values. The FAC and Tei indexes have been
recommended for the assessment of RV function in Ebstein
anomaly. LV function can be assessed using conventional
parameters. Mild degrees of LV dysfunction are common.
The segment of intraventricular septum along the atrialized
RV is often very thin, hypokinetic, and paradoxic (bulging
to the left during systole). In some cases this can result in
LVOT obstruction, especially after TV repair or replacement
surgery.

+ Associated lesions: PFO or ASD are very common. The flow
through the defect is often right to left. In adult patients,
modified parasternal four-chamber views (from parasternal
short axis views moving the transducer down near the lower
part of sternum) are best to identify an ASD or PFO. A sub-
costal view, if obtainable, can also demonstrate atrial
communications.

+ 3D echocardiography has been used as an adjunct for addi-
tional information on TV leaflet anatomy and subvalvar
apparatus as well as for preoperative imaging.

Surgical Valve Repair or Replacement
In symptomatic individuals, surgical repair of the valve is pos-
sible if the anterior leaflet is of sufficient size and mobile enough
to create a monocuspid valve and the RV of sufficient size and
with reasonably preserved function. Numerous tricuspid repair
techniques exist; results are variable. The cone reconstruction
can achieve nearly anatomic restoration of TV anatomy and has
been shown to produce better long-term results.*®

If repair is not possible, the replacement valve of choice
should be a stented tissue prosthesis. An additional bidirec-
tional cavopulmonary shunt may be considered for patients
with severe RV dysfunction or RV hypoplasia. Percutaneous TV
implantation has been attempted successfully for patients with
previous surgical tissue valve replacement.

Echocardiographic Evaluation After TV Repair and

Replacement

+ Evaluation of TV function. Thickening of valve leaflets and
limited excursion are signs of degenerative change in the
valve. Color Doppler can be used to assess valve stenosis and
regurgitation. Early valve degeneration has been seen and
may occur even months after valve repair or replacement.
Paravalvar leak is usually located near the junction between
the valve and the ventricular septum.

+ Assess biventricular size and function and biatrial
dimensions

+ Detect complications after surgery, such as LVOT obstruc-
tion, and exclude pericardial effusion

Three-Dimensional Transesophageal Echocardiography
3D TEE is very helpful intraoperatively in
+ Evaluating repaired or replaced TV function and valve
regurgitation/stenosis
+ Assessing of the integrity of repair and of concomitant
anomalies ASD
+ Evaluating of right coronary artery territory after RV
plication
+ Excluding iatrogenic LVOT obstruction
With 3D echocardiography, the apical four-chamber and the
parasternal RV outflow views, with a narrow angle and zoomed
acquisitions (with or without color), are the best views to visual-
ize the TV. 3D TTE can assist the evaluation of patients for
surgical repair; it is particularly helpful in evaluating the degree
of tethered and nontethered areas of the individual TV leaflets.
3D color Doppler can also provide reliable quantitative infor-
mation on TR because it can accurately evaluate the size and
the shape of vena contracta.

UNIVENTRICULAR HEART

The definition of univentricular heart includes a group of con-
genital malformations with the presence of a single dominant
functional ventricle (either left or right) that connects to both
atria either with two AVs (double inlet) or only one valve
(atretic or absent other valve). In most cases there is also a small
second ventricular chamber, but it lacks its inlet or outlet com-
ponent and is therefore incomplete and rudimentary. Very
rarely there is a univentricular connection to a solitary ventricle.
Cases of univentricular heart represent approximately 1% to 2%
of all instances of CHD.?” The complex anatomy of this group
of lesions underscores the importance of detailed systematic
segmental analysis.

The atrial anatomic arrangement could be situs solitus, situs
inversus, or situs ambiguus in cases of left or right isomerism.
AV connection types include double-inlet left or right ventricle
(DILV or DIRV, respectively), absent left or right AV connection
(tricuspid or mitral atresia), and complete and unbalanced
AVSD.

Ventriculoarterial connections can be concordant, discor-
dant (TGA type), double-outlet, and single-outlet in cases of
common arterial trunk or aortic/pulmonary atresia.

Associated Lesions

+ Various degrees of subvalvar, valvar, and supravalvar PS are
commonly seen in natural survivors of unoperated adult
patients with univentricular heart. Stenosis can be progres-
sive and some patients born with severe PS may, over time,
develop acquired pulmonary atresia. Pulmonary atresia or
diminished blood flow across the stenosed pulmonary valve
often occurs after palliative procedures such as a Blalock-
Taussig or central arterial shunt.

+ Aortic valve stenosis or atresia and/or CoA are rare but may
be present. In adult patients, dilation of the aortic root and
ascending aorta is more common than AS. As a consequence,
progressive AV regurgitation can develop, and some patients
will need surgical aortic valve replacement eventually. Anom-
alies of the pulmonary or systemic venous return can also be
present, especially in cases of atrial isomerism.

+ VSDs and ASDs are common and of variable size and loca-
tion. In some patients the VSD may be nonrestrictive in
infancy but become restrictive with a significant gradient
across it after PA banding and/or a Fontan-type repair. This



can limit blood flow into the aorta in the setting of double-
inlet ventricle or tricuspid atresia with VA discordance and
hemodynamically resembles that of sub-AS. Restrictive ASD
can also be hemodynamically important in the setting of
mitral atresia when pulmonary venous flow must pass
through the ASD into the RA and then to the ventricle.

Echocardiographic Evaluation in Unrepaired Cases
Complete segmental analysis should be carefully carried out. The
examination should start with subcostal views, followed by the
apical, parasternal, high parasternal, and suprasternal views.
Nonstandard views can be helpful in identifying specific ana-
tomic issues, whereas CW Doppler with the pencil probe can
help to optimize the angle of interrogation of the Doppler beam.

+ Assessment of cardiac position, apex direction, and
abdominal and atrial situs. This can be carried out from the
subcostal short- and long-axis views. 2D echocardiography
may be used to identify the cardiac location and apex direc-
tion; color-low mapping and Doppler will serve to differenti-
ate the abdominal aorta from the IVC, hepatic vein, and
azygos vein. In the usual abdominal and atrial arrangement,
the aorta lies on the left side of the spine and the IVC on the
right. The mirror image of the usual arrangement of great
vessels indicates atrial and abdominal situs inversus. When
the great vessels lie on the same side of the spine, this implies
isomerism in most cases. In cases of left isomerism, the IVC
lies on the same side of the spine as the aorta but posteriorly
and is interrupted and continued via a posterior hemiazygos
vein. When the IVC lies anteriorly to the aorta it suggests
right isomerism in most cases.

+ PV and systemic venous connections to the atria can be
defined from same subcostal views. When there is azygos
continuation of IVC, venous flow can be seen parallel to
aorta (either posterior or anterior to it), pass the heart
without entering into the RA and connect to the left or the
right SVC superiorly.

+ AV connection and AV valve morphology and function are
best visualized from the apical four-chamber views. In

6 Echocardiography 67

univentricular hearts, there are three possible connections:
double inlet, absence or atresia of one of the valves, or a
common AV valve.

Double-inlet ventricle: This is defined as more than 50% of
both AV valves connecting to one ventricle. From the apical
four-chamber view, two or common AV valves can be seen
entering the single ventricle. Parasternal short-axis views can
also demonstrate two AV valves opening into one ventricle.
Overriding and straddling AVs are best seen at apical four-
chamber views. In some hearts, two AV valves may not be at
the same plane, the first being more anterior than the second.
The probe at the apical four-chamber view must be tilted
anteriorly or posteriorly to identify them. Straddling can
sometimes be seen from parasternal short-axis view at VSD
level when straddled chordae are seen across the VSD insert-
ing into the other side of septum. There may be various
malformations of the AV valves. Stenosis of an AV valve due
to valvar or annular calcification has been seen in relatively
older patients. When the atrial septum is intact or a restric-
tive atrial communication is present, AV valve stenosis is
apparent by color and spectral Doppler assessment. In the
presence of nonrestrictive atrial communication, flow can be
redistributed more through the nonstenotic valve. In this
situation the color and Doppler flow profile across the ste-
nosed AV valve may not accurately reflect the degree of ste-
nosis; therefore the assessment of AV valve stenosis relies
mainly on 2D imaging. AV valve regurgitation can be assessed
in the same way as in assessing MV or TV function.

AV atresia (absent left or right AV connection). When
there is an imperforate valve, 2D echocardiography from the
apical four-chamber view usually shows a thin membranous
structure at either the MV or TV position; this membranous
structure comes into the ventricle during atrial systole. In
hearts with absent AV connection, there is usually a thick,
bright echogenic border at the AV groove (Fig. 6.30).
Ventricular morphology and function. The morphologic
features of ventricles can be difficult to identify by 2D echo-
cardiography. But the relative position of the rudimentary

Figure 6.30 Transthoracic echocardiography two-dimensional imaging from a patient with a
univentricular heart. A, Double-inlet left ventricle. B, Absent right atrioventricular connection. DILV,
Double inlet left ventricle; LA, left atrium; mLV, morphologic left ventricle; RA, right atrium.



68 PART | General Principles
ventricle to the dominant ventricle often helps in determin-
ing ventricular morphology. Usually a superior left- or right-
ward subarterial outlet chamber is a morphologic RV while
the LV lies inferoposteriorly. The superoposterior relation of
the two ventricles can be assessed from the parasternal long-
and short-axis views and apical four- and five-chamber
views; the latter are best for demonstrating rudimentary
chambers located on the left or right side of the main ven-
tricle. When the dominant ventricle is left, the ventricular
septum is usually anteriosuperiorly located and can be seen
in either the long- or short-axis view. When the septum is
located posteriorly and inferiorly, the dominant ventricle is
likely to be right morphologically.

* Quantitative assessment of ventricular function is chal-
lenging in univentricular hearts. The number of patients is
relatively small, given the variation of the anatomic spec-
trum; therefore there are no normal reference values. In
general, the biplane Simpson method can be applied to the
morphologic LV to calculate EF; FAC is better for assessing
the morphologic RV. Both EF and FAC are useful parameters
for the follow-up of patients because interval changes are
important. M-mode and TDI recording of long-axis function
(both left- and right-sides recordings) can also be applied.
2D echocardiography can assess wall motion abnormalities,
which are common in univentricular hearts. 3D echocar-
diography may provide better and more accurate values for
ventricular volumes, systolic function, and asynchrony.

* Ventriculoarterial (VA) connection. There can be various
types of VA connection, but the most frequent pattern with
a double inlet to a dominant left ventricle is a discordant VA
connection. When there is double-inlet left ventricle, rudi-
mentary right-sided RV with concordant VA connection,
this is called the Holms heart.

In patients with either tricuspid or mitral atresia, the VA
connection can be concordant or discordant with variable
degrees of PS.

Levels of PS can be demonstrated by 2D imaging from the
parasternal long, short-axis, and apical five-chamber views. In
cases of dominant LV and VA discordance, PA identified by its
bifurcation is posterior to the aorta at the parasternal long-axis
views and either to the left or right of the aorta at short-axis views.
From apical views, PA is first seen in scanning from four- to five-
chamber views. The severity of PS can be assessed by CW Doppler,
as for simple PS. Peak flow velocity more than 4 m/s across the
subvalvar, valvar, and supravalvar level is considered clinically
important. If PS peak flow velocity is <4 m/s and the VSD not
restrictive, there is a risk of increased PA pressures. If there is no
PS and with a nonrestrictive VSD, patients are likely to have devel-
oped PA hypertension and Eisenmenger physiology.

+ Aortic regurgitation usually occurs subsequent to aortic
root dilation. Aortic root and proximal ascending aortic
dimensions can be measured from parasternal long-axis
views. Rarely a bicuspid aortic valve can be seen. A diameter
greater than 3.8 cm is considered abnormal.

+ Assessment of size and location of the VSD. VSDs can be
single or multiple and are identified from the parasternal
long-axis, short-axis, and apical views. Restrictive VSDs in
the setting of dominant LV with VA concordance can result
in reduced pulmonary blood flow but prevent the develop-
ment of pulmonary hypertension. In VA discordance, restric-
tive VSD had the hemodynamic effect of sub-AS.

+ Assessment of associated abnormalities: ASD, persistent
left SVC

+ Determination of aortic arch sidedness and the presence
of PDA (suprasternal view, color Doppler, and CW Doppler
for the assessment of velocities across the CoA or PDA if
present)

Surgical Interventions

+ Atrial septectomy is indicated in cases of stenosis or atresia
of one of the two AV valves with intact atrial septum or a
restrictive atrial communication.

* Arterial shunt including Blalock-Taussig shunt and central
shunts (as previously described) have been created in patients
with PS or atresia.

+ PA banding: Performed in infancy to reduce pulmonary
blood flow and prevent the development of PA hypertension.
Most such patients will need Fontan-type repair later in life.

*+ Glenn operation: Anastomosis of the SVC to the ipsilateral
PA to increase pulmonary blood flow and improve oxygen
saturation.

+ Classic Glenn: End-to-end anastomosis of the SVC to the
distal right PA. Acquired arteriovenous pulmonary mal-
formations and systemic arterial desaturation are common
late complications after the Glenn operation.

+ Bidirectional Glenn: End-to-side anastomosis of the
SVC to the PA.

+ Fontan-type operations: These aim to redirect the systemic
venous blood from the SVC and IVC to the PA directly via the
RA and thus to separate the two circulations and oxygenate the
blood. There are different variants of the Fontan procedure:

¢ Classic Fontan: Connection between RA and PA with a
valved conduit.

+ Atriopulmonary Fontan (AP Fontan): Nonvalved connec-
tion between the RA and the PA.

¢ Fenestrated Fontan: Artificial fenestration of the interatrial
patch or baffle to create a pressure-relief atrial valve, allowing
for a right-to-left shunt.

+ Total cavopulmonary connection (TCPC): This involves
using either an intraatrial or extracardiac tunnel directing
blood flow from the IVC to the lower portion of the right
PA. The SVC is anastomosed to the right PA, usually as a
bidirectional Glenn anastomosis (Fig. 6.31).

+ RA-RV Fontan (Bjork modification): The RA is connected
to the RV with a valved conduit in patients with mild/mod-
erate RV hypoplasia.

The most common complications after a Fontan operation are

+ Fontan or TCPC pathway obstruction and thrombus forma-
tion. This may be seen at different levels of anastomosis,
including the atriopulmonary connection, the lateral tunnel,
the SVC, and/or with stenosis secondary to thrombus forma-
tion in the RA.

+ PV obstruction caused by severe RA dilation (right pulmo-
nary vein obstruction) in patients with atriopulmonary
Fontan or coronary sinus dilation (left pulmonary vein
obstruction).

+ Restrictive VSD. In the setting of VA, a discordant, restrictive
VSD may lead to sub-AS (Fig. 6.32).

+ AV valve dysfunction (usually regurgitation)

+ Ventricular dysfunction

+ Venovenous collateral formation leading to cyanosis

Echocardiographic Evaluation

+ After PA banding: Banding can be seen in the parasternal
long-axis and apical five-chamber views, whereas the PA is
best seen in long-axis views. Banding is normally located



Figure 6.31 Transthoracic echocardiography two-dimensional apical
four-chamber view from a patient with a univentricular heart. A,
After Fontan procedure and (B) after total cavopulmonary connection
procedure.
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above the pulmonary valve just before the bifurcation. Effec-
tive banding should have high flow velocity across it. The
gradient is calculated using peak flow velocity, and the Ber-
noulli equation should be compared with systemic blood
pressure to rule out pulmonary hypertension. When patients
develop pulmonary hypertension as a result of pulmonary
emboli or pulmonary venous hypertension, peak flow veloc-
ity across the band may be lower. The band sometimes
migrates distally into pulmonary branches, resulting in uni-
lateral PS; PA hypertension can then develop in the contra-
lateral lung.

After the Glenn procedure: Glenn anastomosis can be eval-
uated from the high parasternal or supraternal short-axis
view using color and Doppler. The flow through the Glenn
anastomosis should be of low velocity, laminar with phasic
respiratory variation. Low-scale (lowering the Nyquist limit)
color Doppler should be used. Turbulent flow on color-flow
mapping and continuous flow on PW Doppler often suggest
stenosis. Stenosis of Glenn anastomosis can be difficult to
detect as the flow velocity is normally low. Reduced flow to
the PA on color Doppler and increased redirected flow to the
lower body via a dilated azygos vein are often indirect signs
of Glenn stenosis. When there is significant forward flow
from the PA, systolic reverse flow can often be recorded at
the SVC-PA anastomosis or in the branch PA. This phenom-
enon is known to be competitive with PA flow.

After the Fontan procedure: In patients with TCPC, the
SVC-to-PA anastomosis should be assessed as described
above. An IVC-to-PA conduit can usually be seen from sub-
costal long-axis views and modified parasternal views (from
apical four-chamber views while moving the transducer
closer to the sternum). At this modified parasternal view, an
IVC-to-PA conduit (intra- or extracardiac) is often visual-
ized from its short-axis view as a circle on 2D imaging. In
rotating the probe clockwise and sometimes moving the
probe up toward a short-axis location, the conduit can be
seen on its long-axis view. The anastomosis at both the IVC
and PA ends can be visualized. Using a low-scaled color-flow
map and pulsed-wave Doppler, flow through the IVC to the

Figure 6.32 Transthoracic echocardiography from a patient with tricuspid atresia, ventricular
arterial discordant transposition of the great arteries, after Fontan-type repair. There is a restric-
tive ventricular septal defect with the hemodynamic effect of severe subaortic stenosis. A, Two-
dimensional image from the parasternal long-axis view. Note the dimensions of the ventricular septal
defect (white arrow; the arrow is much smaller than the aortic root). B, Continuous-wave Doppler
showing high flow velocity across the VSD. Ao, Aorta; LA, left atrium; LV, left ventricle.
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PA can be assessed. Normally there is low-velocity flow in
the Fontan circulation with respiratory variation. Small flow
reversals may be evident after TCPC conversion. Evidence
of obstruction and the presence of thrombi should always be
investigated using 2D color and spectral Doppler. Intracar-
diac baftle leaks, patency, and the size of atrial fenestrations
can be detected using color-flow Doppler. Doppler flow
velocity recorded from the baftle leak or fenestration is very
useful and can help in estimating the transpulmonary pres-
sure gradient. In atriopulmonary Fontan, the RA-to-pulmo-
nary anastomosis is best visualized from parasternal
short-axis views when the main PA and bifurcation are
shown on 2D echocardiographic images; with slight anterior
angulation, the anastomosis can sometimes be seen between
the RA and MPA close to the RPA. Low-scale color Doppler
mapping can show the laminar flow in nonobstructed cases.
When there is narrowing or obstruction, color Doppler will
show turbulent flow, and the PW Doppler profile will be of
low velocity but continuous without respiratory variation.
RA and TCPC pathways should be carefully assessed looking
for thrombus.

Exclusion of pulmonary vein obstruction and sufficient
atrial communication: All four pulmonary veins should be
identified. High velocities or loss of phasic variation is sug-
gestive of obstruction. In AP Fontan, right-sided pulmonary
venous obstruction can be seen as the result of a severely
dilated RA. In patients with TCPC, pulmonary venous
obstruction may be the result of inappropriate baffle cre-
ation, especially in patients with anomalous pulmonary
venous drainage. In some patients, pulmonary venous
obstruction develops after closure of the fenestration device.
Pulmonary venous obstruction is best demonstrated from
the apical four-chamber views. Color Doppler can demon-
strate flow acceleration, whereas PW Doppler demonstrates
increased flow velocity (>1.6 m/s).

AV valve function: AV valve regurgitation is more common
than stenosis after a Fontan repair. The severity of regurgita-
tion can be quantified in the same way as with concordant
biventricular circulations. Even moderate AV valve regurgi-
tation can have significant hemodynamic effects on the
Fontan circulation, especially when ventricular dysfunction
is present at the same time.

VSD: Restrictive VSD will have similar hemodynamic effects
to that of sub-AS in patients with double-inlet LV or tricus-
pid atresia and VA discordance. It is an important residual
or acquired hemodynamic lesion and a substrate for sudden
cardiac death. VSD size can be assessed from the parasternal
long- and short-axis views and apical four- or five-chamber
views. When the VSD dimension is less than the diameter of
the aortic root hinge, there is a risk that the VSD may be
restrictive. Doppler flow velocity across the VSD of more
than 2 m/s would suggest possible restriction. LV hypertro-
phy is an indirect sign of significant obstruction. Exercise
echocardiography may be helpful in assessing the degree and
clinical importance of sub-AS.

Ventricular size, hypertrophy, and function: After a
Fontan type of repair, ventricular dimensions should be
within normal limits. Increased ventricular size can be the
result of myocardial dysfunction or excess volume from
aortopulmonary shunts or valvar regurgitation. Diastolic
dysfunction is an important contributing factor for failure
of the Fontan circulation. The diastolic function is often

difficult to assess in the setting of abnormal AV valve
anatomy and Fontan-type circulation.

+ Aortic arch to exclude recoarctation and to detect aorto-
pulmonary collaterals.

+ Detect or exclude residual antegrade flow from the ven-
tricle to the PA and as well as the presence of thrombus in
the PA stump (2D, color-flow Doppler from the parasternal
long- and short-axis views, subcostal view, and five-chamber
apical view).

+ Evaluation of aortic or neoaortic root dilation and aortic
valve regurgitation.

+ In summary, a Fontan-type circulation should be a silent
circulation; any turbulent flow is abnormal and should be
thoroughly assessed for its hemodynamic effects.

Transesophageal/Three Dimensional Echocardiography
TEE provides a better image of the Fontan circulation in patients
with poor TEE windows and can be used to exclude obstruction
and intracardiac baffle leaks as well as to assess the patency and
size of interatrial fenestration and presence of thrombi.*® 3D
echocardiography can give more accurate measurements for
VSD size as well as AV valve morphology and function. It can
also provide a more precise evaluation of ventricular volumes
and assessment of ventricular systolic function.
Echocardiography is routinely used in the assessment of
patients with various types of PAH because it provides relevant
information on cardiac anatomy and physiology.>”

ECHOCARDIOGRAPHY IN THE EVALUATION OF
PATIENTS WITH PULMONARY ARTERIAL
HYPERTENSION IN ASSOCIATION WITH
CONGENITAL HEART DISEASE

Pulmonary arterial hypertension associated with congenital
heart disease (PAH-CHD) is seen in anatomically and pheno-
typically heterogeneous patients. Echocardiography provides
detailed structural and hemodynamic assessment allowing the
detection of pulmonary hypertension as well as congenital heart
defects.

Classification

Recent pulmonary hypertension guidelines have suggested the

following classification for PAH-CHD?’:

(1) Eisenmenger syndrome

(2) Left-to-right shunts lesion

(3) PAH with coincidental CHD (idiopathic PAH-like phys-
iology

(4) Postoperative PAH

In addition, there are patients with unilateral or segmental
PAH that is associated with complex congenital heart abnor-
malities. Patients with Fontan-type circulation may also be con-
sidered in the PAH-CHD group because even a minimal increase
in PVR can have a major adverse impact on the pulmonary
circulation and thus cardiac output.

Eisenmenger syndrome was originally defined by Paul Wood
as all systemic-to-pulmonary shunts leading to pulmonary
hypertension and resulting in a reversed or bidirectional shunt
with chronic cyanosis. It includes a heterogeneous group of
lesions, including shunts at both pre- and posttricuspid level.
Common posttricuspid lesions include large VSDs, PDA, com-
plete AVSD, truncus arteriosus, and functionally univentricular
hearts. In patients with large posttricuspid shunts, the diagnosis



of Eisenmenger syndrome can be verified by echocardiography
alone. A low-velocity bidirectional shunt through a large defect
in the absence of PS may be sufficient to indicate systemic-level
pulmonary pressures. There are nevertheless reasons for the
invasive assessment of hemodynamics, including PVR, in these
patients, as this may carry prognostic information and guide
therapy (Fig. 6.33).

In cardiac lesions with left-to-right shunt at the pretricuspid
level (ie, in patients with large ASDs with initial volume but no
pressure overload), the development of pulmonary vascular
disease is less frequent and may occur later in life. Increase in
pulmonary blood flow due to shunt may cause significant rise
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in pulmonary artery pressure with little or no rise in pulmonary
vascular resistance. In all patients with left-to-right shunts,
accurately estimating pulmonary (Q,) and systemic blood flow
(Q,) is important not only for the calculation of pulmonary
vascular resistance but also for quantifying the magnitude of the
shunt and for deciding on potential operability.

Diagnosis

Pulmonary hypertension is defined as an increase in mean pul-
monary artery pressure (mPAP) 225 mm Hg at rest with pul-
monary vascular resistance more than 3 Wood units. Although
the diagnosis of PAH should be confirmed by cardiac
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Figure 6.33 A, Two-dimensional (2D) image from the parasternal long-axis view of patient with a large
doubly committed ventricular septal defect (VSD) (white arrow). B, Color Doppler showing a low-
velocity right-to left-shunt (white arrow) indicating Eisenmenger physiology. C, 2D image from the
parasternal short-axis view and white arrows pointing to the large doubly committed VSD. Note the
fibrous continuity between the pulmonary and aortic valves. D, Continuous-wave Doppler recording
of flow across a VSD with low-velocity bidirectional flow, indicating nearly equal LV and RV pressure.
Ao, Aorta; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle.
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catheterization in the vast majority of cases, echocardiography
is essential in raising the suspicion of PH. Recent international
guidelines provide clear criteria for defining the echocardio-
graphic probability of PH in symptomatic patients based on the
peak velocity of the TR jet. Moreover, they suggest a series of
supporting echocardiographic signs suggestive of pulmonary
hypertension relating to the ventricles, pulmonary arterial
Doppler, the IVC, and the RA (Tables 6.1 and 6.2).

In the context of PAH-CHD, TTE is especially helpful in
providing information on the following aspects:
Pulmonary artery pressure
RV involvement
Prognostication

Pulmonary Artery Pressure

Systolic pulmonary artery pressure (PASP) can be estimated
using TR velocity by applying Bernoulli equation (PASP = 4V?
+ estimated PA pressure, where V is the average peak TR veloc-
ity). In patients with CHD, PASP can also be calculated using
maximum flow velocity (V) across a VSD or an aortopulmonary
shunt (PDA, Blalock-Taussig shunt) (PASP = systolic blood
pressure — 4V2).

Echocardiographic Probability of Pulmonary

Hypertension in Symptomatic Patients With a
Suspicion of Pulmonary Hypertension

Presence of Other Echocardiographic
Peak TR Velocity (m/s) Echo ‘PH Signs’ Probability of PH
<2.8 or not measurable No Low
<2.8 or not measurable Yes Intermediate
2.9-3.4 No Intermediate
2.9-34 Yes High
>3.4 Not required High

PH, Pulmonary hypertension; TR, tricuspid regurgitation.

From Gali¢ N, Humbert M, Vachiery JL, et al. 2015 ESC/ERS Guidelines for the diagnosis
and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and
Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC)
and the European Respiratory Society (ERS): Endorsed by: Association for European
Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung
Transplantation (ISHLT). Eur Heart J. 2016;37:67-119.

Echocardiographic Signs Suggesting Pulmonary
Hypertension Used to Assess the Probability of

Pulmonary Hypertension in Addition to Tricuspid
Regurgitation Velocity Measurement

A: The Ventricles B: Pulmonary Artery C: IVC and RA
RV/LV basal diameter RV outflow Doppler IVC diameter >21
ratio >1.0 acceleration time mm with decreased
<105 ms and/or mid inspiratory collapse
systolic notching (<50% with a sniff
or <20% with quiet
inspiration)
Flattening of the IVS Early diastolic pulmonary RA area (end-systole)
(LV eccentricity regurgitation velocity >18 cm?

index 1.1 in systole >2.2m/s

and/or diastole)
— PA diameter >25 mm —

IVC, Inferior vena cava; IVS, intraventricular septum; LV, left ventricle; PA, pulmonary
artery; PH, pulmonary hypertension; RA, right atrium; RV, right ventricle.

From Gali¢ N, Humbert M, Vachiery JL, et al. 2015 ESC/ERS Guidelines for the diagnosis
and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and
Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC)
and the European Respiratory Society (ERS): Endorsed by: Association for European
Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung
Transplantation (ISHLT). Eur Heart J. 2016;37:67-119.

The following aspects must be kept in mind to ensure that
estimates of PASP are accurate:

+ Although PASP measured by echocardiography correlates
relatively well with PASP measured invasively, Bland-Alt-
man analysis in the clinical setting demonstrates that large
(10 to 20 mm Hg) differences between invasive and nonin-
vasive PASP are common. The most common causes of inac-
curate estimation of PASP are an incomplete Doppler
envelope resulting in underestimation of pressure or an
overestimate of right atrial pressure from IVC diameter and
collapsibility.

+ The RVSP calculated from TR velocity may be taken as the
PASP in the absence of RV outflow obstruction. In CHD
more care should be taken to exclude any obstruction along
the pulmonary pathway, especially after pulmonic valve
surgery or in patients with previous systemic-to-pulmonary
shunts. In some cases, peripheral or segmental PS may also
be present; to delineate this, complementary imaging, such
as cardiac MRI or CT may be required.

+ Velocity measurements are angle dependent. A tricuspid
regurgitant jet should be taken from multiple acoustic
windows (apical four-chamber views, RV inflow, off axis if
necessary) with accurate transducer angulation in order to
obtain a parallel intercept angle between the ultrasound
beam and jet to avoid underestimation. In some cases of
trivial regurgitant jet and suboptimal continuous-wave
Doppler spectrum, the injection of contrast agents (agitated
saline, sonicated albumin, air-blood-saline mixture) may be
required to achieve clear delineation of the jet envelope.

+ There is a close relationship between PASP and RV cardiac
output. In cases of “end-stage” PAH, where both advanced
RV dysfunction and increased pulmonary vascular resis-
tance (PVR) cause a significant reduction in stroke volume,
PASP may appear “pseudonormalized” as a consequence of
the low driving pressure generated by the failing RV. Under-
estimation of RV pressure may also occur with the develop-
ment of diastolic RV dysfunction, characterized by high
right atrial pressure and a stiff RV.

+ Furthermore, in cases of severe TR, the peak velocity may
underestimate the transtricuspid pressure gradient because
of early equalization of pressure between RA and RV, leading
to truncation of the Doppler envelope.
mPAP and pulmonary end-diastolic pressure are especially

useful when TR velocity cannot be obtained. A jet of PR, present

in the majority of patients with PAH-CHD, permits the mea-
surement of the end-diastolic pulmonary pressure using the
modified Bernoulli equation:

[PADP = 4 X (end-diastolic pulmonary regurgitant velocity)
+ RA pressure]

Similarly, with the modified Bernoulli equation, mPAP can
be determined from early peak pulmonic regurgitation velocity
by adding the estimated RA pressure.

PAPm may also be estimated by using pulmonary accelera-
tion time (ACT) measured from the onset of RV ejection to
peak pulmonary flow velocity. Generally, the shorter the ACT,
the higher the PVR and hence the PA pressure. A value less than
105 ms is suggestive of PH. PAPm can also be derived by the
following regression formula:

PAPm =79 — (0.45X AT), or PAPm =90 — (0.62 X AT),
when ATs < 120 ms



In addition to AT, the shape of the flow wave is of interest
because PH is associated with a deceleration of flow in midsys-
tole (notching). In the presence of increased PVR and low arte-
rial compliance, PW reflection has greater magnitude and
propagates more rapidly, arriving at the RVOT during systole.

In patients with a Fontan circulation, as previously discussed,
even a minor increase in pulmonary artery pressure can have
significant hemodynamic effects on the circulation. Conven-
tional diagnostic criteria for PAH cannot be applied in this type
of circulation. Information about mPAP in this setting can be
derived from mean flow velocity (V) across a fenestration
between the Fontan or TCPC pathway and the atria; when such
a fenestration is present it can be detectable by echocardio-
graphic Doppler (PAPm=4V? + LA mean pressure). If this value
is more than 17 mm Hg in the setting of a Fontan type of cir-
culation, it would be highly suggestive of PAH.

However, a comprehensive diagnosis of PAH-CHD should
combine Doppler pressure measurements with other accompa-
nying echocardiographic features such as ventricular size and
systolic function. It is the RV, after all, that plays a key role in
determining clinical presentation and prognosis in PAH-CHD
patients.

Assessment of Right Ventricular Morphology

and Function

RV dysfunction is challenging to quantify on echocardiography.
All available acoustic windows and views should be used to
provide complementary information and allow for a compre-
hensive assessment.

Normally the RV is a thin-walled chamber. In most forms of
PAH, as a result of chronic progressive pressure loading, pro-
gressive RV remodeling is demonstrated, initially in the form
of hypertrophy and later as dilation, along with progressive
contractile impairment and, eventually, RV failure.

Compared with the patients with other forms of PAH, in
Eisenmenger syndrome the hemodynamics and the resulting
process of RV remodeling are distinctly different. In adults with
Eisenmenger syndrome, with posttricuspid defects and two
ventricles, RV often appears greatly hypertrophied with no sig-
nificant dilation. This unique physiopathologic adaptive model
is explained by the preservation of a “fetal-like” phenotype
without loss of RV hypertrophy and the presence of a ventricu-
lar communication, allowing both ventricles to function as a
single entity.

In contrast, adults with PH and a pretricuspid shunt (ie,
ASD) show greater left atrial, right atrial, and RV dilatation;
therefore it can be postulated that loss of RV hypertrophy
during infancy, lack of a training effect on the RV during
childhood, and the absence of a ventricular communication
that pairs the two ventricles functionally might contribute to
this difference in RV response between these two distinct
groups.

+ Eccentricity Index

In patients with PAH, the high RV pressure may reduce
the transseptal pressure gradient between the two ventricles,
which may lead to the frequently observed flattening of the
intraventricular septum (IVS). M-mode analysis, with its
high temporal resolution, can accurately estimate differences
in the timing of a leftward IVS shift during the cardiac cycle.
2D echocardiography permits the quantification of the septal
deformation using the systolic eccentricity index (EI), mea-
sured from a parasternal short-axis view at the level of the
chordae tendineae as the ratio of the LV dimension parallel
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and perpendicular to the IVS, respectively. In PAH it is
usually measured both at end diastole and end systole; a
normal value is 1.0, which occurs when the LV cavity main-
tains a round and symmetric configuration on short-axis
imaging, with mild, moderate, and severe septal bowing rep-
resented by values of 1.1 to 1.4, 1.5 to 1.8, and more than 1.8,
respectively.

LV filling abnormalities

IVS deformation also alters LV shape, size, and diastolic
filling. Thus a common echocardiographic finding in these
patients is blunted early diastolic filling of the LV, which, in this
scenario, is not indicative of left atrial hypertension but rather
represents a marker of abnormal ventriculoventricular interac-
tion. In fact, increased RV pressure and prolonged RV systole
cause early diastolic reversal of IVS. As a result, early diastolic
transmitral filling is reduced and redistributed to late diastole.
* Right ventricular function

Assessment of RV function is the single most important
aspect of the echocardiographic examination in patients with
PAH because symptoms and outcome both depend on the
ability of the RV to adapt to the increased pulmonary vascular
load.

Qualitative assessment of function based on visual inspec-
tion is commonly used in practice but is limited by significant
interobserver variability, which is especially problematic in
assessing relative changes in RV function in the same patient.

+ TAPSE

TAPSE, derived from 2D-guided M-mode, is a simple and
highly reproducible measurement of longitudinal systolic dis-
placement of the RV base toward the RV apex and has been
shown to correlate strongly with RVEE. Normal values vary
between 2.0 and 2.6 cm. Values less than 17 cm are highly sug-
gestive of RV systolic dysfunction.?’ A significant limitation of
TAPSE in PAH-CHD is that it is highly load dependent, such
that it may become pseudonormalized in the presence of sig-
nificant ventricular volume loading, for example, left-to-right
shunting or severe TR.

Tissue Doppler imaging (TDI)

Systolic (S’) wave velocity by TDI is a measure of longitudi-
nal myocardial contraction. TD], like TAPSE, is load dependent
and may be pseudonormal under conditions of increased ven-
tricular volume loading. The mean value in normal controls is
approximately 15 cm/s at the annulus, with a lower accepted
reference limit of normal of 10 cm/s.

+ Fractional area change

A more quantitative approach to assessing RV function is to
measure the RV FAC, defined as follows:

(end-diastolic area) — (end-systolic area) /
end-diastolic area X 100

This has been shown to correlate well with RV EF by MRI.
It is obtained by tracing, beneath the trabeculations, areas of the
RV at end-diastole and end-systole from the apical four-cham-
ber view. However, incomplete visualization of the RV cavity,
especially when RV is dilated, as well as difficulties in endocar-
dial definition lead to relatively poor reproducibility.

+  Myocardial performance index

The MPI, also known as the Tei index, provides a global
assessment of both RV systolic and diastolic function. It can be
calculated either from Doppler imaging (apical four-chamber
view for the tricuspid inflow pattern and the parasternal short-
axis RVOT view for the determination of ejection time) or from
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TDI (single image from the lateral annulus of the TV) according
to the formula:

MPI = ( isovolumic contraction time

+ isovolumic relaxation time ) / RV ejection time

Values greater than 0.40 by pulsed-wave Doppler, or greater
than 0.55 by tissue Doppler, signify RV dysfunction. This has
good reproducibility, does not rely on geometric assumptions,
and can be applied even in the presence of a suboptimal acoustic
window. On the other hand, it is relatively load dependent and
unreliable when RA pressure is elevated.

RV ejection time, a component of MPI, has been shown to
increase on targeted therapy of PAH on its own.

+ Total isovolumic time

The t-IVT, which represents the sum of both isovolumic
relaxation time (IVRT) and isovolumic contraction time
(IVCT), can be calculated by subtracting filling time and ejec-
tion time from the RR interval. It can be expressed as seconds
per minute when calculated using the following formula, and it
is very easy to understand.

(ejection time X heart rate/1000)

tIVT =60 + (total filling time X heart rate/1000)

t-IVT is the time during the cardiac cycle when the heart is
neither ejecting nor filling. It is the total of wasted time. In
patients with increased pulmonary artery pressure, reduced
pulmonary artery compliance will limit RV ejection time and
prolonged TR duration, resulting in shortened filling time.
Therefore t-IVT will be significantly prolonged. As a conse-
quence, stroke volume is reduced and hence also cardiac output;

t-IVT can be used to monitor disease progression and assess
prognosis.

Advanced Right Ventricular Imaging
Speckle tracking strain and strain rate examine the deforma-
tion and rate of deformation, respectively, of the myocardial
segments; they represent a potential means toward assessing
intrinsic RV myocardial contractility that is less load-depen-
dent. At present, however, they are still considered outside the
standard echocardiographic protocols owing to the lack of nor-
mative data and the high interobserver variability reported.
Real-time 3D echocardiography can overcome the limita-
tions of 2D echo in the assessment of RV volumes and EF. 3D
echocardiographic RV volumes are comparable to those derived
by MRI, even though few data are currently available in signifi-
cantly dilated or dysfunctional ventricles.

Echocardiographic Predictors of Clinical Outcome
Different echocardiographic variables have been demonstrated
to yield prognostic information that may guide clinical manage-
ment. From the current literature, and according to the Euro-
pean Society of Cardiology guidelines, the echocardiographic
indices most closely associated with unfavorable outcome, such
as: right atrial area index, diastolic EI, pericardial effusion, MPI
and TAPSE, are all indicators of RV decompensation.
However, prognosis is significantly affected by the etiology
of PAH. Patients with Eisenmenger syndrome exhibit a better
prognosis compared with idiopathic PAH and connective
tissue disease—associated PAH. Patients may survive decades
after the initial diagnosis of PAH-CHD, even before the advent
of advanced targeted PAH therapy. As mentioned before, the

difference in outcome is thought to be related to better adapta-
tion of the RV to high PA pressure. In support of this view, we
have recently demonstrated that the longitudinal function of
the RV is preserved or mildly impaired in the majority of
patients with Eisenmenger syndrome and that, even though
RV dilation was prevalent, it was less severe than what has
been described in idiopathic PAH and was not related to
adverse outcome.

+ RV long-axis function (TAPSE)

RV longitudinal contraction in Eisenmenger patients has
been shown to be an independent prognostic factor. Even small
reductions in TAPSE were associated with adverse outcome (see
Fig. 6.1). In a prospective study from Van De Bruaen et al., a
TAPSE of <15.9 mm was predictive of a lower event-free sur-
vival and of higher all-cause mortality.

+ Ratio of RV effective systole to diastole duration

The prolonged duration of TR, a marker of impaired adapta-
tion to pressure overload and of RV failure, is strongly related
to outcome. In fact, in these circumstances RV filling time is
limited by prolongation of TR in systole and/or in early diastole,
and cardiac output may decrease as a consequence.

Hence, in order to improve the diagnostic power of echocar-
diography in Eisenmenger patients, a ratio of RV effective sys-
tolic-to-diastolic duration can be calculated. Durations of
systole and diastole can be measured from the clearest Doppler
signal of TR from the apical view. Effective systolic duration is
measured from the onset to the end of TR. Effective diastolic
duration is measured from the end of TR to the onset of the
subsequent TR signal. A ratio 21.5 is an independent predictor
of outcome (Fig. 6.34).

+ Right atrial area and ratio of RA to LA area

Parameters reflecting high central venous pressure also have
been shown to predict mortality in PAH. RA dilatation is a
reflection of long-standing pressure overload and ensuing heart
failure. Quantitative assessment of RA size is performed from
the apical four-chamber view. RA measurements are obtained
at the end of ventricular systole, when chamber size is maximal.
RA area has been reported to predict adverse outcome in Eisen-
menger patients. Mortality risk is significantly increased when
RA area is 225 cm? or RA/LA ratio is 21.5.

All the above-discussed parameters have their limitations
when used in isolation. Comprehensive assessment with a com-
bination of multiple parameters provides more accurate
prognostication.

In a study of a large Eisenmenger cohort from Royal
Brompton Hospital, a composite score based on these strong
echocardiographic predictors of outcome (TAPSE < 15 mm,
ratio of RV effective systolic to diastolic duration = 1.5, RA

Figure 6.34 Continuous wave Doppler of the tricuspid valve regurgita-
tion from patient with pulmonary artery hypertension. D, Effective RV
diastolic duration; S, effective RV systolic duration.



area > 25 cm?, RA/LA arearatio = 1.5), identified patients with
more than a 3-fold increased risk of death at 1.5 years with a
very high area under the curve on receiver operating curve
analysis.*!

Studies in pediatric patients with pulmonary hypertension
including idiopathic PAH, PAH associated with repaired con-
genital heart diseases, and other causes of pulmonary hyperten-
sion have shown that a simple RV-to-LV diameter ratio at
end-systole (RV/LV ratio) measured in the standard parasternal
short-axis view correlated significantly with invasive haemody-
namic measures of PH. An RV/LV ratio greater than 1 was
associated with an increased risk of adverse events (initiation of
intravenous prostacyclin therapy, atrial septostomy, death, or
transplantation.”> Advanced echocardiographic imaging with
2D and 3D speckle tracking of RV myocardial strain has been
shown to be related to mortality in patients with pulmonary
hypertension in general population.**#* The role of speckle
tracking in CHD is currently in the development stage. Few
studies have examined its potential in evaluating complex CHD.
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More studies are needed in this field to define its role in PAH
associated with CHD.

Conclusion

Echocardiography with its spectrum of modalities and advanced
techniques such as real-time 3D and speckle tracking provides
comprehensive assessment of cardiac morphology, physiology,
pathophysiology, and function and contributes significantly to the
management of adult patients with CHD. It can provide detailed
information on cardiac remodeling and ventricular function fol-
lowing surgical repair or catheter intervention and is an essential
tool for the long-term follow-up of these patients. Increasing
numbers of studies have suggested a prognostic value of echocar-
diography in ACHD; thus it can and should be used for the
optimization of care. As advances in cardiology and CHD care
continue to take place, echocardiography will continue to expand
its current applications and thus maintain its pivotal role in
imaging and assessing this growing group of patients.
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Physical Training

Heart Failure, Exercise Intolerance, and
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Adults with congenital heart disease (ACHD) are an expanding
population who pose a significant challenge to the medical pro-
fessionals who are caring for them. Although early surgery has
transformed the outcome of these patients, it has not been cura-
tive. Exercise intolerance is a major problem for ACHD patients
and significantly affects their quality of life. Physical limitation
is common, even in patients with simple lesions, and is most
severe in those with Eisenmenger syndrome, single ventricle
physiology, or complex cardiac anatomy. Important systemic
complications of the heart failure syndrome are also present,
such as renal dysfunction hyponatremia, neurohormonal, and
cytokine activation. Cardiopulmonary exercise testing provides
a reliable tool for assessing the exercise capacity of ACHD
patients and for risk stratification and has become part of the
routine clinical assessment of these patients. Similarities in the
pathophysiology of exercise intolerance in acquired heart failure
and congenital heart disease suggest that established heart failure
therapies, including rehabilitation and exercise training, might
be beneficial to ACHD patients with exercise intolerance.

Heart Failure in Adults With Congenital
Heart Disease

Heart failure is defined as a syndrome characterized by symp-
toms of exercise intolerance in the presence of any abnormality
in the structure and/or function of the heart. All types of
acquired or congenital heart disease, involving the myocar-
dium, pericardium, endocardium, valves, or great vessels, can
ultimately lead to the development of heart failure."> In ACHD,
heart failure is the ultimate expression of the sequelae and com-
plications that ACHD patients often face even after “successful”
repair of their primary defect.

PREVALENCE OF HEART FAILURE IN ADULTS WITH
CONGENITAL HEART DISEASE

Exercise intolerance is the mainstay of heart failure. It is
common in this population, affecting more than one-third of
patients in the Euro Heart Survey, a large registry of ACHD
patients across Europe. Patients with cyanotic lesions and those
with a univentricular circulation tend to be those with the
highest prevalence of exercise intolerance, whereas patients
with arterial switch for transposition of the great arteries and
aortic coarctation are the least impaired.’® Within the cyanotic
population, those with significant pulmonary arterial hyperten-
sion (Eisenmenger syndrome) tend to be most limited. Patients
with the right ventricle in the systemic position as a result of
congenitally corrected transposition of the great arteries or after
atrial switch operation (Mustard or Senning procedure) for

transposition of great arteries, also tend to be severely limited
in their exercise capacity, especially after the third decade of life.
As many as two-thirds of patients with congenitally corrected
transposition of great arteries with major associated defects and
prior open heart surgery suffer from congestive heart failure by
age 45 years. Patients with univentricular circulation and a
Fontan-type operation are also limited in their exercise capacity,
especially in the presence of ventricular dysfunction, atrioven-
tricular valve regurgitation, or a failing Fontan circulation. In a
group of 188 patients with a systemic right ventricle or single
ventricle,% the prevalence of heart failure was high (22% in
transposition of great arteries and atrial switch, 32% in congeni-
tally corrected transposition, and 40% in Fontan-palliated
patients). However, even patients with “simple” lesions, that is,
late closure of atrial septal defects (ASDs), may present with
reduced exercise capacity, albeit at a later stage (after the third
to fourth decade of life).

Mechanisms of Heart Failure in Adult
Congenital Heart Disease

Identification of the mechanisms responsible for exercise intol-
erance, both cardiac and extracardiac, is essential in the man-
agement of ACHD patients, because they can become targets
for therapies.!

CARDIAC CAUSES OF EXERCISE INTOLERANCE IN
ADULT CONGENITAL HEART DISEASE

Ventricular Dysfunction

Cardiac dysfunction is the most obvious cause of exercise intol-
erance and heart failure in ACHD. A reduction in cardiac
output may occur through a reduction in ventricular function
(reduced stroke volume) or through inability to increase heart
rate to meet demands. Myocardial dysfunction is common in
ACHD and can be caused by ventricular overload, myocardial
ischemia, and pericardial disease (Fig. 7.1). It can also occur
through the effects of medication, permanent pacing, and endo-
thelial and neurohormonal activation.

Hemodynamic overload of one or both ventricles resulting
from obstructive or regurgitant lesions, shunting, or pulmonary
or systemic hypertension is common in ACHD. This overload is,
by definition in ACHD, long standing, and can lead to severe
ventricular dysfunction, as is found in patients with a systemic
right ventricle 10 to 30 years after atrial switch repair of (d-)trans-
position of the great arteries or after the third decade of life in
congenitally corrected (I-)transposition of the great arteries, and
in patients with Fontan-type circulation. Right ventricular systolic
dysfunction is common in patients with significant volume
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Figure 7.1 Potential mechanisms of exercise intolerance in adult congenital heart disease.

overload such as those with large ASDs or patients with tetralogy
of Fallot and severe pulmonary regurgitation. Ventricular dys-
function can also result from repeated cardiac surgery, anomalous
coronary circulation, and abnormal myocardial perfusion, as has
been documented in patients after atrial or arterial switch repair
for (d-)transposition of the great arteries. Ventricular-ventricular
interaction is not uncommon in ACHD, with right-sided lesions
often affecting the left ventricle and vice versa. Significant ven-
tricular interaction is most pronounced in patients with Ebstein
anomaly, in whom the left ventricle typically appears small, under-
filled, and hypokinetic, almost “compressed” by the dilated right
ventricular cavity.

Ventricular dysfunction may also be triggered or exacer-
bated by arrhythmias, permanent pacing, and medication.
ACHD patients have an increased propensity for arrhythmias
resulting from intrinsic abnormalities of the conduction system,
long-standing hemodynamic overload, and scarring from
reparative or palliative surgery. Arrhythmias can lead to signifi-
cant hemodynamic compromise, especially in the presence of
myocardial dysfunction, and can become life threatening, espe-
cially when fast or ventricular in origin. Even relatively slow
supraventricular tachycardias may cause a reduction in cardiac
output and exercise capacity through loss of atrioventricular
synchrony, especially when long standing.”

Diastolic dysfunction is also an important component of
ACHD and can affect exercise capacity and ventricular response
to overload. A significant number of patients after repair of
tetralogy of Fallot present with restrictive right ventricular

physiology, which is related to decreased predisposition to right
ventricular dilation in the presence of significant pulmonary
regurgitation.® However, it is associated with low cardiac output
and prolonged inotropic and volume support immediately after
surgery in this population. In patients with a univentricular
heart, the presence of a rudimentary chamber may affect the
regional contractility of the dominant ventricle and affect relax-
ation and diastolic filling. Moreover, patients with diastolic dys-
function may also do worse following a Fontan-type procedure.
However, evaluation of diastolic properties across the spectrum
of cardiac anatomies is difficult because there are no established
criteria for this population. Moreover, no data are available on
the pharmacologic management of diastolic dysfunction in the
ACHD population.'?

Acquired disease superimposed on the congenitally abnor-
mal heart may also cause deterioration of myocardial dysfunc-
tion. Infective endocarditis, systemic hypertension, coronary
atherosclerosis, myocarditis, alcohol or other substance abuse
(ie, cocaine), and diabetes mellitus may all trigger or aggravate
myocardial dysfunction in ACHD. Infective endocarditis, in
particular, is not uncommon in ACHD, and can have devastat-
ing short- and long-term effects, especially in high-risk patients
with multiple hemodynamic lesions and/or ventricular
dysfunction.'?

The prevalence of significant coronary artery disease does
not appear to be increased in ACHD patients.!! However, as this
population ages, coronary artery disease should be considered
when ventricular dysfunction is encountered, and traditional



cardiovascular risk factors for coronary atherosclerosis should
be addressed.

Chronotropic Incompetence

The chronotropic response to exercise is a major contributor to
the increase in cardiac output, more so than the increase in
myocardial contractility. Chronotropic incompetence may be
defined as the inability to increase heart rate appropriate to the
degree of effort and metabolic demands. Chronotropic incom-
petence is common in ACHD, was encountered in 62% of
ACHD patients in one series, and can be a result of intrinsic
abnormalities of the conduction system or be iatrogenic.*! In
the ACHD population, chronotropic incompetence is related to
the severity of exercise intolerance, plasma natriuretic peptide
levels, and peak oxygen uptake. Chronotropic incompetence
also has prognostic implications in patients with ischemic heart
disease and is a strong predictor of mortality in ACHD patients,
especially those with “complex” lesions, Fontan-type surgery,
and repaired tetralogy of Fallot.

Medication such as beta-blockers, calcium channel blockers,
and antiarrhythmics can have significant negative inotropic and
chronotropic effects and can affect ventricular performance and
exercise capacity. Medication can also unmask latent conduc-
tion system disease and lead to sinus node dysfunction, atrio-
ventricular block, or chronotropic incompetence.

Permanent pacing can also affect cardiac output through
chronotropic incompetence and ventricular dysfunction.
ACHD patients with permanent pacemakers were, in fact,
found to have significantly lower peak heart rates and a trend
toward lower peak VO, levels compared with those without.?
Pacemaker therapy is often required in ACHD for atrioven-
tricular block, common in patients with atrioventricular septal
defects or corrected transposition of the great arteries and
immediately after surgical repair of a ventricular septal defect
or muscle bundle resection. Sinus node dysfunction requiring
permanent pacing is also common after a Fontan operation or
atrial switch repair for complete transposition of the great arter-
ies. Dual-chamber pacemakers are most commonly used to
avoid atrioventricular asynchrony, but this is not always possi-
ble in patients with complex anatomy. Moreover, despite
advances in rate-responsive pacemakers, rate responsiveness at
higher levels of exercise in younger patients may be inadequate
to produce a sufficient increase in cardiac output. Right ven-
tricular pacing can also cause ventricular asynchrony and in the
noncongenital population has been shown to cause long-term
left ventricular dysfunction and reduced exercise capacity. The
development of sophisticated pacing technologies that encour-
age more intrinsic conduction, thus minimizing ventricular
pacing, holds promise for ACHD patients.

Extracardiac Causes of Exercise Intolerance in Adult
Congenital Heart Disease

Parenchymal and vascular lung disease are important contribu-
tors to exercise intolerance in ACHD. Subnormal forced vital
capacity has been reported in patients with Ebstein anomaly,
tetralogy of Fallot, corrected transposition of the great arteries,
Fontan operation, and atrial repair of complete transposition of
the great arteries, but even in patients with ASDs. Lung disease
affects exercise capacity. Percent FEV has, in fact, been shown
to be a powerful predictor of exercise capacity in the ACHD
population. Furthermore, lung dysfunction, which is common
in ACHD patients, is a predictor of mortality.!* Prior surgery
with lung scarring, atelectasis, chest deformities, diaphragmatic
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palsy, pulmonary vascular disease with loss of distensibility of
the peripheral arteries, and significant cardiomegaly are possi-
ble mechanisms for the abnormal pulmonary function observed
in ACHD.

Pulmonary Arterial Hypertension and Cyanosis
Patients with Eisenmenger physiology are by far the most symp-
tomatic ACHD patients. Most are in New York Heart Associa-
tion (NYHA) functional class II or higher at a median age of 28
suggesting a detrimental effect of cyanosis and pulmonary
hypertension. Patients with complex univentricular anatomy
are also highly symptomatic, especially in the presence of sig-
nificant cyanosis.>>!2

Both cyanosis and pulmonary hypertension significantly
affect exercise capacity and the ventilatory response to exercise.
In unrepaired cyanotic patients with unrestricted defects, an
increase in cardiac output is obtained through shunting, at the
expense of further systemic desaturation.'*'® At the onset of
exercise, oxygen consumption fails to increase because of the
inability to sufficiently increase pulmonary blood flow. Ventila-
tion increases abruptly and excessively, resulting in alveolar
hyperventilation. Although ventilation is increased throughout
exercise, ventilatory efficiency is significantly decreased. Pul-
monary hypoperfusion, an increase in physiological dead space
through right-to-left shunting and enhanced ventilatory reflex
sensitivity are mechanisms contributing to the ventilatory inef-
ficiency and the failure to meet oxygen requirements in ACHD
patients with cyanosis and pulmonary arterial hypertension.

The effect of cyanosis on exercise capacity and ventilation is
difficult to distinguish from that of pulmonary hypertension.
Significant ventilatory inefficiency has also been described in
patients with idiopathic pulmonary hypertension, in the absence
of right-to-left shunting. Despite being “inefficient” and likely
contributing to the early onset of dyspnea, the exaggerated ven-
tilatory response to exercise in cyanotic ACHD patients appears
appropriate from a “chemical” point of view because it succeeds
in maintaining near-normal arterial partial pressure of carbon
dioxide (PCO,) and pH levels in the systemic circulation despite
significant right-to-left shunting, at least during mild to moder-
ate exertion.®!’

Anemia and Iron Deficiency
In acquired heart failure, anemia relates to exercise capacity and
is a predictor of outcome. Anemia results in reduced oxygen
carrying capacity and a premature shift to anaerobic metabo-
lism during exercise and can precipitate heart failure by affect-
ing myocardial function and volume overload. Anemia in
ACHD can occur as a complication of chronic anticoagulation,
surgery or intervention, hemolysis because of prosthetic valves,
intracardiac patches or endocarditis, or hemoptysis in patients
with severe pulmonary arterial hypertension. Moreover, anemia
can occur because of chronic renal failure or as anemia of
chronic disease. Similar to acquired heart failure, anemia is
associated with a higher risk of death in noncyanotic ACHD
patients.'8

In cyanotic patients, anemia as conventionally defined is
rare. Chronic hypoxia typically results in an increase in eryth-
ropoietin production and an isolated rise in the red blood cell
count (secondary erythrocytosis), which augments the amount
of oxygen delivered to the tissues.!*!%20 Relative anemia, that
is, an inadequate rise in hemoglobin levels despite chronic cya-
nosis, can occur as a result of iron deficiency and can have
important detrimental effects on exercise capacity. No
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universally accepted algorithm for the calculation of “appropri-
ate” hemoglobin levels exists, and diagnosis of relative anemia
is based on serum ferritin and transferrin saturation. Iron sup-
plementation in these patients is associated with an improved
exercise capacity and quality of life.?!

QUANTIFICATION AND FOLLOW-UP OF EXERCISE
INTOLERANCE

The first step in assessing exercise intolerance is quantification
of its severity. This can be achieved by subjective (describing
patients’ perception of their limitation) or objective means. The
most commonly used scale for quantifying subjective limitation
in ACHD is the NYHA classification (and the almost identical
World Health Organization [WHO] classification for patients
with pulmonary hypertension). This scale is preferred because
it is familiar to adult cardiologists and is simple and easy to
apply. When compared with objective measures of exercise
capacity, the NYHA classification is able to stratify ACHD
patients according to their exercise capacity, but overall tends
to underestimate their degree of impairment.>>? In fact, many
asymptomatic (NYHA I) ACHD patients have dramatically
lower objective exercise capacity compared to normal controls,
which is similar to that of much older patients with acquired
heart failure. It appears that ACHD patients tend to be less
aware of their exercise limitation because it has occurred over
several decades rather than abruptly, as occurs in acquired heart
failure. This apparent unawareness of significant exercise limita-
tion in many ACHD patients may impact the timing and type
of therapeutic interventions, possibly supporting a “sooner
rather than later” approach. In particular, patients with right-
sided lesions, such as patients with severe pulmonary regurgita-
tion after repair of tetralogy of Fallot, tend to remain
asymptomatic or very mildly symptomatic for long periods,
even in the presence of significant right ventricular dilation and
dysfunction. It is, thus, important that objective means of
assessment such as cardiopulmonary exercise testing be used
for the routine clinical assessment of ACHD patients and aid in
the decision making when considering elective surgery.>*> More-
over, the NYHA class is not a tool for assessing quality of life,
and is thus not a substitute for a quality-of-life questionnaire
(eg, Cambridge Pulmonary Hypertension Outcome Review
[CAMPHOR] or the more recently introduced emPHasis-10
score for patients with pulmonary arterial hypertension).>*

Objective Quantification of Exercise Capacity
Cardiopulmonary Exercise Testing
The best method for quantifying exercise tolerance in health
and disease is cardiopulmonary exercise testing. It is a powerful
tool for the objective assessment of the cardiovascular, respira-
tory, and muscular systems and has become part of the routine
clinical assessment of ACHD patients. Incremental (ramp) pro-
tocols are used to assess functional and prognostic indices such
as the peak oxygen consumption (peak VO,), the VE/VCO,
slope (the slope of the regression line between ventilation [VE]
and rate of elimination of carbon dioxide [VCO,]), the anaero-
bic threshold, and the heart rate and blood pressure response.
Peak VO, is the highest value of oxygen uptake recorded
during maximal exercise testing and approximates the maximal
aerobic power of an individual, ie, the upper limit of oxygen
utilization by the body (Fig. 7.2). It is usually expressed in mL/
kg per minute and reflects the functional status of the pulmo-
nary, cardiovascular, and muscular systems. In fact, during

steady state, oxygen uptake from the lungs reflects the amount
of oxygen consumed by the cells in the periphery. Peak VO, is
the most reported exercise parameter because it is simple to
interpret and carries prognostic power in acquired heart failure
and ACHD.>?1:»> However, peak VO, can only be reliably esti-
mated from maximal exercise tests and is limited by the ability
and determination of a patient to exercise to exhaustion. More-
over, it can be prone to technical error and artifacts because it
is derived from measurements that are recorded only during the
last minute of exercise (peak).

Cardiopulmonary exercise testing in a large cohort of
ACHD patients demonstrated that average peak VO, was
depressed in all ACHD groups compared with healthy sub-
jects of similar age and varied according to underlying
anatomy (Fig. 7.3).> Peak VO, was significantly depressed
even in asymptomatic ACHD patients. Patients with Eisen-
menger physiology and complex anatomy (univentricular
hearts with protected pulmonary circulation) had the lowest
average peak VO, values (11.5 and 14.6 mL/kg per minute,
respectively). Gender, body mass index, cyanosis, pulmonary
arterial hypertension, forced expiratory volume, and peak
heart rate were independent predictors of peak VO, in this
population. Patients with permanent pacemakers, on beta-
blocker therapy, and those not in sinus rhythm also had lower
peak VO,. As with acquired heart failure, exercise capacity in
ACHD patients was not directly related to resting systemic
systolic ventricular function. A reduction in peak VO, has
significant implications in the type and intensity of activities
that a patient can perform.’

In ACHD, peak VO, is an independent predictor of the
combined endpoint death or hospitalization at a median follow-
up of 304 days, with patients with a peak VO, less than 15.5
mL/kg per minute being at a threefold increased risk.**%2¢ Peak
VO, is also related to the frequency and duration of hospitaliza-
tion, even after accounting for NYHA class, age, age at surgery,
and gender. Peak circulatory power expressed as peak exercise
oxygen uptake multiplied for peak mean arterial blood pressure
has also been shown to be a strong predictor of adverse outcome
in ACHD. Peak VO, can also be used to predict how well
ACHD patients tolerate pregnancy.?’

The anaerobic threshold is the level of VO, beyond which
aerobic metabolism is substantially supplemented by anaerobic
processes. Above the anaerobic threshold, lactate starts to accu-
mulate and is buffered by plasma bicarbonate, resulting in an
increase in CO, production (VCO,). The anaerobic threshold
can be identified through observation of the VCO, versus VO,
relation, or by observing the VE/VO, ratio over time. The
anaerobic threshold has obvious pathophysiologic significance
because it is the point beyond which aerobic metabolism is
unable to sustain energy requirements. It also carries important
prognostic information in acquired heart failure and ACHD.

The VE/VCO, slope is an exercise parameter that is indepen-
dent of maximal exertion (see Fig. 7.2). It is a simplification of
the complex relationship between ventilation and CO, produc-
tion. It is believed to reflect pulmonary perfusion and the degree
of physiological dead space and ventilation-perfusion mis-
match, as well as enhanced ventilatory reflex sensitivity. It is
easy to calculate, reproducible, and a marker of exercise intoler-
ance strongly related to peak VO,. The VE/VCO, slope carries
important physiological and prognostic information.*®

High values of VE/VCO, slope compared to normal controls
are encountered in all major ACHD groups. Patients with
Eisenmenger physiology have the most disproportionately high
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Figure 7.2 Cardiopulmonary exercise test in a 32-year-old patient with transposition of great arteries
and an atrial switch repair (Mustard operation). There was mild systemic ventricular dysfunction with
mild tricuspid regurgitation and dynamic left ventricular outflow tract obstruction on echocardiography
(peak gradient 55 mm Hg). The patient exercised for 12 min on a modified Bruce protocol and achieved
a peak VO, of 19 mL/kg per min, which is 64% of predicted for age, gender, and body habitus (mildly
impaired). The anaerobic threshold is also mildly reduced (15.1 mL/kg per min). There was an adequate
blood pressure and heart rate response and mild desaturation (from 98% to 90% at peak exercise)
likely because of a baffle leak. The VE/VCO, slope was mildly increased, possibly reflecting mild pul-
monary hypoperfusion resulting from the subpulmonary stenosis and the physiological dead space
because of right-to-left shunting. FEV; and FVC were within normal limits.
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Figure 7.3 Peak VO, (dark pink bars) and VE/VCO;, slope (light pink bars) across the spectrum of adult
congenital heart disease. Groups with a higher prevalence of cyanosis (black bars) had the higher
values of VE/VCO; slope. PAH, Pulmonary arterial hypertension. (Data from Dimopoulos K, Okonko
DO, Diller G-P, et al. Abnormal ventilatory response to exercise in adults with congenital heart disease
relates to cyanosis and predicts survival. Circulation. 2006;113:2796-2802.)
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VE/VCO, slopes (mean 71.2), whereas patients with aortic
coarctation had the lowest mean VE/VCO, slope (see Fig. 7.3).°
Cyanosis had a significant impact on the ventilatory response
to exercise and was the strongest independent predictor of the
VE/VCO, slope in this cohort. A linear relation between VE/
VCO, slope and NYHA functional class was observed, suggest-
ing a link between the ventilatory response to exercise and the
occurrence of symptoms. Nevertheless, the VE/VCO, slope
was, as with peak VO,, significantly raised even among asymp-
tomatic patients, further underscoring the importance of objec-
tive assessment of exercise capacity in ACHD. When cyanotic
ACHD patients were excluded, a VE/VCO, slope of 38 or above
was an adverse prognostic marker associated with a 10-fold
increase in the risk of death within 2 years.® Indeed, a raised
VE/VCO, slope in these patients more likely reflects a reduction
in pulmonary blood flow and cardiac output.?®

Other valuable information is also recorded during cardio-
pulmonary testing: spirometry, electrocardiography (ECG),
oxygen saturations, and blood pressure. Frequent blood pres-
sure measurement is required in patients with left-sided
obstructive lesion. Although physicians are generally reluctant
to exercise patients with left-sided obstructive lesions, exercise
testing in these settings can provide valuable information.
Moreover, a fall in systolic blood pressure is best identified in a
controlled environment during in-hospital exercise testing. The
arm/limb blood pressure measurements are also important,
especially in cases with previous Blalock-Taussig shunts and
those with aortic coarctation.

Six-Minute Walk Test

A simpler means of objectively assessing exercise capacity is
the 6-minute walk test. It is a timed distance exercise test, ideal
for significantly impaired patients for whom the distance
walked in 6 minutes correlates well to peak VO,. Oxygen satu-
rations and perceived exertion through semiquantitative
means such as the Borg scale can also be recorded. It is an easy
test to perform and reflects the ability to perform ordinary
daily activities. It is also more sensitive to changes following
intervention compared to peak VO,, and is a US Food and
Drug Administration (FDA)-approved endpoint for prospec-
tive clinical trials in pulmonary hypertension. It should not be
used in mildly impaired or asymptomatic patients as there is
a “ceiling effect,” masking improvement after intervention. An
important learning effect has also been described, making
direct comparison between the first and subsequent tests dif-
ficult. The shuttle walk test is an alternative to the 6-minute
walk test and requires patients to walk up and down a 10-meter
flat track at increasing speeds until they are unable to
continue.

SYSTEMIC MANIFESTATIONS OF THE HEART
FAILURE SYNDROME IN ADULT CONGENITAL
HEART DISEASE

The clinical syndrome of heart failure has important systemic
manifestations, which define the natural history and are the
target of modern therapies. Neurohormonal activation, chemo-
reflex, and peripheral ergoreflex activation, and organ failure
such as renal and hepatic dysfunction, are well-described com-
plications of acquired heart failure and affect the outcome of
these patients. Neurohormonal and cytokine activation have
also been described in ACHD patients, with elevated atrial
natriuretic peptide, B-type natriuretic peptide, endothelin-1,

renin, aldosterone, and norepinephrine reported across a wide
spectrum of congenital lesions and correlating with worsening
NYHA class and ventricular function.?”° Neurohormonal acti-
vation has also been described in asymptomatic ACHD patients,
years after surgical repair of even relatively simple lesions, and
is associated with an increased risk of death.’! Oscillatory
breathing has also been reported in ACHD.3?

Endothelial dysfunction is well described in patients with
heart failure, and has a detrimental effect on myocardial and
skeletal muscle function and on exercise tolerance. Evidence of
endothelial dysfunction in congenital heart disease is available
for Fontan patients and for cyanotic ACHD patients, due to
impaired release of nitric oxide despite hemoconcentration and
increase in shear stress. Eisenmenger patients also exhibit
reduced circulating endothelial progenitor cell numbers.*?

The term cardiorenal syndrome is currently used to define a
state of advanced renal dysfunction in heart failure. ACHD
patients, although younger than those with acquired heart
failure, have a high prevalence of impaired renal function with
moderate or severe dysfunction present in 1 out of 5 patients.**
Renal dysfunction in ACHD is likely a result of low cardiac
output state with decreased kidney perfusion, activation of sym-
pathetic nervous system leading to arterial vasoconstriction,
and activation of the renin-angiotensin-aldosterone system.
Cyanotic patients are at highest risk of developing renal dys-
function, suggesting a detrimental effect of chronic hypoxia
and, perhaps, hyperviscosity on the kidney. Patients with mod-
erate to severe renal dysfunction were at a threefold increased
risk of adverse outcome.

Hypotonic hyponatremia is typical of patients with conges-
tive heart failure, especially those requiring treatment with
diuretics, and is a strong prognostic marker in this population
and a criterion for transplantation. Hyponatremia has also been
found to be common in ACHD patients, and is a strong predic-
tor of outcome independent of renal dysfunction and use of
diuretics.®

Anemia is also common in heart failure patients and has
been described in ACHD. Anemia can affect exercise capacity
and is also a predictor of outcome in noncyanotic ACHD
patients.!® Relative anemia, that is, inadequate increase in
hemoglobin concentration (secondary erythrocytosis second-
ary to chronic hypoxia), is also common in cyanotic ACHD
patients and is usually a result of iron deficiency.!*?! Screening
for iron deficiency in these patients is important because it is
associated with impaired exercise capacity and quality of life.?!

TREATMENT OF HEART FAILURE IN ADULT
CONGENITAL HEART DISEASE

Treatment of Hemodynamic Lesions and Correctable
Abnormalities

Cardiac hemodynamic lesions should be the first target in the
effort to improve exercise capacity.*>>” Potential therapeutic
options include surgical or interventional relief of obstructive
lesions, repair of valve abnormalities, and elimination or reduc-
tion of shunts, provided that no significant pulmonary vascular
disease has developed.’® Improvement in symptoms has been
reported after interventions such as Fontan-type operations,
tetralogy of Fallot repair, relief of congenital aortic stenosis, and
percutaneous closure of ASD. Other reversible causes of exer-
cise intolerance and ventricular dysfunction, such as ischemic
heart disease, anemia, and parenchymal pulmonary disease,
should be sought and treated when possible.*



Counteracting Neurohormonal Activation

Modern pharmacological treatment of chronic heart failure is
based on counteracting neurohormonal activation with medica-
tion such as angiotensin-converting enzyme (ACE) inhibitors,
angiotensin-receptor blockers (ARBs), beta-blockers, and spi-
ronolactone, which improve hemodynamics and prognosis. Such
drugs are increasingly used in ACHD on the basis of similarities
in pathophysiology between ACHD and acquired heart failure,
despite little evidence of their efficacy in this setting and some
disappointing results from small randomized controlled studies.*-
4 In fact, most published trials involve single-center studies with
a sample size significantly smaller compared with similar trials in
acquired heart disease. Extreme caution should therefore be exer-
cised when attempts are made to extrapolate from heart failure
trials to ACHD.!*%3745 More data is clearly required on the merits
of elective medical therapy for patients with a failing systemic
right ventricle (RV), single ventricle physiology, pulmonary vas-
cular disease, obstructive lesions, and/or a Fontan palliation.

Targeting Pulmonary Arterial Hypertension

In recent decades, patients with pulmonary arterial hypertension
(PAH), including those with ACHD, have benefited enormously
from the introduction of new therapies. Epoprostenol has been
shown to improve functional status, systemic saturations, and
pulmonary hemodynamics in patients with CHD and PAH.*
Epoprostenol is, however, limited by the need for continuous
intravenous administration and consequent complications such
as line and systemic infections. Bosentan, an oral dual-receptor
endothelin antagonist, improved exercise capacity in patients
with Eisenmenger syndrome in several open label intention-to-
treat pilot studies and a randomized placebo-controlled study.*”
The pulmonary vascular resistance index was also decreased in
the bosentan arm within 16 weeks of therapy (but not in the
placebo). These results were sustained during the open-label
extension study and when assessing ASDs and ventricular septal
defects (VSDs) separately.** Other prospective studies have
demonstrated the efficacy of oral phospodiasterase-5-inhibitors
in Eisenmenger syndrome.’*>> Oral administration of a single
dose of sildenafil acutely improved exercise capacity and hemo-
dynamic response to exercise in 27 patients with Fontan circula-
tion.>® Large randomized trials on idiopathic pulmonary
hypertension using treprostinil, sildenafil, macitentan, and rio-
ciguat have included few patients with ACHD in their population
and provide some post hoc information® because none of these
studies were powered for formal subgroup analysis, leaving
doubts about the applicability of their results to the ACHD popu-
lation. Our group reported survival benefits from advanced thera-
pies for pulmonary arterial hypertension in a contemporary
cohort of adult patients with Eisenmenger physiology (229
patients, mean age 34.5 + 12.6 years, median follow-up of 4 years),
compared with patients from the same cohort managed conven-
tionally.>> Whether selected patients, in which advanced PAH
therapies induce a significant improvement, could safely undergo
partial or complete repair of the underlying cardiac defect in a
“treat-and-repair” fashion remains to be determined.’®>® PAH
therapies have also been used with some success in patients with
a Fontan circulation in an attempt to lower pulmonary vascular
resistance and improve exercise capacity.”’

Resynchronization Therapy

Ventricular dyssynchrony has been found to significantly affect
cardiac function and is a target for therapy in patients with left
ventricular dysfunction and intraventricular conduction delay.
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Although there is mounting evidence that ventricular dyssyn-
chrony is present in patients with congenital heart disease, ran-
domized trials of resynchronization in this population are
lacking. Implantation of cardiac resynchronization (CRT)
devices in ACHD patients may present significant difficulties
due to the varying intracardiac anatomy and should be per-
formed by appropriately trained operators.>® The role of resyn-
chronization, like that of implantable cardioverter-defibrillators,
in the setting of ACHD needs to be explored further. Although
randomized trials in this population are lacking, some retro-
spective studies show a positive response to CRT in certain
subgroups of patients.”® Increasing emphasis is currently
being placed on the site of CRT and how it can maximize
benefits.0162

Exercise Training

Exercise is defined as movement undertaken by muscles with
an increase in energy expenditure above resting metabolism.
Leisure activities, labor, sports, and training are all examples of
exercise. Training can be defined as systematic exercise in which
the type of activity, intensity, frequency, and duration play a
major role. Exercise has an effect on the muscular, locomotive,
metabolic, and circulatory systems and its beneficial psycho-
logical and physical benefits on patients with acquired heart
disease is established.®®> However, the HF-ACTION trial, the
largest multicenter randomized controlled trial of exercise
training in heart failure (n = 2331), failed to demonstrate a
substantial benefit on the primary endpoint of mortality or
hospitalization.** The goals of exercise programs are general
health promotion and improvement in aerobic capacity. Regular
isotonic exercise can increase maximal oxygen uptake, stroke
volume, cardiac output, and myocardial perfusion through
enhanced oxygen extraction, increased capacity of oxidative
enzymes, mitochondria, increased amount of myoglobin, and
vascularization. Moreover, because ACHD patients (with the
exception of cyanotic patients) are at similar risk of coronary
atherosclerosis as the normal population,” physical fitness is
also a means of reducing the risk of coronary disease.

There are two types of exercise: isotonic (also called dynamic)
and isometric (also called static). Isotonic exercise is recognized
by rhythmic muscular contractions with changes in muscle
length, using a relatively small force. Isometric exercise is rec-
ognized by a relatively large force with little or no change in
muscle length. Most forms of movement contain both types of
exercise, although some are mostly isotonic (jogging, cross-
country skiing, and swimming) and others isometric (weight-
lifting and speed skiing). Isotonic exercise causes volume
overload of the heart and an increase in oxygen consumption,
heart rate, stroke volume, cardiac output, and systolic blood
pressure. The diastolic blood pressure may fall during isotonic
exercise because of the decrease in peripheral resistance. Iso-
metric exercise mainly causes pressure overload and induces a
sudden increase in blood pressure, whereas the increase in
oxygen consumption and cardiac output is limited. The load in
isometric exercise may be difficult to control, which makes iso-
metric exercise unsuitable in some patients with congenital
heart disease.

Relatively few studies of exercise training have been per-
formed in ACHD.5%7 A recent randomized study on patients
with corrected tetralogy of Fallot or Fontan circulation under-
going a 12-week aerobic exercise training program showed a
significant improvement in peak oxygen uptake in tetralogy, but
not Fontan patients, in the exercise group.®® Because evidence



84 PART | General Principles

* History and physical
examination

~
1. Ventricles

5 baseline parameters

* Recommend type of exercise

* CPET

* Recommend relative intensity
of exercise

* Follow-up

L ECECECECTCE ¢

2. Pulmonary

3. Aortic dilation

4. Arrhythmia

hypertension

4+

due
repair

++

Static component

Intensity

Intensity if highly
static sport

A
Borg q % of max
scale Perception Feels HR
5.
<10 Very light Nothing <35%
10-11 Light Something 35-54
12-13 Moderate Perspiring 55-69
14-16 Hard Sweating
70-89
17-19 Very hard Hard work
20 Max Can't —
breath 100
B C

Cyanosis at rest n n n

>1 applies
8| 8|9
N N I N )
™ m T

™ T T

All apply >1 applies

T
T

T

Figure 7.4 Recommendations for individualized exercise prescription (recreational sports) for adoles-
cents and adults with congenital heart disease.”’ In (A) the recommended steps for the evaluation of
adult congenital heart disease patients with regard to exercise prescription. In (B) the rate of perceived
exertion (Borg scale and its relation to training heart rate as a percentage of the maximum heart
obtained on CPET. In (C) recommendations on the amount of static exercise and intensity of exercise
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tion Borg scale 11 to 12, HR <60% of max HR on CPET), moderate (Borg 13 to 14, HR 60% to 75% of
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for the risks and benefits of exercise in ACHD is limited, recom-
mendations have rested on individual physician judgment and
expert consensus.>®37:6%6870 Structured recommendations on
the type and intensity of noncompetitive sports have been pub-
lished, based on stepwise assessment and identification of risk
factors relevant to the ACHD population (Fig. 7.4).”" Simple
preventive measures such as avoiding excessive dehydration are
strongly recommended, especially in patients with cyanotic
heart disease. High-impact sport should be discouraged in
patients who are on anticoagulation therapy, have a pacemaker,
or have Marfan syndrome. Extreme caution is also recom-
mended in patients who are at high risk of arrhythmia and
sudden death, such as those with long QT syndrome, arrhyth-
mogenic right ventricular dysplasia, and hypertrophic obstruc-
tive cardiomyopathy. All recommendations should be
thoroughly discussed with patients (Table 7.1).

Rather than a therapeutic intervention, exercise training
should be approached as lifestyle change. However, modifi-
cation of lifestyle is difficult and requires adequate physician

and patient education on the benefits of exercise. Individual-
ized recommendations may increase motivation to adopt an
active lifestyle. Self-monitoring of physical activity through
logs and the use of simple devices such as accelerometers or
pedometers may also enhance awareness and motivation.
The effort to bring previously impaired patients to normal
activities, such as part-time or full-time employment, is
strongly desirable because it can be a powerful means of
retraining ACHD patients. It is important to direct patients
into sports in which they can succeed, boosting their self-
esteem and ensuring long-term commitment. An acceptable
effort tolerance is also fundamental for improving social
integration, permitting employment, and for sexual rela-
tions. Moreover, for pregnant women, adequate effort toler-
ance is fundamental for labor and especially delivery, a
greatly isometric effort. Exercise testing in this setting pro-
vides essential information on the hemodynamic response of
individual patients to effort and seems to carry prognostic
information on the outcome of pregnancy.?’
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TABLE
71

ASDs

The main concerns regarding exercise in patients with ASDs are pulmonary hypertension and the presence of tachyarrhythmias. After surgical or interventional repair,
tachycardias and residual myocardial dysfunction are major concerns. Patients with small ASDs with no pulmonary vascular disease or right ventricle dilation and those
patients 3-6 months after successful repair with no arrhythmias, pulmonary hypertension, or myocardial dysfunction, can participate in all competitive sports. Patients
with an ASD and mild pulmonary hypertension can participate in low-intensity competitive sports.

VSDs

Patients with restrictive VSDs and those operated on in early childhood with no pulmonary hypertension and normal ventricular function can participate in all competitive
sports. Three to 6 months after repair, asymptomatic patients with no defect or only a small residual defect can participate in all sports when there is no evidence of
pulmonary artery hypertension or ventricular or atrial arrhythmias. Patients with nonrestrictive VSDs and secondary pulmonary hypertension (Eisenmenger complex)
are at risk when undertaking strenuous exercise because of risks of precipitating a clinical event.

PDA

Small PDAs with normal LV size are not a contraindication to competitive sports. Larger PDAs with LV enlargement require repair prior to undertaking competitive sports.
After repair of PDA, asymptomatic patients with no evidence of pulmonary hypertension or LV enlargement can participate in competitive sports. See below for patients
who develop Eisenmenger syndrome.

PS

If the peak gradient is < 40 mm Hg and the RV function is normal, competitive sports can be undertaken with annual review. When the gradient is > 40 mm Hg, patients
can participate in low-intensity competitive sports. However, patients in this category usually are referred for balloon valvuloplasty or operative valvotomy before sports
participation. After repair (2 weeks for balloon valvuloplasty or 3 months for surgery), athletes with no/mild residual PS and no ventricular dysfunction can participate in
all competitive sports. If severe pulmonary regurgitation with marked RV dilation is present, less competitive sports can be undertaken.

Coarctation of the aorta

Owing to a reduced distensibility of the precoarctation portion of the aorta, there is often a marked rise in systolic blood pressure in the proximal part of the aorta during
exercise, despite successful repair. Patients with mild coarctation and a resting gradient between upper and lower limb pressure < 20 mm Hg, no large collateral vessels,
no significant aortic root dilation, and a normal exercise test with peak systolic blood pressure < 230 mm Hg can participate in all competitive sports. If the systolic arm/
leg gradient is > 20 mm Hg or there is exercise-induced hypertension, low-intensity competitive sports may be undertaken until treated. At least 3 months after repair,
sports are allowed if the arm/leg gradient is < 20 mm Hg and there is a normal blood pressure response to exercise. However, high-impact sports and sports that are high-
intensity static are to be avoided during the first postoperative year. High-intensity sports should also be avoided in patients with significant aortic dilation, wall thinning,
or aneurysm formation.

Aortic subvalvar, valvar, and supravalvar stenosis

Patients with mild aortic stenosis (operated or nonoperated), normal ECG, exercise tolerance, and no history of exertional pain, syncope, or arrhythmias can participate
in all sports. If aortic stenosis is moderate, athletes can participate in low static/low-to-moderate dynamic, and moderate static/low-to-moderate dynamic competitive
sports if they are asymptomatic, there is mild or no LV hypertrophy on echocardiography, no LV strain pattern on ECG, and exercise testing is normal with no evidence
of ischemia or arrhythmias and normal blood pressure response. Severe aortic stenosis is a contraindication to competitive sports. After repair of LV outflow tract
obstruction, annual follow-up, and re-evaluation is indicated.

Tetralogy of Fallot
Patients with repaired tetralogy of Fallot and normal right heart pressures, no residual shunting, no significant right ventricular overload, and no arrhythmias can
participate in all sports. Age at repair is important in predicting exercise tolerance, as long-standing right ventricular pressure overload often results in reduced

compliance and impaired diastolic function. Patients with significant pulmonary regurgitation, residual RV hypertension (250% of systemic), or tachyarrhythmias
(ventricular of supraventricular) should participate in low-intensity sports.

Transposition of great arteries

Patients after atrial switch repair with no or mild right ventricle dilatation, no history of previous arrhythmias or syncope, and a normal exercise test can engage in low and
moderate static/low dynamic competitive sports.

There is a growing cohort of patients with previous arterial switch for TGA who are now old enough to participate in competitive sports. Athletes with mild hemodynamic
abnormalities or ventricular dysfunction can participate in moderate static/low dynamic competitive sports, provided that their exercise test is normal.

Asymptomatic patients with congenitally corrected TGA without other cardiac abnormalities may be eligible for participation in low- to moderate-intensity competitive
sports if there is no systemic ventricular enlargement, no evidence of tachyarrhythmias on ECG monitoring or exercise testing, and a normal exercise test (including
normal maximum oxygen consumption).

Fontan Operation

Patients after a Fontan operation are usually limited in their exercise capacity. Participation in high-intensity competitive sports is not advisable in the presence of
ventricular dysfunction or arterial desaturation.

Ebstein Anomaly

Patients with moderate tricuspid regurgitation and no arrhythmia on Holter monitoring can participate in low-intensity competitive sports. Participation in sports is not
advisable in patients with severe Ebstein anomaly. After surgical repair, low-intensity competitive sports are permitted if tricuspid regurgitation is mild, cardiac chamber
size is not substantially increased, and symptomatic atrial or ventricular tachyarrhythmias are not present on ambulatory ECG monitoring and exercise test. In selected
cases of excellent hemodynamic result after repair, additional participation on an individual basis may be permitted.

Eisenmenger Syndrome

Eisenmenger patients should avoid exercise of more than mild intensity, and all isometric exercise. A fall in systemic vascular resistance and reduced pulmonary venous
return may cause significant arterial desaturation, exercise-induced syncope, and death. If more than mild exercise programs are planned, exercise testing of pulmonary
hypertensive patients is mandatory to assess blood pressure, heart rhythm, and oxygen saturation response.

ASDs, Atrial septal defects; LV, left ventricular; PDA, patent ductus arteriosus; PS, pulmonary stenosis; RV, right ventricular; TGA, transposition of the great arteries; VSDs, ventricular septal
defects.

Transplantation

Despite an increase in the number of transplants in ACHD in
recent years in the United States, ACHD patients are still less
likely to be listed as urgent, have a status upgrade, or ultimately
receive a transplant compared to individuals without CHD.”?
The scarcity of donors, the slow deterioration with a mortality
rate significantly lower than that of end-stage acquired heart
failure, the high prevalence of complications such as renal and

hepatic dysfunction in severely symptomatic ACHD patients,
and the often complex cardiovascular anatomy, result in very
few patients actually receiving a transplant.”> Moreover, ACHD
patients are often sensitized (human leukocyte antigen [HLA]
antibodies) because of previous surgery, and when they deterio-
rate, they are more difficult to manage, with few ACHD patients
receiving a ventricular assist device. This results in a high mor-
tality for ACHD patients on the waiting list.
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Identifying the optimal timing for referral to transplantation
is challenging. The transplant criteria used in acquired heart
disease patients are often not applicable to this emerging and
unique population. Hence, the decision to consider transplanta-
tion is often empiric. A recent scientific statement from the
American Heart Association outlines the management of a CHD
patient and the timing for referral to transplantation, mechanical
support, and palliative care.”? Transplantation should be consid-
ered in highly symptomatic patients who are not amenable to
conventional surgery/intervention, those with malignant arrhyth-
mias refractory to treatment, patients at risk of developing fixed
irreversible elevation in pulmonary vascular resistance (preclud-
ing heart transplantation), and protein-losing enteropathy with

In a group of 48 ACHD patients who underwent heart
transplantation over 17 years in a single US center, multiple
previous sternotomies and a high Model for End-Stage Liver
Disease Excluding International Normalized Ratio score, a
marker of renal and hepatic dysfunction, were significant pre-
dictors of mortality, whereas a failed Fontan circulation was
not.”> Other complicating factors are anatomic and vascular
complexity and pulmonary vascular disease.! It is imperative
that the transplant assessment of ACHD patients is performed
within a multidisciplinary environment, which includes
ACHD and transplant cardiologists, surgeons, and intensiv-
ists. Early involvement of palliative care is reccommended as a
means of improving the quality of care of patients with

severe exercise limitation despite optimal medical therapy.
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Cardiovascular Magnetic Resonance
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Cardiovascular magnetic resonance (CMR) gives unrestricted
access to the heart and great vessels noninvasively and without
ionizing radiation. It can provide biventricular functional
assessment, flow measurement, myocardial viability assess-
ment, angiography, and more, and is therefore recommended
for long-term follow-up in adult congenital heart disease
(ACHD).!? Transthoracic echocardiography remains the first-
line approach to imaging the hearts of patients, and provides
a relatively rapid and comprehensive evaluation of anatomy;,
function, and hemodynamicindices in most patients. However,
the suboptimal penetration of ultrasound is a limitation, espe-
cially in adults after cardiovascular surgery. Moreover, echo-
cardiography does not offer CMR’s repertoire of tissue contrast
options, with or without contrast agent, and lacks its unre-
stricted fields of view and volumetric measurements of flow.
For these reasons, a dedicated CMR service should be regarded
as a required facility in a center specializing in the care of
ACHD.

CMR is performed with a patient’s body located in a strong
magnetic field, typically 1.5 T, where the patient will generally
have to lie still for a period of 30 minutes or more. When 3.0 T
is used, it enables a higher signal-to-noise ratio, which has the
potential to improve image quality and acquisition speed par-
ticularly for contrast-enhanced angiography and perfusion
imaging sequences. However, the higher field strength causes
an increase in susceptibility-induced field variations. Local
phase changes of the MR signal due to susceptibility differences
lead to a signal loss in the image, more prominent in steady-
state free precession (SSFP) sequences. Various approaches have
been described to reduce these artifacts.®*

Claustrophobia can be problematic in about 5% of patients.
Images are acquired by means of a radio signal that passes freely
through the body and resonates with the nuclei of hydrogen in
the body, whose spins are appropriately tuned and re-tuned by
magnetic gradients superimposed on the main magnetic field.
Images are computed by spectral analysis of re-emitted radio
signals, interpreted in relation to the sequence of radio pulses
and the magnetic gradients applied. Cardiac gated cardiovascu-
lar images are acquired using sequences applied at specific time
delays after the R-wave of the electrocardiogram, usually
through several successive heart cycles, so arrhythmias may
degrade image quality.

Safety

Although CMR is noninvasive, nonionizing, and usually safe, the
strong magnetic field with its gradient switches can present
dangers under certain circumstances. CMR imaging of patients
with implanted pacemakers or cardioverter defibrillators is no
longer absolutely contraindicated. Magnetic resonance imaging
(MRI) conditional devices are on the market and have been
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tested and approved for use in the MR environment. In patients
with such devices, CMR can be performed safely under certain
conditions according to the manufacturer’s recommendations
(Fig. 8.1). In patients with conventional pacemaker systems,
CMR can be performed with low risk if procedure guidelines are
followed.> However, CMR should only be used if the benefit
outweighs the risk, and alternative imaging techniques have to
be considered.” Common items of hospital equipment made of
steel, such as scissors, wheelchairs, or gas cylinders, can become
lethal missiles if inadvertently taken close to the magnet. However,
most metallic devices and clips implanted in the chest are safe,
as long as they do not incorporate electrical devices. Ferromag-
netic implants cause local artifacts on images, but this does not
usually negate the usefulness of the investigation. The severe
complication of nephrogenic systemic fibrosis secondary to the
use of gadolinium chelate contrast agents, which are widely used
for CMR angiography or myocardial viability studies, was first
described in 2000. This is rare and only in patients with preexist-
ing renal failure. In cases where a contrast agent is indicated,
renal function needs to be tested, and the potential risks weighed
against the benefits of contrast-enhanced rather than noncon-
trast CMR imaging. Information regarding specific implants and
CMR systems can be sought bylogging on to www.MRIsafety.com.

GENERAL

Where a CMR service is available for investigation and follow-
up of ACHD patients, it is soon found to be extremely valuable.
Images and measurements obtained complement those by
transthoracic and transesophageal echocardiography. They
make diagnostic catheterization unnecessary in many cases,
and expedite subsequent interventional catheterization.
However, diagnostic catheterization may still be needed for
measurement of pulmonary artery (PA) pressure and resistance.
Alternatively, multislice ECG gated cardiac computed tomogra-
phy (CT) may be preferable for detailed visualization of coro-
nary arteries and in some patients with pacemakers.®

CMR gives unrestricted access to the chest in multiple, freely
chosen slices. It is noninvasive, free of ionizing radiation, and
is usually well tolerated by patients who may need to return for
repeated follow-up investigations. It provides clear images of
anatomy throughout the chest. Cine imaging depicts move-
ments of myocardium, valves, and flowing blood. Contrast-
enhanced magnetic resonance angiography (CE-MRA) and
three-dimensional (3D) SSFP noncontrast imaging can provide
clear views of the pulmonary, systemic, and collateral arterial
branches. CMR can answer functional as well as anatomic ques-
tions, including the location and severity of stenosis (eg, aortic
coarctation or PA stenosis), severity of regurgitation (eg, pul-
monary), the size and function of heart chambers (the right and
the left ventricle [LV]), and measurement of shunt flow.
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Figure 8.1 Royal Brompton and Harefield guideline considerations for patients with pacemakers or

automated defibrillators potentially requiring MRI.

As an imaging modality, magnetic resonance has unrivaled
versatility. The key to this versatility is control of the interaction
between radio signals and nuclear spins in the tissues and
blood, mainly by means of rapid, carefully designed sequences
of applied magnetic gradients. The spins of protons are ener-
gized by pulses of radio energy and tuned and re-tuned by
magnetic gradient switches. A repertoire of different sequences

allows a variety of image appearances or flow measurements to
be achieved, usually without a contrast agent (Fig. 8.2).

The versatility of CMR is a great strength, but also a potential
source of confusion. Different CMR systems, or different indi-
viduals using the same system, may use different approaches.
Given so many choices, uniformity is not easy to maintain.
CMR is also relatively expensive, but the cost of imaging should
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Figure 8.2 Assessment of aortic coarctation by cardiovascular magnetic resonance. A,The trans-
axial dark-blood image is one of a multislice set. This set of images is used to locate an oblique sagittal
cine-imaging slice. B, The oblique sagittal cine image is aligned with the aortic arch and, more impor-
tantly, the region of coarctation. In this case, a systolic jet appears as a bright core outlined by dark
lines of signal loss (arrow). The jet arises distal to an orifice (not clearly seen) in a discrete membrane
that partially occludes the descending aorta. C, The phase-contrast velocity map shows a central dark
spot (arrow) representing the systolic jet through the coarctation orifice. The plane of velocity acquisi-
tion transects the descending aorta at the level indicated by the origin of the arrow. Velocities of up
to 4 m/s have been encoded through the plane, with black representing flow toward the feet and
white representing flow toward the head. A peak velocity of 3.4 m/s was recorded, with slight diastolic

prolongation of forward flow.

be weighed against potential costs of inappropriate manage-
ment, which might entail complicated repeat surgery or longer
hospitalization than necessary. Imaging specialists need not be
deterred by anatomic variability found in congenital heart
disease. The comprehensive anatomic coverage offered by CMR
almost always allows useful diagnostic contributions to be
made. Although it is reccommended that CMR of more complex
cases is undertaken by experts in specialist centers, this may not
always be possible. If necessary, a relatively comprehensive and
technically simple approach is to acquire one or more contigu-
ous stacks of cine images covering the whole heart and medi-
astinum. Such cine stacks are easy to acquire and review. They

reveal functional and anatomical information and allow the
identification of any jet flow. This approach can be supple-
mented or replaced by patient-specific protocols as experience
and confidence are gained.

IMAGE DISPLAY AND ANALYSIS

Static films are not adequate for conveying all of the information
available in multislice, cine, flow velocity, and 3D angiographic
acquisitions. CMR acquisitions need to be replayed and ana-
lyzed interactively on a computer using appropriate software.
The image display and analysis package should allow at least



ventricular volume and flow measurements. For review of
images in the setting of a multidisciplinary clinical meeting,
images should be displayed via a computer linked to the image
storage server and to a projector.

Techniques
MULTISLICE IMAGING

Transaxial, coronal, and sagittal stacks of multislice images
should be acquired in ACHD patients. There are several methods
of acquisition. Bright-blood images using SSFP acquisition have
advantages in ACHD patients because they clearly show the pul-
monary vessels, and each slice can be acquired rapidly. Adjacent
slices can be acquired in consecutive heartbeats so that 20 or
more static slices can usually be acquired in a single breathhold
and then used for accurate alignment of subsequent breathhold
cine acquisitions.

CINE IMAGING

Cine imaging allows visualization of flow and the movements
of the heart and vessel walls. Contiguous stacks of transaxial
or coronal cine images covering the whole heart and medias-
tinum are recommended in ACHD, particularly in more
complex cases. Such cine stacks are easy to acquire and review
and reveal functional as well as anatomic information, showing
the presence of any jet flow. However, because the images are
composed of relatively long, thin voxels, the length being the
slice thickness (typically 5 to 7 mm), thin structures such as
valve leaflets or jet boundaries are seen clearly only where they
are orientated perpendicular to the slice. SSFP cine images give
good blood-tissue contrast, which is an advantage for imaging
and measuring ventricular volumes and mass, and for visual-
izing heart valves. Sequences of this type can outline a coherent
jet core clearly, if present, because of the localized loss of signal
from the shear layers at the edges of a jet (see Fig. 8.2), and
breathhold acquisition makes it possible to interrogate a jet
area precisely and repeatedly. The approach of “cross-cutting,”
locating an orthogonal slice through a partially visualized
feature such as a valve orifice or jet, is an effective way of
homing in on a particular jet. An alternative and more com-
prehensive approach is to acquire an oblique stack of relatively
thin (5 mm) cines, without gaps, orientated to reveal all parts
of a particular structure or region of interest such as a regur-
gitant mitral valve.”

PHASE VELOCITY MAPPING

If correctly implemented, phase-contrast velocity mapping can
provide accurate measurements of velocity and volume flow.?
However, understanding of the principles and pitfalls is needed
for successful clinical application.” Clinical uses include mea-
surements of cardiac output, shunt flow, collateral flow, regur-
gitant flow, and where jets are of sufficient size and coherence,
for measurements of jet velocities through stenoses. It is neces-
sary to select a plane, echo time, velocity encoding direction,
and sensitivity appropriate for a particular investigation.
Velocity can be encoded in directions that lie in or through
an image plane. Mapping of velocities through a plane transect-
ing a vessel (velocity encoded in the direction of the slice selec-
tion gradient) allows measurement of flow volume. The
cross-sectional area of the lumen and the mean axially directed
velocity within that area are measured for each phase through
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the heart cycle. From this, a flow curve is plotted, and systolic
forward flow and any diastolic reversed flow are computed by
integration. Such flow measurements will only be accurate if
phase shifts are caused by velocities and not by other factors
such as eddy currents, concomitant gradients, motion artifacts,
or background noise. Appropriate acquisition sequences must
be used. On some systems, automated correction of phase offset
errors, if available, or subsequent correction using correspond-
ing phase maps acquired in a static phantom may be needed to
remove errors.'?

Jet velocity mapping can be useful for assessment of certain
stenoses where ultrasonic access is limited, for example in
aortic coarctation, ventriculopulmonary conduits, PA branch
stenoses, and obstructions at the atrial and atriopulmonary
levels following Mustard, Senning, and Fontan operations.
However, the limitations of the technique need to be recog-
nized. The velocities of narrow, eccentric jets through mildly
regurgitant tricuspid or pulmonary valves, which may be used
in Doppler echocardiography for estimations of right ventricle
(RV) or PA pressure, are unlikely to be measured accurately
by CMR.

FOUR-DIMENSIONAL FLOW-SENSITIVE VELOCITY
MAPPING

Visualization of the intra- and extracardiac structures and
blood flow is an essential component of CMR in ACHD
patients. Four-dimensional (4D) flow-sensitive velocity
mapping CMR is a technique that can measure all three direc-
tional components of the blood flow velocities relative to the
three spatial dimensions and the time course of the heart
cycle. This allows quantification and visualization of even
complex flow patterns throughout a 3D volume. Instead of
using multiple planes to assess blood flow at valves or struc-
tures of interest, 4D flow-sensitive velocity mapping CMR
permits assessing flow and anatomic data in a user-defined
volume (eg, volume including the heart and the great thoracic
vessels) with a single acquisition. Furthermore, 4D flow CMR
has the advantage of retrospective placement of analysis planes
at any location within the acquisition volume.!! This can be
helpful in cases where several two-dimensional (2D) phase-
contrast CMR scans are needed, such as assessment of sys-
temic-to-pulmonary collateral flow in patients with palliated
univentricular hearts.!?

The field of 4D flow CMR is rapidly evolving, and an increas-
ing number of publications illustrate promising applications in
congenital heart disease.!>!* However, there are several techni-
cal limitations,'! including the lack of sequence standardization
across MR platforms and the often time-consuming pre- and
postprocessing, which limits its routine clinical applicability.

CONTRAST-ENHANCED MAGNETIC RESONANCE
ANGIOGRAPHY

To visualize vascular branches and collateral vessels, 3D angi-
ographic acquisitions are used after venous injection of gado-
linium chelate. This allows fast acquisition to be combined
with good spatial resolution, allowing one or more 3D angio-
graphic data sets to be acquired in a single breathhold. For
optimal image quality, the timing of image acquisition needs
to be adapted for contrast to be maximal in the anatomic
region of interest. In time-resolved MR angiography, the
timing of the acquisition is less important with the further
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advantage of obtaining dynamic information on the contrast
agent distribution over time at the expense of spatial
resolution.

MR angiography is useful for depiction of branches of the
PA and aorta, and for assessment of aortic coarctation, recoarc-
tation, or aortic aneurysm. It also allows assessment of obstruc-
tions in the venous channels after Mustard operation in
transposition of the great arteries (TGA).!> The presence of
metallic stents, sternal wires, or arterial clips can cause localized
loss of signal in an angiogram, possibly leading to a false impres-
sion of stenosis.

THREE-DIMENSIONAL BALANCED STEADY-STATE
FREE PRECESSION

Bright blood SSFP sequences allow ECG-gated 3D imaging of
cardiovascular cavities and structures, without the need for a
contrast agent. This approach can be an alternative imaging
modality to CE-MRA.!® This approach may be more suitable
than contrast-enhanced angiography in patients after Fontan
operation because it is not subject to the dilution of contrast from
nonopacified caval inflow and is useful where 3D imaging of
several heart chambers and arterial and venous vessels is required.
It is also used in a single breathhold or when using diaphragm
navigator respiratory gating, for MR coronary angiography. This
allows the identification of anomalous coronary origins and
proximal coronary course, although CT provides superior spatial
resolution in shorter acquisition times for noninvasive coronary
angiography, but at the cost of exposure to ionizing radiation.

RIGHT AND LEFT VENTRICULAR FUNCTION AND
MASS MEASUREMENT

CMR is well suited for volumetric measurements of the RV and
the LV.!718 The reproducibility of left ventricular measurements
is excellent.!” Although published studies have shown good
reproducibility;>>?! measurements of the RV are challenging
and not easy to achieve reproducibly in ACHD patients in
routine clinical practice. The myocardium of most of the free
wall and the apical regions of the RV is highly trabeculated in
most individuals. The trabeculations become more apparent
when the RV is hypertrophied, but even if clearly visualized,
they are not easy to outline individually. Furthermore, the base
of the RV tends to be more mobile and difficult to delineate than
the left. After repair of Fallot’s tetralogy, the right ventricular
outflow tract can be dilated, akinetic, and may have no effective
pulmonary valve. This can make it difficult to decide on distal
limits of the outflow tract. Measurements of right ventricular
volume and function require meticulous and clearly defined
technique. An akinetic or aneurysmal region of the right ven-
tricular outflow tract (RVOT) should be included as part of the
RV, up to the (expected) level of the pulmonary valve. In the
interests of time and reproducibility, the RV boundary may be
traced immediately within the relatively thin compact myocar-
dial layer of the free wall rather than by outlining the multiple
trabeculations. However, semiautomated methods that identify
blood-myocardial boundaries may become a practicable, even
if not directly comparable, alternative.’> Regardless of the
approach used, it is crucial that longitudinal comparisons are
based on comparable methods of acquisition and analysis.
Contour data for volumetric analysis should ideally be stored
in a database and remain available for comparison at the time
of a subsequent study.

MYOCARDIAL INFARCTION OR FIBROSIS STUDIED
BY LATE GADOLINIUM IMAGING

Late gadolinium enhancement inversion recovery imaging is
well established for the visualization of previous myocardial
infarction and for assessment of myocardial viability. The extent
of right ventricular fibrosis identified late after surgery for
tetralogy of Fallot (ToF) or TGA may be relevant to arrhythmic
risk stratification.?*?* Right ventricular fibrosis is also strongly
associated with adverse outcomes, especially arrhythmias in
patients with TGA after atrial switch operation.”> However,
localized enhancement in the regions of insertion of the right
ventricular free wall into the LV is a frequent and nonspecific
finding in ACHD, and is of doubtful clinical significance.

MYOCARDIAL PERFUSION IMAGING

The acquisition and interpretation of first-pass myocardial perfu-
sion images by CMR at rest and during adenosine stress requires
training and experience. However, because CMR perfusion
imaging does not subject patients to the long-term hazards of
ionizing radiation, it is likely to gain a clinical role in the assess-
ment of ischemia in patients with congenital heart disease (CHD).

T1 MAPPING FOR QUANTITATIVE MYOCARDIAL
TISSUE CHARACTERIZATION

Late gadolinium enhancement imaging was a key advancement
in the development of myocardial tissue characterization tech-
niques and is the reference standard for assessing focal myocar-
dial fibrosis. However, it is unable to detect more diffuse/
interstitial myocardial disease. Myocardial T1 mapping is a
newer technique that allows a quantification of diffuse myocar-
dial fibrosis.?®?” So far, data for ACHD patients are still limited,
particularly with respect to application in the RV, but T1 imaging
may be of future clinical usefulness in patients with CHD.?
Recently, T1 mapping quantification has been attempted in chil-
dren and adults with ToE. One prospective study in adults with
ToF demonstrated that left ventricular interstitial fibrosis quan-
tified by CMR was higher than in controls, and higher intersti-
tial left ventricular fibrosis was associated with other adverse
clinical markers and with clinical outcomes (atrial arrhythmia
and death).?” This and other descriptions of interstitial fibrosis
in ACHD justify further work in this area, including extending
the technique to the RV, where the thin-walled structure makes
the applicability of the standard technique uncertain.

COMBINED CARDIOVASCULAR MAGNETIC
RESONANCE AND CARDIAC CATHETERIZATION

Combined catheterization and CMR is also feasible. A promising
application is for measurements of pulmonary vascular resistance
based on simultaneous measurements of pulmonary flow by CMR
and pressure by catheter transducer.’” Work is progressing in the
use of CMR for catheter and device guidance, with the potential
advantages of 3D localization, tissue characterization, and the
avoidance or reduction of ionizing radiation, although this remains
a field for research rather than for mainstream clinical use.’!
Although determination of mean PA and left atrium (LA)
pressure (or pulmonary capillary wedge pressure, PCWP) is
usually straightforward by right heart catheterization (RHC),
the assessment of flow based on Fick or thermodilution is prob-
lematic (shunts/valvular regurgitation make dilution techniques
inaccurate, whereas indirect Fick uses assumed oxygen
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Figure 8.3 Cardiovascular magnetic resonance and contrast-enhanced magnetic resonance angi-
ography of true and false aneurysm formation after Dacron patch repair of aortic coarctation.
The patient presented with hemoptysis late after repair. A, A spin-echo image shows a gray signal
(arrow), indicating the hematoma of a false aneurysm adjacent to the bulge of a true aneurysm. B,
Gadolinium-enhanced 3D angiography shows the location and shape of the true aneurysm.

consumption, introducing error). CMR is considered the gold
standard for the assessment of great vessel flow measurement.
One valued use of CMR is for MR-augmented cardiac catheter-
ization, whereby patients undergo invasive RHC followed
immediately by CMR with a balloon-tipped catheter (Swan-
Ganz) remaining in the branch PAs (for mean PA and PCWP
measurement) during simultaneous acquisition of CMR flow.!

Applications of Cardiovascular Magnetic
Resonance in Specific Diseases

AORTIC COARCTATION, RECOARCTATION, AND
ANEURYSM

The geometry of the aorta is variable in adults with aortic coarc-
tation, especially after different types of repair. MR allows depic-
tion of aneurysms or false aneurysms associated with (repaired)
coarctation (Fig. 8.3), depiction of arch anatomy, and measure-
ment of jet velocity (see Fig. 8.2). In this setting, a resting peak
velocity of 3 m/s or more is significant, particularly if associated
with diastolic prolongation of forward flow (diastolic “tail”),
which is a useful indicator of obstructive significance.

With cine imaging and velocity mapping, CMR can generally
determine the nature and severity of coarctation, and identify
dissecting or false aneurysms, if present. Gadolinium-enhanced
angiography can add information if a narrow, tortuous segment,
or if collateral vessels or an aneurysm need to be visualized. The
3D images provided are valuable for planning catheterization
and stenting, if indicated.

Poststenotic dilatation is common, appearing as fusiform
dilatation beyond a stenosed or previously stenosed region,
usually distinguishable by its location and smooth contours
from more sinister aneurysmal dilatation that may require
reoperation or protection with a lined stent. True or false aneu-
rysms may complicate balloon interventions or surgical repairs,
particularly those incorporating patches of incompliant fabric
such as Dacron (see Fig. 8.3). Leakage of blood through a false
aneurysm can lead to hemoptysis. In such cases, para-aortic
hematoma is generally well visualized by CMR and appears

bright, usually with diffuse edges, on spin echo images. Postop-
erative hematoma is common, however, and sometimes leaves
a region of signal adjacent to the aorta, which may only be
distinguished from a developing false aneurysm if comparison
of images over time is possible. For this reason, it is worth
acquiring baseline postoperative images in adults who have had
recent surgery for coarctation. Repeat surgery for coarctation
can be difficult as a result of adhesions and weakness of the
aortic wall in the previously repaired region. Reoperation
carries higher risk than the initial operation, so the relative risks
of surgery or catheter intervention need to be weighed against
the expected risk of leaving an aneurysm or residual stenosis.

PATENT DUCTUS ARTERIOSUS

Patent ductus arteriosus (PDA) is identifiable by CMR if sought.
The flow through PDA, which is usually directed anteriorly into
the top of the PA close to the PA bifurcation, is detectable on
cine images or velocity acquisitions. Shunting can be assessed
by measuring pulmonary trunk and aortic flow. Ascending
aortic flow will be greater than PA flow if duct flow is from the
aorta to the PA bifurcation.

ATRIAL AND VENTRICULAR SEPTAL DEFECTS

Although atrial and ventricular septal defects are generally
assessed satisfactorily by echocardiography, CMR offers unre-
stricted access in awkward cases, and enables measurement of
shunt flow from the difference between pulmonary and aortic
flow measurements. CMR can also detect associated anomalies,
notably the possibility of anomalous pulmonary venous
drainage.’>%

PULMONARY ARTERIAL HYPERTENSION AND
EISENMENGER SYNDROME

CMR allows assessment of RV size and function, the size of the
main and branch PAs, flow measurement in the aorta or main
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Figure 8.4 Repaired tetralogy of Fallot diastolic still image from CMR cine pre (A) and post (B) pul-
monary valve replacement for pulmonary regurgitation status postrepaired tetralogy of Fallot. Reduc-
tion in RV volume and increased LV filling in (B). Late gadolinium enhancement CMR evidence of
ventricular fibrosis/scarring is seen in C; block arrows point to bright areas of scar in the right ventricular
outflow tract and dotted arrows to the ventricular septal defect patch site. Image D is derived from
three-dimensional (3D) CMR acquisition after segmentation of chambers, outflows, and scar using
Mimics (Materialise NV, Belgium). CMR, Cardiovascular magnetic resonance; LV, left ventricle; RV, right
ventricle. (D, Courtesy of collaboration with Drs. Veronica Spadotto and Jennifer Keegan). (From Babu-
Narayan SV, Giannakoulas G, Valente AM, Li W, Gatzoulis MA. Imaging of congenital heart disease in
adults. Eur Heart J. 2016;37:1182-1195, with permission.)

PA for calculation of indexed cardiac output, and to identify
anomalies that might contribute to pulmonary hypertension
such as PDA or ventricular septal defect (VSD). It has been
shown to be useful for risk stratification in patients with idio-
pathic pulmonary hypertension as well as Eisenmenger
patients.** Contrast-enhanced angiography may be used for the
identification of thromboembolic disease or aortopulmonary
collateral vessels, although contrast CT offers superior resolu-
tion in a shorter time, which may matter in patients with limited
breath-holding ability.

MARFAN SYNDROME AND OTHER CONNECTIVE
TISSUE DISORDERS

CMR studies allow measurement of the aortic root and of any
aortic regurgitation. They allow measurements of the entire
aorta and its major branches, and of ventricular and mitral valve
function. Moreover, CMR can detect abnormal aortic elastic
properties in affected patients before dilation occurs.*

REPAIRED TETRALOGY OF FALLOT

CMR has important contributions to make in the assessment
and follow-up of adults with repaired ToF and related condi-
tions, including those with RV-PA conduits. CMR measure-
ments of right and left ventricular function, pulmonary
regurgitation (PR), RVOT obstruction, conduit or PA stenoses,
and possible residual shunting all contribute to decisions on
management, notably the possibility of pulmonary valve
replacement for PR (Fig. 8.4). The pathophysiology of PR differs
from that of aortic regurgitation. Free PR, with little or no effec-
tive valve function, is common after repair of ToF. It may be
tolerated without symptoms for decades, and is typically associ-
ated with a regurgitant fraction of about 35% to 45%.°° However,
RV dysfunction, arrhythmia, and premature death can result.
In most centers, surgical pulmonary valve replacement is con-
sidered in such patients, but when to operate remains contro-
versial, particularly if the patient is asymptomatic and bearing
in mind that a homograft replacement may only function effec-
tively for 15 or 20 years.””*® Once a conduit is in position,



however, progressive stenosis or regurgitation may be treatable
by percutaneous placement of a stented valve within the rela-
tively rigid tube of the conduit. Even in the absence of an effec-
tive pulmonary valve, the amount of regurgitation depends on
factors upstream and downstream. In occasional cases, the
regurgitant fraction can exceed 50%. This may be attributable
to an unusually large and compliant pulmonary trunk and
branches, whose recoil early in diastole contributes to the regur-
gitation. Branch PA stenosis or elevated peripheral pulmonary
resistance limits the distal escape of flow and increases the
amount of regurgitation. Contrast-enhanced 3D angiography
may be used for the visualization of PA branch stenosis, and
appropriately aligned cines show jet formation and the reduced
systolic expansion of PA branches distal to a stenosis that is
obstructive enough to require relief, either percutaneously or at
the time of surgery. Tricuspid regurgitation needs to be identi-
fied and assessed, as does any residual VSD patch leak and
consequent shunting, as does global and regional left ventricu-
lar function and any aortic root dilatation. So in summary, the
evaluation of repaired ToF requires thorough assessment of the
left and right heart, extending to the branch PAs, and each
measurement should be interpreted in the context of circulatory
factors upstream and downstream.

DOUBLE-CHAMBERED RIGHT VENTRICLE OR
SUBINFUNDIBULAR STENOSIS

This is caused by obstructing muscular bands or ridges between
the hypertrophied body of the RV and the nonhypertrophied
infundibulum. The subinfundibular origin of the RV outflow
jet, directed into the nonobstructive infundibulum, is generally
visible in routine basal short-axis cines.* It is usually associated
with a VSD into the higher-pressure part of the RV, and usually
progresses during adulthood. CMR can help differentiate
between a jet through a VSD, the subinfundibular stenosis, and
possible infundibular or pulmonary valve stenosis, which may
be difficult to distinguish echocardiographically.

MULTIPLE AORTOPULMONARY COLLATERAL
ARTERIES

Contrast-enhanced 3D CMR angiography is valuable for delin-
eation of all sources of pulmonary blood supply prior to surgical
or transcatheter procedures in patients with multiple aortopul-
monary collateral arteries (MAPCAs) associated with severe
pulmonary stenosis or atresia.*” However, CT angiography is
likely to depict small vessels more clearly.

EBSTEIN ANOMALY AND TRICUSPID
REGURGITATION

In Ebstein anomaly of the tricuspid valve, CMR allows unre-
stricted imaging of atrial and ventricular dimensions and the
location and function of the displaced tricuspid valve. A stack
of transaxial cines, supplemented by four-chamber and other
oblique cines, is recommended for visualizing the right atrium
(RA)-RV anatomy in Ebstein patients. Transaxial cines may be
suitable for volume measurements of the functional part of the
Ebstein RV, which may be difficult to delineate in short-axis
slices. In spite of atrialization, higher than normal right ven-
tricular volumes may be found in the presence of severe tricus-
pid regurgitation. The severity of tricuspid regurgitation can be
assessed using through-plane velocity mapping to depict the
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cross section of the regurgitant stream through a plane transect-
ing the jet immediately on the atrial side of the defect. A TR jet
cross section, reflecting the regurgitant defect, of 6 x 6 mm or
more can be regarded as severe. An atrial septal defect (ASD),
possibly attributable to atrial distension and gaping of a patent
foramen ovale (PFO), can be present in about 50% of adult
Ebstein patients, and should be sought with an atrial short-axis
cine stack. If present, the resting shunt can be measured by
aortic and pulmonary velocity mapping. A long-axis view of the
LV aligned with its outflow tract allows visualization of the
degree of left ventricular compression by a distended right
heart, especially in diastole.

TRANSPOSITION OF THE GREAT ARTERIES
TREATED BY ATRIAL SWITCH OPERATION

CMR can assess the atrial pathways and systemic right ventricu-
lar function after Mustard or Senning operations (Fig. 8.5).
With experience, cines and velocity maps can be aligned with
respect to systemic and pulmonary venous atrial pathways.*!
Comprehensive coverage can, however, be achieved using a
stack of contiguous transaxial or coronal cines or a 3D SSFP
sequence. Because it can be difficult to align a single plane with
both superior and inferior caval pathways, cross-cuts may be
needed to decide whether pathways are stenosed, and velocity
mapping can be performed through a plane transecting a ste-
notic jet. At the atrial level, a peak velocity above 1.5 m/s may
be significantly obstructive. Gradual obstruction of one of the
two caval paths is generally well tolerated as the azygos vein(s)
dilate to divert flow to the other caval pathway. Bafle leaks may
not be easy to identify by CMR, the suture line being long and
tortuous, but the measurement of pulmonary relative to aortic
flow may be useful. As the hypertrophied RV is delivering sys-
temic pressure in these patients, it is important to assess its
function by cine imaging volume measurements, and to assess
any tricuspid regurgitation.

TRANSPOSITION OF THE GREAT ARTERIES
TREATED BY ARTERIAL SWITCH OPERATION

CMR allows assessment of any RVOT or supravalvular PA ste-
nosis, branch PA stenosis, the neo-aortic valve, and biventricu-
lar function (Fig. 8.6). Assessment of the patency of the
re-implanted coronary arteries and LV perfusion during phar-
macologic stress may be attempted by CMR.*?

TRANSPOSITION OF THE GREAT ARTERIES
TREATED BY RASTELLI OPERATION

CMR allows assessment of possible stenosis or incompetence of
the RV-to-PA conduit, the left ventricular outflow tract (LVOT),
of biventricular function, and possible residual shunt.

FONTAN OPERATION FOR FUNCTIONALLY SINGLE
VENTRICLE

The Fontan operation aims to eliminate shunting in patients
born with only one effective ventricle, routing systemic venous
return to PAs without passage through an intervening ventricle,
so that the one ventricle propels blood to the systemic and then
the pulmonary vessels, in series. In this radically altered circula-
tion, pressure is elevated in the systemic veins, and it is this
residual systemic pressure that maintains flow through the
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Figure 8.5 Surgically reconstructed atrial anatomy after Mustard operation for transposition of
the great arteries. A shows the parallel outflow tracts seen in transposition of the great arteries. B shows
image plane locations in sagittal multislice views to pilot the pulmonary venous atrial compartment view
(C; piloted by green oblique transaxial slice plane located on sagittal multislice B) which is a four-chamber
type cine image and to pilot the systemic venous pathway return cine (D; piloted by blue oblique coronal
slice plane aligned with superior and inferior venae cavae located on sagittal multislice B). The baffle is
marked with the asterisk. Ao, Aorta; IVC, inferior vena cava; LV, left ventricle; PA, pulmonary artery.

Figure 8.6 Rastelli and arterial switch repair. A shows the VSD patch (asterisk) closing the defect
and connecting the LV to the aorta. B shows a patient with unobstructed branch PAs following the
arterial switch operation with Lecompte maneuver. AA, Ascending aorta; DA, descending aorta; IVC,

inferior vena cava; PA, pulmonary artery; RV, right ventricle.



lungs and back to the LA. Any obstruction of the systemic vein-
to-PA flow path easily raises systemic venous pressure to an
unsustainable level.

Fontan connection was originally performed via the RA,
through a conduit passing round the aorta or by direct connec-
tion of the region of the atrial appendage to the PAs. Over the
last decade or so, total cavopulmonary connection (TCPC) by
intraatrial tunnel or extracardiac conduit has come to be used
(Fig. 8.7). The superior vena cava (SVC) is connected to the
right PA from above, and from below, flow from the inferior
vena cava (IVC) is channeled, by a patch, flap, or conduit up the
side of the RA to the PAs. Right and left PAs communicate, and
the pulmonary trunk is disconnected from the heart. Which-
ever variant, it is crucial that cavopulmonary flow paths remain
unobstructed, and it is important to look for stenosis, typically
at the suture line, or thrombosis in the cavopulmonary flow
paths. It is also important to assess contractile function of the
ventricle, competence of its inflow valve, and the width of its
outflow tract.

Comprehensive coverage using a transaxial stack of cines is
recommended, followed by appropriately aligned cine imaging
and velocity mapping of any jet. A peak velocity of 1 m/s or
more is likely to be significant. The peak will coincide with atrial
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systole after atriopulmonary connection, so use of retrospective
electrocardiographic gating can be important. Should contrast
injection for angiography be considered, the connection of the
SVC to the PAs and its relation to IVC flow should be borne in
mind. Noncontrast 3D SSFP imaging, or injection of contrast
from a leg, may be preferable. Evaluation of myocardial fibrosis
by late gadolinium enhancement (LGE) may be informative
in patients with impaired ventricular function. Furthermore,
LGE imaging is of clinical usefulness in thrombus detection
(Fig. 8.8).

HYPOPLASTIC LEFT HEART SYNDROME TREATED
BY NORWOOD OPERATION

Palliative reconstructive surgery has become the preferred
treatment option for patients with hypoplastic left heart syn-
drome (HLHS) and is accomplished in three stages. The first
stage, the Norwood operation, involves formation of a neo-
aorta using homograft or other graft material. The next two
surgical steps include connection of the systemic veins to the
PAs, resulting in a Fontan circulation after the third surgical
step. Another option is the hybrid procedure with stenting of
the arterial duct and bilateral PA banding at the first step and

Figure 8.7 Double outlet right ventricle after completion of total cavopulmonary connection. A
19-year-old woman with double outlet right ventricle (A and B) and status postbilateral superior cavo-
pulmonary anastomosis and Fontan completion with an extracardiac conduit (*). C and D illustrate an
unobstructed extracardiac conduit (*) and show the connection of the RSVC and LSVC with the pul-
monary arteries (PAs). AAo, Ascending aorta; LSVC, left superior vena cava; RPA, right pulmonary
artery; RSVC, right superior vena cava; RV, right ventricle.
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Norwood operation and formation of a bidirectional Glenn
shunt as a comprehensive stage II.

CMR allows detailed assessment of the reconstructed aortic
arch and can visualize obstructions at the anastomosis with the
PA and at the distal aortic arch. Other key imaging goals are the
size of the atrial septal defect, the function of the systemic RV,
the size of the PAs, the status of the tricuspid valve, and the
systemic and pulmonary venous pathways. Cine imaging using

a transaxial and coronal stack, a candy cane/hockey stick view
of the aorta, and a short-axis cine stack is also recommended.
Additional cine images for the ventricular outflow tract, the
long axis of the PAs, and the cavopulmonary anastomoses can
be obtained. Furthermore, velocity mapping across the aortic
valve, at the distal aortic arch, and to assess the Fontan connec-
tions is useful.*> Contrast-enhanced angiography or noncon-
trast 3D SSFP imaging allow viewing of the reconstructed aorta,

Figure 8.8 Atriopulmonary Fontan with thrombus in left juxtaposed right atrial appendage. A,
Chest radiography in posteroanterior view, showing bulging (white arrows) of left heart contour below
the left pulmonary artery, as a result of left juxtaposition of the atrial appendages. Situs solitus is inferred
from the normal bronchial anatomy, and cardiomegaly is noted. B, Corresponding coronal image from
3D balanced steady-state free precession (3D bSSFP). Grossly dilated right atrium and enlarged left
juxtaposed right atrial appendage (white arrows) characterized by pectinate muscles are noted. The
darker spot among the pectinate muscles is thrombus, which is better shown in other images in the
panel. C, Right atrial dilatation with sluggish blood flow on still frame from cine CMR, axial view, also
demonstrating the underlying tricuspid atresia. D, 3D bSSFP sagittal image showing dilated RAA in
the left hemithorax. Underlying transposition of great arteries can be noted with anterior aorta from
the RV. (e) Contrast-enhanced CMR findings documented thrombus. Early after gadolinium injection,
coronal (E) and axial views (G) show dilated right atrium and appendage and a filling defect (dark
region, white arrow) at the left tip of the right atrial appendage, which is typical of thrombus. Corre-
sponding coronal (F) and axial (H) image planes confirm low signal (darker) in the same region, again
consistent with thrombus within the right atrial appendage, (white arrows). Ao, Aorta; CMR, cardiovas-
cular magnetic resonance; LA, left atrium; LPA, left pulmonary artery; LV, left ventricle; PA, pulmonary
artery; RA, right atrium; RAA, right atrial appendage; RV, right ventricle. (Modified from Spadotto V,
Voges |, Kilner PJ, et al. Juxtaposition of the atrial appendages: a nidus for thrombus in atriopulmonary
Fontan? Glob Cardiol Sci Pract. 2016;2016[2]:19. <http://dx.doi.org/10.21542/gcsp.2016.19>.)



the PAs, and the systemic venous pathways.*> LGE imaging
typically shows myocardial fibrosis in patients with a previous
RV-PA shunt (Sano shunt) and can be of interest in right ven-
tricular dysfunction.

COMPLEX CONGENITAL HEART DISEASE

CMR allows clarification of anatomy and function, including
anomalous vessels, connections, shunts, and stenoses. Compre-
hensive cardiac and mediastinal coverage using stacks of contigu-
ous transaxial and coronal cines is recommended. Other sequences
such as 3D SSFP can also be useful. Cine images should be aligned
with each inflow and outflow valve, and with any shunt flow, so
that connections can be established. They are best described
according to sequential segmental analysis.** The relative pre-
branch lengths of the left- and right-sided bronchi in coronal
slices can provide a useful guide to thoracic situs, if in doubt. To
distinguish a morphologically RV from a LV, useful signs include
the presence of a moderator band and additional coarse trabecu-
lations arising from the RV side of the interventricular septum,
but not from its relatively smooth left ventricular side.
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Conclusion

CMR gives unrestricted access to structures throughout the
chest, including the RV and great arteries, making an important
contribution to the diagnosis and follow-up management of
ACHD. A dedicated CMR service should be regarded as essen-
tial for a center specializing in ACHD. Adults born with moder-
ate to severe CHD, including ToF, should be investigated and
managed in such centers. Variation of underlying anatomy and
surgical procedures among patients means that decisions on
selection of planes and sequences may need to be made during
acquisition. However, a relatively comprehensive and technically
simple approach is to acquire one or more contiguous stacks of
cine images covering the whole heart and mediastinum. Acqui-
sition and analysis of CMR is likely to become more rapid,
automated, and comprehensive in the coming years. CMR has
an important role in giving further insight to pathophysiology
and determining outcomes from intervention. Prospective large
and multicenter studies of the performance of CMR measures
in prediction of cardiac events and optimal timing for interven-
tions and medical therapy and related outcomes are sparse but
must be encouraged and take place in the years to come.
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Over the past few decades, advances in pediatric cardiology
and cardiac surgery have revolutionized the prospect for
patients with adult congenital heart disease (ACHD). Although
cardiovascular magnetic resonance imaging (CMR) and trans-
thoracic echocardiography (TTE) remain the techniques of
choice for their routine assessment and follow-up, advances in
cardiac computed tomography (CCT) have led to its emergence
as both a complementary technique and an alternative to CMR
and TTE when these are unavailable or contraindicated. Current
CT scanner technology allows cardiac assessment without blur-
ring from cardiac motion and offers superior spatial resolution
compared with that of both CMR and TTE. CCT images com-
prise near-isotropic voxels that look identical irrespective of the
plane in which they are viewed, allowing rotation of the three-
dimensional (3D) dataset in any desired plane even after the
completion of acquisition, thus rendering prespecification of
imaging planes unnecessary. Using high pitch-scan modes, ana-
tomic coverage of the thorax in less than a second is feasible;
this reduces the need for sedation and anesthesia. Although the
temporal resolution of CCT remains inferior to both CMR and
TTE at present, wider detector arrays and dual-source radio-
graphic technology offer resolutions as low as 66 ms on newer
generations of scanners. Exposure to iodine contrast (contrain-
dicated in patients with severe renal impairment or contrast
allergy) and ionizing radiation remain limiting factors in the
widespread application of CCT. Most modern CT scanners
incorporate dose-reduction algorithms into their cardiac pack-
ages (eg, iterative reconstruction, dose modulation) and wider
detector arrays (256- and 320-detector scanners) as well as
improved detector sensitivity; these have led to further reduc-
tions in radiation dose. CCT has the advantage of being able to
assess the coronary arteries and extracardiac anatomy (eg, lung
parenchyma, airways, skeletal abnormalities) in addition to
CHD, but it cannot assess valvular and shunt flow (because it is
a first-pass technique), parameters readily measured by both
CMR and TTE. However, CMR and TTE also have important
limitations. Acquisitions may be time-consuming, especially in
those with ACHD, and may require anesthesia; therefore these
studies may not be tolerated by critically ill patients or those
with high risk for adverse events with anesthesia. Furthermore,
CMR is often limited by its availability, and claustrophobia may
prevent successful acquisition in as many as 1 in 20 patients.
Importantly, the ever-increasing use of pacemakers or implant-
able cardiac defibrillators (ICDs) usually precludes assessment
by CMR; CCT is an appropriate alternative in these cases. Fur-
thermore, CCT is preferable for the assessment of stents and
occlusion devices because images do not suffer from the signal
void that these devices create in imaging with CMR. Regardless
of the technique selected, all of these methodologies require
substantial training and expertise and should be used only by
operators with the appropriate experience. The reporting of

CCT images should follow the standardized segmental approach
described elsewhere in this book.

Technical Considerations
CONTRAST PROTOCOLS

Standard retrospectively gated or 30% to 80% R-R prospectively
gated CT coronary angiography (CTA) images usually gives
clear information about both left ventricular function and coro-
nary lumenography, if both are required. However, few meth-
odologic studies look at CTA in ACHD. Although most contrast
protocols are suitable for all patients, certain considerations
should be taken into account in timing the administration of a
contrast agent for those with ACHD. A manual test bolus
tracked to determine the time to peak concentration at the
aortic root is recommended owing to the variable transit time
and venous hemodynamics of ACHD patients; this also allows
early identification of other late-filling structures. Particular
care should be taken in those with presumed or likely pulmo-
nary arterial hypertension in whom transit times may be espe-
cially challenging to calculate despite the use of bolus tracking.
In patients who have undergone Fontan repair, imaging may be
especially difficult because the contrast bolus may pool and
become diluted in the passive right-sided circulation. Addition-
ally, consideration should be given to the limb through which
the contrast agent is injected, because delivery from either the
superior or inferior vena cava may lead to preferential perfusion
of one lung. In ACHD, right ventricular function is often of
interest; although reduced pulmonary transit time is likely to be
of benefit in right ventricular analysis, it may be detrimental to
analysis of the left ventricle. Although it is possible to change
the scan timing or CT protocol to optimize right ventricular
opacification, this, in turn, limits left ventricular opacification
and coronary artery assessment, thus preventing complete
cardiac assessment within a single breath-hold. However, using
specific intravenous contrast protocols, it is possible to combine
CTA with CCT within a single scan protocol to allow compre-
hensive assessment of the pulmonary and coronary arteries,
biventricular function, and valvular anatomy without funda-
mentally altering the region of interest or the basic scan proto-
col.! Finally, because CCT involves intravenous iodinated
contrast, often in excess of 70 mL (eg, dual- or triple-phase
CTA/CCT protocols), the technique is best avoided in those
patients with renal dysfunction when alternative techniques are
available.

GATING

The improved temporal resolution of current CT scanners (66
to 165 ms) coupled with simultaneous electrocardiographic
recording allows image acquisition during multiple phases of
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the cardiac cycle. This allows selection of the interval of
minimum cardiac motion (usually end-diastole) and enables
the resolution of structures as small as 0.5 mm. Patients requir-
ing evaluation of structures prone to cardiac motion artifact—
such as intracardiac anatomy, coronary arteries, and the aortic
root—and those requiring functional assessment should be
scanned using ECG gating. Newer ultra-high-pitch acquisitions,
which allow for a more limited assessment of cardiac and aortic
structures without ECG-gating,?> can be used for all patients
who do not require evaluation of the coronary anatomy. Gating
is unnecessary when the predominant clinical question centers
on assessment of major extracardiac vascular structures because
cardiac motion is less important. Ungated acquisitions are
usually used in imaging infants because the scans are quicker
to perform, easier to process, and involve lower exposure to
ionizing radiation. However, rapid cardiac motion prevents
adequate assessment of smaller structures, such as the coronary
vessels, in ungated studies. If coronary angiography is required,
acquisitions should use either prospective (end-diastolic or
end-systolic) or retrospective electrocardiographic triggering.
Prospective acquisitions involve the emission of radiation only
during a predefined phase of the cardiac cycle, thus reducing
radiation dose. End-diastolic acquisitions are suitable for
patients with stable heart rhythms in whom the interval of
minimum cardiac motion can be predicted reliably. However,
at faster and less predictable heart rates, systolic imaging should
be used if technically feasible. It should be noted, however, that
because prospective gating provides information on only one
phase of the cardiac cycle, functional information cannot be
obtained and interpretation of the resultant images is thus
limited to anatomy. In retrospective acquisitions, radiation is
emitted throughout the cardiac cycle. Retrospective gating is
useful in patients who do not have a stable heart rate and thus
have an unpredictable interval of minimum cardiac motion as
well as patients who need functional assessment of the ventri-
cles and heart valves. In patients with ACHD, systolic acquisi-
tion or, if not possible, retrospective gating is used most often
because the incidence of arrhythmia is higher, and the func-
tional information obtained is helpful.

Cardiac Computed Tomography in Clinical
Practice

Recent CCT research and practice have extended beyond non-
invasive coronary lumenography to structural and preproce-
dural assessment. With ACHD patients now surviving longer,
they are at equal or increased risk of common cardiac condi-
tions that present in adulthood, such as coronary artery disease.
Coronary CTA thus retains the same indications as in patients
without ACHD.? However, the CTA dataset contains substan-
tially more information than that of the coronary arteries alone
and a far broader assessment of cardiac anatomy and function
is possible from a single acquisition. In essence, any patient who
is unable or unwilling to undergo CMR can be assessed by CCT;
and although flow data cannot be obtained, most other aspects
of a CMR study are available from within the CCT dataset.

CORONARY ARTERY ASSESSMENT

Because of the high incidence of abnormal resting electrocar-
diograms, stress electrocardiography is often unhelpful for the
diagnosis of coronary artery disease in those with ACHD.
Abnormal ventricular anatomy also leads to difficulties in the

interpretation of myocardial perfusion scans. Many are there-
fore investigated by invasive coronary angiography, although
this may in itself be complicated by the presence of aortic root
dilation, variation in the site of the coronary ostia, and unusual
coronary anatomy. Furthermore, once these technical issues
have been overcome, there is often no evidence of obstructive
coronary artery disease. CTA offers excellent negative predic-
tive value for the exclusion of coronary artery disease and is a
powerful alternative to invasive coronary angiography in this
setting. The use of CTA is especially relevant outside of CHD
centers, where operators experienced in invasive coronary angi-
ography for patients with ACHD may be not be readily avail-
able. Beyond coronary artery disease, CTA is especially helpful
in assessing the origin and course of anomalous coronary arter-
ies, which are seen frequently in those with abnormal cardio-
vascular anatomy (Fig. 9.1A). Aside from common anomalies,
such as left coronary artery from right coronary sinus, CTA may
provide the first diagnosis in patients with anomalous left coro-
nary artery from pulmonary artery (ALCAPA) on the rare occa-
sions that this presents in adulthood. Patients who have
undergone surgical coronary artery manipulation such as reim-
plantation usually require postsurgical CT angiographic assess-
ment.* CTA is also useful in patients with Kawasaki disease,
where the site, size, and number of coronary artery aneurysms
can be measured, as can the extent of calcification, thrombus,
and contrast enhancement within aneurysms. These features are
seen with comparable accuracy to conventional coronary angi-
ography (see Fig. 9.1B). CCT is also a well-established tech-
nique for identifying and fully delineating coronary fistulas (see
Fig. 9.1C) and cardiac venous anatomy (see Fig. 9.1D). The
latter may be of particular importance in planning cardiac
resynchronization therapy, a technique that is finding greater
use in patients with CHD.®> Delineation of the course and rela-
tionship of the coronary arteries to the right ventricular outflow
tract (RVOT) and sternum is another indication for CT prior
to RVOT intervention—that is, prior to percutaneous pulmo-
nary valve implantation in patients with tetralogy of Fallot
(TOF) (see Fig. 9.1E).4

FUNCTIONAL ASSESSMENT OF THE LEFT AND
RIGHT VENTRICLES

By reconstructing CCT data at multiple phases of the cardiac
cycle (usually every 5% or 10%), it is possible to calculate both
end-diastolic and end-systolic volumes of the left and right
ventricle and thus also stroke volume, cardiac output, and ejec-
tion fraction. For estimation of both left and right ventricular
function, a biventricular injection protocol should be used so
that the endocardial borders of both ventricles are clearly
defined.

Ventricular volumes may be calculated either through
manual delineation of endocardial and epicardial borders or
using a threshold technique that identifies voxels above a certain
Hounsfield unit number as contrast rather than tissue (Fig. 9.2A
and B). The latter is quicker and probably more accurate,
although both depend on adequate opacification of the ventricle
to make an accurate assessment. CCT agrees well with CMR,°
TTE,” and myocardial perfusion scintigraphic® measurements
of left ventricular ejection fraction. There is good agreement
between CCT and CMR for the calculation of left ventricular
volumes, although volumes are significantly greater on CCT
than on TTE or perfusion scintigraphy.’ Right ventricular anal-
ysis is more challenging owing to its complex geometry, but
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Figure 9.1 Coronary artery and cardiac venous anomalies. A, Anomalous left circumflex artery
arising from the right coronary artery (star) and following a retroaortic course (arrow) to reach to left
AV groove (arrowhead). B, Multiple coronary artery aneurysms (arrows) in Kawasaki disease. The two
proximal right coronary artery aneurysms (dashed arrows) show no contrast enhancement and are
thrombosed. C, Coronary cardiac fistula (arrow) between the right coronary artery and coronary sinus;
note the significant dilation of the right coronary compared with the left coronaries. D, Persistent left
superior vena cava draining into the coronary sinus (arrow). This abnormality may be of particular
importance in planning electrophysiologic interventions. E, Close relationship of the regurgitant right
ventricular outflow tract graft to the coronary arteries prior to percutaneous intervention.

Figure 9.2 Assessment of global and regional ventricular function. A, Contrast within the left
ventricular cavity allows easy distinction of blood pool from myocardium (left) and thus analysis of
volumes using a thresholding technique (right). In this study, right ventricular contrast is poor and no
such assessment can be made. B, In pulmonary hypertension there is a delay of contrast in the right
sided circulation. In this case, the right ventricular blood pool may be easily distinguished from myo-
cardium, allowing assessment of right ventricular function. C, Vertical long-axis view of the left ventricle
in end-diastolic (left) and end-systolic (right) phases. Review of phases in cine format allows assessment
of regional ventricular function.
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Figure 9.3 Septal defects. A, Secundum atrial septal defect (arrow). B, Ventricular septal defect, also

seen in C on the short-axis view (arrow).

calculations of right ventricular function compare well with
equilibrium radionuclide ventriculography,!® and volumes
assessed using the threshold technique appear to be accurate as
compared with CMR.! In addition to volumes, ventricular wall
motion, thickening, and thickness can also be derived (see Fig.
9.2C). Measurements of regional wall motion are reasonable
when compared with those of perfusion scintigraphy,® although
the poorer spatial resolution of the latter may explain why these
comparisons are not better. In addition to differences in resolu-
tion, the use of f-adrenergic blockade before CCT to control
heart rate may lead to discrepancies in functional analysis.!!
Although most studies have evaluated ventricular function in
patients without ACHD, available data suggest that CT com-
pares well with CMR for the analysis of global and regional left
and right ventricular function in those with complex congenital
defects.!

CARDIAC MORPHOLOGY AND EXTRACARDIAC
ASSESSMENT

Although TTE and CMR are widely accepted as the first-line
techniques, CCT is often considered because of the ease and
rapidity of acquisition. Although axial images are critical for
assessment of major vessels, the use of volume-rendered images
and the ability to rotate reformatted structures into any plane
allows accurate definition of cardiac and vascular anatomy
before any planned intervention. The role of CCT in specific
conditions is outlined here; fuller descriptions of each condition
may be found elsewhere in this book.

Atrial and Ventricular Septal Defects

CCT is able to characterize the location and size of atrial
septal defects (ASDs), especially in areas poorly visualized
on TTE (Fig. 9.3A). Additionally, biventricular size and
function may be assessed, along with any associated anoma-
lies such as anomalous pulmonary venous drainage. CCT
could be considered prior to device placement for large ASDs
with poorly visualized inferior-posterior rims on echocar-
diography. CCT may be used as a follow-up investigation
after surgical or percutaneous ASD closure, either to evaluate
right ventricular function!? or to assess the state of a septal
occlusion device.!> CCT can also provide detailed anatomic
information about size and morphologic features of a patent
foramen ovale (PFO).!* The presence of a short PFO tunnel

length and septal aneurysms on CCT correlates well with the
presence of a left-to-right shunt on TTE. However, CCT is
probably less effective at determining the presence of small
defects. Just as for ASDs, TTE remains the technique of
choice for the detection of most ventricular and atrioven-
tricular (AV) septal defects (VSDs/AVSDs). The high spatial
resolution and 3D capabilities of CCT allow straightforward
measurement of VSD size and location when there is diag-
nostic doubt (see Fig. 9.3B and C).

Patent Ductus Arteriosus

A patent ductus arteriosus (PDA) may be found incidentally on
CT acquisitions, particularly during the investigation of pulmo-
nary hypertension (Fig. 9.4A). CCT is able to determine the
presence and size of a PDA and, with 3D reconstruction tech-
niques; it can also provide an accurate road map for catheter or
surgical closure where appropriate. Importantly, unlike CMR
and TTE, CCT offers the opportunity to quantify calcification
within the duct.!'® Patients with heavy PDA calcification are at
higher surgical risk and are thus referred for transcatheter
closure.

Aortopulmonary Window

CCT is able to provide information on the location and size of
the aortopulmonary (AP) window (see Fig. 9.4B). This may be
useful in planning percutaneous closure because the superior
and inferior rims of the defect may be assessed for adequacy to
support an occlusion device. Associated lesions such as atrial
and ventricular septal defects can also be evaluated from the
same acquisition.

Coarctation of the Aorta

CCT allows accurate determination of the location and extent
of aortic coarctation and in this respect compares well with
TTE.!® Although CMR offers information about flow through
the coarctation, the aorta in such patients may be tortuous, and
it can be difficult to ensure that the correct imaging planes are
selected. The isotropic nature of voxels acquired using CCT
allow the selection of any desired imaging plane after acquisi-
tion has been completed. In this regard, CCT may be particu-
larly useful in isthmic coarctation. Furthermore, CCT is better
than both CMR and TTE at assessing stent position and patency
after percutaneous treatment; aneurysm, aortic wall injury, and
recurrent arch obstruction, albeit uncommon, are recognized
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Figure 9.4 Aortopulmonary malformations. A, Patent ductus arteriosus (arrow) connecting the aortic
arch and pulmonary artery. B, Aortopulmonary window (arrow) connecting the aortic root and pulmo-
nary artery. C, Stented coarctation of the aorta (arrow) at the junction of the transverse arch and
descending aorta. Cross-sectional profile of the stent shows it to be widely patent. D, Common arterial
trunk giving rise to the aorta and pulmonary artery. aAo, Ascending aorta; Ao, aorta; dAo, descending
aorta; PA, pulmonary artery; TA, truncus arteriosus.

complications after endovascular intervention; CT may thus be
a valuable tool in both the diagnosis and follow-up of these
patients (see Fig. 9.4C).

Common Arterial Trunk

The value of CCT in patients with truncal abnormalities was
suggested more than 25 years ago (see Fig. 9.4D). The intrave-
nous use of a contrast agent allows identification of pulmonary
artery branches and collateral vessels where present. In patients
who have undergone surgical repair, CCT can assess conduit
patency accurately.

Vascular Rings, Slings and Pulmonary Artery Anomalies
Vascular rings, slings, and associated airway narrowing/obstruc-
tion are well demonstrated on CCT, which facilitates planning
of the surgical approach in symptomatic patients.!” Isolated
absent pulmonary artery with associated anomalies of the lung
parenchyma and abnormal arterial supply to the lung seg-
ments—such as seen in scimitar syndrome with sequestration—
are optimally imaged with CT. CCT is the imaging modality of
choice for complex lung lesions such as intralobar or extralobar
pulmonary sequestrations to determine anatomic substrate and
interventional planning.'®

Tetralogy of Fallot

Small series have shown good agreement between CCT and TTE
for the diagnosis of TOE.!” In addition to detailing intracardiac
anatomy, CCT allows assessment of the coronary and pulmo-
nary arteries; information on anomalous courses in the former
and stenoses in the latter is invaluable in planning operative
repair. In patients who have undergone surgical repair, shunts
and valved conduits may be examined clearly by CCT, and
patency, size, and potential stenoses can be accurately described
(Fig. 9.5). Patients with stenotic or regurgitant valved conduits
are now often referred for percutaneous pulmonary valve
replacement. CCT may be used to assess the conduit and its
spatial relationship to other cardiac and noncardiac structures,
particularly with regard to the possible path of a coronary artery
between the conduit and adjacent epicardium (Fig. 9.6). Deploy-
ment and expansion of a stented pulmonary valve within the
conduit may potentially lead to compression of an adjacent coro-
nary artery, resulting in myocardial ischemia and, if uncorrected,
infarction. Assessment of coronary anatomy by CCT is therefore
helpful before the patient undergoes percutaneous pulmonary
valve implantation. In adult patients with repaired TOF who
cannot undergo CMR because of the presence of a defibrillator,
CCT may be used to assess ejection fraction and ventricular
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Figure 9.5 Assessment after tetralogy of Fallot repair. A, Blalock-Taussig shunt. Thrombus is visible
in the distal half of the shunt (arrow). B, Volume-rendered image of a calcified right ventricular outflow
tract homograft (arrowhead) and conduit to the right pulmonary artery (arrow). C, Multiplanar reformat-
ted image of the same patient as in (B), showing the calcified homograft (arrowhead) and subpulmonary

stenosis (arrow). RV, Right ventricle.

Aberrant LAD

vl
True LAD

Anomalous coronary artery

Figure 9.6 Assessment of a patient with previous tetralogy of Fallot repair before percutaneous
pulmonary valve replacement. A, Right ventricular outflow tract conduit (arrow) passing over an aber-
rant coronary artery (arrowheads). B, Volume-rendered image with conduit cut away, demonstrating
dual supply of the territory of the left anterior descending artery. An aberrant branch arises from the
right coronary sinus and passes under the conduit to reach the anterior interventricular groove. C,
Multiplanar reformatted image demonstrates the space between the conduit and the epicardium,
through which the aberrant coronary artery passes. Ao, Aorta; LAD, left anterior descending artery;

LCx, left circumflex artery; RCA, right coronary artery, RVOT, right ventricular outflow tract.

volumes; pulmonary regurgitation in patients with no shunts or
other significant valve disease can be estimated from differences
between right and left ventricular stroke volumes.?

Pulmonary Arterial Hypertension Including
Eisenmenger Syndrome

CT pulmonary angiography (CTPA) has been the mainstay of
diagnostic imaging in pulmonary arterial hypertension for
many years, specifically identifying or excluding thromboem-
bolic disease, assessing confluence and size of pulmonary arter-
ies, and identifying pulmonary artery stenoses or aneurysmal
dilation of the pulmonary arteries (Fig. 9.7A). However, the use
of CCT in conjunction with standard CTPA is useful,! particu-
larly for the evaluation of right ventricular hypertrophy and

biventricular function and in the differentiation of intrinsic and
extrinsic pulmonary arterial pathology. Although flow and
pressure measurements are beyond the capabilities of CCT,
valve integrity, biventricular function, and the causes underly-
ing pulmonary arterial hypertension may be readily assessed.

Major Aortopulmonary Collateral Arteries

Major aortopulmonary collateral arteries (MAPCAs) develop in
conditions such as pulmonary atresia when blood fails to reach
the lungs via the pulmonary arteries. The anatomy of these col-
lateral arteries varies widely; their accurate delineation is crucial
to clinical management. The high spatial resolution and 3D
nature of CCT lends itself well to accurate anatomic localization
(see Fig. 9.7B and C). CCT compares well with measurements
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Figure 9.7 Pulmonary artery assessment. A, Markedly dilated proximal pulmonary arteries with
extensive mural thrombus (arrow) and calcification (arrowheads) in a patient with severe pulmonary
artery hypertension. B, Aortopulmonary collateral artery (arrow) arising from the proximal descending
aorta to supply the right lung. Ao, Aorta; MPA, main pulmonary artery; RPA, right pulmonary artery. C
and D, Left pulmonary artery arising directly from the aorta (arrow). Ao, Aorta; LPA, left pulmonary

artery; MPA, main pulmonary artery; RPA, right pulmonary artery.

made by invasive coronary angiography?! and therefore may
usefully guide interventional or surgical management.

Transposition of the Great Arteries

In patients with congenitally corrected transposition of the great
arteries (ccTGA), CCT can be useful in confirming AV and ven-
triculoarterial discordance as well as evaluating coronary arter-
ies?? and the state of any anatomic repair as well as biventricular
size and function (Fig. 9.8A). Patients with TGA are usually
evaluated after operative repair, and CCT can help to assess the
patency of intra-atrial baftles (Mustard and Senning procedures),

ventriculoarterial conduits (Rastelli procedure), or the neoaorta
and neopulmonary arteries (arterial switch) (see Fig. 9.8B). In the
latter case, the ostia of coronary arteries reimplanted into the
neoaorta may be readily assessed by CCT. Precise knowledge of
coronary anatomy is required before surgery, and CCT may be
ideally suited to their noninvasive assessment.

Double-Outlet Right Ventricle

CCT allows assessment of the preoperative double-outlet right
ventricle (DORV) and compares favorably with T'TE for the char-
acterization of VSD in this setting.”® Postoperative assessment of
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Figure 9.8 A, Congenitally corrected transposition of the great arteries. The aorta (Ao) can be seen
to arise from the trabeculated, morphologic right ventricle, whereas the pulmonary artery (PA) arises
from the morphologic left ventricle. B, Mustard repair for transposition of the great arteries. Flow from
the superior (arrow) and inferior (arrowhead) venae cavae is directed to the pulmonary ventricle. Note
pacemaker lead traversing the superior vena cava channel, which precludes cardiovascular magnetic
resonance imaging. C, Glenn anastomosis. The superior vena cava (arrow) is anastomosed to the right
PA. D, Total cavopulmonary connection. There is direct anastomosis of the superior vena cava (arrow)
with the right PA, whereas the inferior vena cava is connected using a conduit (arrowhead).

ventricular function, conduit patency, and pulmonary branch
diameter, when required, is also possible.

Functionally Univentricular Heart

True single-ventricle morphology is rare. Obstructions of either
systemic or pulmonary outflows with shunting away from the
obstructed side, usually at the atrial level, are more common,
including tricuspid atresia, pulmonary atresia, hypoplastic left
heart syndrome, double-inlet left ventricle, and unbalanced AV
septal defects. The anatomic features of these obstructions and
the associated systemic and pulmonary circulations are critical
in deciding management. CCT is able to identify virtually all
causes of both systemic and pulmonary outflow tract obstruc-
tions, listed under separate headings here, in addition to allow-
ing evaluation of ventricular function.

Fontan Circulation

The Fontan circulation can take many forms and is described
elsewhere in this book. In brief, the absence of an adequate-
sized subpulmonary ventricle is addressed with a connection
from the right atrium to the pulmonary artery or venae cavae
to the pulmonary artery (cavopulmonary connection). The
patency of this connection in conjunction with low pulmo-
nary arterial pressure is crucial to the maintenance of pul-
monary blood flow. These connections are readily assessed
by CCT, which is especially useful in delineating the complex
vascular anatomy using 3D reconstruction techniques (see
Fig. 9.8C and D). From these data, abnormal vessel dimen-
sions, stenoses and poststenotic dilation, mural damage (eg,
dissection or calcification), and in situ thrombosis can all be
identified. Right atrial size and pulmonary venous return
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Figure 9.9 A, Bicuspid aortic valve with calcified raphe (left) and without raphe (right). B, Aortic valve
planimetry for calcified bicuspid aortic valve; valve area likely underestimated due to dense calcification.
C, Diastolic (left) and systolic (right) phases demonstrating mitral valve prolapse, with billowing of the
mitral valve leaflets during systole (arrowhead). D, AV septal defect (left, arrows) with common inlet valve.
Cross section through the inlet valve during diastole demonstrates the bridging leaflets (right, arrows).

(and stenoses from external compression) can also be readily
assessed.

Heterotaxy Syndromes

Pre- and postoperative cardiac anatomy and anomalies of the
extracardiac structures in patients with heterotaxy (or isomer-
ism) are readily assessed on CT.>* Cardiac evaluation includes
the systemic and pulmonary venous connections, the size and
morphology of the atria and ventricles, the AV and ventriculo-
arterial connections, the size and spatial relationship of the
great vessels, and the anatomy of the coronary arteries.

VALVULAR ASSESSMENT

The anatomy and function of the heart valves can be studied
using the standard CCT dataset. However, the major technical
limitation of CCT in assessing CHD is the inability to assess
flow. Any comments on the physiologic effect of an abnormal
valve are therefore relatively limited. The severity of valvular
regurgitation can be calculated on retrospectively gated CCT
only in patients with no single ventricle and no more than one
regurgitant lesion or intracardiac shunt. These calculations are
based on stroke volume differences between ventricles and have
shown good correlation with echocardiographic findings. CCT is
well placed to assess valve morphology. It can accurately identify
bicuspid aortic valve morphology as compared with transesopha-
geal echocardiography and may even be more accurate than
TTE (Fig. 9.9A).%° Aortic valve calcification can also be assessed,
with moderate to severe calcification correlating well with TTE
measurement of the severity of stenosis.?® Aortic valve area can
be measured using planimetry,?” although—as for coronary
assessment—dense calcifications can lead to underestimation of

the valve area (see Fig. 9.9B). The mitral valve leaflets can be
assessed for thickening and calcification; the latter can also be
seen in the annulus. These features correlate with the presence
of mitral stenosis on TTE.?® Assessment of congenital mitral
valve anomalies, such as the parachute-like mitral valve, may
also be possible but data are limited to case reports at present.
Mitral valve planimetry is also possible and, again, CCT mea-
surements correlate well with TTE.?° Cardiac gating also allows
assessment of valve leaflet mobility and coaptation through the
cardiac cycle (see Fig. 9.9C). The size of any regurgitant orifice
in the aortic or mitral valves correlates with the severity of
regurgitation seen on TTE.**! Right-sided valve assessment is
often more difficult in the normal heart because of poor con-
trast density in the right side of the heart. In patients with
ACHD—as in those with ASD, VSD, or pulmonary hyperten-
sion—assessment is more straightforward, because right ven-
tricular contrast is improved owing to either impaired right
ventricular outflow or the mixture of contrast agent within the
right ventricular blood pool owing to abnormal communica-
tion between the left and right sides of the circulation. Assess-
ment of right atrial and ventricular anatomy allows identification
of the Ebstein anomaly along with coexistent ASD where
present. In patients with AV septal defects, a common inlet
valve can be seen and bridging leaflets delineated (see Fig.
9.9D). Complex AV valve attachments leading to ventricular
outflow obstruction after repair of AV septal defect and cor-
rected transposition can also be evaluated. Right ventricular
outflow tract obstruction can be demonstrated by CCT, which
may be particularly useful in determining the level of stenosis
and the presence of calcification. The latter may be important
in deciding on percutaneous interventions to stenotic right ven-
tricular outflow tract conduits. For CHD patients who need
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repeat valve intervention, commonly on more than one valve,
cardiac CT is useful for the evaluation of native and mechanical
or other prosthetic valve stenoses and insufficiency, paravalvu-
lar leak, thrombosis, abscess, and endocarditis. Assessment of
coronary artery anatomy in relation to the mitral valve is needed
for surgical planning at the time of replacement and can be
performed with cardiovascular CT.

Conclusion

CCT allows for a comprehensive assessment in the majority of
patients with ACHD. In recent years radiation exposure from
CCT has fallen significantly, but it remains an important issue,

particularly if multiple examinations are expected over time.
CMR and TTE are likely to remain the first-line imaging modal-
ities in most circumstances; CCT provides an alternative means
of assessment for patients with poor access or contraindications
to these techniques or institutions that lack the expertise needed
to implement them. CCT itself, however, requires considerable
expertise to interpret the complexities of ACHD. Because
acquired data can be rotated and postprocessed in any desired
imaging plane, CCT is a powerful tool for the assessment of
intracardiac and extracardiac morphology and, when used in
combination with established investigations such as CTA, offers
a far more comprehensive assessment than has previously been
available.
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Cardiac catheterization remains a fundamental modality for
the diagnosis and interventional treatment of adult congenital
heart disease (ACHD); however, there has been a noticeable
change in case mix and clinical demands for the ACHD inter-
ventionalist over the past several decades. Advances in imaging
such as three-dimensional (3D)-echocardiography and the
exquisite resolution of modern cardiac magnetic resonance
imaging (MRI) provide anatomic and physiologic diagnosis
for many ACHD patients. To the noninterventionalist, there
is perhaps less appreciation for diagnostic catheterization’s
place in patient care.

From a therapeutic perspective, the new millennium has
brought a revolution in the structural interventional arena with
the advent of transcatheter valve therapies, improved endovas-
cular solutions for large vessel access and stenting, and real-time
adjunctive cardiac imaging. In this chapter, we will discuss the
following points:

1. Modern-day catheterization and procedure preparation
2. The ACHD catheterization laboratory

3. Hemodynamics and angiography

4. Select congenital interventions

5. Future directions of ACHD catheterization

What Is the Role of Catheterization?

What is the role of catheterization in the modern day? What is
its role in the presence of advanced imaging modalities?

Catheterization remains the gold standard of pressure mea-
surement in a vessel or chamber. In contrast to the complexities
of the newest imaging technology, the measurement of intra-
cardiac pressures is simple, reliable, and reproducible. Prior to
surgery or intervention when there are inconsistent noninvasive
results, the hemodynamic significance of a lesion should be
directly verified by catheterization. This minor procedure may
provide critical adjunctive data that can alter management and
enhance safety. Although the routine crossing of a stenotic
aortic valve for diagnostic purposes is controversial, valvular
hemodynamics remain an important part of the decision
making in complex polyvalvular disease, for which noninvasive
imaging is inadequate and when the magnitude of a proposed
operation is in question. Anecdotal stories from every invasive
cardiologist suggest uniformly that many patients have appro-
priately avoided surgery despite “certainty” of significant aortic
valve disease on noninvasive imaging.! Similar case examples
in assessing severity of conduit stenosis, arterial obstruction, or
pulmonary pressures accentuate the role of catheter
confirmation.

The ACHD population is often not “routine”* Operative
repair in patients with ACHD is complex in itself, meriting

due diligence to avoid unexpected operative issues. An anom-
alous coronary or dual left anterior descending (LAD) supply
in a tetralogy of Fallot patient may be undetected and acci-
dentally transected, or an opportunity to address an additional
unrecognized defect might be missed. Echocardiographic gra-
dients are often misleading in conduits where alignment with
the flow is suboptimal despite best efforts, the continuity equa-
tion valve area calculations erroneous, and estimated shunt
flows inaccurate even in the hands of expert echocardiogra-
phers. Unfortunately the same perils hold true for cross-sec-
tional imaging—an iatrogenic fistula, ventricular aneurysm,
peripheral pulmonary stenosis, aortopulmonary collateral
may not be fully appreciated despite multiple imaging studies.

There is no doubt that noninvasive imaging has advanced
substantially. This enhancement, coupled with generational
advances in perioperative and operative management and
intervention, has allowed us to push the horizon of what is
possible. However, the pursuit of a consistent and confirmed
set of data on which to base life-saving interventions that are
potentially of great risk remains of prime significance. Espe-
cially when inconsistencies in data exist, catheterization is
essential in decision making for surgery, intervention, or even
the assessment of risk.?

Catheterization remains the most accurate method to deter-
mine the pulmonary artery (PA) pressure and pulmonary vas-
cular resistance. The time-honored practice of oximetry and
shunt determination is a confirmatory piece of information, and
the weight placed on it is reflected in our present guidelines for
intervention in ACHD.>” There are a number of situations in
which noninvasive imaging cannot provide the anatomic detail
required for decision making. The recognition that imaging
may not reliably assess the lumen of a PA or collateral vessel
after stenting may lead to a further intervention that could
improve a patients quality of life. Coronary angiography still
provides the gold standard to assess coronary lesions and their
suitability for revascularization. The addition of invasive physi-
ology (fraction flow reserve [FFR] and invasive cardiopulmo-
nary exercise testing [iCPET]) and additional imaging
modalities (intravascular ultrasonography [IVUS] and intracar-
diac echocardiography [ICE]) can make the resolution of a
clinical question regarding lesion severity a straightforward
issue (Fig. 10.1). Diagnostic catheterization, even in the present
era, remains a critically important part of the diagnostic toolkit
in ACHD.

Procedural Preparation

The quality and utility of the diagnostic information provided
by an ACHD catheterization procedure are directly related to
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Figure 10.1 Left, Fractional flow reserve displaying ratio of pressures across an arterial stenosis as
assessment of physiologic significance. Middle, Intravascular ultrasonography cross-sectional display
of a previously stented segmental pulmonary artery. Right, Optical coherence tomography cross-

section of a coronary artery.

preprocedure preparation and the knowledge base of the opera-
tor. Before embarking on any complex case, it is crucial to have
an intimate knowledge of the patient’s native and surgical
anatomy. Clarification of the goals of the procedure with the
referring ACHD specialists is often important to understand
crucial issues that need to be resolved at the time of the
procedure.

HISTORY AND IMAGING

A review of the patient’s clinic chart with specific attention not
only to the native anatomy but also to the details of previous
surgical and interventional repairs is paramount. A tattered
25-year-old surgical report may be a holy grail of information.
A seasoned surgeon’s operative report may describe the native
and surgical anatomy in great detail and provide insight into
what was repaired, how, and why. The surgical report may be
the only reliable source as to the size and type of implanted
surgical valve or conduit. As any experienced ACHD physician
will note, we play broken telephone too often when following
patients over decades; all it takes is an errant word or typo-
graphic error to alter the substance of the anatomic problem. A
close second in the hierarchy is a good-quality computed
tomography (CT) scan or MRI by an experienced imager.
Finally, review of previous hemodynamic and angiocardio-
graphic evaluations helps to consolidate an understanding of
potential procedural issues that may not otherwise be apparent.
As an example, knowledge that an unusual catheter shape or
technique was helpful in entering an anomalous vessel or
chamber at a previous catheterization may facilitate the subse-
quent procedure significantly, limiting contrast and fluoros-
copy. Vascular access is another example: If a patient is known
to have had an occluded right iliac venous system as a child,
there is not much hope that it has spontaneously recanalized as
an adult, and thus alternative plans should be made.

More crucial than the newest technology and expensive
equipment is the availability of imaging experts to conduct the
study, interpret it, and caution us of any limitations. Collabora-
tion among the imager and clinical, surgical, and interventional
physicians allows the integration of knowledge and facilitates
the delivery of excellent patient care. Little is gained from the
ability to produce beautiful images that are interpreted in a way

that is not meaningful to the clinician. It is as important for the
radiologist to know the concerns of the surgeon and interven-
tionalist, as is the reverse. Choosing the right modality to
answer a particular set of questions is key, as is providing the
imager with a clear articulation of the diagnostic question so
that correct protocols are used to obtain the information
required.

WHAT INFORMATION IS ESSENTIAL?

The operator must have a thorough understanding of the
anatomy and physiology of all congenital cardiac defects, asso-
ciated abnormalities, therapeutic options for the defect under
investigation, and information the surgeon/interventionalist
will require if the patient is referred for treatment. Before start-
ing it is critical for the ACHD interventionalist to know the
following:

+ What information is essential to establish the diagnosis or
plan the treatment

+ What information would be useful to obtain but is not
critical

+ What information is redundant and already available from
other imaging studies
When thought and preparation have been given priority

before the procedure, the catheterization can be more efficient

in achieving the stated goals while minimizing radiation expo-
sure, volume of contrast media, and procedural risk. The fol-
lowing are specific questions in procedural planning:

1. Am I aware of the information that is crucial to complete the
procedure? Example: Is a descending aortogram required to
map an anomalous vessel?

2. How will T gather the information required to establish the
diagnosis; to define the anatomy, physiology, and presence
of associated anomalies; and provide the surgeon and ACHD
clinician with the information necessary?

3. Will I need additional noninvasive testing either before or
after the catheterization to better answer the diagnostic
question?

4. Is moderate sedation administered by the interventional car-
diologist adequate or will deep sedation or general anesthe-
sia be required, such as in adult patients with developmental
delay?
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5. Are there comorbidities that might add to the risk of a com-
plication, and, if so, what are the potential preventive mea-
sures? Examples: Contrast-induced nephropathy (CIN) risk
from baseline renal dysfunction, latex allergy, or history of
heparin-induced thrombocytopenia that will require remov-
ing heparin from flush solutions.

Not uncommonly, complex cases can become unintention-
ally long or, worse, be completed without obtaining a key piece
of information. The most common essential information
required for management decisions concerns the pulmonary
vasculature: the PA pressure and resistance, the reactivity of the
pulmonary vasculature, and shunt calculations. If access to the
PA is difficult, this may prolong the procedure, but time invested
here may be far more valuable than recapturing other data
already clear from other diagnostic testing. This is never more
relevant than when surgical shunts or aortopulmonary collater-
als contribute flow to the pulmonary circulation. Similarly the
temptation may occur to defer coronary angiography after a
difficult procedure in a young adult at low risk for atheroscle-
rosis, thus missing the opportunity to detect a relevant congeni-
tal anomaly of the coronary circulation that may directly impact
future decisions. As our adult patients age, they may also
develop acquired circulatory conditions (eg, coronary artery
disease) that may complicate their course. Detection of athero-
sclerotic coronary disease, coronary compression, elongation,
or torsion in patients with symptoms that may be multifactorial
is always of importance.

In cases in which a therapeutic intervention is preplanned
and focused, such as a coarctation stent, the diagnostic compo-
nent and intervention may be performed in the same setting.
In complex ACHD patients, one must weigh the risks and ben-
efits of ad hoc interventions. Immediate interventions after
diagnostic catheterization improve efficiency, minimize the risk
of repeat access, and reduce the number of total procedures;
however, they are at the cost of increased contrast, fluoroscopy
exposure, and on occasion inadequate discourse with the
patient. In ACHD patients, optimal treatment decisions should
involve multidisciplinary discussions to help to dictate care.

WHICH CATHETERS TO USE AND THE SEQUENCE
OF EVENTS?

The prepared operator will go into the cardiac catheterization
laboratory with a clear idea of which catheters are likely to be
most helpful and the sequence to obtain the required informa-
tion. For example, it may be useful to begin the right-sided heart
catheterization with a steerable catheter, such as a Goodale-
Lubin catheter (Medtronic, Minneapolis, Minnesota), to sample
oxygen saturation, probe for atrial septal defects (ASDs) and
anomalous venous drainage, and then change to a balloon-
tipped catheter to cannulate the PA through a difficult right
ventricular outflow tract (RVOT). A modified Judkins right
coronary artery catheter with side holes near the tip is also of
great value, easing pressure measurements and oximetric sam-
pling in tight spaces. Preplanning of when a catheter with radi-
opaque markers is needed for measurements or when a
multitrack catheter will allow for hemodynamics and high-
pressure injections without losing wire access can save consid-
erable time.

When possible, all hemodynamic measurements and oxim-
etry samples should be performed close together in a steady
state and on room air. Venous pressures and saturations should
be obtained in a structured predictable order so that all the

right- and left-sided hemodynamic information is obtained
before administering contrast. Having a routine approach
allows the nursing staft to anticipate, prepare, record, and chart
the procedure accurately.

One should make a checklist at the beginning of the proce-
dure, outlining the hemodynamic information to be obtained,
expected chamber/vascular angiography, catheters that will be
necessary, and the procedural sequence to be followed. A team
huddle prior to the procedure is invaluable to explain the
patient’s reason for catheterization, clinical concerns, and going
through the expected sequence of events. “Time outs” and
checklists, shown by the World Health Organization to reduce
operative error, and adapted from the operating room, are now
a standard part of the catheterization laboratory (Fig. 10.2).%
These important protocols have been shown to improve safety
and efficiency and must be adhered to.

WHAT CAN GO WRONG?

Common problems with cardiac catheterization studies in adult
patients with congenital cardiac disease relate to the
following:

+ Patient pain and anxiety and, as a result, oversedation

+ Prolonged catheterization time and contrast administration
+ Inadequate, missing, or nondiagnostic information

+ Catheter complications

Every case starts with the patient’s comfort and best interest
as paramount. ACHD patients cover the age spectrum, and,
although they may be well versed with medical procedures, pro-
cedural anxiety and pain from access must always be adequately
addressed. Caring for a patient who has had multiple procedures
requires not only the management of the present procedure but
also the sequelae and inadequacies of prior procedures. As per
the standard of care in children, their prior catheterization labo-
ratory experience may have included general anesthesia as
opposed to conscious sedation used in most adult cases. Consid-
erations for adequate sedation, intravenous anesthesia, and local
anesthesia are important. In addition, a kind and calming distrac-
tion in the form of reassurance, and the caring touch or hand-
holding of an unscrubbed team member often provides comfort
and assists the process. The physiologic response to pain can alter
steady state and dramatically affect the hemodynamic conclu-
sions. A vagal reaction from access or pain from catheter manip-
ulation at the access site can alter the steady state and jeopardize
the integrity of the information obtained. This is usually ampli-
fied in ACHD patients who have had many procedures with
dense scar tissue at the site of the puncture. An appropriate
amount of sedation for most adults is mandatory. Caution should
be exercised to “start low and go slow”” The oversedated patient
may develop airway obstruction, hypercarbia, systemic hypox-
emia, and elevated pulmonary pressures.

Most ACHD procedures can be expected to take substan-
tially more time to complete than the usual right-sided and
left-sided heart procedures in patients with coronary or valvular
heart disease, particularly if an unexpected finding arises during
the procedure. One way to ascertain that the procedures are
kept short is to ensure that the invasive test is performed after
all relevant noninvasive tests to avoid repeated documentation
of known facts. In general, longer procedural times are associ-
ated with increased contrast and fluoroscopy. With the aging of
the ACHD population and the accumulation of comorbidities,
it is of utmost importance to minimize the risk of CIN from the
administration of large volumes of contrast agent to document
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SuRGICAL SAFETY CHECKLIST (FIrsT EDITION)

# World Health
=& Organization

Before induction of anaesthesia

PATIENT HAS CONFIRMED
« IDENTITY

« SITE

+ PROCEDURE

* CONSENT

EEEEEEEE

SITE MARKED/NOT APPLICABLE
ANAESTHESIA SAFETY CHECK COMPLETED
PULSE OXIMETER ON PATIENT AND FUNCTIONING
DOES PATIENT HAVE A:
KNOWN ALLERGY?

. NO
YES

DIFFICULT AIRWAY/ASPIRATION RISK?
NO

Before skin incision seerprrerrrrps

TIME OUT

CONFIRM ALL TEAM MEMBERS HAVE
INTRODUCED THEMSELVES BY NAME AND
ROLE

SURGEON, ANAESTHESIA PROFESSIONAL
AND NURSE VERBALLY CONFIRM

» PATIENT

+ SITE

+ PROCEDURE

ANTICIPATED CRITICAL EVENTS
SURGEON REVIEWS: WHAT ARE THE
CRITICAL OR UNEXPECTED STEPS,
OPERATIVE DURATION, ANTICIPATED
BLOOD LOSS?

ANAESTHESIA TEAM REVIEWS: ARE THERE
ANY PATIENT-SPECIFIC CONCERNS?

NURSING TEAM REVIEWS: HAS STERILITY

Before patient leaves operating room

SIGN OUT

NURSE VERBALLY CONFIRMS WITH THE
TEAM:

| THE NAME OF THE PROCEDURE RECORDED

| THAT INSTRUMENT, SPONGE AND NEEDLE
COUNTS ARE CORRECT (OR NOT
APPLICABLE)

|| HOW THE SPECIMEN IS LABELLED
(INCLUDING PATIENT NAME)

| WHETHER THERE ARE ANY EQUIPMENT
PROBLEMS TO BE ADDRESSED

|| SURGEON, ANAESTHESIA PROFESSIONAL
AND NURSE REVIEW THE KEY CONCERNS
FOR RECOVERY AND MANAGEMENT
OF THIS PATIENT

YES, AND EQUIPMENT/ASSISTANCE AVAILABLE

(INCLUDING INDICATOR RESULTS) BEEN

RISK OF >500ML BLOOD LOSS
(7ML/KG IN CHILDREN)?
NO
YES, AND ADEQUATE INTRAVENOUS ACCESS
AND FLUIDS PLANNED
YES
. NOT APPLICABLE

CONFIRMED? ARE THERE EQUIPMENT
ISSUES OR ANY CONCERNS?

HAS ANTIBIOTIC PROPHYLAXIS BEEN GIVEN
WITHIN THE LAST 60 MINUTES?

IS ESSENTIAL IMAGING DISPLAYED?

YES
NOT APPLICABLE

THIS CHECKLIST IS NOT INTENDED TO BE COMPREHENSIVE, ADDITIONS AND MODIFICATIONS TO FIT LOCAL PRACTICE ARE ENCOURAGED.

Figure 10.2 Typical presurgical checklist performed prior to every operative or interventional case.
Specific checklists are altered for increased relevance to each procedure and have been adapted in
the cardiac catheterization setting. (Reprinted with permission from World Health Organization.)

Risk Factors for Contrast-Induced Nephropathy

Intrinsic patient characteristics Chronic kidney disease or prior renal
dysfunction

Congestive heart failure or LVEF <35%

Diabetes

Age >75 years

Transplanted kidney

Volume status or anemia

Concomitant medications with
potential nephrotoxicity

Hypotension or shock

Total volume of contrast

Multiple contrast injections within
short period of time

High-osmolar contrast formulations

Potentially modifiable patient risk
factors

Procedural/imaging characteristics

LVEE, Left ventricular ejection fraction.
From Solomon R, Dauerman HL. Contrast-induced acute kidney injury. Circulation.
2010;122:2451-2455.

anatomy that is already well appreciated through other cross-
sectional imaging modalities (Table 10.1).”1% CIN risk is espe-
cially poignant in patients with bidirectional cavopulmonary
anastomosis or Fontan surgery.!! Prehydration, use of low
osmolar contrast agents, and cessation of nephrotoxic medica-
tions are all strategies that can help prevent CIN develop-
ment.!!"13 There is also a growing recognition to the lifetime
stochastic risks of radiation exposure, especially to an ACHD
population that may require multiple radiologic tests throughout
their lifespan.!4!> Decreasing fluoroscopic exposure during the
case using best practice radiographic techniques is important;

the radiation dose should be as low as reasonably achievable to
achieve diagnostic images.

Adult Congenital Heart Disease
Catheterization Laboratory

CATHETERIZATION LABORATORY
INFRASTRUCTURE

ACHD and structural procedures have different requirements
than adult coronary or peripheral vascular interventions. Modern
designs of congenital and structural catheterization laboratories
are larger in size to accommodate additional personnel and
imaging modalities. Anesthesiologists and echocardiographers
are frequently present in complex interventions, especially for
intraprocedural transesophageal echocardiography (TEE) guid-
ance. The structural catheterization laboratory must include (1)
fluoroscopic digital flat panel monitors to allow for x-ray visual-
ization and hemodynamics from both sides of the table, (2) ade-
quate radiation protection for staff, (3) monitor integration for
real-time echocardiography during the case, and (4) biplane fluo-
roscopic heads with larger size than coronary imaging to allow
for adequate coverage for systemic angiography (eg, pulmonary
angiography). (5) The ideal ACHD catheterization laboratory
should also be a hybrid suite with operating room-style ventila-
tion and technical standards suitable for cardiopulmonary bypass,
mechanical ventilation, and cardiovascular surgery.'®

ACHD interventions often rely on real-time TEE or ICE and
the interpretation of CT/MRI cardiovascular imaging to guide
treatment strategy.'”'® Catheterization laboratory systems should
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Figure 10.3 Left, Photograph of the side-arm bleed-back tap on a Mullins-type long sheath. Right,
Radiopaque marker tip, which is most useful when initially positioning the sheath and when directing

a balloon-stent toward the target lesion.

Figure 10.4 Left, Photograph of the A