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Preface to the Series

In Europe, we are currently faced with an estimated ACHD population of 4.2
million; adults with congenital heart disease now outnumber children (approxi-
mately 2.3 million). The vast majority cannot be considered cured but rather having
achronic heart condition that requires further surveillance and timely re-intervention
for residual or consequent anatomical and/or functional abnormalities. ACHD
patients have very special needs and the physicians taking care of them need expert
training. Special health care organization and training programs for those involved
in ACHD care are therefore required to meet the needs of this special population.

ACHD problems remain a small part of general cardiology training curricula
around the world, and pediatric cardiologists are trained to manage children with
CHD and may, out of necessity, continue to look after these patients when they
outgrow pediatric age.

There are clearly other health issues concerning the adult with CHD, beyond the
scope of pediatric medicine, that our patients now routinely face. Adult physicians
with a non-CHD background are therefore increasingly involved in the day-to-day
management of patients with CHD.

Experts in congenital heart disease should work to improve the health care sys-
tem, so that teens and young adults have an easier time making the transition from
receiving health care in pediatric cardiology centers to receiving care from special-
ists in adult cardiology.

The aim of this series is to cast light on the most significant aspects of congenital
heart disease in adolescents and adults and its management, such as transition from
pediatric to adulthood, pregnancy and contraception, sport and physical activities,
pulmonary hypertension, burning issues related to surgery, interventional catheter-
ization, electrophysiology, intensive care management, and heart failure.

This series wishes to attract the interest of cardiologists, anesthesiologists, cardiac
surgeons, electrophysiologists, psychologists, GPs, undergraduate and postgraduate
students, and residents, and would like to become relevant for courses of cardiology,
pediatric cardiology, cardiothoracic surgery, and anesthesiology.

We thank both the wonderful groups of leading cardiovascular experts from
around the world, for donating their precious time, producing excellent textbooks

vii
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and making this book series a reality, and the members of the two Working Groups
(ESC and AEPC ACHD/GUCH Working Group) for the invaluable suggestions and
support without which this work would not be possible.

San Donato, Italy Massimo Chessa
Miinster, Germany Helmut Baumgartner
Munich, Germany Andreas Eicken

San Donato, Italy Alessandro Giamberti



Foreword

The care of children with congenital heart disease (CHD) has been one of the great-
est success stories of cardiovascular medicine and surgery of the twentieth century.
As a result, the number of adults with congenital heart disease has grown exponen-
tially. In parallel, there are more patients with complex congenital heart disease,
who with much improved care now survive to adulthood.

Although patients have benefited a great deal from these advances, many of them
will require one or more re-interventions (catheter and or surgical) and late compli-
cations such as arrhythmias, heart failure and pulmonary hypertension are common.
The spectrum of anatomic substrate, the range of cardiovascular physiology, and the
dynamic and continuously evolving nature of catheter and surgical interventions
both at presentation and thereafter means that adults with congenital heart disease
represent a very heterogeneous patient population that clearly requires tertiary
expertise and a multi-disciplinary environment. Furthermore, standard therapies for
patients with heart failure due to ischemic or dilated cardiomyopathy are not directly
applicable to adult patients with CHD. Further research and better understanding
are, therefore, paramount in these areas of late complications.

The textbook Heart Failure in Adult Congenital Heart Disease edited by Lorna
Swan and Alexandra A. Frogoudaki addresses this topical subject. The two editors,
from London and Athens, have brought together authorities and leaders in their
respective fields to contribute to this effort. The definition, pathophysiology and
diagnosis are firstly discussed. There are chapters on risk stratification and progno-
sis, co-morbidities and in specific ACHD conditions such as single ventricle physi-
ology, systemic right ventricle and pulmonary arterial hypertension. Chapters
regarding treatment including catheter intervention, surgery, drug therapy, device
management and transplantation are included. Last but not least, there are chapters
on holistic care and palliation for ACHD and on future research directions.



X Foreword

The book by Drs. Swan and Frogoudaki will serve as an important aid to all
involved in the care of ACHD patients. Furthermore, knowledge gaps identified
herewith should stimulate and lead to future research. Clearly we have more work
to do before every single patient with CHD born anywhere in the world can reach
their full life potential.

Michael A. Gatzoulis, M.D., Ph.D., FA.C.C., FE.S.C.
Adult Congenital Heart Centre and

National Centre for Pulmonary Hypertension

Royal Brompton Hospital and

National Heart & Lung Institute

Imperial College

London, UK



Preface

The field of adult congenital heart disease (ACHD) stands on the edge of a new era.
The journey before this point has been focused on optimising neonatal and child-
hood surgery, understanding haemodynamics and benefiting from new technologies
particularly in the realm of cardiac imaging.

This next era will be dominated by heart failure and arrhythmia—the two most
common long-term complications and an inevitable outcome for many ageing
ACHD patients.

Unfortunately, the ACHD clinician has few tools, in terms of evidence-based
therapies, to meet this new challenge. There are, however, a vast number of oppor-
tunities to gain fresh insight into ACHD HF and in turn acquired HF. Patients with
ACHD demonstrate unique models of extreme physiology—be that chronic volume
loading, abnormal intravascular pressures or chronic cyanosis. Careful investigation
of these models will bring fresh understanding to the wider fields of acute and
chronic HF management.

This book aims to summarise our current understanding of ACHD HF and
explore the unknowns in this field. It focuses in detail on the multiple causes of HF
and their pathophysiology. It also underlines the significance of prognostic assess-
ment and of co-morbidities, as every ACHD patient is unique and should be
addressed individually. Particular reference is made to those areas where extreme
physiology presents unique causes of HF such as the failing Fontan and the sys-
temic right ventricle. The later section discusses the many potential treatment
options for these patients. Finally the emphasis is placed on the key future research
avenues that should be investigated over the next decade.

ACHD clinicians and ACHD patients have the opportunity to form innovative
clinical partnerships to explore this new era—embracing all its challenges and fur-
ther journeying along this exciting path of congenital heart disease.

London, UK Lorna Swan
Athens, Greece Alexandra A. Frogoudaki
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Incidence and Prevalence of Heart
Failure in Adults with Congenital
Heart Disease

Gerhard-Paul Diller

1.1 Introduction

The population of adults with congenital heart disease (ACHD) is constantly grow-
ing in developed countries. This is a testimony to past and current advances in the
fields of cardiac surgery and cardiology. In the current era, it is estimated that well
over 85-90% of children born with various forms of congenital heart disease will
survive childhood and reach adulthood [1]. Even today, the number of adults with
congenital heart disease outnumbers children with the condition in Western coun-
tries. Moreover, it has been suggested that the number of ACHD patients will further
increase by approximately 60% per decade [2]. This leads to a constant growth of
the ACHD population at risk for complications, including HF. Unfortunately,
despite all progress, ACHD patients are—by and large—not cured and continue to
be afflicted by lifelong complications. Leading long-term medical problems are
arrhythmias, need for interventions and reoperations, pulmonary hypertension,
extracardiac complications, and especially HF. This chapter focuses on epidemiol-
ogy of HF in ACHD patients, highlighting subgroups of patients at particular risk of
HF and attempting to prognosticate future challenges.

1.2 Definition of Heart Failure, Prevalence, and Incidence

As HF represents the end-stage condition in most diseases of the cardiac system, it
is not surprising that it is also a major complication in ACHD patients. However,
delineating the exact prevalence/incidence is dependent on the exact definition of
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HF used. Over time, numerous definitions of HF have been suggested. For the
scope of this overview, the definition proposed by Poole-Wilson (1985) is favored.
Accordingly, HF is defined as a “clinical syndrome caused by an abnormality of the
heart and recognized by a characteristic pattern of haemodynamic, renal, neural and
hormonal responses” [3]. This definition accounts for the fact that HF may be mul-
tifactorial and not necessarily linked to low cardiac output or depressed systolic
ventricular function in isolation.

The prevalence of HF describes the number of patients with the condition at any
given point in time or across the entire life-span. Estimates of the point prevalence
are normally straightforward to obtain as cross-sectional studies suffice to describe
the proportion of subjects with the condition at the time of data acquisition.
Estimating lifetime prevalence of HF is more challenging as a complete temporal
overview of the patient’s medical history is usually not available. In the setting of
ACHD-related HF, it is reasonable to assume that documentation of a diagnosis of
HF late in life or at death can serve as a useful surrogate for HF across lifetime. This
is due to the fact that HF risk increases steadily throughout life in ACHD patients
and HF represents a chronically progressive disease not usually cured by interven-
tions (although symptoms may resolve) [4].

Incidence of HF relates to the number of new cases in a given period of time. It
normally requires access to longitudinal data and is therefore more difficult to cal-
culate compared to estimates of point prevalence. While prevalence provides impor-
tant insights into the current burden of disease and can guide resource allocation,
knowledge of HF incidence across the spectrum of congenital heart disease, strati-
fied by age, gives important clues for future planning of service provision.

1.3  Scope of the Problem

The general prevalence of HF in European countries (associated with the European
Society of Cardiology—total population of approx. 900 million) is estimated at
15 million cases [5]. For the United States, it is suspected that approximately six
million people suffer from HF [6]. In acquired heart disease, the prevalence of the
condition increases sharply with age. Overall, 6-8% of persons over the age of
80 years are expected to present with HF [7]. A recent report suggests that the inci-
dence of HF among the elderly is decreasing, while an increasing number of younger
persons develop the condition [8]. This shift in the age at onset is most likely related
to increasing numbers of patients with cardiovascular risk factors (such as diabetes
mellitus, obesity) as well as congenital heart disease in the current era. Interestingly,
the number of patients with incident HF below 50 years of age increased from 3%
in 1995 to 6% in 2012 [8]. In contrast to acquired heart disease, the number of
ACHD patients with HF is much lower, but it is growing rapidly both in numbers
and complexity.

By definition, almost all ACHD patients present with an underlying cardiac
abnormality. Signs and symptoms of HF are also common in this population. Piran
and co-workers, for example, have reported that the lifetime prevalence of signs and
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Fig. 1.1 Publications referring to “congenital heart disease” and “heart failure” based on PubMed
database query

symptoms of HF is 22% in patients with complete transposition of the great arteries
(TGA), 32% in congenitally corrected TGA patients, and up to 40% in patients with
functionally univentricular hearts post-Fontan palliation [9]. Neurohormonal
derangement and immune inflammatory patterns typical of HF are also commonly
seen in ACHD patients [10, 11]. Many ACHD patients, thus, fulfill the conventional
criteria for HE. Not surprisingly, HF is increasingly recognized as a major health-
care issue in ACHD patients. The number of publications investigating HF has
increased exponentially over the last few decades (see Fig. 1.1, with a shift from
pediatric to adult HF), and end-stage HF is rapidly becoming the leading cause of
mortality in this vulnerable population [12].

Studies assessing causes of mortality in ACHD provide important insights into
the prevalence of HF. As usually only the main or direct cause of death is recorded,
these data likely underestimate the true HF burden in this population. However,
the data provides useful minimal estimates of the expected HF prevalence. Based
on a large nationwide Finnish dataset of 6024 patients who survived the corrective
initial operation for congenital heart disease and were followed up to 45 years
postoperatively, Nieminen and colleagues reported that 39.9% of the late deaths
in ACHD patients were related to HF. As noted above, even this likely underesti-
mated the true prevalence of the condition as some patients who died due to sud-
den cardiac death or perioperatively may in fact have had HF as an additional
underlying condition [13]. HF was the leading cause of death in patients with
transposition of the great arteries, univentricular hearts, ductus arteriosus, and
atrial and ventricular septal defects. Similarly, Oechslin et al. investigated 2609
ACHD patients assessed at a specialty clinic. Of these, 199 patients deceased at a
mean age of 37 years. HF accounted for 21% of deaths in this investigation [14].
In this study HF was the leading mechanism of death for patients with atrioven-
tricular septal defect and complete transposition of the great arteries. Based on
data from the Dutch CONCOR registry, 26% of ACHD patients died due to
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chronic HF at an average age 51 years. Main predictors of HF-related mortality
were a history of arrhythmias, endocarditis, myocardial infarction, as well as sys-
temic and pulmonary hypertension. HF was identified as a particular problem in
patients with univentricular hearts, systemic right ventricle, tetralogy of Fallot,
and atrioventricular septal defect [15]. A recent study based on the German
National Registry for congenital heart disease confirmed previous findings while
also providing temporal insights into HF-related mortality in ACHD. Over the
study period from 2001 to 2015, the prevalence of HF-related deaths increased
from 23 to 30%. This increase is likely related to an aging population coupled
with increasing complexity of disease. HF was identified as a major cause of mor-
tality in patients with Eisenmenger syndrome, univentricular hearts, systemic
right ventricles, and Ebstein’s anomaly [16].

A study based on the patient population under follow-up at the Royal Brompton
Hospital, London, included 6969 adult patients (mean age 30 years) under follow-
up between 1991 and 2013. Causes of death were ascertained from official death
certificates. Not unexpectedly, leading causes of death were chronic HF, sudden
cardiac death, and extracardiac causes of mortality, while perioperative ACHD mor-
tality was low. Mortality increased over time, and especially HF-related deaths
increase dramatically as ACHD patients aged. The highest mortality rates were
noted in patients with complex congenital heart disease, Fontan physiology, and
Eisenmenger syndrome.

Figure 1.2 illustrates the dramatic increase in HF-related mortality in this popu-
lation, while, for example, sudden cardiac death seems to be relatively unaffected
by the aging patient group [12].

Cardiac mortality by cause
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Fig. 1.2 Exponential increase in heart failure-related cardiac mortality by age compared to other
modes of mortality
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Fig. 1.3 Change in prevalence of heart failure in patients with aortic coarctation (CoA), transposi-
tion of the great arteries (TGA), tetralogy of Fallot (ToF), and univentricular hearts (UVH) between
patient age 20 and 40. Data based on Norozi et al. 2006 (see text for details)

Limited data is available on the exact incidence of HF in different patient sub-
groups. Norozi and colleagues reported on 345 ACHD patients assessed between
2003 and 2004 (Fig. 1.3). The prevalence of HF increased with age in all studied
diagnostic subgroups suggesting a high incidence of new-onset HF in this popula-
tion [17]. The highest risk of developing HF was related to a diagnosis of a univen-
tricular heart, transposition of the great arteries, and tetralogy of Fallot.

HF-related hospitalization data has been reported both from the Netherlands and
the United States. While it may provide some indication on the approximate incidence
of the condition, this type of data is biased by the fact that not all patients are admitted
for the first time related to HF and not all HF episodes require inpatient therapy [18,
19]. Zomer et al. reported an incidence of first HF admission of 1.2 per 1000 patient-
years. Risk factors for HF admissions were a diagnosis of a univentricular heart (odds
ratio 11), transposition of the great arteries (odds ratio 5), atrioventricular septal defect
(odds ratio 3), and tetralogy of Fallot (odds ratio 2). In addition to underlying cardiac
diagnosis, the presence of multiple defects, previous surgery, and pacemaker implan-
tation in childhood were linked to higher risk of HF. Furthermore, admissions for HF
were significantly related to worse outcome in this population.

1.4 Summary and Outlook

Available data suggests that HF is common in ACHD with a life prevalence of at
least 30% in most patients with complex underlying diagnoses, represents one of
the two leading causes of death in this population, and continues to increase as
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patients age. As more patients with complex heart disease survive to older age and
there is a general increase in the ACHD population, HF is likely to become epi-
demic in this population. From an epidemiologic perspective, continued efforts are
required to better delineate the incidence of HF in various age groups and across the
spectrum of ACHD. In addition, existing—in part historic—data may not fully
reflect the current needs of ACHD patients, particularly those who underwent surgi-
cal correction earlier in life or in the current era with better myocardial protection
and improved surgical expertise. In addition, the advent of interventional techniques
may allow for early hemodynamic correction, avoiding some of the reported long-
term complications, including HF. As a consequence, joint efforts to collect data on
HF incidence and prevalence in contemporary ACHD patients are required. This
could be based on national or international registries or on large administrative data-
sets. Improved identification of patients at risk, early detection, and hopefully the
advent of new therapeutic options are urgently required to avoid a catastrophic
increase in HF-related morbidity and mortality in this population.
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Pathophysiology and Causes
of Heart Failure in Adult
Congenital Heart Disease

Alexandra A. Frogoudaki

2.1 Introduction

Early diagnosis and improvements in cardiac surgery and interventional cardiology
have resulted in unprecedented survival of patients with congenital heart disease
(CHD), even those with the most complex lesions. Despite remarkable success in
treatments, many interventions are palliative rather than curative, and patients often
develop cardiac complications, including heart failure (HF) [1].

HF is a complex clinical syndrome resulting from diverse primary and secondary
causes and shared pathways of disease progression, correlating with substantial
mortality, morbidity, and cost [2]. Approximately one third of patients with CHD
have disease that is categorized as severe (comprising univentricular hearts, hetero-
taxy, conotruncal defects, atrioventricular (AV) septal defects, total anomalous pul-
monary venous return, left ventricular outflow tract (LVOT) obstruction, or right
ventricular outflow tract (RVOT) obstruction) and require intervention in the first
year of life [3]. Prevalence of HF in adults with CHD may exceed 20% of this spe-
cific population and is one of the leading causes of death [3].

There are numerous causes for a high prevalence of HF in adults with congenital
heart disease, including genetic predisposition that may be the cause of myocardial
dysfunction per se, cyanosis, prior surgical incisions and scars, inadequate myocar-
dial protection during cardiopulmonary bypass, pressure and volume overload,
arrhythmias as a consequence of abovementioned issues, and of course acquired
heart disease.
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2.2 Pathophysiology of Heart Failure

Progressive deterioration of myocardial function leads to an inability of the heart
to meet the body’s requirements for oxygen and other key substrates and is,
essentially, a mismatch of supply and demand. Energy starvation is proposed as
a unifying mechanism underlying cardiac contractile failure. This is frequently
the result of a downward spiral of events in which decreases in oxygen and sub-
strate availability trigger adaptive mechanisms, including neuroendocrine over-
drive, activation of signaling pathways, extracellular matrix remodeling, and
alterations in mechanical load, among others. Although these adaptive mecha-
nisms stabilize contractile function in the short term, over the long term, they
may result in further compromise and worsening of the vicious cycle of demand
outstripping supply.

Both LV and RV dysfunction may lead to heart failure. The molecular events that
mark the transition from a stressed but compensated state, e.g., stable hypertrophy,
to overt heart failure, defined by significant reduction in cardiac output, elevation of
RV or LV filling pressure, and increased fibrosis, are still not completely understood
[4, 5].

2.2.1 Left Ventricular Dysfunction

Much of the terminology used to describe HF is historical and is based on measure-
ment of the LV ejection fraction (EF). HF comprises a wide range of patients, from
those with normal LVEF [typically considered as >50%; HF with preserved EF
(HFpEF)] to those with reduced LVEF [typically considered as <40%; HF with
reduced EF (HFrEF)]. Patients with an LVEF in the range of 40—49% represent a
“gray area,” which since 2016 is defined as HFmrEF (midrange EF) [6].

Patients with HFpEF generally do not have a dilated LV but instead often have
an increase in LV wall thickness and/or increased left atrial (LA) size as a sign of
increased filling pressures. Most have additional “evidence” of impaired LV filling
or suction capacity, also classified as diastolic dysfunction, which is generally
accepted as the likely cause of HF in these patients (hence the term “diastolic HF”).
However, most patients with HFrEF (previously referred to as “systolic HF”) also
have diastolic dysfunction, and subtle abnormalities of systolic function have been
shown in patients with HFpEF, hence the preference for stating preserved or reduced
LVEF over preserved or reduced “systolic function” [6, 7].

The adaptive mechanisms that may be adequate to maintain the overall contrac-
tile performance of the heart at relatively normal levels become maladaptive when
trying to sustain adequate cardiac performance. The primary myocardial response
to chronically increased wall stress is myocyte hypertrophy, cell death due to apop-
tosis, and regeneration. This process eventually leads to ventricular remodeling,
usually the eccentric type, and reduced cardiac output, causing a cascade of the
neurohormonal and vascular response mechanism.
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Activation of natriuretic peptides and the sympathoadrenergic system, endothe-
lin, and renin-angiotensin-aldosterone system (RAAS) can be driven by any of isch-
emia, abnormal cardiac distension from deranged pressure, or volume loading.

Decreased carotid baroreceptor stimulation and renal perfusion will activate the
sympathetic nervous system and RAAS. Sympathetic nervous system activation
will cause increased heart rate and inotropy, leading to myocardial toxicity. RAAS
activation leads to vasoconstriction, increasing afterload (angiotensin II) and hemo-
dynamic alterations, increasing preload (aldosterone). All of these mechanisms will
cause adverse remodeling and worsen the left ventricular function, causing symp-
toms of heart failure.

It is likely that adverse remodeling, the process by which an initial injury or
stressor to the ventricle leads to progressive and predictable structural changes of
the ventricle such as dilatation or hypertrophy, is another result of the adverse load-
ing and structural conditions driving subcellular signals and cellular changes.
Regardless of initial insult, remodeling certainly occurs and in itself can lead to
progressive ventricular failure and deterioration.

It seems that all types of CHD are associated with neurohormonal activation.
Patients with CHD have marked activation of the natriuretic, endothelin, sympatho-
adrenergic, and renin-aldosterone systems. The magnitude of neurohormonal acti-
vation is equivalent to that found in HF caused by other causes, with good
concordance between NYHA class in the two populations. The correlations found
between neurohormones and clinical variables demonstrate that relatively simple
and routine noninvasive cardiac investigations (chest X-ray, measurement of atrial
volume by echocardiography, and cardiopulmonary exercise testing stand out)
could help identify which patients with congenital heart disease are likely to have
significant neurohormonal activation and be at risk of developing HF [8].

2.2.2 Right Ventricular Dysfunction

RV dysfunction is one of the leading causes of HF in CHD, as a large group of CHD
patients may have either a systemic RV or important hemodynamic lesion in the
subpulmonary RV. An RVEEF less than 45% is considered abnormal [9]. Decreased
cardiac performance arises from dysfunctional cardiomyocytes, and relative hypoxia
of the myocardium might be one of the factors responsible for the documented
fibrosis that develops in the hypertrophied RV. The changes in composition and
reorientation of the collagen and the excessive degradation of extracellular matrix
(ECM) that characterize the fibrotic process are common responses to the tissue
hypoxia arising from ischemia and microcirculatory insufficiency [5].

Long-term survival studies show that patients who have single ventricle physiol-
ogy with a systemic RV progress to heart failure sooner and more often than those
with a systemic LV. Patients with congenitally corrected transposition of the great
arteries (ccTGA), where the RV functions as the systemic ventricle, have an
increased risk of RV failure as they age, even in the absence of atrioventricular valve
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regurgitation or other lesions. Similarly, the systemic RV is at risk in patients who
have undergone an atrial switch operation for d-transposition of the great arteries
(TGA). These systemic RVs develop hypertrophy, usually at a very early age, and
therefore increased wall stress alone cannot be the only factor predisposing these
ventricles to failure.

There is little data on RV remodeling in response to hemodynamic stressors
and the pathways leading to RV failure. In addition, there is minimal data on the
volume-loaded LV and even less data on the volume-loaded RV. This is a critical
issue for patients with CHD where the RV is uniquely at risk, e.g., in patients
with right-sided obstructive lesions (such as tetralogy of Fallot, pulmonary atre-
sia), in patients with systemic right ventricles (ccTGA, hypoplastic left heart
syndrome, TGA after atrial switch), and also in patients with pulmonary hyper-
tension (PHT).

In the past, differences in global structure and loading conditions were thought
to represent the main differences between the right and left ventricles. We now
recognize that these differences begin early in development, before afterload dif-
ferences become important (the fetal right and left ventricles are both coupled to
the systemic circulation and both function at high pressure) [10]. This divergence
begins with the primary and secondary heart fields, leading to the differentiation
of left or right ventricular cardiomyocytes during early development, and contin-
ues with chamber-specific differences in cell signaling and Ca2+ handling, all
suggesting fundamental differences between the two ventricles also exist at the
cellular level.

2.2.2.1 Metabolic Adaptations to Pressure Overload

The RV and LV differ in their workload and hence in their energy needs. Based on
ventricular afterload alone, the LV workload is five times greater than the RV due to
the higher systemic vascular resistance when compared to the low-resistance pul-
monary vascular bed. Due to decreased workload on the resting RV, both oxygen
consumption and metabolic stress (adenosine triphosphate (ATP) generation rate/
maximum ATP generation rate) are lower than in the LV. Afterload stress induces
alterations in the metabolic profile of both ventricles. Both the RV and LV myocar-
dium utilize free fatty acids for biosynthesis and energy production in the normal
fasting state. With the onset of hypertrophy, however, the myocardium shifts to a
greater dependence on glucose for its energy source via increased glucose uptake
and glycolysis, since there is less oxygen consumed per ATP generated compared to
fatty acid metabolism. While this shift is beneficial during acute stress, chronic
dependence on glycolysis for energy production is inadequate to meet the demands
of the myocardium and to maintain normal function, leading to an energy-starved
state and contributing to heart failure.

During the progression into the maladaptive hypertrophied RV, there is a rise in
mitochondrial reactive oxygen species (ROS), which inhibits hypoxia-inducible
factor-a (HIF1o) and activates pathways, both of which contribute to downregula-
tion of pyruvate dehydrogenase kinase (PDK) and decreased glucose uptake [5].
Overall, elevated ROS levels can lead to cellular, molecular, and structural changes
causing further remodeling leading to failure.
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2.2.2.2 Metabolic Response to Chronic Volume Overload

During the early stages of RV volume overload, there is diastolic dysfunction and
preserved systolic function, at which point there is downregulation of several meta-
bolic pathway regulators, important for ATP production. There are also decreases in
genes encoding transport of nutrients across the cell membrane such as ATP-binding
transporters [ 11]. During the later stages of RV volume overload, there is worsening
of diastolic dysfunction and the onset of fibrosis, but similar to the clinical situation,
systolic function at this stage is largely preserved. There is a shift away from
B-oxidation with downregulation of fatty acid-binding protein and upregulation of
adenosine monophosphate (AMP) kinases and increased glycogenolysis with
upregulation of GSK3f gene and glycogen phosphorylase. These adaptations are
similar to those described during LV volume overload; however, additional research
will be required to determine if more subtle differences exist.

2.2.2.3 Ischemia

The RV has a lower resting oxygen consumption and therefore lower resting coro-
nary blood flow than the LV. In the normal RV, the majority of coronary flow occurs
in systole, in contrast to the normal LV where coronary flow is mostly in diastole.
During RV afterload stress, some have described increased right coronary artery
flow and increased oxygen extraction to support the increased oxygen demand of
the hypertrophied RV, whereas others have reported increased right coronary flow
but impaired oxygen extraction [12, 13].

When stressed, the RV is more susceptible to ischemia. This RV susceptibility to
ischemia is compounded by an impaired angiogenic response to pressure overload
compared to the LV. Thus, reduced coronary perfusion, exacerbated by a failure of
angiogenic upregulation in the setting of hypertrophy, may exacerbate RV ischemia,
possibly one of the triggers for the metabolic shift from mitochondrial oxidative
phosphorylation to glycolysis described earlier [4].

2.2.2.4 Neurohormonal Activation

Although B-adrenergic receptor signal regulation appears to be similar in the failing
RV vs. the LV, the clinical response of the two ventricles to f-adrenergic blockers is
quite different. In the normal RV, pB-adrenergic receptor stimulation induces similar
positive inotropic responses as in the normal LV. In RV failure, secondary to PHT or
pulmonary arterial banding (PAB), there is downregulation of f1, al, and DAI
receptors, decreased cyclic AMP levels, and increased G protein-coupled receptor
kinase-2 (GRK2) activity, leading to an impaired inotropic response. This down-
regulation of adrenergic signaling is greater in PHT-induced than in PAB-induced
RV hypertrophy [4].

Activation of the RAAS occurring in the setting of low LV cardiac output and/or
low systemic vascular resistance causes vasoconstriction and increased renal tubu-
lar sodium reabsorption peripherally and also has direct effects on cardiomyocyte
fibrosis. The RAAS has not been fully evaluated in RV failure. Whether the RAAS
is stimulated with RV failure in the setting of CHD remains to be determined and is
particularly important when considering the role of ACE inhibitors and angiotensin
IT receptor antagonists on right heart failure in patients with a systemic RV [14].
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2.2.3 Maechanical and Functional Interdependence
Between the RV and LV

Although it has been customary to consider LV function and RV function as sepa-
rate entities, this approach is flawed. The ventricles share common injury mecha-
nisms and anatomically share fibers that encircle both ventricles. They are intimately
attached through a common septum and share the pericardial space. Consequently,
the function of the two ventricles is inextricably linked in both the structurally nor-
mal and abnormal heart [10].

Changes in RV pressure resulting from changes in LV volume and from coronary
occlusion correlated with the degree of septal bulging into the RV cavity during
systole, suggesting that the septum plays an important role in mediating ventricular-
ventricular interactions. From experiments, it was estimated that >50% of the nor-
mal RV mechanical work may be generated by LV contraction and that the LV free
wall plays a pivotal role in RV function [15]. Similarly, LV isovolumetric contrac-
tion results in simultaneous increases in RV stroke volume and developed pressure
for a constant RV volume.

Normally, LV electric activation and RV electric activation are temporally close
enough that it is difficult to separate the peak dp/dt spike of one ventricle from the
other. When LV activation is sufficiently separated from RV activation by a ven-
tricular extrasystole or by left bundle branch block (LBBB), the contribution of LV
contraction to RV dp/dt becomes apparent [16]. The RV also profoundly affects LV
performance. Changes in RV volume lead to substantial changes in load-independent
measures of LV function and a shift in the LV pressure-volume relation. These
effects may be clinically relevant when the RV is volume unloaded by placement of
a caval pulmonary shunt [17].

In PAH, in addition to decreased cardiac output that results directly from RV
failure, leftward displacement of the interventricular septum impedes LV filling.
This secondary LV geometric change is linearly related to cardiac output, whereas
RV end-diastolic volume, in and of itself, is not related to cardiac output [18].
Similarly, in patients with tetralogy of Fallot and conduit stenosis, the prolonged
septal shift induced by RV afterload and prolonged RV contraction leads to reduced
LV filling as the septum bulges into the LV in diastole. Relief of conduit stenosis
reverses septal curvature, shortens RV contraction, synchronizes LV and RV con-
traction and relaxation, improves LV filling, and improves exercise capacity [19].

RV hypertension, dilation, and septal displacement also create RV dyssynchro-
nous motion and dyssynchronous RV-LV contraction. Interventricular dyssynchrony
and intraventricular delay may affect both myocardial mechanics and ventricular
filling/output [10].

2.2.4 Diastolic Dysfunction
Diastolic dysfunction is characteristic of many types of congenital heart disease

from infancy through to the aging heart. Increased ventricular stiffness and a
change in the microscopic structure of the myocardium are inevitable parts of
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aging. This, coupled with changes in vascular stiffness, may lead to increased
vulnerability in certain groups to developing symptomatic HF even when the ejec-
tion fraction remains within the normal range. Traditional assessment of systolic
heart function will not identify these patients. The increased stiffness of the myo-
cardium is thought to be due to changes in the collagen content of the ECM and
increased fibrosis. There are other changes including reduced phosphorylation of
sarcomeric proteins and changes in titin, which may be of importance at a cellular
level [20].

Pressure overload lesions such as aortic stenosis and systemic hypertension
cause a decrease in LV compliance due to hypertrophy. Volume overload leads to
increased LV compliance up until a point, when hypertrophy or fibrosis occurs.

Mixed pressure and volume overload can combine to affect compliance of the RV,
such as in repaired ToF with some pulmonary valve stenosis and incompetence.

TGA leads to a special situation in which the RV is faced with increased after-
load and the LV with a much lower pressure than normal, both of which may cause
decreased compliance [20]. In several studies diastolic function of systemic RV in
ccTGA [21] or post Mustard or Senning repair [22] measured either by echocar-
diography [21] or MRI [22] was correlated with MVO2 consumption [21, 22] and
brain natriuretic peptide [22].

In patients with rapid RV dilatation, restrictive RV physiology might be fre-
quently noted at the initial MRI assessment [23]. Restrictive RV physiology was an
independent risk factor for rapid RV enlargement in a cohort of tetralogy of Fallot
patients.

In CHD, surgical patches and scars may contribute to diastolic as well systolic
myocardial dysfunction.

2.3  Causes of Heart Failure in Congenital Heart Disease

Adult patients with CHD experience myocardial dysfunction that is caused by
abnormal loading conditions, fibrosis, cyanosis, and hypoperfusion. Genetics
may also play a pivotal role in myocardial cell dysfunction. Arrhythmias and
acquired heart disease also contribute to HF development. In addition there is
often the added insult of poor myocardial preservation during (multiple some-
times) cardiopulmonary bypass surgery. Causes of HF in ACHD are summarized
in Fig. 2.1.

2.3.1 Genetics

The development of the heart is under genetic control, and CHD is highly influ-
enced by genetic factors, although teratogens and maternal factors may also contrib-
ute to disease manifestation. The genetic causes of CHD include chromosome
abnormalities, genomic disorders in which the clinical phenotype is a consequence
of abnormal dosage of gene(s) located within the rearranged genomic fragments,
and single-gene causes [2].
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Fig. 2.1 Interdependence
between multiple causes of
myocardial dysfunction in
patients with congenital
heart disease
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Familial dilated cardiomyopathy, for example, most often illustrates a Mendelian
pattern of inheritance. CHD, in contrast, is most often multifactorial with a complex
interplay of multiple genes and environment contributing a susceptibility to the
development of a structural defect. The underlying causes of CHD remain relatively
poorly understood, and although it has long been thought to have both genetic and
environmental contributions, the epidemiology of CHD points to genetics contribut-
ing to the majority of CHD. The overall incidence of CHD has been stable at 0.8—
1.1% of live births, with small changes in CHD incidence attributable to improved
diagnostic methods. The risk of recurrence of related forms of CHD among siblings
is elevated, ranging from 3.4 for atrial septal defects (ASDs) to 79.1 for heterotaxy
in the Danish national cohort study [24].

Although the increased prevalence of HF in ACHD is primarily viewed as a
result of a volume or pressure overload, when the starting point is an abnormal
heart, an independent genetic component will also be present. This route depicted in
Fig. 2.2 with permission from Fahed et al. [25] delineates a purely genetic compo-
nent that causes both cardiac malformation and a cardiomyopathy that result in HF,
unrelated to hemodynamic stress. Many of the pathways involved in cardiac devel-
opment in utero are also involved in myocardial structure and stability. Therefore, it
is not surprising that certain molecular perturbations can cause both a cardiac defect
at birth and a cardiomyopathy that can present later in life, often in childhood [25].

Recent data indicate that mutations in sarcomeric genes are associated with CHD
in addition to cardiomyopathy [26]. Mutations in specific protein domains of the
MYH?7 gene cause Ebstein anomaly in addition to causing cardiomyopathy [27].
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Fig. 2.2 Schematic of the hypothesized mechanisms linking congenital heart disease with heart
failure. Three putative routes may lead to HF in ACHD: rare monogenic entities that cause both
CHD and HF (middle arrow), severe CHD lesions in which acquired hemodynamic effects of CHD
or surgery result in HF (top arrow), and most commonly a combined effect of complex genetics in
overlapping pathways and acquired stressors caused by the lesion (bottom arrow). From [25] with
permission. HF heart failure, ACHD adult congenital heart disease

Interestingly, in the original description, 6% of a cohort of patients with Ebstein
anomaly, a defect of tricuspid valve formation and position, had MYH7 mutations,
of which 75% had left ventricular noncompaction cardiomyopathy [28].

The genetics underlying CHD have identified critical biological pathways
involved in CHD, including chromatin remodeling, Notch signaling, cilia function,
sarcomere structure and function, and RAS signaling. These pathways are antici-
pated to provide direct insights into the mechanism of heart development and to
provide insights into potential CHD comorbidities, such as ventricular dysfunction
observed in the setting of sarcomere and RAS pathway mutations [3]. It will take
many years to establish how genetic factors play a specific role in myocardial cell
function and how these factors interact to predispose the patient with CHD to myo-
cardial dysfunction and HF.

2.3.2 Hemodynamic Sequelae of Congenital Heart Disease

LV and RV volume and pressure overload can cause myocardial dysfunction and HF
through the mechanisms previously analyzed. Lesion type is a useful risk stratifier.
HF in patients with CHD is typically attributed to concomitant pressure or volume
overload (see Chap. 4). Therefore, patients with specific types of CHD will univer-
sally experience HF without surgical correction, while patients with surgical
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Table 2.1 Main causes and mechanisms of heart failure in congenital heart disease

Causes Mechanisms

Genetics Sarcomere structure

CHD-related Pressure and/or pressure-volume overload of systemic and/or
hemodynamic sequelae subpulmonary ventricle, reduced cardiac output

Fibrosis Hypertrophy, increased filling pressures, surgical scars
Cyanosis Hypoxia

Impaired myocardial Congenital coronary artery abnormalities, postsurgical coronary
perfusion—ischemia artery abnormalities, demand-supply oxygen mismatch
Arrhythmias Tachycardia-induced cardiomyopathy, dyssynchrony

Acquired heart disease Coronary artery disease, diabetes mellitus, arterial hypertension

correction may or may not present with HF during their lifetime. Systemic to pul-
monary shunts surgically created can also cause LV volume overload and in time
PAH if the shunt is sizable (Table 2.1).

2.3.3 Myocardial Fibrosis

The normal myo-architecture of the heart differs between the LV and the RV. The
LV has a thicker compact layer with its myocytes arrayed in varying orientations
through its depth, while the more apical parts of the human RV are predominantly
trabeculated, with only a thin outermost compact layer. The RV has a complex geo-
metrical shape. It is wrapped around the LV, which allows it to shorten in systole as
well as to benefit from ventricle-ventricle interdependence from the LV contraction
due to its sharing of common fibers, septum, and pericardial space. The RV suben-
docardial fibers are shared with the LV subendocardial layer via the interventricular
septum. Likewise, the RV subepicardial fibers are shared with the LV subepicardial
layer [29].

The myo-architecture of a normal RV wall is not considered to contain a middle
layer of circumferential fibers apart from that in the RVOT. However, in a diseased
RV [tetralogy of Fallot (ToF)], a middle circumferential layer was identified. These
changes in myo-architecture were not only found in adult ToF patients’ post-repair
but also in infants before surgery [30, 31].

The myocardial extracellular space is the interstitial tissue that contains the fibro-
collagenous material, endomysium. The endomysium acts like a mesh that coordi-
nates the conduction of impulses and transmission of forces and provides a
supportive framework. In immediate proximity to cardiac myocytes is the perimy-
sium, which is the thicker connective tissue that transmits shearing forces [29].

One downstream effect of neurohormonal and RAAS activation is alteration in
collagen turnover by myofibroblasts, leading to detectable myocardial fibrosis.
Myocardial fibrosis may be a final common pathophysiological pathway that links a
wide spectrum of congenital heart conditions. There is great importance in detecting
its various forms and understanding its prognostic significance for a more targeted
treatment approach. Broadly, there are two forms of fibrotic processes that can occur:
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replacement fibrosis and interstitial fibrosis. Replacement fibrosis is irreversible and
occurs following an insult to myocytes, commonly ischemia. This focal type of fibro-
sis can be detected usually by LGE imaging, assuming there is a neighboring normal
myocardium. Interstitial fibrosis is secondary to increased collagen deposition within
ECM as a response to abnormal loading conditions on the myocardium such as typi-
cally occurs in CHD patients’ myocardium. Abnormal accumulation and/or change
in the quality of the connective tissue increases myocardial stiffness and reduces the
compliance of the ventricle [1, 29].

There has been interest in the presence and impact of myocardial fibrosis in
CHD as detected by delayed enhancement after gadolinium injection during car-
diac magnetic resonance imaging (MRI), a phenomenon referred to as late gado-
linium enhancement (LGE). Gadolinium increases signal intensity of extracellular
material in myocardium late after injection, which correlates with fibrosis. This
method has been used to demonstrate macroscopic areas of fibrosis in several dif-
ferent CHD subgroups, including TOF (53%), systemic RV (61%), Eisenmenger
syndrome (73%), and Fontan palliation (26%) [1]. Interstitial fibrosis can be
detected with T1 mapping and extracellular measurements and remains unde-
tected by LGE imaging because it is more diffuse and widespread throughout the
myocardium preventing identification by comparison to neighboring “normal”
myocardium. Patients studied with methods that quantify diffuse fibrosis using T'1
mapping to measure the extracellular volume fraction, a marker of fibrosis, dem-
onstrated significantly more fibrosis than healthy control subjects and more than
the amount detected by LGE; the increased diffuse fibrosis correlated with ven-
tricular enlargement and decreased ventricular systolic function [32]. Fibrosis
may be one of the causes of systolic and/or diastolic dysfunction in CHD that
leads to clinical heart failure.

2.3.4 Cyanosis

Myocardial ischemia in cyanotic patients may not have a detectable impact on ven-
tricular function in the short term but may jeopardize or preprogram the myocar-
dium to more serious dysfunction later in life. In terms of coronary circulation,
extramural coronary arteries in cyanotic CHD initially dilate in response to endothe-
lial nitric oxide and prostaglandins which are increased because of the increased
shear stress associated with the increased viscosity of the erythrocytotic perfusate.
Aneurysmal dilatation (coronary ectasia) results from mural attenuation caused by
coexisting abnormalities of the media. Basal coronary blood flow is substantially
increased in the dilated extramural coronary arteries, but flow reserve and hyper-
emic flow remain normal because the coronary microcirculation is remodeled by
vascular endothelial growth factor (vasculogenesis) and nitric oxide (angiogenesis).
Dilated extramural coronary arteries are thought to be atheroma-free because of the
antiatherogenic effects of hypocholesterolemia, hypoxemia, upregulation of nitric
oxide, hyperbilirubinemia, and low platelet counts [33].



22 A. A. Frogoudaki

In ToF cyanotic patients, the high degree of right ventricular obstruction and the
smaller size of the pulmonary annulus and main pulmonary artery are responsible
for the preoperative chronic hypoxic state. In a recent analysis were identified
several genes deregulated in the cyanotic heart that might be responsible for the
susceptibility of cyanotic children to ischemia and reoxygenation injury during and
after surgical intervention [34]. Cyanotic patients may have significant periopera-
tive myocardial cell damage compared with acyanotic patients undergoing cardiac
surgery. This susceptibility to ischemia and reperfusion damage can be explained
by the impairment of factors crucial to cardiac function, induction of apoptotic
pathways, and alteration of signal transduction pathways seen in cyanotic patients
[35, 36].

2.3.5 Ischemia

Ischemia leads to myocardial dysfunction and HF in the long term. Besides cyano-
sis there are other causes of myocardial hypoperfusion in patients with CHD such
as coronary artery anomalies and supply-demand ratio mismatch in patients with
systemic RV supplied only by right coronary artery. Many studies demonstrated
perfusion abnormalities in patients with a systemic RV in whom the typical coro-
nary anatomy supplying the RV was insufficient for a hypertrophied, enlarged ven-
tricle, although there are conflicting data on the frequency and clinical importance
of these findings.

In arecent study, RV myocardial microvascular density of the septal wall in TGA
and TOF patients with RV hypertrophy due to pressure and/or volume overload was
reduced. This appeared to be related to a reduced myocardial perfusion reserve and
impaired right ventricular systolic function [37].

Congenital coronary artery abnormalities (anomalous origin and/or course)
have been described in a variety of congenital heart defects, for example,
ccTGA. Another rare cause of angina and myocardial ischemia in patients with
Eisenmenger syndrome is an extrinsic compression of the left coronary ostium
by a dilated pulmonary artery. Furthermore, manipulation of the coronary arter-
ies can be an unavoidable part of the surgical repair of the congenital heart
defect, for example, reimplantation of the coronary arteries during the arterial
switch procedure in transposition of the great arteries or during aortic root
replacement.

Although few patients >40 years of age have undergone arterial switch opera-
tion, this surgery is now routinely performed, and an older population will be
emerging. The great arteries are transected, and the coronary arteries are translo-
cated to the opposite arterial root. This translocation involves injury of the sympa-
thetic nerves that supply the coronary arteries, with attendant denervation. Abnormal
vasoreactivity has been documented in these arteries, as well as increased intimal
thickness and rare coronary events. Whether this seemingly increased risk would
qualify as the “high-risk” category is unclear at this time.



2 Pathophysiology and Causes of Heart Failure in Adult Congenital Heart Disease 23

2.3.6 Arrhythmia

As patients with complex congenital heart lesions age, arrhythmias have emerged as
leading sources of morbidity and mortality. Heart failure and arrhythmias are inter-
twined, as one may herald, beget, or aggravate the other [38]. The relationship of
heart failure to arrhythmogenesis and sudden cardiac death risk is increasingly
appreciated. Hemodynamic and electrophysiologic conditions that lead to heart fail-
ure, clinical arrhythmias, and adverse outcomes in adults with CHD often extend
over several decades. These include long-standing effects of prior atrial or ventricu-
lar volume loading, scarring, patches, baffles and surgical barriers, electromechani-
cal dyssynchrony, ongoing deleterious effects on cell-cell electrical coupling, and
underlying genetic aspects. Inevitably, the incidence of arrhythmias in the adult
CHD population far exceeds that seen in younger patients. Several forms of CHD
predispose to arrhythmias even in the absence of surgical intervention because of
abnormalities of the conduction system and intrinsic structural malformations.

Surgical interventions might result in sinus node dysfunction and propensity
for supraventricular and ventricular arrhythmias. Moreover, arrhythmias in adults
with congenital heart disease and heart failure can be poorly tolerated or life-
threatening. They are significant risk factors for sudden death in the CHD popula-
tion [39]. Chronotropic incompetence may contribute in exercise intolerance in
CHD patients [40].

Ventricular dyssynchrony due to intrinsic or pacing-induced ventricular conduc-
tion delay can likewise have deleterious effects on systemic ventricular function. In
adults with CHD, RBBB is more common than LBBB, particularly in the setting of
ToF, ventricular septal defects, double-outlet right ventricle variants, Rastelli sur-
gery, AV septal defects, and Ebstein malformation of the tricuspid valve. In most
cases, RBBB is a complication of surgical repair [40]. Device therapies directed at
maintaining chronotropic competence, cardiac resynchronization, and preventing
sudden death are increasingly used [38] (see Chap. 12).

2.3.7 Acquired Heart Disease

The CHD population has increased dramatically over the past few decades, with
many patients now in middle age or the geriatric age range. The relationship between
the risk factors of hypertension, hyperlipidemia, and diabetes mellitus with cardio-
vascular disease is well established. As the CHD patient ages, exposure to these risk
factors may be considered no less problematic than with the non-CHD population.

The CHD individual may have abnormal myocardial substrate, abnormal cardio-
vascular physiology, abnormal anatomy, or any combination of the three. The
adverse impact of superimposed cardiovascular risk factors may well be amplified
in this group, who also may already be at risk for systemic ventricular dysfunction,
rhythm disturbances, and heart failure. It has been reported that ~80% of adults
with CHD had at least 1 cardiovascular risk factor. Coronary artery disease (CAD)
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in this population may be atherosclerotic or of other etiology as mentioned above
[41,42].

Hypertension is a leading risk factor for heart disease and stroke, the leading and
third-leading causes of death in the United States, respectively. Appropriate treat-
ment in any population is imperative. The CHD patient may be particularly vulner-
able because many already have abnormal hemodynamics. Changes in aortic
stiffness, diameter, and wave reflection that can occur with aging may lead to
increased ventricular afterload, resulting in potential adverse effects in late systolic
ejection and diastolic relaxation. The single or systemic ventricle, which may poorly
tolerate increased afterload, may be particularly sensitive to these changes, resulting
in detrimental effects.

Coarctation of the aorta is another group with increased cardiovascular risk [41].

After coarctation repair patients have increased muscle sympathetic nerve activ-
ity, dampened sympathetic baroreflex response, endothelial dysfunction, and
increased ambulatory arterial stiffness index, all of which may contribute to the
development of late hypertension [43]. As with systemic hypertension, diabetes
mellitus may exacerbate diastolic dysfunction in CHD not only via coronary artery
disease but because of microvascular disease. In a recent study, CHD patients had
an increased risk of developing type 2 diabetes mellitus after age 30. Patients with
cyanotic CHD were at particular risk. This population-based cohort study included
Danish subjects with CHD who were born between 1963 and 1980 and were alive
at age 30 years [44]. As diabetes mellitus and glucose intolerance are such potent
risk factors for cardiovascular morbidity, appropriate screening and treatment strat-
egies are increasingly an important part of the care of the ACHD patient [41].

24 Clinical Scenarios of Heart Failure
in Congenital Heart Disease

HF due to CHD may be classified in seven categories [45]:

1. Systemic LV dysfunction and/or elevated pulmonary wedge pressure caused by
congenital lesions of the left circulation (repaired or unrepaired) such as mitral
stenotic lesions, aortic stenosis -subvalvar, valvar, supravalvar- and coarctation
of the aorta (LV pressure overload, ischemia), ventricular septal defects, and pat-
ent ductus arteriosus unrepaired (LV volume overload). This type is similar to
HF due to acquired heart disease.

2. Post tetralogy of Fallot (ToF) repair. Patients with repaired ToF constitute the
largest group of ACHD survivors with surgically repaired cyanotic CHD. The
presence of RV volume (i.e., pulmonary valve regurgitation) or pressure over-
load, myocardial fibrosis, or disorders of electrical conduction is universal in the
population of adults late after ToF repair. There is along (possibly indefinite)
preclinical phase where symptoms and signs of overt HF are absent despite
important underlying right heart dilation and dysfunction. This reflects the tre-
mendous adaptive capacity of the RV, as end-diastolic volume increases to
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maintain stroke volume and mass augments to maintain wall stress [46]. Twenty
percent of patients with repaired ToF have also impaired LV function. Number of
years with a palliative shunt prior to full repair has emerged as an independent
predictor of impaired LV function in later life [47]. These observations attest the
fact that chronic cyanosis has a deleterious effect on myocardial architecture
with long-term implications for the development of ventricular fibrosis, as dem-
onstrated histologically and through advanced imaging.

3. Systemic RV. There are two situations with a biventricular physiology in which
the morphologically RV is positioned to deliver systemic blood flow TGA after
a Mustard or Senning procedure and ccTGA with or without associated cardiac
abnormalities. Many patients have asymptomatic systemic ventricular dysfunc-
tion with depressed ejection fraction or chamber dilation in the absence of symp-
toms. Asymptomatic ventricular dysfunction may persist for prolonged time
periods before the onset of symptoms. The morphological RV is perfused by a
single right coronary artery. In such a situation, there may be limitations of myo-
cardial perfusion and <functional> ischemia. Tricuspid regurgitation is a major
cause of ventricular dysfunction, and there has been much debate about the cause
of systemic ventricular failure. In addition to the morphological RV’s inherent
vulnerability to failure, it has a complex relationship with systemic atrioventricu-
lar valve regurgitation, and controversy exists as to which is the “chicken” and
which is the “egg.” It appears that primary RV failure, while uncommon, is a
frequent sequel to systemic atrioventricular valve regurgitation [48-51].

4. Single ventricle post Fontan-type operation. Ventricular dysfunction can be
caused by the congenital malformation itself, previous surgical interventions, or
the very abnormal working conditions of the ventricle at the various stages of
palliation, both before and after Fontan-type operation. During the first months
after birth, the ventricle will usually be volume overloaded, either by a band or
by an aorta-pulmonary shunt. This volume overload will lead to dilation and
spherical reconfiguration, cardiac overgrowth, and eccentric hypertrophy. After
unloading at the time of a Fontan-type operation, some regression to normaliza-
tion will occur but will be frequently incomplete. The preload to the ventricle is,
at the time of a Fontan-type operation, reduced to levels well below normal for
body surface area (50-70%), and even more when expressed in relation to ven-
tricular size (25-70%). The ventricle thus evolves from being volume overloaded
and overstretched to overgrown and (severely) under loaded. It should therefore
not be a surprise that the deprived ventricle in a Fontan circuit shows systolic and
diastolic dysfunction. The ventricle may now enter a vicious cycle, whereby the
low preload results in remodeling, reduced compliance, poor ventricular filling,
and eventually continuously declining cardiac output. This phenomenon of pro-
gressive “disuse hypofunction” occurs at a chronic preload of less than 70% of
the “due” preload [52]. Venous congestion may occur at any time due to elevated
pulmonary artery pressures. Higher systemic venous pressures could not only
indicate impaired systemic ventricular myocardial performance but also refer to
obstructions in the systemic venous return or to an increased pulmonary vascular
resistance. In case of the latter, too much preload reduction might compromise
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the Fontan circulation and lower the systemic cardiac output. Unique manifesta-
tion of failing Fontan are protein-losing enteropathy and plastic bronchitis
caused by elevated venous and pulmonary artery pressures, respectively [53].

. Cyanotic congenital heart disease with or without pulmonary hypertension.

There are hematologic, neurologic, renal, and rheumatic complications in
patients with cyanotic congenital heart disease. There is chronic heart muscle
hypoperfusion and severely reduced exercise capacity. In a CHD patients’ cohort
of 560, patients with cyanosis had a lower peak VO2 than those without. VE/
VCO?2 slope was 73% higher in patients with cyanosis than in those without. A
significant inverse correlation was present between resting oxygen saturations
and the VE/VCO?2 slope in the cyanotic patients. Cyanosis is a powerful stimulus
for this abnormal ventilatory response, irrespective of pulmonary arterial hyper-
tension [54]. Both chronic cyanosis and pressure loading likely contribute to
various signaling pathways leading to myofibroblast activity that causes fibrosis.
Fibrosis is generally associated with arrhythmia and myocardial dysfunction,
which is a common cause of HF and eventual death in these patients. In cyanotic
patients there was a strong correlation between fibrosis and systemic end-
diastolic volume [55]. In Eisenmenger syndrome there is severe pulmonary arte-
rial hypertension due to increased pulmonary vascular resistance (PVR). There
is RV pressure overload that precedes RV failure.

. Acquired heart disease in ACHD patients. Acquired heart disease as mentioned

above may have varying prevalence in the CHD population. Cyanotic patients
rarely have coronary artery disease, but patients post coarctation repair may have
systemic arterial hypertension, while patients post arterial switch surgery may be
of high risk in developing CAD [41].

Nonetheless, considering that risk factors for the development of heart fail-
ure in the general population like arterial hypertension, diabetes, and CAD, to
name a few, are also present in CHD patients, it seems reasonable to assume
that these risk factors could also play a role in the development of heart failure
in this patient group. And indeed, it is reported that the association between
CAD and systemic ventricular size and functional impairment suggested that
CAD may contribute to ventricular dilatation and functional limitation [42, 56],
in CHD patients.

. Tachycardia-induced cardiomyopathy: Arrhythmia-induced cardiomyopathy

(AIC) is a condition in which atrial or ventricular tachyarrhythmias or frequent
ventricular ectopy results in LV dysfunction, leading to systolic HF. The hall-
mark of this condition is partial or complete reversibility once arrhythmia control
is achieved. AIC can be classified into two categories: one where the arrhythmia
is the sole reason for ventricular dysfunction (arrhythmia-induced) and another
where the arrhythmia exacerbates ventricular dysfunction and/or worsens HF in
a patient with concomitant heart disease (arrhythmia-mediated) [57]. Patients
with CHD without pervious systemic ventricular dysfunction may present with
arrhythmia-mediated HF. In animal models during the early phase (the first 3 to
7 days) of rapid pacing, LV dilation occurs with a decline in LVEF. This early
remodeling phase is not accompanied by compromises in cardiac output or
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systemic perfusion pressures [58]. By the second week, LV dilation, a fall in
LVEEF, and elevations in central venous and pulmonary capillary wedge pressures
and systemic vascular resistance ensue. Eventually, HF develops. Rapid pacing
in animals results in a predictable, time-dependent change in neurohormonal
pathways and synthesis and release of bioactive peptides.

Plasma atrial natriuretic peptide and B-type natriuretic peptide (BNP) increase
early, concomitant with LV dilation; eventually, natriuretic peptides plateau
or decrease, likely due to suppression of synthesis and increased degradation
by endopeptidases. Another hallmark is activation of sympathetic pathways,
resulting in norepinephrine spillovver. Consistent with the phenotype of pro-
gressive LV failure, rapid pacing invariably causes activation of the renin-
angiotensin-aldosterone system. Other bioactive molecules activated and
released include endothelin and inflammatory cytokines, such as tumor
necrosis factor alpha.

Atrial arrhythmias, the most common complication in adults with CHD, may have
devastating outcomes when timely recognition is missed and treatment delayed
[59]. Due to pathologic substrate, in most cases, sustained fast heart rate may be
the cause of severe ventricular dysfunction in CHD patients.

Early recognition is critical, and aggressive treatment aimed at controlling or elimi-
nating the inciting arrhythmia results in symptom resolution and recovery of
ventricular function. However, cellular and extracellular ultrastructural changes
can persist and can contribute to a rapid decline in cardiac function with arrhyth-
mia recurrence, as well as confer a risk of sudden cardiac death [57].
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Definition and Diagnosis of Heart Failure 3
in Adult Congenital Heart Disease

Craig S. Broberg

3.1 Introduction

The term heart failure (HF) is frequently applied to adults with congenital heart
disease (ACHD) in several different settings. Population studies cite rising num-
bers of affected individuals. Providers respond to dyspnoea and oedema with stan-
dard HF treatment strategies. Patients themselves may ask, “Do I have heart
failure?” or look to the Internet for treatment options. It has been stated that
ACHD is the original HF syndrome [1], but what exactly this term connotes varies
considerably.

This chapter will review definitions that have been used and the challenges of an
accurate and uniform HF diagnosis. It will become apparent, as was observed
decades ago, that “no definition of HF is universally accepted” [2].

A precise definition of HF is necessary to understand the natural history of vari-
ous congenital defects, HF pathophysiology, and therefore its prevention and treat-
ment [3]. It is necessary for defining population outcomes, since HF is typically
associated with increased mortality [4-6]. A clear definition is also crucial for
studying the role of so-called “advanced” HF therapies such as mechanical support.
Varying definitions mean considerable variation in published disease prevalence
and impact [7]. It is unlikely however that one universal set of diagnostic criteria
will serve all potential purposes.
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3.2 General Definitions Considered

The most elementary definitions of HF state that “the heart cannot pump enough blood
to meet the body’s needs.” Others add that the heart is unable to “pump blood at an
adequate rate or in adequate volume” [8], for effective end-organ perfusion [9]. This can
include someone with adequate resting perfusion but inadequate perfusion during exer-
tion. Others state that the heart can pump adequately but “only (with) an elevated dia-
stolic filling pressure” [10] hence the rationale for the additional term “congestive.”

These terms have two limitations. First, they are too inclusive of all the compo-
nents of the cardiovascular system that may be abnormal including valve disease,
arrhythmia, shunts, or even noncardiac components such as the lungs, all of which
may be impaired in ACHD. Second, they do not include situations where physio-
logic adaptations preserve “adequate” output even when myocardial dysfunction is
present. A HF definition that requires evidence of inadequate systemic perfusion,
particularly at rest, would only include individuals with end-stage conditions.

For example, an asymptomatic patient with a systemic RV with reduced systolic
function and no evidence of poor perfusion would not meet this definition, whereas a
patient with severe pulmonary valve stenosis and pre-syncope during activity would.
However the physician may argue that the first patient had HF and the second did not.

Physicians will universally agree that HF is a clinical diagnosis. For example, the
words “heart failure” are never included on an echocardiogram report, even when
poor myocardial function is present. Importantly, the terms “heart failure,” “systolic
dysfunction,” and “cardiomyopathy” are not synonymous [11, 12]. They each refer
to distinct clinical imaging and pathophysiologic changes, respectively. Research
criteria for HF published decades ago were based exclusively on clinical criteria
such as elevated jugular venous pressure, third heart sound, and oedema [13]. These
criteria did not consider the “myocardial factor” [14], a term used often in the day
to denote myocardial dysfunction as an isolated cause of these symptoms apart from
limitations due to valves, shunts, arrhythmia, etc.

Today the term HF now denotes a clinical syndrome that includes some form of
fundamental myocardial abnormality [15]. For example, the ACC/AHA Task Force
defines HF as “a complex clinical syndrome that results from any structural or func-
tional impairment of ventricular filling or ejection of blood” (italics added) [11, 12].
The ESC definition is similar, describing clinical symptoms in the setting of “a
structural and/or functional cardiac abnormality, resulting in a reduced cardiac out-
put and/or elevated intracardiac pressures at rest or during stress” [16]. These Task
Force definitions acknowledge the wide range of “structural” abnormalities possible
and the many variations of myocardial alterations (such as systolic and diastolic
impairment) and symptoms (such as during exertion) that may be relevant.
Symptoms and signs that may be encountered include indications of elevated LV
filling pressure (dyspnoea, orthopnoea, paroxysmal nocturnal dyspnoea) or RV fill-
ing pressure (ankle oedema, increased abdominal girth) and of low output (marked
fatigue, pre-syncope, renal impairment, or gastrointestinal disturbance).

This coupling of clinical findings with functional changes is essentially what we
now understand to be HF. Going further, in ACHD specifically, the HF definition
should encompass the astute observation in ACHD from over 50 years ago that “the
status of the myocardium is the final determinant of the clinical course and



3 Definition and Diagnosis of Heart Failure in Adult Congenital Heart Disease 33

prognosis” [17]. With this in mind, it seems that the designation of HF should indi-
cate clinical manifestations of myocardial abnormalities rather than any other car-
diac component.

When considering the physiologic right heart specifically, distinctions have been
made between “right heart failure” and “right ventricular failure” [18]. For example,
a patient with tetralogy of Fallot may have been labelled as having “right heart fail-
ure” by clinicians that fail to recognize and treat pulmonary valve regurgitation as
the true cause of the clinical manifestations.

3.3 Diagnostic Criteria Used in Existing Publications

Common published diagnostic criteria include a range of clinical, functional, bio-
chemical imaging and haemodynamic features either alone or in combination
(Table 3.1). Arguably the most reliable of these metrics are those that have been
shown to predict increased morbidity or mortality. Many of these prognostic

Table 3.1 Ceriteria for heart failure diagnosis used in published research

* Clinical
Jugular venous pulse elevation
Need for diuretic
Oedema
Shortness of breath
Ascites
Second heart sound
Symptom scores (Minnesota living with HF, Seattle HF, etc.)
“Coded” as such in administrative or billing codes
* Biochemical
B-type natriuretic peptide
Renin-angiotensin-aldosterone activation
Circulating byproducts of collagen metabolism (fibrosis markers)
* Functional
Subjective NYHA class
6-min walk distance
Peak VO2 or percent predicted peak VO2
* Imaging
Cardiothoracic ratio on chest radiography
Ventricular ejection fraction (or surrogates such as fractional shortening or fractional area
shortening)
Ventricular diastolic dimension
Myocardial fibrosis (by late gadolinium enhancement or extracellular volume)
Myocardial strain
“Myocardial dysfunction” reported on imaging tests even if not specified
* Haemodynamic
Cardiac output or cardiac index
Right or left ventricular pressure elevation (including wedge pressure)
e Outcomes based
Inotrope dependent
Hospital admissions for diuretics
“CHF” recorded in chart notes or as defined by codes, diuretic need, or BNP
Listed for heart transplant
Cause of death noted on death record
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markers are continuous variables, such as ejection fraction for which varying cut-off
values have been inconsistently applied. Others are only semi-quantitative, such as
the New York Heart Association (NYHA) class, and others are not quantifiable in
practical use such as the presence of ascites or orthopnoea. Some may vary over
time such as the need for diuretic use or exercise parameters. Billing codes are often
used in large data sets. The specificity of these codes for HF diagnosis is high but at
the expense of a low sensitivity [19].

34 Criteria Used in ACHD Studies

In ACHD research, many of these same diagnostic criteria have been used to define
HE. They include those purely based on clinical findings such as the NYHA class
[20], billing codes for hospital admissions [18], or clinical definitions used in non-
ACHD HF guidelines [21]. Some studies incorporate a combination of clinical and
functional parameters or risk models based on a number of different clinical and
imaging metrics [22-24]. BNP and peak oxygen consumption (VO,) during exer-
cise have both been widely used and are associated with each other [25, 26]. Indeed,
many of these HF markers are interrelated and interdependent [27-31]. Some
authors have relied on clinicians’ descriptions in clinical notes [32] or HF listed on
death records [6, 33, 34]. Others use imaging findings, such as ejection fraction [6].
Each instance seems suited towards the data available at the time of study and the
nature of the question being addressed.

Much research attention has shifted to preclinical indicators of myocardial dys-
function. These may include newer markers of neurohormonal activation [35-37],
high-sensitivity troponin [38], and renin-angiotensin-aldosterone activity, including
various genotypes that have been demonstrated to be associated with diastolic func-
tion and BNP [39]. Others include markers of collagen turnover and changes in the
extracellular volume fraction of the myocardium, indicative of diffuse myocardial
fibrosis [40-42]. Early signs of altered ventricular mechanics through novel imag-
ing, such as strain metrics [43-45], may also be applicable in identifying HF
patients. These could all play a role as preclinical indicators of early HF, prior to
symptom manifestations. Although they are objectively quantifiable and gaining
credibility in general cardiology, they have not yet been validated in ACHD.

3.5 Diagnostic Challenges in ACHD

Considering the two halves of the HF definition, the assessment of either can be
problematic in ACHD. Symptoms may not be present or at least not recognized by
the patient who has been accustomed to long-standing limitations [46]. NYHA clas-
sification is an important discriminator of poor exercise capacity that matches
objectively measured function [47], though subjective and only loosely assessed.
Formal symptom scores using established symptom survey instruments have had
limited validation in ACHD [15, 48].
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There is also the challenge of defining ventricular dysfunction in ACHD, either
diastolic or systolic, at rest or with exercise, or in a geometrically altered ventricle.
Functional measurements may be inconsistent either between patients or serially in
the same patient. Despite numerous methodologies, there is a certain degree of sub-
jectivity with almost each one. Even cardiac magnetic resonance, often considered
the gold standard for volumetric quantification, has limitations [49]. Furthermore,
normative values for ventricular diameter, volume, or ejection fraction may not be
well established, particularly for a systemic right or single ventricle. It is impossible
therefore to propose strict criteria for a HF diagnosis using these metrics.

There is a poor correlation between symptom severity and the degree of myocar-
dial change [12], and there are a number of confounding factors regarding symp-
toms (such as diet or deconditioning) and measured myocardial performance (such
as rthythm or loading conditions). The disconnection between symptoms and func-
tion has been shown to hold in ACHD conditions particularly in those with a sys-
temic right ventricle [50].

Because exertional intolerance is central to the definition and diagnosis of HF
[12], much has been written about the value of formal exercise testing in ACHD [47,
51]. Exercise capacity, quantified either by peak oxygen consumption (VO,) or
heart rate reserve, is associated with hospitalization and mortality risk [47, 51, 52].
The disadvantage is that exercise intolerance is often multifactorial, not simply
related to myocardial dysfunction alone. Pulmonary vascular disease, valvular dys-
function, cyanosis, chronotropic incompetence, skeletal muscle abnormalities, lung
disease, and anaemia may all be contributing factors, which partly explain the sig-
nificant ranges of exercise capacity between various ACHD subtypes [47]. When
considering therapeutic strategies for a patient based on exercise testing, the degree
to which these other conditions are limiting exertion needs to be sorted out on an
individual basis. However, it should be noted that any exercise-limiting condition
may also trigger neurohormonal activation that can in turn contribute to myocardial
alteration and eventual dysfunction.

Since HF definitions include the presence of high filling pressures or low cardiac
output, the standard for such quantification is invasive haemodynamic assessment in
the catheterization laboratory. Carefully measured haemodynamics are often called
upon to distinguish ventricular dysfunction (diastolic or systolic) from other struc-
tural problems that would be addressed through different means. However haemo-
dynamics vary in response to different metabolic states. For example, a patient with
normal baseline filling pressures, while fasting and lying recumbent, may not have
after saline administration or during upright exercise. Therefore haemodynamic
data also needs careful interpretation in the context of the patient’s condition.

3.6 The Heart Failure Continuum

HF is a long-standing process [14]. A simplified description of this complex pro-
gression may be stated as follows: it begins with some abnormal component of the
cardiovascular system that leads to altered ventricular loading. This triggers
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neurohormonal changes, altered myofibrillar function, and ventricular geometry,
leading to declines in ventricular performance, then symptoms/signs of HF. The
prevalence of HF will be dependent on how early or late in the progression one
elects to define affected individuals. Often, precursors of HF may warrant just as
much consideration and treatment [16].

The clinical trajectory of HF is not typically a gradual, uninterrupted decline,
particularly in ACHD patients (Fig. 3.1). Fluctuations in the clinical course may
include the need for repeat cardiac surgery and other acute triggers which are tem-
porarily overcome. Exertional limitations may improve with intervention and/or
training. BNP may increase with worsening systemic atrioventricular valve regurgi-
tation [27, 53], then improve with diuresis or after valve intervention. Therefore,
any one criterion that identifies an affected patient may not be present later under
different circumstances.

While defining HF as any point on the continuum recognizes vulnerability across
the ACHD spectrum, it does not help to identify which patients should be thought
of as deserving different management considerations at certain time points. In con-
sideration of this, HF guidelines now incorporate different stages of HF, spanning
the range from asymptomatic preclinical HF to those with end-stage HF [12]. Stage
A identifies those with risks only. Stage B denotes asymptomatic individuals with
some structural heart problems, such as hypertrophy, valve disease, or reduced ven-
tricular function. Stage C includes those with early symptoms (most importantly
dyspnoea with effort) and stage D those with persistent symptoms despite treat-
ment, which may also be termed “advanced” HF, thus meriting consideration for
mechanical support or heart transplant. Therefore, different diagnostic criteria are
utilized for different stages.

When applied to the ACHD population, virtually all ACHD patients from birth
may be said to be Stage “B” inherently (Fig. 3.1), given the ubiquity of preclinical
myocardial changes in the context of pressure or volume loading, etc. Reflecting
this strengthens the appellation of ACHD as “the original heart failure syndrome”
[1], in part because nearly all individuals start life somewhere on this continuum.
It is also important to recognize ACHD-related HF as a final common pathway of
a number of factors, rather than one entity, and the management approach to HF
should vary according to underlying aetiologies. Tetralogy of Fallot, single ven-
tricle/Fontan, and coarctation of the aorta, for example, each have very different
pathogenic mechanisms for myocardial dysfunction and clinical deterioration. As
much as possible, therapeutic pathways should not be “borrowed” using data on
other HF treatment algorithms [46] but should reflect an understanding of the
unique aetiology of HF, including whether ventricular dysfunction (and what kind)
is present or whether other hemodynamic problems ought to be addressed through
other means.

Reviewing the above, it seems that criteria for ACHD-related HF ought to (1)
indicate the presence of myocardial dysfunction specifically, either with or without
other “structural” abnormalities; (2) rely on more than one parameter recognizing
their dynamic nature; (3) be lesion-specific, for example, criteria in Ebstein’s anom-
aly should differ from Shone syndrome; (4) wherever possible use metrics that have
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been shown to have prognostic relevance; and (5) be relevant to the stage in the HF
continuum being evaluated. For example, a study investigating an intervention to
reduce myocardial fibrosis may need to define HF differently than a mechanical
support intervention. In other words, definitions of HF may need to be as progres-
sive and adaptable as the disease itself.

3.7 Additional Considerations

Arrhythmias are frequent in congenital heart disease [54-58], and may be both
a cause of and manifestation of HF. Many patients become symptomatic when
arrhythmias occur, and such symptoms mimic those of HF. But arrhythmia is
also driven by myocardial dysfunction and is often associated with myocardial
fibrosis [59, 60]. Ventricular arrhythmia has been linked to an elevated left
ventricular end-diastolic pressure in the tetralogy of Fallot [57] and to abnor-
mal diastolic dysfunction parameters by echocardiography [61]. Both findings
demonstrate this important relationship between HF and arrhythmia. Hence, it
seems appropriate to consider tachyarrhythmia as an apt criterion for a HF
designation.

3.7.1 Fontan Failure

One variant of HF, “Fontan failure,” deserves its own consideration. By defini-
tion all Fontan patients have myocardial dysfunction in the form of an absent
sub-pulmonic ventricle, as well as symptoms of venous congestion that inevita-
bly stem from Fontan physiology. However defining all of these patients as hav-
ing HF does not aid the physicians planning optimal care. One study of
single-ventricle Fontan patients defined HF as a combination of symptoms with
systemic ventricular dysfunction and distinguished this from “Fontan failure”
alone wherein systolic ventricular function was preserved [62]. Again, one chal-
lenge among many with this tactic is measuring ventricular function of the sin-
gle ventricle, but there are important outcome differences in those with reported
dysfunction (see Chap. 6).

3.7.2 Advanced Heart Failure

Finally, there are remaining questions regarding what should be considered by the
term “advanced” HF. Often the term centres around the need for mechanical sup-
port. However ACHD patients are often not candidates for such therapies. When
status on a transplant list is defined by the therapies in place (such as mechanical
support or inotropes), ACHD HF patients may be disadvantaged [63]. Hence criteria
may need to be more ACHD-specific (see Chap. 13).
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3.8 Diagnostic Tools for Heart Failure in ACHD

The diagnostic tools used to diagnose ACHD-related heart failure are identical to those
used in acquired heart disease. The emphasis is, of course, often on carefully identify-
ing the specific anatomy and physiology of the patient and correctly interpreting the
findings in the patient’s unique context. The precise details of this will be key to under-
standing the aetiology of the HF and its optimal treatment strategy. The list below is not
exhaustive but highlights an overview of some of the major areas. The specific prog-
nostic, rather than diagnostic, significance of these variables are discussed in Chap. 4.

3.8.1 Symptoms

Although symptoms bring patients to medical attention, many of the symptoms of
HF are non-specific and do not, therefore, help discriminate between HF and other
cardiovascular problems. Symptoms that are more specific (i.e. orthopnoea and par-
oxysmal nocturnal dyspnoea) are less common, especially in patients with mild
disease. Many of the signs of HF result from sodium and water retention. These are
also not specific (such as peripheral oedema) and resolve quickly with diuretic ther-
apy making it more difficult to assess patients already treated in this way. More
specific signs, such as elevated jugular venous pressure and displacement of the
apical impulse, are less reproducible in many congenital defects. Jugular venous
pressure waveforms in a Fontan patient, for example, are inherently different.
Symptoms and signs may be particularly difficult to identify and interpret in obese
individuals, in the elderly, and in patients with chronic lung disease.

Syncope or atrial arrhythmias, as mentioned, may in a sense be considered signs
of HF in patients with ACHD as they may relate to elevated filling pressures of the
systemic or pulmonary ventricle. More unusual manifestations of HF in ACHD may
include worsening cyanosis and, specific to the Fontan patient, plastic bronchitis or
protein-losing enteropathy.

3.8.2 Electrocardiography
Most ACHD patients have abnormal ECGs. RBBB and signs of ventricular hyper-
trophy are common. Arrhythmias should be carefully excluded. An assessment of

changes from previous ECGs is particularly important and should trigger detailed
review.

3.8.3 Chest X-Ray

Chest X-ray is of particular value in assessing the bronchial situs, previous surgical
scars, and the position of the heart. Signs of HF are as per acquired HF. In ACHD
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patients a cardiothoracic ratio >55% was associated with an eightfold increased risk
of death [64].

3.8.4 Echocardiogram

An echo forms the backbone of ACHD assessment. In the HF patient, the echo is
particularly useful for:

¢ Establishing or confirming the segmental anatomical diagnosis
* Identify concomitant/residual lesions

e Assess ventricular function

e Assessing haemodynamics

e Detecting new lesions such as a new shunt or valve dysfunction
 Serially monitoring disease progression

e Guiding intervention

Guidelines are in place for many of the subsets of ACHD with specific protocols
and echo risk scores (see Chap. 4). All of the varieties of echo techniques including
stress, strain, and 3D can be utilized in this population [63, 65-68].

3.8.5 Magnetic Resonance Imaging and CT Scanning

Magnetic resonance imaging (MRI) is the gold standard for estimating RV and LV
volumes and function. It enables excellent three-dimensional anatomical recon-
struction and has rapidly improving spatial and temporal resolution. It is particu-
larly useful for volumetric measurements, assessment of extra-cardiac vessels, and
detection of myocardial fibrosis. ESC recommendations for the use of MRI in
ACHD have been published [69]. Computed tomography provides excellent spatial
resolution and is less hampered by metallic implants. It is particularly good for
imaging epicardial coronary arteries, venous connections, collateral vessels, and the
arterial tree [65] but provides less physiologic information that may be informative
of HE.

3.8.6 Cardiac Catheterization

Cardiac catheterization, particularly haemodynamic assessment, as discussed
above, is of paramount importance in detecting and treating HF. Yet because of its
invasive nature, often it is reserved for resolution of specific anatomical and physi-
ological questions or for intervention. Continuing indications include assessment of
pulmonary vascular resistance (PVR), LV and RV diastolic function, pressure gra-
dients, and shunt quantification when non-invasive evaluation leaves uncertainty. It
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also has an important role in coronary artery assessment and the evaluation of extra-
cardiac vessels such as aortopulmonary collaterals.

3.8.7 Cardiopulmonary Exercise Test

As mentioned earlier, cardiopulmonary exercise test is a valuable tool with prognos-
tic implications (see Chap. 4). Exercise ability is reduced in ACHD patients, and
relating exercise capacity to normal values obtained in healthy volunteers may not
tell the whole story. For example, in an Eisenmenger patient, it may be more appro-
priate to interpret the achieved level of exercise capacity in comparison with what
would be usual/expected given the underlying diagnosis or to the patient’s previous
results. Reference values for exercise limitations among adults with congenital
heart disease have been published [52, 70].

3.8.8 Laboratory Testing

Useful lab testing includes full blood count, renal function tests, liver function tests,
protein and albumin, and thyroid function. Laboratory testing may reveal treatable
conditions which with adequate management may delay HF progression or diseases
that masquerade as HF. The prognostic implications of anaemia, hypoalbuminemia
[71], and renal dysfunction are discussed in Chap. 4. Other abnormalities seen in
laboratory tests are not diagnostic of HF but may be secondary to overt HF. They
can therefore be indicative of the degree to which HF is poorly controlled. For
example, the deranged liver function tests may reflect cardiac dysfunction and
therefore may improve by treating HF, either increasing cardiac output or deconges-
tion. Hyponatraemia is common in ACHD especially in those with complex disease.
Predictors of hyponatraemia are worse functional class, higher serum creatinine
levels, and treatment with diuretics, and it is a strong predictor of death [72].

3.8.8.1 Thyroid Dysfunction

Thyroid dysfunction can be associated with various adverse cardiologic outcomes,
including arrhythmias and ventricular dysfunction. Thyroid-stimulating hormone
(TSH) should be measured in any new HF patient or in those with arrhythmia.

3.8.8.2 Natriuretic Peptides
B-type natriuretic peptide (BNP) and N-terminal pro-BNP (NT-proBNP) have both
a diagnostic and prognostic role and are further discussed in Chap. 4.

3.8.8.3 Lung Function Tests

Lung disease may mimic heart failure, and restrictive lung defects are common in
ACHD (see Chap. 5). Therefore symptoms of dyspnoea should always warrant a
thorough pulmonary review.
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3.9 Mortality Impact

Despite varied definitions of ACHD-related HF used in research, there is no doubt
about its impact on morbidity and mortality. More and more studies now show a
rising tide of HF, however defined, as a prominent concern in the ACHD patient
population. Numerous studies consistently show HF as the leading cause of death
among ACHD patients [4-6, 21, 33, 34, 73], and patients with HF have worse out-
comes than those who do not [18, 22, 34]. Thus, regardless of the definition, it is
imperative that we study the process and explore ways to prevent, diagnose, and
treat it, in the interest of the long-term survival of this vulnerable population.

Conclusion

In summary, HF is a continual process on which nearly all ACHD patients can be
said to be. Myocardial dysfunction and its clinical manifestations are a final common
pathway in the natural history of many ACHD conditions with or without interven-
tion. HF is diagnosed when clinical manifestations are present in the context of myo-
cardial dysfunction. But the process of HF also requires recognition of preclinical
stages of HF when myocardial changes are present but symptoms not yet manifest.
There is no set of criteria for HF that will aptly identify each type of vulnerable
patient. Instead, specific definitions in specific groups become useful for different
situations along the HF continuum. The diagnostic testing regimen for ACHD HF is
very similar to that for acquired disease but with a focus on determining each com-
ponent of the segmental anatomy and its role on the aetiology of the HF syndrome.
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4.1 Introduction

The population of adult patients with congenital heart disease is steadily growing
and aging, thanks to the major advances in cardiothoracic surgery and pediatric
cardiology in the past decades. Although survival has improved and most of these
patients have no complaints, today it is widely acknowledged that congenital
heart disease is palliated, not cured. Residual or recurrent structural heart defects
are common and may result in late complications such as heart failure and early
demise. Therefore, these patients require lifelong surveillance and care in special-
ized cardiac centers [1]. In order to adequately manage this rapidly expanding
population and to optimize patient outcomes, accurate prognostication is of para-
mount importance.

The etymology of the word “prognosis” dates back from the ancient Greek civi-
lization and is literally translated as “foreknowledge.” As a medical term, it is used
to indicate the likely course and outcome of a disease. We aim to determine this
forecast by a range of patient characteristics and tests, in order to make individual-
ized risk predictions as accurate as possible. This chapter is therefore structured by
arange of components that can be useful to stratify the risk of heart failure and other
late complications in patients with ACHD. Although state-of-the-art prognostica-
tion and treatment in patients with ACHD are often based on extrapolated data from
patients with chronic heart failure, this chapter aims to focus on the evidence that is
available from congenital patients.
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4.2  Medical History
4.2.1 Congenital Defect and Corrective Surgery

The congenital heart defects can be grouped into mild, moderate, and complex
lesions [2]. This classification is important, because it is well known that the sur-
vival of patients with a complex heart defect is substantially worse than the survival
of patients with a mild type of heart defect [3—6]. Patients with a repaired patent
ductus arteriosus or a repaired atrial or ventricular septal defect have the lowest all-
cause mortality, being only slightly higher than or even comparable to the general
population [4, 6, 7]. In contrast, the long-term survival of patients with a cyanotic
defect, Fontan circulation, systemic ventricular heart, or other complex congenital
heart disease is clearly diminished with a substantial morbidity [4, 5, 8]. The most
frequent cause of death in these patients is chronic heart failure [4].

Among patients with the same congenital defect at birth, it is very important
which type of corrective surgery was performed. In patients with transposition of the
great arteries (TGA), major differences in ventricular function and functional capac-
ity exist between those with a systemic right ventricle after a Mustard or Senning
procedure compared with those who underwent anatomical correction by an arterial
switch operation in a more recent surgical era [9]. Consequently, the survival of
patients with TGA has markedly improved [10]. Also the preoperative anatomy may
vary in severity, and concomitant congenital lesions in other organs may be present.
For instance in patients with a Fontan circulation, the preoperative anatomy signifi-
cantly impacts patient outcomes, with the lowest overall survival in patients with
hypoplastic left heart syndrome [11] and heterotaxy syndrome [12]. The presence of
concomitant lesions that require more extensive surgical correction, such as atrioven-
tricular valve replacement at the time of Fontan correction, is also related to a higher
risk of morbidity and mortality during long-term follow-up [12].

Among patients with the same congenital defect and type of repair, the practice
of repair has undergone major changes over the past decades. Apart from improve-
ment in surgical experience and quality of postoperative care, today’s surgical tech-
niques are different from those in the past and are adapted based on the late sequelae
we now observe more than three decennia after repair. For instance, in patients with
tetralogy of Fallot, later age at initial repair and the use of a palliative shunt have
been shown to be associated with worse outcomes [13—15]. Corrective surgery is
now seldom performed beyond the first half of infancy, and palliative shunts are
almost no longer used. Modern strategies that include the avoidance of the use of a
transannular patch and pulmonary valve-sparing approaches may improve patient
outcomes [15], although comparisons are difficult because of era differences and
the lack of long-term follow-up data of newer approaches [16]. In patients with a
Fontan circulation, the overall survival has also greatly improved in later surgical
eras, with the worst outcomes in patients with an atriopulmonary connection (the
original technique) [11, 17] and probably the best outcomes in patients with an
extracardiac conduit. Fontan patients with a longer bypass time also have an
increased risk of mortality [12].
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Table 4.1 Modified Bethesda classification

Mild congenital heart
disease

Unrepaired PFO or small
ASD (no associated
lesions)

Unrepaired small VSD
(no associated lesions)

Repaired PDA

Repaired ASD II or SVD
without residual shunt
Repaired VSD without
residual shunt

Mild congenital aortic
valve disease

Mild congenital mitral
valve disease (no
associated lesions)
Mild pulmonary valve
disease

Moderate congenital heart disease
Unrepaired PDA, ASD II, SVD,
VSD (with significant shunt)

AVSD (partial or complete,
repaired or unrepaired)

PAPVR with significant
hemodynamic shunt or TAPVR
Ebstein’s anomaly

Aortic coarctation

Moderate/severe congenital aortic
disease (subvalvar, valvular or
supravalvar)

Moderate/severe mitral valve
disease (including parachute
valve, cleft leaflet)
Moderate/severe pulmonary valve
disease or RVOT obstruction
Arterial switch operation for TGA
Repaired tetralogy of Fallot
Pulmonary atresia with
biventricular repair

Complex congenital heart
disease
Congenitally corrected TGA

Systemic right ventricle
after Mustard/Senning
repair for TGA

Truncus arteriosus

Conduits, valved, or
nonvalved

Double inlet left ventricle or
double outlet right ventricle
Hypoplastic left or right
heart syndrome

Mitral or tricuspid atresia

Fontan procedure

PAH-CHD

Eisenmenger syndrome
Cyanotic congenital heart
disease

ASD atrial septal defect; AVSD atrioventricular septal defect; PAH-CHD pulmonary arterial hyper-
tension due to congenital heart disease; PAPVR partial anomalous pulmonary venous drainage;
PDA patent ductus arteriosus; PFO patent foramen ovale; RVOT right ventricular outflow tract;
SVD sinus venosus defect; TAPVR total anomalous pulmonary venous drainage; 7GA transposition
of the great arteries; VSD ventricular septal defect

In conclusion, the severity of the congenital heart disease is not only based on the
type of defect but also strongly influenced by the type of corrective surgery, pres-
ence of concomitant lesions, and surgical era. Based on these differences, a sug-
gested modification of the original Bethesda classification is provided in Table 4.1,
which could be useful for the further guidance of follow-up schemes.

4.2.2 Genetics

The identification of a genetic syndrome or mutation is important, not only because
it provides implications for future offspring but also because specific genetic varia-
tions are related to the risk of developing associated cardiac complications, such as
arrhythmias and heart failure. For instance, ASD patients with an associated
NKX2.5 syndrome have a higher risk of the development of atrioventricular block
and ventricular dysfunction [18] and may even develop dilated cardiomyopathy.
TBXS5 is a gene which is involved in Holt-Oram syndrome, which includes



50 V.J. M. Baggen et al.

atrioventricular node disease, and also modulates diastolic dysfunction [19]. MYH6
mutations are associated with various forms of congenital heart disease but also
with hypertrophic, dilated, and noncompaction cardiomyopathy [20]. In addition, a
cardiac congenital abnormality as part of a genetic syndrome (such as Down, Patau,
Edward, DiGeorge, Turner, Williams-Beuren, Noonan, or Alagille syndrome) can
also involve noncardiac malformations [21]. These may impact perioperative mor-
bidity and can have long-standing ramifications on neurodevelopment and overall
health [22].

4.2.3 Age

The presence of chronic pressure or volume overload and cyanosis, as a result of
valvular dysfunction, shunts, or other residual lesions, carries long-term effects that
steadily increase over time. These effects include atrial and ventricular dilatation,
dysfunction, fibrosis, and other forms of disease progression. Accordingly, observa-
tional studies show that the risk of heart failure and death continues to increase with
age in patients with ACHD [4, 23, 24]. Apart from disease progression, the oldest
patients also originate from an earlier surgical era, with a corresponding median
later age at corrective surgery and possibly outdated surgical methods [5]. The old-
est patients with ACHD therefore carry multiple risk factors for the development of
heart failure. However, the strong positive correlation between age and age at initial
corrective surgery makes it difficult to distinguish their separate effects and to fore-
see the rate of disease progression with age in the infants that are operated today
with newer techniques.

4.2.4 Sex

Within the general population, men have a shorter life expectancy than women.
Leading explanations can be classified as social/environmental (such as risky behav-
ior, smoking, alcohol, homicide, suicide) and biological (such as effects of estrogen
versus testosterone) [25]. This sex gap is also observed in patients with ACHD [26]
and within specific diagnostic subgroups such as Fontan palliation [11]. It is
unknown whether this can be directly translated from the general population or
whether other factors such as medical therapy adherence also play a role.

4.2.5 Previous (Re)interventions

Patients with multiple previous surgical or percutaneous (re)interventions are more
frequently followed-up in a tertiary referral center. These patients are likely to rep-
resent a more complex congenital group and/or are in a worse clinical condition,
with a subsequent higher mortality risk [3]. Multiple previous sternotomies may be
present in congenital patients and can also be a risk factor on its own, because these
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increase the risk of complications during surgery. Nevertheless, the absolute risk of
reentry injury during repeat sternotomy for congenital heart disease is low [27].

4.2.6 Previous Heart Failure or Arrhythmia

A history of heart failure is associated with higher mortality rates, for instance, in
patients with repaired tetralogy of Fallot [15]. A history of arrhythmias is also sig-
nificantly associated with worse outcomes, such as the occurrence of heart failure,
late arrhythmias, or mortality in patients with tetralogy of Fallot [14, 28], Mustard
[5], and Fontan palliation [12, 17]. The association between early arrhythmias and
heart failure may be explained by surgical damage to the conduction system and
postoperative scarring. In addition, the presence of a pacemaker has been identified
as a risk factor for mortality [29]. Pacemaker implantation in young adults with
congenital heart disease is related to higher NT-proBNP levels, lower peak oxygen
uptake, and a longer QRS duration, indicating that long-standing abnormal ven-
tricular activation in patients with a pacemaker may contribute to progressive ven-
tricular dysfunction and the occurrence of heart failure [30].

4.2.7 Cardiac Medication Use

Patients who do not use any cardiac medication such as an ACE inhibitor, angioten-
sin receptor blocker, beta blocker, diuretic, or antiarrhythmic are more likely to be
in a good clinical condition and have a much lower risk to develop heart failure [23].
Patients who do use cardiac medication may have a history of heart failure or
arrhythmia, with a subsequent higher risk of recurrence. In addition, the chronic use
of negative inotropic antiarrhythmic drugs may negatively affect ventricular func-
tion. In patients after Fontan correction, diuretic therapy was strongly related to
death, transplant [31], or hospitalization for cardiac reasons [17].

Also the lack of adequate medical therapy may increase the risk of complications.
In many centers, all Fontan patients are routinely treated with systemic anticoagulation
in order to manage the high thromboembolic risk due to low flow in the Fontan circuit,
reduced cardiac output, possible Fontan obstruction, and atrial arrhythmias. Fontan
patients lacking thromboprophylactic therapy (warfarin or aspirin) have been shown to
carry a higher risk of death or transplant [31].

4.2.8 Clinical Symptoms of Heart Failure

Most patients with ACHD have no complaints and do not readily report symptoms.
Patients often do not recognize subtle changes in functional class and may have no
typical symptoms of heart failure. When present, symptoms of heart failure in con-
genital heart disease include symptoms of systemic ventricular failure (fatigue, dys-
pnea, dry cough, reduced exercise tolerance, orthopnea, paroxysmal nocturnal
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dyspnea, wheezing) and symptoms of subpulmonary ventricular failure (fatigue,
bloating, weight gain, loss of appetite, reduced exercise tolerance, increased abdom-
inal girth) [32]. Clinical heart failure based on history, examination, and further
investigations is documented in 22% of patients with Mustard repair for TGA, in
32% of patients with congenitally corrected TGA, and in 40% of patients after
Fontan operation [32]. Early recognition and diagnosis of clinical heart failure is
very important. The New York Heart Association (NYHA) functional class can be
used to classify symptoms of heart failure, with patients who report no limitation in
ordinary physical activity considered as NYHA functional class I. NYHA class is
known to be significantly associated with adverse outcomes in the overall popula-
tion of patients with ACHD [4] and also, for instance, in subgroups of patients with
repaired tetralogy of Fallot [33] and Fontan palliation [34].

4.3  Physical Examination
4.3.1 Clinical Signs of Heart Failure

Signs of systemic ventricular failure on physical examination in patients with
ACHD include a third or fourth heart sound, a laterally displaced apical impulse,
basal crackles, absent breath sounds, and dull percussion at the lung basal fields.
Signs of subpulmonary failure are elevated jugular venous pressure, hepatomegaly,
ascites, pitting leg, and sacral or scrotal edema [32]. Of note, arrhythmias could also
be a first clinical manifestation of heart failure. In addition, worsening of cyanosis
could be present in patients with intra- or extracardiac shunts or fenestrations.

4.3.2 Oxygen Saturation

Pulse oximetry is routinely carried out alongside clinical examination mostly for
diagnostic purposes. However, it also provides prognostic information. Systemic
oxygen desaturation is related to a higher risk of cardiovascular events, death, or
heart failure in the entire ACHD population [23] and also predicts mortality risk in
specific subgroups such as Eisenmenger patients [24] and Fontan patients [29].

4.4  Electrocardiography and Holter Monitoring

Most patients with ACHD have abnormal electrocardiograms (ECGs). Therefore,
comparison with previous ECGs in order to detect intraindividual changes in ECG
morphology is most relevant to detect underlying disease progression with a higher
risk of adverse events.

In concordance with a history of arrhythmia, also the loss of sinus rhythm at
standard electrocardiographic evaluation is a strong predictor for clinical outcomes,
for instance, in patients with Eisenmenger syndrome [24]. Additional evaluation of
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arrhythmias is primarily performed in symptomatic patients and may require ambu-
latory ECG monitoring (Holter), event recorders, or implantable loop recorders. A
grade II or greater ventricular arrhythmia on ambulatory ECG (which includes >30
unifocal or multifocal premature ventricular complexes per hour, non-sustained or
sustained ventricular tachycardia) has been shown to be a risk marker of sudden
death in some cohorts of patients with repaired tetralogy of Fallot [35], but not in all
[15, 36].

Increased QRS duration has been shown to be associated with the occurrence of
heart failure in ACHD patients with a pacemaker [30]. Also in patients with repaired
tetralogy of Fallot, a prolonged QRS duration was predictive of ventricular tachy-
cardia and death [15, 37]; however, conflicting data have been reported [14].

Although the current survival of patients after arterial switch operation for TGA
is excellent, the most frequent cause of morbidity and mortality is coronary artery
obstruction, which is present in 5-7% of survivors. Annual ECG evaluation for
signs of ischemia (with advanced imaging if indicated) is therefore recommended in
all arterial switch patients with ostial stenosis identified in childhood [10].

4,5 Transthoracic Echocardiography

Echocardiography is a widely available, portable, cheap, and noninvasive imaging
technique that plays a key role in the clinical follow-up of patients with
ACHD. However, the quality of echocardiographic measurements is highly user-
dependent, and ventricular function and volumes can be challenging to assess in
adults with complex congenital heart diseases such as univentricular hearts or sys-
temic right ventricles [38]. An overview of some important echocardiographic pre-
dictors that are discussed below is also provided in Fig. 4.1.

4.5.1 Systolic Ventricular Function

The systolic ventricular function is one of the most important prognostic parameters
obtained by echocardiography in the ACHD population. A moderately to severely
impaired systemic ventricular function (as expressed by an ejection fraction below
40%) is an independent predictor for sudden cardiac death in the overall ACHD
population [39]. This is also the case in specific ACHD subpopulations such as in
patients with repaired tetralogy of Fallot [40] and in patients with a systemic right
ventricle after Mustard procedure [41]. Also the right ventricular (or subpulmonary)
systolic function has been shown to be of prognostic importance, for instance, as
quantified using fractional area change [42].

The tricuspid annular plane systolic excursion (TAPSE) quantifies the longitudi-
nal right ventricular function in M-mode. In patients with pulmonary arterial hyper-
tension, the TAPSE is frequently reported as an important predictor for adverse
clinical outcomes [43]. Accordingly in patients with Eisenmenger syndrome, one
study showed that TAPSE was associated with the risk of mortality [44]; however,
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Fig. 4.1 Echocardiographic predictors of adverse clinical outcome in patients with ACHD. (a)
Measurement of left ventricular ejection fraction using the biplane method of disks (modified
Simpson’s rule) in a patient with aortic coarctation. (b) Mildly reduced TAPSE (<16 mm) in a
patient with tetralogy of Fallot. (¢) Severe pulmonary valve regurgitation visualized using color
flow Doppler in a patient with tetralogy of Fallot. (d) Severe biatrial dilatation and (e) D-shaped
left ventricle in a patient with pulmonary arterial hypertension after surgical repair of a sinus veno-
sus defect and partial anomalous pulmonary venous return. (f) Pericardial effusion in a patient with
pulmonary arterial hypertension. (g) Global longitudinal left ventricular strain as quantified with
speckle tracking echocardiography (courtesy of R. W. J. van Grootel). (h) 3D echocardiography
analyzed using automated software (heart model)

contradictory results have been published in this patient group [24]. In patients with
a systemic right ventricle after the Mustard procedure, the prognostic value of the
lateral versus the septal TAPSE may differ [45]. Nevertheless, the TAPSE was not
associated with the right ventricular ejection fraction as measured by cardiac mag-
netic resonance imaging (CMR) in these patients [46], and the contraction pattern of
the systemic right ventricle is thought to shift from longitudinal to circumferential
shortening [47]. Therefore, the prognostic value of TAPSE may be limited in this
patient group. Although less often used, the mitral annular plane systolic excursion
(MAPSE) was found to be associated with sudden cardiac death and ventricular
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arrhythmias in patients with repaired tetralogy of Fallot, even beyond the left ven-
tricular ejection fraction [42].

Other measures of the global ventricular function are the myocardial perfor-
mance index (Tei index) and systolic to diastolic duration ratio. The systolic to
diastolic duration has been reported as independent predictor of mortality in patients
with a Fontan circulation and is relatively easy to measure, despite of the complex
anatomy of the heart [48].

4.5.2 Ventricular and Atrial Dilatation

In patients with a systemic right ventricle, the ejection fraction may not always be a
good indicator for the systolic ventricular function due to the frequent occurrence of
atrioventricular valve regurgitation, which paradoxically increases the ejection frac-
tion. One study has reported the systemic right ventricular end-diastolic volume to
be a better parameter for adverse outcomes in patients with a systemic right ventri-
cle [49]. In patients with repaired tetralogy of Fallot, right ventricular dilatation is
often used to in the timing of pulmonary valve replacement, because it is thought
that a severely dilated right ventricle is unable to reverse remodel.

Heart failure may lead to atrial dilatation due to chronic diastolic dysfunction
[50]. Several studies have shown that both left and right atrial enlargements are
related to a worse clinical prognosis [51]. In patients with pulmonary hypertension
and in patients with Eisenmenger syndrome, increased right atrial area was found to
be a strong predictor for adverse clinical outcomes [43, 44, 52]. Its association with
disease severity can be explained by the failure of the right heart to overcome the
high pulmonary pressures. As a result, the pressures in the right ventricle and right
atrium will increase, which is often reflected by enlargement of the right atrium.

4.5.3 ShuntLesions and Valve Disease

Doppler echocardiography can also be used to detect shunt lesions and to grade the
severity of valve disease. The presence of a substantial shunt lesion or a hemody-
namically significant residual shunt after ASD or VSD repair is important to detect
and may require transesophageal echocardiography to be adequately visualized,
because it impacts the classification of the severity of the heart defect and the fol-
low-up strategy [2]. The presence of a pretricuspid shunt has been reported to be an
independent predictor of death in Eisenmenger patients [24].

The grade of valvular stenosis or regurgitation also determines the severity of the
heart defect [2] and is important to regularly assess during the routine echocardio-
graphic follow-up of patients with valvular disease. For instance, in patients with
repaired tetralogy of Fallot, a moderate or severe tricuspid or pulmonary valve
regurgitation has been reported to be associated with an increased risk of sudden
cardiac death and arrhythmias [15].
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4.5.4 Pulmonary Arterial Hypertension

A substantial proportion of patients with ACHD develops pulmonary arterial hyper-
tension and ultimately Eisenmenger syndrome [53]. Doppler echocardiography can
be used to estimate pulmonary pressures based on the maximal tricuspid regurgita-
tion velocity (together with the estimated right atrial pressure, based on inferior
vena cava diameter and collapse) or the pulmonary regurgitation maximal and end-
diastolic velocity. Long-standing pressure overload of the right ventricle may lead
to progressive right ventricular heart failure. Therefore, it is not surprising that ele-
vated pulmonary pressures are strongly indicative of a poor prognosis, and it is
important to regularly follow-up right ventricular systolic pressures and function in
patients with pulmonary hypertension to timely detect further deterioration.

Pericardial effusion may develop in patients with elevated filling pressures of the
right side of the heart [54]. In patients with pulmonary arterial hypertension, peri-
cardial effusion is the most extensively documented parameter that is known to be
of prognostic importance [43]. In a multicenter study including patients with
Eisenmenger syndrome, in 9.2% of the patients, pericardial effusion was present.
The presence of pericardial effusion was found to be a strong predictor for all-cause
mortality, even after adjusting for other risk factors such as age, NYHA class, pre-
tricuspid shunt, sinus rhythm, and oxygen saturation [24].

Another specific prognostic parameter in pulmonary arterial hypertension is the
septal shift during systole due to elevated pressures in the right ventricle [52], which
is also known as the “D-sign” visible on the echocardiography.

4.,5.5 Novel Echocardiographic Techniques

Speckle tracking echocardiography is a technique which can be used to obtain the
ventricular function based on the quantitative assessment of myocardial deforma-
tion (strain) and myocardial displacement of displacement rate (velocity) with a
high temporal resolution [55, 56]. One study has shown that systemic right ventricu-
lar two-dimensional longitudinal strain was associated with adverse clinical out-
comes such as death, arrhythmias, and an increase in NYHA class in patients with
a systemic right ventricle [45]. In patients with tetralogy of Fallot, the left ventricu-
lar longitudinal strain was related to sudden cardiac death or life-threatening
arrhythmias and was associated with a higher NYHA class [42].
Three-dimensional (3D) echocardiography is an excellent imaging technique to
visualize complex congenital anatomies, and the technique has improved impres-
sively over the past years. Unfortunately, it is still not widely available and mainly
relies on manual input, making it a time-consuming echocardiographic technique.
New software has been developed to automatically analyze 3D images to shorten
analysis time and to make it more feasible for routine practices. This novel software
has been shown to measure the left atrial volume, left ventricular volume, and the
left ventricular ejection fraction in strong agreement with CMR measurements [57,
58], also within specific subgroups such as patients with bicuspid aortic valve



4 Risk Stratification and Prognosis 57

disease [59]. 3D echocardiography may significantly contribute to the risk stratifica-
tion of ACHD patients in the future when the image quality has further improved.

4.6 Cardiac Magnetic Resonance Imaging

Cardiac magnetic resonance imaging (CMR) is generally accepted as the reference
standard when it comes to measurement of the volume, mass, and ejection fraction of
both the right and the left ventricle. CMR also has its limitations such as higher costs,
less availability, and limited ability to scan patients with intracardiac devices, but it is
very useful when echocardiography is unable to provide images of sufficient quality
or when echo measurements are borderline or ambiguous [53, 60]. CMR is therefore
highly suitable in patients with complex congenital abnormalities in whom it is often
difficult to obtain good echocardiographic images of the cardiac anatomy. A graphical
illustration of the CMR predictors that are discussed below is provided in Fig. 4.2.

Fig. 4.2 Cardiac magnetic resonance imaging parameters that are reported to be of prognostic
importance in patients with ACHD. (a) Left and right ventricular ejection fraction as measured by
multi-slice short-axis cine imaging in a patient with congenital aortic stenosis. (b) Right ventricu-
lar dilatation and pronounced trabecularization as visualized on the four-chamber view in a patient
with tetralogy of Fallot. (¢) Late gadolinium enhancement at the right ventricular insertion points.
(d) Feature tracking to derive regional and global left ventricular strain in a patient with tetralogy
of Fallot (courtesy of R. W. J. van Grootel)
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4.6.1 Ventricular Function and Volumes

In accordance with the studies that evaluated ventricular function in echocar-
diography, CMR-derived ejection fraction is strongly predictive of mortality or
adverse cardiac events in several subgroups of patients with ACHD, including
patients with a systemic right ventricle, repaired tetralogy of Fallot, Eisenmenger
syndrome, and pulmonary hypertension [45, 61-63]. In addition, higher ven-
tricular end-diastolic volumes are independently associated with a higher mortal-
ity risk in patients with a Fontan circulation [64] and in patients with repaired
tetralogy of Fallot [62].

4.6.2 Myocardial Fibrosis

With the help of gadolinium enhancement technique in CMR, myocardial scarring
and fibrosis can be detected. Increased late gadolinium enhancement of the left
ventricle in patients with repaired tetralogy of Fallot is related to myocardial dys-
function and is associated with adverse outcomes after correcting for age [65]. The
presence of late gadolinium enhancement located at the right ventricular insertion
points is also thought to reflect a more advanced disease and poor prognosis in
patients with tetralogy of Fallot and in patients with pulmonary arterial hyperten-
sion [66]. Therefore, myocardial fibrosis quantified by late enhancement could be
a valuable additional tool for risk stratification. Myocardial T1 mapping is a rela-
tively novel technique that is able to detect diffuse fibrosis as reflected by pro-
longed T1 times and to determine the extracellular volume [67]. In patients with a
systemic right ventricle after correction of TGA, higher septal extracellular vol-
umes correlate with other prognostic parameters such as NT-proBNP levels and the
chronotropic index during CPET [68], suggesting that it may be of prognostic
value in these patients.

4.6.3 Deformation iImaging

The deformation imaging technique that is available in CMR is known as feature
tracking. Longitudinal and circumferential global left ventricular function measured
by feature tracking closely agree with the same parameters measured by speckle
tracking. Moreover, right ventricular feature tracking parameters showed to be asso-
ciated with exercise capacity in patients with repaired tetralogy of Fallot, suggesting
that it may be useful as prognostic parameter [69]. Also left ventricular dyssyn-
chrony assessed by myocardial deformation imaging was found to be associated
with adverse outcomes in patient with repaired tetralogy of Fallot [62]. However,
contradictory results on strain measurements in patients with repaired tetralogy of
Fallot have been reported, showing no association between strain measurements
and deterioration in left and right ventricular function [70]. Hence, more research is
needed to prove the prognostic value of this promising new technique.
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4,7 Cardiac Computed Tomography

Computed tomography (CT) angiography has a very high spatial resolution and can
therefore reliably evaluate the aortic size and small vasculature of the heart.
Therefore, patients with an intrinsic higher risk of aortic dilatation and eventually
dissection of the aorta, such as patients with a bicuspid aortic valve, Marfan syn-
drome, or a SMAD3 mutation, require follow-up by cardiac CT to timely detect any
progression in aortic dilatation [71]. An ascending aortic area/height ratio of more
than 10 cm*m is independently associated with in increased cardiovascular mortal-
ity risk in patients with a bicuspid aortic valve [72].

Nevertheless, in the overall population of patients with ACHD, serial cardiac CT
measurements are unattractive due to the need of high dosages of ionizing radiation
and are therefore not widely used for the risk stratification in patients with ACHD
[53]. However, as the population of adults with congenital heart disease is aging,
coronary heart disease may begin to develop in this population, which possibly
expands the role for CT angiography in the follow-up and risk stratification of
elderly patients with ACHD in the future.

4.8 Cardiopulmonary Exercise Testing

Cardiopulmonary exercise testing (CPET) consists of the assessment of exercise
intolerance and ventilatory gas exchange during exercise and can be considered
part of the regular follow-up in ACHD patients. Chronic heart failure is character-
ized by an impaired cardiac output response to exercise, and therefore CPET is
widely used in the clinical follow-up for the development of heart failure in patients
with ACHD [73].

4.8.1 Peak Oxygen Uptake

The peak oxygen uptake (peak VO,) is one of the most important measures to quan-
tify exercise capacity [74]. Peak VO, is diminished in symptomatic as well as
asymptomatic ACHD patients [75], with the lowest peak VO, found in Eisenmenger
syndrome and other cyanotic patients [76]. The majority of patients with a Fontan
circulation fail to reach >80% of the predicted peak VO,, independently of the type
of Fontan operation [17]. Lower peak VO, is associated with a higher risk of hospi-
talization or death [75], the development of heart failure, and independently predicts
mortality [76], indicating that it is a powerful prognostic tool within the entire
ACHD population. Studies in specific ACHD populations, such as tetralogy of
Fallot, transposition of the great arteries (TGA) corrected by atrial switch proce-
dure, and Ebstein’s anomaly, report comparable results regarding the prognostic
importance of peak VO, [37, 77, 78]. Peak VO, may also be suitable for the assess-
ment of perioperative risk in patients with repaired tetralogy of Fallot undergoing
surgical pulmonary valve replacement [79].
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In patients with a Fontan circulation, contradictory results regarding the predic-
tive ability of the peak VO, have been reported. Some studies found an increased
risk for mortality or morbidity in patients with a lower peak VO,, even independent
of other risk factors [80]. Others suggest that the impaired peak VO, in Fontan
circulation does not arise from failure of univentricular circulation but from the
intrinsic inability to adequately react to exercise and therefore has no predictive
ability [17].

4.8.2 Ventilatory Efficiency

Ventilatory efficiency can be expressed by the slope of the minute ventilation
versus the CO, production (VE/VCO,) assessed during CPET. An elevated VE/
VCO, slope (>30) indicates a pulmonary ventilation-perfusion mismatch due to
an adequate ventilation but a poor perfusion due to the inability of the heart to
adequately increase the cardiac output during exercise. In the overall ACHD pop-
ulation, a higher VE/VCO, slope was found to be associated with a higher risk of
mortality; however this association was negated after adjustment for peak VO,
[76]. Nevertheless, studies that investigated specific diagnostic subgroups such as
tetralogy of Fallot, Fontan circulation, and TGA corrected by Mustard or Senning
procedure did report that VE/CO, slope independently predicted heart failure-
related hospitalization or cardiac-related death [37, 78]. Combined interpretation
of the VE/CO, slope together with the peak VO, may further increase the accuracy
of risk predictions.

4.8.3 Heart Rate Reserve

The chronotropic response is the ability of the heart to respond to exercise by increas-
ing the heart rate. Most studies use the failure to achieve >80% of the heart rate
reserve as a cutoff for chronotropic incompetence [81]. In a large cohort of 727
ACHD patients, chronotropic incompetence was present in 62% of the patients and
was associated with severity of heart failure symptoms as expressed by the NYHA
class [82]. The heart rate reserve and peak heart rate are both predictors for hospital-
ization or mortality in the overall ACHD population [82]. The heart rate reserve in
patients with a Fontan circulation is a strong prognostic parameter to predict mortal-
ity or heart transplantation, independent of age, type of Fontan surgery, and the use
of antiarrhythmic drugs. However, the prognostic value of heart rate reserve in this
population seems to be inferior to other non-CPET-identified risk factors such as
signs and symptoms of heart failure, non-total cavopulmonary connection type
of Fontan circulation, and a medical history of clinically relevant arrhythmia [17].
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Also in patients with Ebstein’s anomaly, the heart rate reserve was shown to be a
significant predictor of adverse outcomes [77].

4.8.4 Other Prognostic Parameters

In addition to the most clear prognostic parameters as previously mentioned, there
are a couple of other CPET parameters that may be of prognostic importance. The
peak load (Watt) as a measure for the exercise capacity is relatively easy to obtain
in comparison to the peak VO,, as no gas exchange measurements are required.
Peak load may therefore be easier to use in daily clinical practice. Although less
extensively investigated, peak load was shown to be associated with a higher risk of
mortality in patients with a systemic right ventricle due to congenitally corrected
TGA or TGA corrected by the atrial switch procedure [49]. Furthermore, a satura-
tion drop of more than 5% during exercise is a predictor of all-cause mortality in the
overall ACHD population [76], and a lower peak exercise systolic blood pressure is
associated with an increased risk of adverse cardiac outcomes in patients with a
systemic right ventricle [49].

4.9 Biomarkers
4.9.1 Standard Laboratory Testing

Basic laboratory testing should be performed in congenital patients that are sus-
pected of heart failure, which includes a full blood count, iron, kidney function,
liver function, protein and albumin, and thyroid function [32]. Anemia is not uncom-
mon in patients with ACHD and is associated with a threefold higher risk of death.
Low MCYV and diuretic use are related to the presence of anemia in these patients,
suggesting that iron depletion and the heart failure syndrome play a role in its patho-
genesis. Iron deficiency has also been directly related to adverse outcomes in
patients with Eisenmenger syndrome [83], and iron replacement therapy may even
improve exercise capacity in these patients [84].

Renal dysfunction is more frequently observed in patients with cyanotic heart
disease and is related to a worse prognosis. For instance, Fontan patients with post-
operative renal insufficiency or a higher creatinine level have a significantly poorer
outcome [12]. Liver dysfunction is most frequently reported in patients with a fail-
ing Fontan circuit and is known to have a direct effect on morbidity and mortality.
The MELD-XI score, calculated from creatinine and total bilirubin which was origi-
nally developed for patients with end-stage liver disease, also predicts cardiac mor-
tality and transplantation in Fontan patients [85].
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Fontan patients who develop protein-losing enteropathy (PLE), as diagnosed by
enteric loss of alpha-1-antitrypsin or the presence of low-serum total protein/albu-
min in addition to persistent or intermittent edema, are especially at high risk of
death [12, 31]. PLE is difficult to treat; however, with recent advances the 5-year
survival after the diagnosis of PLE has improved from 50 to 88% [86].

4.9.2 Natriuretic Peptides

In patients with heart failure, natriuretic peptides are firmly established prognos-
tic tools. Neurohormonal activation of the natriuretic, endothelin, sympatho-
adrenergic, and renin-aldosterone systems also occurs in all types of congenital
heart disease [87]. Accumulating evidence shows that N-terminal pro-B-type
natriuretic peptide (NT-proBNP) is related to disease severity and that it is useful
for risk stratification in patients with clinically stable ACHD, even beyond con-
ventional risk markers [23, 88]. Interestingly, normal levels of NT-proBNP
(<14 pmol/L) can accurately rule out the risk of death and heart failure with a high
negative predictive value [23]. Therefore, natriuretic peptides have increasingly
gained interest and are currently suggested as a component of the clinical work-up
of patients with ACHD [32]. No published data is available yet to confirm that
changes in natriuretic peptides over time can be used as a marker for outcome;
however, data from acquired heart failure patients suggests that disease progres-
sion is related to substantial changes in NT-proBNP over time [89]. A position
paper from the working group of grown-up congenital heart disease and the Heart
Failure Association of the European Society of Cardiology has therefore sug-
gested that a twofold increase of baseline NT-proBNP within 6 months is regarded
as a significant increase which indicates the need for optimization of heart failure
medical therapy [32].

4,9.3 Novel Biomarkers

Biomarkers that reflect other pathophysiological mechanisms which are involved in
the heart failure syndrome, such as high-sensitive troponin-T (hs-TnT) and growth-
differentiation factor 15 (GDF-15), are also related to the occurrence of heart failure
in ACHD patients. In a prospective cohort of 595 patients with moderate and com-
plex ACHD, elevated levels of hs-TnT (>14 ng/L, 8% of patients) and GDF-15
(>1109 ng/L, 15% of patients) could predict outcomes in ACHD patients with ele-
vated levels of NT-proBNP, suggesting a potential benefit of a multi-marker approach
[23]. Other promising novel cardiac markers are red cell distribution width, galec-
tin-3, and ST-2, but longitudinal studies in patients with ACHD are not available yet.
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4,10 Cardiac Catheterization

In patients with ACHD, cardiac catheterization is usually performed for specific
anatomical, diagnostic, or physiological questions or for intervention. Some
studies have reported hemodynamic variables as predictors for clinical outcome.
As described in more detail above, the presence of pulmonary arterial hyperten-
sion is an important predictor of mortality [90]. Also in Fontan patients, elevated
preoperative pulmonary artery pressures [91], elevated Fontan pressure, portal
hypertension [29], and elevated right [31] and left atrial pressure [12] have been
identified as risk factors for mortality.

4.11 Risk Stratification in Pregnancy

Although many women with heart disease may be in a stable clinical condition,
pregnancy is associated with substantial hemodynamic changes that carry an
increased risk of cardiac complications. The risk of complications is strongly
influenced by the type of heart defect and presence of residual lesions. The modi-
fied World Health Organization (mWHO) classification seems to be the most
accurate tool in predicting these risks [92]. It stratifies patients based on their
underlying diagnosis into four groups from very low risk patients (mWHO I), to
high risk patients in whom a pregnancy is thought to be life threatening and there-
fore contraindicated (mWHO IV) [93]. Pregnancy is contraindicated (mWHO IV)
in women with pulmonary hypertension, severe cyanosis, reduced left ventricular
function, previous peripartum cardiomyopathy with incomplete recovery, symp-
tomatic left ventricular outflow tract obstruction, and Marfan patients with a
dilated aortic root.

The most frequently encountered complications are heart failure and arrhyth-
mia. Heart failure occurred in 13% of patients in the Registry of Pregnancy and
Cardiac disease (ROPAC), a large worldwide registry on patients with cardiac
disease becoming pregnant. Heart failure occurred more often at the end of the
second trimester and around delivery. At higher risk were patients with cardio-
myopathy or presented with heart failure before pregnancy [94]. Although
supraventricular ectopy and supraventricular tachycardia are seen often in nor-
mal pregnant women, atrial fibrillation or flutter are very rare. In ROPAC, atrial
fibrillation or flutter occurred in 1.3% of the pregnant women with structural
heart disease and was associated with a marked increase in maternal mortality
and low birth weight [95]. Ventricular tachyarrhythmia’s occurred in 1.4% of
pregnant women with cardiovascular disease in ROPAC, mainly in the third
trimester, and was associated with heart failure during pregnancy and impacted
fetal outcome [96].
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Contraceptive advice and careful planning of the pregnancy are essential for
women with cardiac disease [92]. Prepregnancy counseling should be performed in
all women with known cardiac disease in an expertise center. An experienced mul-
tidisciplinary team should be available to provide care, before, during, and after
pregnancy and should timely discuss the mode of delivery. A vaginal delivery is the
preferred mode of delivery in most patients, when needed with epidural anesthesia
and assisted second stage. A cesarean section is only preferred in specific high-risk
groups such as patients with a dilated aorta or severe heart failure [97].

4.12 Risk Prediction

Few studies have attempted to develop risk prediction models specifically for
patients with ACHD [76, 98] or to validate existing models designed for the general
heart failure population [99, 100]. The Seattle Heart Failure Model (SHFM) allows
prediction of survival with the use of easily obtained clinical characteristics, such as
age, sex, weight, NYHA class, systemic ejection fraction, systolic blood pressure,
cardiac medication use, laboratory values, and presence of a device. In patients with
heart failure, the model provides an accurate estimate of mean, 1-, 2-, and 3-year
survival and allows estimation of effects of adding medications or devices to a
patient’s regimen. Although the predicted mortality risks by the SHFM do not rep-
resent actual ACHD survival, it may help to identify subjects with ACHD at risk for
adverse outcome and poor cardiopulmonary efficiency [100].

4,13 Conclusions and Recommendations

This chapter aimed to provide a comprehensive review of the factors that can be
used in day-to-day clinical practice for the risk stratification of patients with
ACHD. An overview of the most important reported prognostic factors is provided
in Fig. 4.3. Of note, accurate risk stratification does not rely on a single parameter.
An integral perspective of the patients’ clinical prospects should always be based on
a combination of all available information, which is composed of the medical his-
tory, physical examination, imaging, exercise testing, and biomarkers. The fre-
quency at which individual patients should be monitored at the outpatient clinic and
the type and frequency of additional investigations are based on expert opinion in
specialist centers. A suggested follow-up scheme of clinically stable patients with
ACHD is provided in Table 4.2. Nonetheless, considering the enormous heterogene-
ity of the ACHD population, the lack of evidence, and the differences in the avail-
ability of additional investigations among centers, it remains challenging to
standardize the monitoring and follow-up of individual patients with ACHD.
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Regular follow-up

Medical History

Physical Examination and ECG

Complexity of the congenital heart defect

Type of corrective surgery

Pre-operative anatomy and concomitant lesions
Surgical era and surgical technique

Genetic syndrome or mutation

Age and sex

Previous (re)interventions

Previous heart failure or arrhythmia

Cardiac medication use

Clinical symptoms of heart failure

¢ Clinical signs of heart
failure

e Saturation

* Changes in ECG
morphology

*  Loss of sinus rhythm

* QRS duration

Additional investigations

Echocardiography

Cardiac MRI (CT)

e Systolic ventricular

- function (LVEF, RVFAC,
TAPSE, eyeballing)

e Ventricular and atrial
dilatation
(Residual) shunt lesions
Severity of valvular disease
Right ventricular pressure
Pericardial effusion
Novel techniques (strain,
3D echocardiography)

-~ *  Systolic ventricular
™ function (LVEF, RVEF)
*  Ventricular dilatation
*  Novel techniques (late
- gadolineum
i enhancement, feature

\ - tracking)

Exercise testing

Biomarkers

¢ Peak oxygen uptake
(peak VO2)

* Ventilatory efficiency
(VE/VCO2 slope)

¢ Heart rate reserve
(chronotropic
incompetence)

¢ Peak load (Watt)

¢ Full blood count, iron,
kidney function, liver
function, protein and
albumin, thyroid function.

¢ NT-proBNP

¢ High-sensitive Troponin-T

- *  Growth-differentiation
‘{, L - factor 15

* Potential novel biomarkers

(galectin-3, ST-2)

Fig. 4.3 Risk factors for heart failure and mortality in patients with ACHD
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Table 4.2 Outpatient clinic follow-up scheme of clinically stable patients with ACHD (proposed)

Clinical follow-up

ECG
Chest X-ray

Ambulatory ECG
monitoring (Holter)

Ambulatory BP
monitoring
Echocardiography

Exercise testing

CMR

CT

Full blood count,
iron, kidney
function, liver
function, protein,
albumin, thyroid
function

Mild congenital heart
disease

Every 2-5 years,
depending on
hemodynamic residuals;
patients long-term

(>5 years) after ASD
closure without residual
shunt or PH may be
discharged

Routinely (at every
checkup)

Not routinely advised

On indication
(palpitations)

On indication

Every 2-5 years,
depending on
hemodynamic residuals

At least once (for
comparison in case of
future clinical
deterioration)

On indication

Not routinely advised

Not routinely advised

Moderate congenital
heart disease

Every 1-2 years,
depending on
severity within
subclassification
and hemodynamic
residuals

Routinely (at every
checkup)

Not routinely
advised

On indication
(palpitations)

On indication
(aortic coarctation)
Every 2 years,
annually in case
of severe valvular
disease

Every 3-5 years
and prepregnancy

Consider every

3-5 years

On indication
(evaluation of aortic
size/coarctation)

At least once and
when heart failure is
suspected

Complex congenital
heart disease

At least annually
(when in clinically
stable condition)

Routinely (at
every checkup)
Not routinely
advised

Every 3-5 years
and on indication
(palpitations)

On indication

Every 2 years,
annually in case
of severe valvular
disease or on
indication

Every 3-5 years
and prepregnancy

Consider every
3-5 years
On indication

At least once and
when heart failure
is suspected;
every 2 years in
Fontan patients

NT-proBNP Every 5 years, annually  Every 5 years, Every 5 years,
when >15 pmol/L annually when annually when
(>125 pg/mL) >15 pmol/L >15 pmol/L
(>125 pg/mL) (>125 pg/mL)
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Co-morbidities 5

Pastora Gallego

5.1 Introduction

Increasing survivorship in patients with CHD leads to a greater chronic exposure to
potential risk factors that can contribute to the likelihood of developing HF. It is also
recognized that ageing is a key determinant of HF risk, and clinical HF predomi-
nantly affects “elderly” individuals [1]. The median age of people alive with severe
CHD rose 14 years from 1985 to 2010 and was estimated to be 25 years in 2010 [2].
The population of patients over 60 years old is steadily increasing [3, 4] as is hospi-
talization in those older than 65 years [5]. In these elderly patients, HF is often
accompanied by a range of co-morbidities that add to the disease burden [3, 4].
Adult cardiologists are charged with the coordination of comprehensive care for
these complex patients, including the management of extra-cardiac manifestations
that arise later in life. This review outlines the prevalence and prognostic relevance
of the most prevalent co-morbidities associated with HF in ACHD patients.

5.2 Epidemiology of Co-Morbidities in Adults with CHD

Co-morbidity may be defined as a chronic condition that coexists in an indi-
vidual with a primary CHD. A distinction is made between noncardiac co-mor-
bidities and cardiac conditions that are directly related to the presence of HF,
such as arrhythmias or pulmonary hypertension, or exacerbate it like systemic
hypertension or coronary artery disease (CAD) [6]. In addition to other medical
conditions existing simultaneously but independently, such as cancer or
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pneumonia, ACHD patients have much extra-cardiac morbidity. These include
both syndromes associated with noncardiac abnormalities and, more commonly,
sequelae of the underlying heart defect or of prior medical treatments [7].
Table 5.1 summarizes the most frequently occurring co-morbidities in the
ACHD population.

In a population of young adults with CHD (average age of 28.1 years,) 2.4—
9.3% had important co-morbidities—with both cardiovascular and noncardiac co-
morbidities being much more common than in a control population [31]. More
recently, Bracher et al. reported a prevalence of 51% of patients with at least one
co-morbidity in a contemporary tertiary centre cohort. Systemic arterial hyperten-
sion (10.7%), thyroid dysfunction (9.3%), psychiatric disorders (8.5%), neuro-
logic disorders (7.1%), chronic obstructive or restrictive lung disease (6.7%) and
previous stroke (6.4%) were the co-morbidities with the highest prevalence. As
expected, the distribution of co-morbidities varied with the different individual
diagnostic categories. Patients were more likely to have hypertension with
repaired aortic coarctation or liver cirrhosis with Fontan palliation. At a median
age of 38 years, diabetes or CAD was significantly more frequent in patients with
simple defects. In contrast, thyroid dysfunction or gout occurred commonly in
patients with moderate/great complexity defects. In this study, near a quarter of all
patients (23%) had two or more, and up to seven, co-morbidities and the occur-
rence of most were dependent. Multiple co-morbidities were also unequally dis-
tributed among the different CHD.

In parallel with their high prevalence, extra-cardiac conditions may play an
integral role in HF progression and response to therapy and have been recog-
nized as important modifiers of outcomes [7]. Most of the co-morbidities result
in a greater number of hospitalizations [42, 43], poorer quality of life and
increased mortality [44]. In a cross-sectional study of 122,630 elderly patients
with acquired HF, patients with >5 co-morbidities were responsible for 81% of
all hospital days [45]. Opotowsky et al. [42] reported a significant increase in
the proportion of patients with > 2 co-morbidities among the ACHD admissions
between 1998 and 2005. Patients in this study were older (mean age
53.1 = 0.3 years) and co-morbidities more frequently in those with moderate
and complex disease. While numerous studies have shown a strong association
between a single co-morbidity and adverse clinical outcomes [22, 26, 46],
Bracher et al. [44] examined the impact of multiple co-morbidities on survival
of ACHD patients. Their observations support the hypothesis that patients with
increasing number of co-morbidities have an increasing risk for death and HF
(Fig. 5.1). Given the high morbidity and mortality of HF in ACHD, it is of great
importance to diagnose and to treat possible co-morbidities. Unfortunately,
these extra-cardiac conditions may be masked by the signs and symptoms of HF
and, therefore, may go unnoticed. For example, differentiating ventilatory ver-
sus cardiac limitation to exercise can be challenging. The creation of ACHD-
specific diagnostic strategies and a multidisciplinary approach can facilitate
their detection and improve outcome.
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Table 5.1 Co-morbidities in ACHD with heart failure

Acquired cardiovascular
co-morbidities

Cardiovascular risk factors

Pulmonary disease

Haematological disorders

Renal dysfunction

Neuropsychological issues

Liver disease [32]

Endocrine disorders

Skeletal disorders

Malignancies

Coronary artery disease
[3,4,8,9]
Cerebrovascular disease [10]

Peripheral vascular disease

Hypertension [3, 8]
Dyslipidaemia [13]
Lifestyle [14]

Diabetes [15]

Obesity [16]

Metabolic syndrome [17]
Pneumonia [18]
Sleep-disordered breathing
[19-21]

Restrictive lung disease [22, 23]

Pulmonary hypertension
Anaemia [24, 25]

Cyanosis, erythrocytosis
Haemorrhagic diathesis

Acute kidney injury

Chronic renal dysfunction [26]
Gout

Neurocognitive functioning

Psychological issues

Epilepsy [31]
Congestive hepatopathy
Acute liver injury [33]
Cirrhosis

Cholelithiasis [34]
Tatrogenesis

Hepatocarcinoma [35]
Thyroid dysfunction [36-38]

Neuroendocrine tumours [39, 40]

Sexual dysfunction
Thoracic insufficiency
syndrome [41]
Scoliosis magna [22]
Chemotherapy
Radiation exposure

Stroke

Intracranial aneurysms
Cerebral complications
of cyanosis

Prior catheterizations [11]
Chronic venous
insufficiency [11]
Endothelial dysfunction
Aortic aneurysm [12]

Smoking
Physical inactivity

Neurodevelopmental
disorders [27]
Cognitive impairment
[27, 28]

Dementia [3]
Depression [29]
Anxiety [30]

Drug-related hepatitis
Transfusion-related hepatitis
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Fig. 5.1 Kaplan-Meier
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5.3  Renal Dysfunction

It is well recognized that cardiovascular and renal functions are closely related.
Many patients with HF have evidence of renal dysfunction in the absence of intrin-
sic renal disease. The prevalence of renal failure in HF patients is estimated to be
40-60% [47]. ACHD patients are also at risk for developing renal dysfunction.
Dimopoulos et al. [26] reported an overall prevalence of renal impairment of 50%.
Interestingly, it occurred early in adulthood with a mean age of 36 + 14 years. Renal
function was worse in patients with complex lesions, particularly in patients with
cyanosis, but a low glomerular filtration rate was present even in those with simple
defects. The proportion of individuals with severely reduced glomerular filtration
rate (< 60 mL/min m?) was 35-fold higher in cyanotic patients and 18-fold higher in
non-cyanotic patients compared to the general population.

5.3.1 Mechanisms Linking ACHD to Renal Dysfunction

Syndromic associations between familiar forms of left ventricular outflow tract obstruc-
tions (Williams-Beuren syndrome) and renal artery stenosis have been reported [48].
However, a number of other risk factors for potential development of renal dysfunction
have been recognized. These include erythrocytosis, cyanosis, changes in intra-glomer-
ular haemodynamics and neurohormonal activation [49]. Cyanosis is thought to affect
renal function directly via chronic hypoxia and ischaemia but also indirectly through
erythrocytosis and increased blood viscosity that can affect glomerular arteriolar resis-
tance, filtration and renal perfusion [26, 50]. Importantly, in the study by Dimopoulos
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et al. [26], it was not only cyanotic patients that were at increased risk. As in acquired
cardiac dysfunction, chronically elevated central venous pressure (CVP) and depressed
cardiac output lead to renal venous congestion and reduced renal blood flow contribut-
ing to renal injury. Additionally, even asymptomatic patients may have high levels of
neurohormonal factors [51]. Other potential causes of renal dysfunction are prior car-
diopulmonary bypass [26, 50], use of diuretics [26] and nephrotoxic medications
including contrast agents [7, 49]. In contrast to what happens with intrinsic factors,
these extrinsic factors, related to medical management, may be modifiable.

5.3.2 Prognosis

Adults with moderate to severe glomerular filtration rate have lower survival [26].
Afilalo et al. [3] demonstrated that chronic renal failure is one of the most powerful
independent predictors of mortality in CHD patients older than 65 years. This is not
simply because it is a marker of advanced ACHD HF, but chronic kidney disease itself
is also a risk factor for acquired cardiac co-morbidity contributing to death. For exam-
ple, patients with renal disease suffer accelerated atherosclerotic coronary artery dis-
ease, hypertension, anaemia and fluid retention [52]. Additionally, renal dysfunction
impacts on both indication for intervention and response of medical treatment [7, 26].
Patients with renal hypoperfusion are less likely to undergo interventions due to high
perioperative risk [53]. They have shown an impaired response to diuretics and ACE
inhibitors and are at increasing risk of adverse outcomes with digitalis [54].

5.3.3 Management

Although there are no currently clear guidelines in terms of renal assessments and
risk stratification, evidence suggests that patients should be monitored from an early
age for renal dysfunction. Avoiding dehydration and nephrotoxic drugs and judi-
cious use of contrast administration should be standard. Importantly, quicker iden-
tification of acute kidney injury after cardiac surgery or procedures allows early
intervention in an attempt to prevent further deterioration. There is also an opportu-
nity to mitigate chronic kidney disease progression and negative renal outcomes by
instituting universally accepted interventions including stringent blood pressure
control and treatment of proteinuria. Finally, assessment of renal artery anatomy
and flow should be desirable in selected populations [48].

5.4 Haematological Disorders
5.4.1 Anaemia
In acquired HF patients, anaemia is common and is a strong marker of adverse

outcomes, and it has been recently recognized as a novel therapeutic target [52].
In HF syndrome, anaemia is likely the result of a complex interaction between
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cardiac performance, neurohormonal and inflammatory activation, renal dysfunc-
tion and bone marrow responsiveness. CHD appears to have systemic manifesta-
tions similar to acquired HF and a 13-29% prevalence [24, 25]. Remarkably, in
this latter cohort with complex defects and systemic ventricular dysfunction, there
was also evidence of a gradual decrease of haemoglobin over time, which pre-
sented in 39% of patients during 5 years follow-up [25]. These studies impor-
tantly demonstrated the occurrence of anaemia at a much younger age than in
acquired HF.

In the ACHD population, decreased renal function, treatment with diuretics and
impaired functional class [24, 25] have been found strongly related to anaemia. This
may indicate that HF is an important contributing mechanism of anaemia in these
patients. However its association with low mean corpuscular volume and warfarin
treatment favour iron deficiency being another potential mechanism [24]. In fact,
ventricular dysfunction per se has been demonstrated to be associated with impaired
iron supply for erythropoiesis [55]. Anaemia remained significantly and indepen-
dently related to all-cause mortality [24].

ACHD patients should be screened for anaemia, particularly those with conges-
tive HE. At present, there is insufficient data to make a specific treatment recommen-
dation, but erythropoietin and iron administration have resulted in symptomatic
improvement in chronic HF [56]. However, diagnostic evaluation for reversible
causes of anaemia such as iron deficiency or occult blood loss is appropriate in
all patients.

5.4.2 Cyanosis, Erythrocytosis and Hyperviscosity

As optimal haemoglobin concentration depends on the degree of hypoxaemia,
defining anaemia in cyanotic CHD is difficult. Relative anaemia, therefore, occurs
at much higher levels of haemoglobin and often goes unnoticed [57]. A major
cause of relative anaemia is iron deficiency, but microcytosis and hypochromia are
often absent. Thus, serum ferritin and transferrin levels are required for diagnosis.
Despite high haematocrit, iron supplementation has demonstrated to improve exer-
cise capacity in iron-deficient cyanotic patients without increasing the risk for
hyperviscosity [58].

Cyanotic patients with HF have an increased thromboembolic risk [59], and
decisions on antithrombotic therapy are challenging balancing the risks of clotting
with the increased risk of bleeding. Haemorrhagic diathesis and hypocoagulable
haemostatic profiles have been identified in cyanotic CHD, and haematocrit eleva-
tions have been related to impaired haemostasis [60]. A small subset of cyanotic
patients may experience symptoms of hyperviscosity (such as fatigue, headache,
visual changes, and dizziness factors such as dehydration or diuretics use) [61].
Before diagnosing hyperviscosity, iron deficiency, which is much more common,
needs to be excluded and, if present, corrected.
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5.5 Pulmonary Disease
5.5.1 Pneumonia

Pneumonia is a major case of noncardiac death in older ACHD patients [3, 18].
However reports of the frequency of pneumonia-related death vary. Co-morbid con-
ditions such as diabetes are risk factors. Preventive measures to avoid hospital-
acquired pneumonia are important for this at risk HF population.

5.5.2 Sleep-Disordered Breathing

Sleep-disordered breathing (SDB), including obstructive sleep apnoea (OSA) and
central sleep apnoea (CSA), has been extensively reported in adults with HF, hyper-
tension, ischaemic heart disease, cardiac arrhythmias and pulmonary hypertension
[62]. OSA results from a complete or partial collapse of a normal pharynx during
apnoea. By contrary, CSA results from either a decrease in central respiratory drive
or instability in feedback control of the central respiratory centre. SDB may occur
in 5-15% of the middle-aged population [63], but the prevalence is higher in HF
patients: 40% have CSA and 11% have OSA [64]. SDB may increase the risk of
morbidity and mortality in cardiovascular diseases. Of a total of 4422 patients aged
above 40 years (43.5% males) who did not have known HF or CAD, OSA was an
independent predictor of myocardial infarction and CAD-related mortality, particu-
larly with an apnoea-hypopnoea index over 30 (severe OSA) [65]. Figure 5.2
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summarizes the physiological effects of SDB that have a detrimental effect on the
cardiovascular system. Both SBD and HF share many aspects of deranged neurohu-
moral and immunological function.

Few studies to date have investigated SDB in adults with CHD. In a small study
of 20 middle-aged Eisenmenger patients, the reported prevalence of SDB was equal
to the general population (15%) with body index mass and age as the only predic-
tors for OSA [19]. In contrast Cotts et al. [20] reported the prevalence of SDB in
patients after atrial switch procedures to be 44%, even higher than in acquired
HE. There are a number of potential explanations. Most of these patients were on
HF treatment, 50% had ventricular dysfunction and 41% had a history of atrial
arrhythmias. One theory is that soft tissue oedema of the neck (redistributed when
lying supine) and increased airway resistance may lead to increased inspiratory
force and collapse of upper airway [62].

Alternatively OSA could contribute to ACHD HF by virtue of its effects on neu-
rohormonal activation, endothelial dysfunction, hypertension and ischaemic heart
disease [62], which are known to be significant predictors of outcomes [4, 21]. The
effects of OSA in cardiac physiology, including hypoxia-induced pulmonary vaso-
constriction and reduction in systemic venous return, are especially detrimental in
Fontan patients [82]. In summary, the coexistence of haemodynamic impairment
and neurohormonal activation in ACHD and OSA may create a vicious circle of
progressing HF and further exacerbation of OSA.

Despite its strong association with HF syndrome, it should be noted that the
majority of patients with SDB remain undiagnosed. A simple questionnaire to
screen patients for OSA or home-based unattended sleep studies helps identify
patients at risk [20]. Likewise, treating OSA in HF patients remains challenging.
Controlled trials of continuous positive airway pressure (CPAP) have not been con-
clusive. CPAP only reduces risk in HF patients with CSA [52]. Likewise, CPAP
itself is known to impede systemic venous return and reduce cardiac output. Non-
invasive positive pressure ventilation titrations in the cardiac catheterization labora-
tory may be needed to establish safe thresholds [82].

5.5.3 Restrictive Lung Defects

Abnormal lung function is common in ACHD and is associated with decreased
exercise capacity and worsened functional status. Nearly half (44-47%) of patients
have spirometry-diagnosed restrictive lung disease (RLD) [22], including 89% fol-
lowing Fontan repair and 76% with TOF [66]. HF syndrome patients have similar
ventilation and diffusion impairments which are predictors of mortality [23].
Predictors of RLD include multiple prior thoracotomies, diaphragmatic nerve palsy,
cardiomegaly, atrial arrhythmias (perhaps related to amiodarone), scoliosis, com-
plex CHD and increased body mass index [22, 66]. Importantly, moderately to
severely impaired lung function appears to be an independent predictor of mortality.
It has been argued that RLD may be an early marker of subclinical pulmonary con-
gestion, and the association with defect complexity may support this explanation
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[22]. However, the role of exercise restriction in early life and other contributors,
including early developmental factors, remains to be defined [67]. RLD can also be
seen in CHD associated with lung underdevelopment (as in scimitar syndrome—
partial anomalous pulmonary venous return with hypoplastic right lung) or related
to impaired pulmonary blood flow due to congenital pulmonic stenosis or TOF [68].
The efficacy of interventions on potential, modifiable predictors of abnormal lung
function, such as inspiratory muscle training or scoliosis surgery, to improve out-
comes remains unclear [23].

5.6 Endocrine Disorders
5.6.1 Thyroid Dysfunction

There are multiple specific syndromic associations between CHD and hyperthyroid-
ism (Di George syndrome) or hypothyroidism (Turner syndrome, Williams-Beuren
syndrome and Down syndrome). Chronic lymphocytic thyroiditis is by far the most
frequent autoimmune disease affecting Down syndrome patients. The contribution of
thyroid hormones, particularly when abnormal, in aggravating cardiovascular dis-
ease is recognized. Overt thyroid dysfunction, both thyrotoxicosis and hypothyroid-
ism, increases the risk for arrhythmia and, if untreated, can lead to HF. In parallel,
minor changes in circulating hormone concentrations can also adversely affect car-
diovascular system [36]. The incidence of thyroid dysfunction varies with the iodine
uptake of the region. In a small study of Spanish ACHD patients, the prevalence of
subclinical hypothyroidism was 9.6%, equal to the general adult population, but only
2% had values above 10 mUI/L. Cyanosis and Down syndrome were significantly
associated [37]. Findings from meta-analysis suggest that young individuals, particu-
larly those with structural heart disease, and individuals with serum TSH value above
10 mUI/L are at increased risk for cardiovascular events and mortality [36]. However,
decisions regarding replacement therapy below the threshold of 10 mUI/L remain
controversial. If patients exhibit HF symptoms, levothyroxine replacement may be
considered. ACHD is also commonly associated with amiodarone-induced thyroid
dysfunction due to chronic exposure to high levels of this iodine-rich agent. Female
sex, cyanosis, a dose above 200 mg/d, Fontan circulation and low body mass index
are risk factors [38]. Substantial liver congestion may explain the thyrotoxicosis
observed in patients with severe cardiac dysfunction or in old-style Fontan patients.
Since atrial thyrotoxicosis-induced atrial arrhythmias may be fatal, close follow-up
of thyroid function is strongly recommended.

5.6.2 Neuroendocrine Tumours

Pheochromocytoma and paraganglioma are neuroendocrine tumours (NETSs)
derived from neural crest cells that produce catecholamines and localized in the
adrenal medulla (90%) or in extra-adrenal chromaffin tissue (10%). They can be
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associated with hereditary syndromes (multiple endocrine neoplasms, neurofi-
bromatosis, or von Hippel-Lindau syndrome) but, together with a genetic sus-
ceptibility, an increase risk of NETs in cyanotic CHD has been reported [39].
Hypothetically, this is probably due to chronic exposure to hypoxia, which stim-
ulates formation of erythropoietin and growth factors regulated by hypoxia-
inducible factor 1, thus favouring tumour genesis. Their prevalence is between
0.2 and 0.6% in hypertensive adults, and a prevalence of 4.6% has been reported
in cyanotic CHD [40]. The onset of NET can lead to haemodynamic deteriora-
tion, and therefore early diagnosis and treatment are essential. The signs and
symptoms of these tumours overlap with those associated with complications of
CHD, such as arrhythmias. Thus, the presence of NET should be suspected with
the onset of new symptoms in patients with cyanotic CHD, even after surgical
correction, as these tumours are a potentially treatable cause of clinical
deterioration.

5.6.3 Diabetes

Elderly patients with both CHD and type 2 diabetes (T2DM) have demonstrated
higher morbidity and mortality [15]. Early treatment of diabetes and lifestyle modi-
fication significantly reduces the risk of microvascular complications and may also
reduce late macrovascular complications [69], which are significant predictors of
outcome in elderly ACHD patients [3, 4]. In a population-based study, Madsen et al.
reported a risk of developing T2DM after an age of 30 years 1.35 higher in CHD
compared with controls; cyanotic CHD patients are at highest risk. Chronic hypoxia
exposure, renal or hepatic dysfunction and diuretic use are well known to predis-
pose to abnormal glucose metabolism [70]. Additionally, a number of alternative
explanations, such as exercise restriction or higher rates of obesity, might be caus-
ally related.

5.6.4 Obesity and Metabolic Syndrome

Obesity is common in the ACHD population [71], and there is a twofold
increased risk of metabolic syndrome [17]. Metabolic syndrome is a constella-
tion including central obesity, dyslipidaemia, insulin resistance and hyperten-
sion. Obesity and metabolic syndrome are strongly related with the development
of T2DM, HF, hypertension, renal dysfunction and OSA [16]. Further, obesity
results in changes in inflammatory cytokines, which causes a pro-thrombotic
state [14]. Physical inactivity and high caloric intake in infancy [17] have been
suggested as factors associated with obesity in ACHD. Actions are required to
combat the increase in obesity and metabolic syndrome: anthropometry must be
evaluated at every visit. As well as reporting over documented cardiovascular
risk factors, patients must be educated about their ideal nutrition, weight and
exercise regimen [14].
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5.7 Cardiovascular Co-morbidities

In the ACHD population, the pathophysiology of the underlying cardiac defect is
the main driver of HF. However acquired cardiovascular co-morbidities like hyper-
tension, diabetes or CAD will further contribute.

5.7.1 Cardiovascular Risk Factors

Moons et al. reported in a young population of ACHD patients approximately 80%
had at least one cardiovascular risk factor [71] especially hypertension and hyper-
lipidaemia [8]. In an older cohort, 47% were hypertensive [3]. Worryingly, much of
this population had simple lesions. Together with hypertension, diabetes and obe-
sity, cigarette smoking is also associated with an increased risk. Although the pro-
portion of smokers among ACHD patients is not high, encouraging smoking
cessation is still an opportunity to reduce cardiovascular risk. Regarding hyperlipi-
daemia, the evidence in ACHD is still insufficient [13].

5.7.2 Coronary Artery Disease

Atherosclerosis is increasing in ACHD patients [3, 4, 8] especially in those with
traditional risk factors [8]. However, myocardial ischaemia in CHD may be due to
several causes, and these should also be excluded (see Chap. 2) [9].

5.7.2.1 Clinical Presentation

Late recognition of CAD is not uncommon in CHD patients. Most chest pain in
younger ACHD patients is noncardiac. Moreover, cardiac denervation from surgery
and autonomic dysfunction may lead to the absence of classic symptoms.
Additionally, CAD diagnosis may be challenging due to pre-existing electrocardio-
graphic or segmental wall motion abnormalities that reduce the discriminative value
of non-invasive tests [72]. Thus, myocardial infarction is often the first ischaemic
event, particularly in elderly patients [3, 9], and it becomes relevant in the develop-
ment and progression of HF.

5.7.2.2 Prevalence

A prevalence of 1% of atherosclerotic CAD was reported in a single centre study
with a mean age at diagnosis of 56 years [8]. Afilalo et al. [3] reported a 7% preva-
lence of myocardial infarction in a geriatric ACHD population and, in a cohort of
patients who underwent routine coronary angiography [72], 9% had evidence of
obstructive atherosclerotic CAD. Of note, in this latter study, none of them were
under the age of 40 years, and, in a recent report, the absolute risk of ischaemic heart
disease was low in the population of children and young adults [9]. Accordingly to
underlying heart defect, CAD is more prevalent in patients with coarctation, prob-
ably due to the higher prevalence of cardiovascular risk factors in this selected
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population [73]. Conversely, although Yalonetsky et al. [8] reported cases of CAD
in Eisenmenger patients, cyanosis has been considered as a protection factor
for CAD.

5.7.2.3 Prognostic Relevance

As a consequence of ageing population, it is likely that the frequency of acquired
atherosclerotic CAD contributing to advanced forms of HF is increasing in ACHD
patients. Acute myocardial infarction was a risk factor for mortality during
HF-related hospital admission [74], and Stulak et al. demonstrated a trend toward
reduced survival in patients who underwent repeat CHD surgery with concomitant
coronary artery bypass graft surgery [75]. Giannakoulas et al. [72] reported an asso-
ciation between CAD and ventricular size and functional impairment, and, more
importantly, CAD has recently emerged as an important predictor of mortality in
elderly patients with CHD [4].

5.7.3 Cerebrovascular Disease

Among CHD survivors who reach the age of 18 years, 8.9% of men and 6.8% of
women experienced one cerebrovascular accident before age 65 years, and HF has
been recognized as the strongest predictor of stroke. Importantly, for patients with
HE, the risk was higher at younger age and decreases with time after incident HF
[10]. Thrombi frequently occur in areas of slow flow within the dilated chambers, in
particular in low-output situations [59], and haematological and endothelial abnor-
malities that are prone to thromboembolism have been reported in acquired chronic
HF [76]. Moreover, a higher prevalence of atrial arrhythmias or CAD is also seen in
HF patients, which can contribute to the risk for stroke.

Before the era of screening for atherosclerotic risk factors and antihypertensive
therapies, stroke was a cause of death in aortic coarctation [77]. Additionally, target-
ing early onset of cardiovascular risk factors will help prevent stroke.

5.7.4 Peripheral Vascular Complications

Peripheral vascular complications are not uncommon. Bicuspid aortic valves, aortic
coarctation, conotruncal defects and postoperative states such as Ross procedure are
associated with ascending or descending aortic aneurysms and eventually with dis-
section or rupture [12]. Additionally, catheterizations in infancy can cause both
peripheral venous and arterial disease. In addition there is a high prevalence of
chronic venous insufficiency in Fontan patients [11], as a result of the unique Fontan
physiology and high venous pressures.
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5.8 Neuropsychological Functioning

In older non-CHD adults, epidemiological data suggest that there is an association
between HF and impairment in global cognition and behavioural problems.
Individuals born with CHD are at high risk for structural/acquired neurological
abnormalities and for medical co-morbidities that can affect the brain [27]. As
adults, there are concerns about the impact of psychological disorders [29, 30] and
cognitive decline and dementia [3] on quality of life, employment and survival.

5.8.1 Depression

Antidepressant drug therapy has demonstrated to be associated with increased mor-
tality in male adults with CHD [29]. Depression contributes to smoking, alcohol
abuse, poor diet, physical inactivity and poor medication adherence. Moreover,
depressed states induce sympathetic activation, hypercoagulability, rhythm distur-
bances, endothelial dysfunction and a state of elevated cytokines all of which poten-
tially contribute to impairment of cardiac function. Alternatively, depression could
also be a symptom of HF-associated cytokine elevation. This could explain the high
rate (50%) of mood disorders observed by Kovacs et al. [30].

5.8.2 Neurocognitive Impairment and Dementia

CHD-related syndromes, impaired cardiac function, previous intervention and
superimposed traditional cardiac risk factors may all affect neurocognitive func-
tioning [27]. For ACHD patients in middle age, vascular disease in the brain is as
prevalent as for the general population at older ages [18], and low cardiac index
was a risk factor for dementia in the Framingham Heart Study [78]. This early
adult-onset of subclinical and clinical cardiovascular disease will be additive with
dysmaturation and acquired injury during childhood [27]. Afilalo et al. [3] reported
dementia as the strongest contributor to adverse outcomes in an adult and geriatric
survey study, in particular for simple lesions. However, neurocognitive decline is
likely underdiagnosed in ACHD patients, particularly those in HF, for several rea-
sons. Cognitive evaluations over time are not performed routinely, neurocognitive
impairment may be misclassified as depression and symptoms and drug therapy of
HF may impair cognitive evaluation. Recent neuropsychological assessment high-
lights concerns about executive dysfunction in ACHD patients, especially when
cardiac disease is more severe and there are co-morbid vascular risk factors [28].
Longitudinal follow-up of cognitive function in the ageing ACHD patients should,
therefore, be desirable.
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5.9 Skeletal Disorders

Skeletal disorders in ACHD patients may occur as a result from the underlying con-
dition or from previous surgery, and, generally, they have a substantial impact on the
chest wall, spine and, in many situations, both [41]. A 16% prevalence of moderate
to severe scoliosis has been reported in a large population of ACHD patients with a
fivefold increased risk for ventilatory dysfunction in patients with a Cobb angle
>30° [22].

5.10 Liver Disease

The circulatory system is a complex interaction between multiple organs.
Involvement of the liver, particularly in right-sided HF, is not uncommon.
Normally, the liver receives 70% of its inflow from the portal vein. This inflow
is directly related to the gradient between portal and hepatic venous pressures.
The remainder one-quarter inflow is from the hepatic artery. The hepatic artery
buffer is able to compensate for up to a 60% decrease in portal flow, but beyond
that the liver is susceptible to injury. Therefore, in ACHD patients, the liver is
sensitive to the long-standing haemodynamic disturbances resulting from the
underlying cardiac disease or as a result of palliative surgery. The majority of
hepatic complications occur as a consequence of heart disease (see Fontan &
Univentricular Heart). Additionally, there are hepatic complications either
resulting from transfusion-related infections, from drug-related hepatitis (amio-
darone-induced toxicity) or from chronic cyanosis and erythrocytosis (choleli-
thiasis) [34]. There are a number of potential heart-liver and liver-heart
interactions in HF patients with CHD:

5.10.1 Congestive Hepatopathy

There are several congenital defects that may lead to liver disease (Table 5.2), but
the unifying pathophysiology for them is chronically elevated CVP. This high CVP
is due to either direct elevation of right atrial pressure, sub-pulmonic ventricular
failure or as a result of surgical procedures. Elevation of CVP can cause hepatic
sinusoidal dilatation, oedema and hepatic venous hypertension, which in turn may
lead to progressive hepatocyte atrophy, centrilobular fibrosis and the development
of post-sinusoidal portal hypertension [32]. Hepatic injury ranges from the mild
deposition of sinusoidal collage to formation of broad fibrous septa and cardiac liver
fibrosis. The final consequence of a cardiac condition that permits long-term sur-
vival with marked elevation of CVP is cardiac cirrhosis. The majority of hepatic
complications are incidentally discovered, but they will eventually manifest clini-
cally. The typical clinical picture of cardiac cirrhosis includes mild and variable
laboratory abnormalities, nodular or heterogeneous appearing liver on imaging
studies, portal hypertension and ascites.
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5.10.2 Acute Liver Injury

The most common acute liver injury due to heart disease is ischaemic hepatitis.
Hypoperfusion due to low cardiac output may lead to hepatocyte necrosis in
Rappaport liver zone 3. An interesting observation is that the majority of cases of
ischaemic hepatitis occur in the setting of congestive HF, which means that chronic
passive venous congestion may predispose hepatocytes to greater hypoxic injury
resulting from hypotension [33]. In the presence of portal hypertension, local and
systemic vasodilators lead to splanchnic vasodilatation. Systemic hypotension,
plasma volume expansion and neoangiogenesis occur. The expected increase of car-
diac output in cirrhotic patients is limited in the setting of CHD, making these
patients more susceptible to ischaemic hepatitis.

5.10.3 Complications of Liver Disease

Ascites may occur in the absence of cirrhosis. It may be driven by right HF, protein
losing enteropathy, narrowing of the venous pathways, renal dysfunction, portal
vein thrombosis or portal hypertension [32]. Differential diagnosis of ascites origin
may be challenging. There is typically a serum albumin to ascites gradient >1.1 if it
is of cardiac origin. Manifestations of portal hypertension also include bleeding
from varices and, rarely, hepatic encephalopathy. Variceal bleeding may not be ame-
nable of non-selective beta-blockade or transjugular shunts [32]. It should be desir-
able to rule out gastro-oesophageal varices before considering anticoagulation in
ACHD HF patients with hepatic complications. Portal hypertension may also affect
the progression of cardiac dysfunction. Large-vessel, pulmonary-to-systemic
venous communications formed as decompressive phenomena from elevated pul-
monary vascular pressures or, alternatively, diffuse peripheral pulmonary capillary
vasodilation may develop [79]. Finally, hepatocellular carcinoma is increasingly
recognized as a late complication [35].

5.10.4 Workup of Hepatic Dysfunction

Assessment relies on clinical, laboratory and radiological findings. This will be
more extensively treated in Chap. 6.

5.10.4.1 Serum Markers

The pattern of elevation may guide diagnostic testing [7]. Elevation of serum cho-
lestasis markers is characteristic of congestive hepatopathy. Elevated alkaline phos-
phatase and GGT reflect a progressive increase in HF class, and mild elevation of
indirect bilirubin is also common. INR may be elevated and is often resistant to
vitamin K therapy. However, liver enzymes are often normal or only mildly ele-
vated. In contrast, liver transaminases can become markedly elevated in ischaemic
hepatitis within 24 h, and bilirubin often peaks later and takes a longer time to
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Table 5.2 Congenital heart defects and procedures associated with hepatic dysfunction

Congenital
heart defect
Ebstein anomaly

Atrial septal
defect/
atrioventricular
canal defect

Repaired
tetralogy
of Fallot

Pulmonary
valve

Atrial switch
procedure

Fontan
palliation

Left ventricular
outflow tract
obstruction

Lesion

Failure of
tricuspid valve
delamination
Right
ventricular
myopathy
Left-to-right
shunt

Pulmonary
regurgitation

Pulmonary
regurgitation
Pulmonary
stenosis

Venous baffle
stenosis
Systemic
right
ventricular
failure

Failure of
Fontan
physiology
over time
Narrowing

of Fontan
pathway
Thrombosis
Left ventricular
dysfunction

Haemodynamic
consequences
Tricuspid
regurgitation
Right ventricle
Atrialization
Right ventricular
dysfunction
Right chamber
dilatation
Secondary
tricuspid
regurgitation
Pulmonary
hypertension
Right ventricular
dilatation

Right ventricular
dysfunction
Secondary
tricuspid
regurgitation
Ventricular-
ventricular
interaction

Right ventricular
dilatation

Right ventricular
restrictive
physiology

Right ventricle
dilatation
Right ventricle
dysfunction
Secondary
tricuspid
regurgitation
Elevated
pulmonary
vascular
resistance
Single ventricle
end-diastolic
pressure
elevation
Hypotension
Secondary

pulmonary
hypertension

Mechanisms
Passive
congestion
Central venous
hypertension

Passive
congestion
Central venous
hypertension

Passive
congestion
Central
venous
hypertension
Low-flow
states

Passive
congestion
Central
venous
hypertension
Low-flow
states
Passive
congestion
Central venous
hypertension
Low cardiac
output

Non-pulsatile
Central venous
hypertension
Low cardiac
output

Passive
congestion
Low cardiac
output

Hepatic
manifestations
Congestive
hepatopathy

Congestive
hepatopathy

Congestive
hepatopathy
Ischaemic
hepatitis

Congestive
hepatopathy
Ischaemic
hepatitis

Congestive
hepatopathy
Ischaemic
hepatitis

Congestive
hepatopathy
Cardiac
cirrhosis/portal
hypertension
Liver

fibrosis/
hepatocarcinoma
Ischaemic
hepatitis
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resolve. An ALT/LDH ratio < 1.5 is more typical of ischaemic than viral or drug-
induced hepatitis. Hypoalbuminaemia is observed with the onset of decompensated
cirrhosis. In the presence of cirrhosis, serial monitoring with alpha-fetoprotein
(AFP) in patients with focal nodular hyperplasia is desirable since AFP elevations
are associated with hepatocarcinoma [32]. Pigment stones should be considered in
asymptomatic patients with cholestatic jaundice.

5.10.4.2 LiverImaging

On computed tomography scans, reticular or zonal enhancement is commonly
observed during portal venous phase imaging. While zonal enhancement indicates
lower pressures, reticular enhancement is associated with extensive hepatic fibrosis.
Hypervascular nodules during arterial phase imaging have been reported in patients
with very high venous pressures. Importantly, hepatocellular carcinoma has been
reported in Fontan patients [35], and vascular lesions could identify higher-risk
patients who warrant closer monitoring. Transient elastography, used for surveying
hepatic stiffness, is problematic in that any cause of altered hepatic stiffness (not
only fibrosis) impacts on the results, particularly vascular congestion [80].

5.10.4.3 Invasive Assessment

Wedged hepatic vein pressure gradient measurements may not be always an accu-
rate reflection of portal pressures, and direct measurement of portal venous pressure
may add complexity in ACHD population. With regard to liver biopsy, liver pathol-
ogy is not uniformly distributed and is subject to sampling errors. Moreover, the
safety of percutaneous liver biopsy in this population is not known [81].

5.10.4.4 Treatment of Concomitant Liver Disease and HF
Currently, there are no data that define an optimal medical treatment algorithm for
treating patients with cardiac liver disease. Interestingly, many of medical therapies
used to treat HF have detrimental effects on other organs in the setting of liver dis-
ease. For example, ACE inhibitor may precipitate hepatorenal syndrome in a patient
with significant liver disease. Non-selective beta-blockers are preferred for portal
hypertension in liver disease, and carvedilol has shown benefit with HF. Statins are
generally safe for patients with liver disease, but the liver enzymes need to be moni-
tored. Diuretics (especially loop diuretics and aldosterone blockers) may be useful in
both heart and liver disease, but they may also precipitate hepatorenal syndrome.
When a hospitalized patient with “cardiac cirrhosis” is identified, a common inter-
vention is to give a vasodilator (e.g. ACE inhibitor) or an inotrope (e.g. milrinone) to
augment cardiac output. This may work in some patients (i.e. those with a failing left
ventricle) but may worsen the picture in others. If systemic ventricle filling pressures
are relatively normal, the systemic vascular resistance is low and the primary haemo-
dynamic issue is an inability to augment cardiac output in the setting of right HF, such
a treatment strategy can worsen the circulatory status and precipitate acute renal fail-
ure. Difficult questions, such as determining if a liver can tolerate cardiac surgery or
transplant or if a combined liver and heart transplant should be performed, will be
more extensively treated in Chap. 6 “Fontan and Univentricular Heart”.
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The Palliated Univentricular Heart 6
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6.1 Introduction

The majority of adult patients with univentricular heart will have undergone
some form of palliative procedure to restrict or increase pulmonary blood flow
in childhood. In the majority of them, this will be followed by complete redirec-
tion of the systemic venous return with a cavopulmonary connection (Fontan
procedure). The price for this form of palliation is a unique form of heart failure
characterized by chronic systemic venous hypertension and low cardiac output
[1]. In some patients, the Fontan circulation is not performed, and mechanisms
of heart failure in this population differ from those who have a completed Fontan
circuit. In this chapter, we will focus primarily in heart failure in patients with
Fontan circulation.

6.2 Fontan Failure

Fontan procedure is a palliative procedure for patients with complex congenital
heart disease and an anatomical contraindication for biventricular repair. Since the
description of the Fontan operation in 1971 [2], multiple modifications have been
described [3-6] (Fig. 6.1). Although the Fontan operation has changed completely
the outcome of thousands of patients with univentricular heart, it remains a pallia-
tive procedure and limited in its ability to fully eliminate the problems associated
with single ventricle physiology.

The term Fontan failure has been introduced to describe an inefficient circulation
leading to a constellation of complications including limited exercise capacity,
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Fig. 6.1 Variations of Fontan surgery. (a) Modified classic Fontan; (b) intracardiac lateral tunnel
Fontan; and (¢) extracardiac Fontan. In (a) the modified Blalock-Taussig shunt, shown in white,
was taken down and oversewn. In (¢), permanent atrial epicardial pacemaker leads are illustrated
in grey. Reprinted from Mondesert et al. [12] with permission from Elsevier

reduced cardiac output, recurrent atrial arrhythmias, chronic cyanosis, hepatomeg-
aly with extensive fibrosis, cirrhosis, hepatocarcinoma, protein-losing enteropathy,
plastic bronchitis, chronic ascites, venous insufficiency, thrombosis and chronic
peripheral oedema [7, 8]. The lack of a standard definition of Fontan failure limits
the understanding of the prevalence of heart failure in this population. Estimates of
heart failure prevalence range from 10 to 20% early after Fontan surgery, rising to
50% in the adult population [9, 10]. Fontan failure presents gradually over the years,
and patients may not recognize symptoms or present overt manifestations of decline
until deterioration is quite advanced. This makes managing these patients extremely
challenging. Standard heart failure treatment might help symptomatically but is not
thought to change outcome; therefore early transplant referral should be considered
in this population.

Some authors have divided the failure of the Fontan circulation in three catego-
ries: ventricular dysfunction, systemic complications of Fontan physiology and
chronic Fontan failure [11, 12]. Although there is some overlap between these cat-
egories, this approach might be relevant when considering treatment options.

6.2.1 Ventricular Dysfunction

The Fontan circulation is characterized by the absence of a subpulmonary pumping
chamber relying upon changes in intrathoracic pressure during breathing to draw
blood through the lungs and systemic venous hypertension to provide the “pump-
ing” pressure in the circulation. The pulmonary blood flow in this setting will be
determined by the trans-pulmonary gradient, which depends on the pressure in the
systemic veins (preload), the pressure in the pulmonary veins (afterload) and by the
pulmonary vascular resistance. Since the body tolerates limited pressures in the
systemic veins (up to 20 mmHg) and has a narrow window of filling pressures, the
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pulmonary vascular resistance will be the main determinant of the cardiac output in
this circulation [7].

Before the Fontan completion, the systemic ventricle is subjected to high vol-
umes and frequently to high pressures leading to ventricular overgrowth, eccentric
hypertrophy and, if excessive, spherical reconfiguration and dysfunction [13].
Immediately after Fontan completion, there will be a rapid reduction of preload of
the systemic ventricle resulting in an under-filled single ventricle, leading to a mis-
match in diastolic volume and ventricular mass. Although hypertrophy might
decrease over time, abnormal ventricular relaxation and reduced ventricular compli-
ance will persist, leading to progressive decline in diastolic function and subsequent
increased venous congestion with further reduction of cardiac output [7, 8, 13].
Patients with Fontan procedure have a significant reduction in contractile and dia-
stolic function with normal afterload, impaired ventricular-arterial coupling and
reduced ventricular efficiency with heightened sensitivity to heart rate. Therefore,
maintenance of cardiac output will depend on lower afterload, eccentric remodel-
ling and relative preservation of diastolic function [14].

The systolic ventricular function is generally preserved in childhood. The systolic
wall stress restores to normal in most individuals if the Fontan procedure is done
before 10 years of age [15]; however long-term systolic ventricular dysfunction is
seen in some adult patients with a Fontan circulation. This is attributed to chronic
hypoxia and volume overload, ventriculotomy during various palliative procedures
and ventricle morphology of the single ventricle [16]. In children, right ventricular
morphology of the single ventricle is associated with poorer ventricular function [16]
and worse atrioventricular valve regurgitation [17] and is also, along with protein-
losing enteropathy (PLE) and higher right atrial pressure, an independent predictor of
heart failure death in this population [18]. d’Udekem et al. showed in 499 consecutive
patients undergoing univentricular palliation that children with morphologically right
ventricle have 2.2-fold risk of death prior to the bidirectional Glenn stage [19]. In
adults, there has been no definitive evidence of significantly different outcomes
between those with right ventricular and left ventricular morphology. Data from the
Australian and New Zealand Fontan registry, however, showed that adult patients with
hypoplastic left heart syndrome have higher risk of developing Fontan failure, arrhyth-
mias, thromboembolism and PLE compare with left ventricular morphology [20].

Furthermore, the distinction between Fontan failure and preserved or reduced
systolic function is important because therapeutic options, expected responses
and long-term outcomes may vary, depending on systolic function. Understanding
the specific mechanisms associated with heart failure in a patient with a Fontan
repair is crucial.

6.2.2 Systemic Complications of Fontan Physiology

6.2.2.1 Arrhythmias

Atrial arrhythmias, most typically atrial macro re-entrant tachycardias, are the most
common cardiac complication affecting individuals after Fontan operation, account-
ing for 75% of supraventricular arrhythmias. Factors contributing to the high risk of
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atrial arrhythmias include extensive atrial suture lines, high systemic venous pres-
sure, atrial dilation and hypertrophy [21], heterotaxy syndrome [20], older age at
Fontan and atrioventricular valve regurgitation [18]. The risk of arrhythmias also
depends on the type of Fontan with higher prevalence in patients with atrio-pulmonary
Fontan and lateral tunnel than in patients with extracardiac conduit [20].

Atrial arrhythmias are poorly tolerated in patients with Fontan physiology as
preload-dependant Fontan patients respond very poorly to the rapid ventricular rate,
particularly in the setting of high pulmonary vascular resistance and poor contractil-
ity [8]. Sustained atrial arrhythmias may lead to rapid deterioration of the haemody-
namic status, due to the loss of atrioventricular (AV) synchrony and reduction in
cardiac output and systemic ventricular function leading to decompensated heart
failure. Termination of acute episodes is recommended whenever possible either
with antiarrhythmic drugs or, more often, with electrical cardioversion. Patients
with an atrio-pulmonary Fontan may develop intracardiac thrombus even in pres-
ence of optimal anticoagulation; thus, a transoesophageal echocardiogram should
be performed prior cardioversion. In the presence of a thrombus in the Fontan cir-
cuit, the risk/benefit of restoring sinus rhythm should be carefully considered. In
selective stable patients, rate control can be a useful initial strategy, but close moni-
toring of the patient is paramount, with special attention to signs of haemodynamic
instability, such as hypotension, low urine output or worse renal function. These
findings should prompt attempts to quickly restore sinus rhythm. Long-term treat-
ment options include antiarrhythmic medication and catheter ablation, although the
latter should be considered early after the first episode of arrhythmia. Conventional
catheter ablation has lower rate of success and higher rate of recurrence in Fontan
patients compared with other forms of congenital heart disease [22]. However, the
use of new technology, such as magnetic navigation, irrigated catheters and imaging
integration, significantly increases the rate of success in this challenging population
[23]. The development of significant arrhythmias in patients with atrio-pulmonary
Fontan when presenting with signs of heart failure is associated with a 3-year mor-
tality rate of 25% [24]. This should also be a trigger to consider early referral for
transplantation.

Sinus node dysfunction and chronotropic incompetence are common in patients
with Fontan physiology [25, 26], whereas AV conduction problems are rare. Loss of
normal sinus rhythm has been associated with atrial tachycardia and liver fibrosis
[27]. Pacemaker insertion can be challenging in these patients due to their underly-
ing anatomy. Transvenous atrial pacing might be possible in patients with atrio-
pulmonary Fontan or lateral tunnel, but patients with extracardiac conduit will
require an epicardial approach.

6.2.2.2 Liver Disease

Liver disease is one of the most galling complications in patients with Fontan circu-
lation. Some recent data suggest that liver disease is universal in patients with
Fontan physiology [28, 29]; it may begin immediately after Fontan completion, if
not before then [30, 31], and progresses with age [28]. The spectrum of liver disease
varies from mild liver congestion to severe fibrosis with nodular regeneration and
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cirrhosis. It is important to differentiate between “true cirrhosis” and “cardiac cir-
rhosis”. Patients with “true cirrhosis” have higher grade of portal fibrosis and portal
hypertension, which is absent in most of the cases of “cardiac cirrhosis” [32].
Although the presence of “true cirrhosis” does not predict earlier time to death or
heart transplant in this population [32], “true cirrhosis” is less likely to regress after
isolated heart transplantation. Therefore, concomitant liver transplant might need to
be considered. In addition, there have been reports of malignant transformation of
hepatic fibrosis in hepatocellular carcinoma which is more likely to occur in patients
with “true cirrhosis”.

The mechanisms leading to hepatic dysfunction in the Fontan population are
poorly understood but are likely to be multifactorial, including chronic elevation of
central venous pressure, hypoxaemia and increased mesenteric vascular resistance
[33]. Chronically elevated central venous pressure induces hepatic injury through
sinusoidal stasis, stromal stretch and compression of the adjacent plates. This is
generally a primarily sinusoidal process with portal tract involvement in only the
most advanced cases [29]. Fibrosis in the portal distribution is more typically asso-
ciated with inflammatory liver diseases such as viral hepatitis, toxic injury related to
alcohol or medications or non-alcoholic fatty liver disease, but recent studies have
shown portal involvement in patients with Fontan circulation at all stages of sinusoi-
dal fibrosis [28, 29] (Fig. 6.2), suggesting that factors other than central venous
hypertension may be contributing to liver injury. In patients with Fontan circulation,
there is a heterogeneous liver involvement which might explain the poor correlation
between liver biopsy and outcomes and highlights the potential for sampling error
and/or the high degree of interobserver/intraobserver variability in liver biopsy
interpretation.
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Fig. 6.2 Liver histopathology findings in 68 Fontan subjects who had liver biopsy or autopsy.
Data extracted from Wu et al. [32]
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The absence of ascites does not exclude advanced liver disease or Fontan failure,
and standard serologic liver tests poorly correlate with degree of liver disease in this
population. The most common abnormal test is gamma-glutamyl transpeptidase
(GGT), elevated in almost 75% of patients with Fontan circulation [29]. Other find-
ings include prolongation of the prothrombin time or of the INR, mild aminotrans-
ferase elevation [34, 35], mild thrombocytopenia [29] and decreased serum albumin
[17, 29, 35]. Abnormal biomarkers of hepatic fibrosis are common in adults with
Fontan circulation, but standard serologic tests to assess liver fibrosis do not predict
the degree of histologic hepatic fibrosis in these patients [36]. The VAST (varices,
ascites, splenomegaly, thrombocytopenia) score, which gives a point each for vari-
ces, ascites, splenomegaly (>13 cm on any imaging) or thrombocytopenia
(<150,000 platelets/mL), is a strong marker for portal hypertension and has been
utilized in the Fontan population to predict risk for adverse events such as death,
transplant or hepatocellular carcinoma. Newer modalities, such as diffusion-
weighted magnetic resonance imaging, may allow for more reproducible and repre-
sentative quantification of hepatic fibrosis.

Regular surveillance of the liver is paramount in Fontan patients. Annual liver
ultrasound is recommended after 10 years of the Fontan completion [35], and it is
reasonable to consider liver elastography at baseline and follow-up. Patients with
more advanced fibrosis and arterialized nodular lesions warrant further imaging
with triple-phase computed tomography or liver magnetic resonance gadoxetate
disodium (Eovist, Bayer, Whippany, New Jersey) and alpha-fetoprotein measure-
ments every 6 months to rule out hepatocellular carcinoma.

6.2.2.3 Lymphatic Dysfunction
The lymphatic vessels play an important role in maintaining a capillary filtration
equilibrium. Capillary filtration equilibrium depends on mean capillary hydrostatic
pressure which is greatest at the arteriolar end, leading to filtration, and least at the
venular end leading to reabsorption. Approximately 10% of tissue fluid, which fails
to reabsorb, is taken up by small lymphatic capillaries, which then drain into larger
lymphatic channels and ultimately in the thoracic duct, the largest lymphatic channel
in the body, which itself drains into the innominate vein [16]. Patients with Fontan
circulation have chronic systemic venous hypertension which will results in increase
lymph production and difficulty for the thoracic duct to drain into the great veins.
This will lead to significant lymphatic congestion, dilatation of the thoracic duct,
chylous pleural effusions and formation of new lymphatic collaterals [37]. Early evi-
dence of lymphatic abnormalities (lymphangiectasia and lymphatic collaterals) has
been demonstrated in patients after bidirectional cavopulmonary connection or
Fontan procedure even in the absence of plastic bronchitis or PLE [38, 39].
Lymphatics are difficult structures to evaluate because of their small size and
variable anatomy. Nuclear scintigraphy is widely used in the diagnosis of PLE and
has demonstrated the dilated thoracic duct and perihilar lymphangiectasia [40].
Magnetic resonance (MR) lymphangiography has shown lymphangiectasia and
lymphatic collateralization in patients with Fontan palliation [16]. Dynamic con-
trast MR lymphangiography has demonstrated abnormal dilated lymphatic channels
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arising from the thoracic duct and retrograde flow of contrast in these channels
towards the carina or hilum of the lung in patients with plastic bronchitis [39].
Several strategies have been developed in an attempt to treat failing Fontan by
targeting the lymphatic abnormalities. These include thoracic duct ligation, decom-
pression of the thoracic duct, thoracic duct embolization and selective embolization
of abnormal lymphatic collaterals. Although thoracic duct ligation and thoracic duct
embolization have been reported as useful in the treatment of plastic bronchitis [41],
since the thoracic duct is the structure that drains abdominal chyle, duct ligation/
embolization could potentially initiate or worsen ascites and/or PLE. However,
selective embolization of the abnormal lymphatic channel or isolation of the branches
of the thoracic duct [42] appears promising in the management of these patients.
Decompression of the thoracic duct by diverting the innominate vein to the atrial
appendage has been reported as a successful option to treat patients with PLE [43].

6.2.2.4 Protein-Losing Enteropathy

Plastic bronchitis and PLE are serious complications associated with significant
morbidity and mortality. The exact prevalence is unknown; however, studies suggest
their presence in 5-15% of patients after palliation of the single ventricle and can
occur in the setting of good ventricular function and low central venous pressure.
Although classic data report a mortality rate of 50% at 5 years after initial diagnosis
[44], more recent data suggest an 88% and 72% survival rate at 5 and 10 years,
respectively [45]. Factors related with decreased survival include Fontan pres-
sure >15 mmHg, decreased ventricular function (ejection fraction <55%) and
New York Heart Association (NYHA) > II [45]. PLE can lead to severe hypopro-
teinaemia with significant reduction in oncotic pressure and development of oedema,
ascites and pleural-pericardial effusions and frequently chronic diarrhoea.

The exact physiopathology of PLE is not completely understood. While all
patients who have undergone a Fontan procedure have elevated venous pressure, the
finding that only a minority develop PLE has led to speculation as to the aetiology
of the PLE. Ostrow et al. propose that the chronic state of low cardiac output after
the Fontan operation leads to a redistribution of flow away from nonvital organs
such as the mesenteric circulation. This will diminish mesenteric blood flow which
in combination with elevated venous pressures can lead to a decrease in the gut
perfusion profile. Impaired mesenteric perfusion may result in modulation of intes-
tinal cell membrane function and promote cellular apoptosis, factors which contrib-
ute to increased intestinal permeability and protein leakage [46].

In patients with chronic heart failure, there is a significant stimulation of the
inflammatory system, a phenomenon that may similarly occur in patients with Fontan
circulation. Several studies have shown elevation in inflammatory markers such as
cytokines, tumour necrosis factor alpha (TNF-o) and C-reactive protein (CRP) in
patients with Fontan circulation and PLE. Cytokines can induce vasoconstriction and
impair endothelium-dependent vasodilation in resistance arteries; hence they may
play a role in increasing mesenteric vascular resistance and contribute to a predispo-
sition to PLE in patients after the Fontan circulation. TNF-a may play a direct role in
altering intestinal cell membrane permeability to intravascular protein. Bode et al.
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demonstrated in an in vitro model of PLE that TNF-a disrupts the tight junctions in
the gut mucosa and increases fourfold the albumin flux across a monolayer of intes-
tinal HT29 cells [47]. They also showed in a knockout of syndecan-1 that the pre-
dominant heparan sulphate proteoglycan, on the basolateral surface of intestinal
epithelial cells, increased rate of protein leak by almost twofold. Combination of the
knockout with TNF-o and/or increased venous pressure produced a synergistic effect
with a sevenfold increase in albumin permeability [48]. This could explain why treat-
ment with unfractionated heparin may be effective in treating PLE.

Patients with constrictive pericarditis can develop PLE secondary to high venous
pressure (>24 mmHg) which resolves after pericardiectomy [49]. Markedly
increased systemic venous pressure will increase intestinal lymphatic pressure
which, in selected cases, cause localized rupture of the intestinal lymphatics into the
gut lumen decompressing the entire systemic lymphatic system [50]. In patients
with Fontan circulation, there is a correlation of PLE with the central venous pres-
sure at the time of development of PLE, but this correlation disappears during the
chronic phase [51]. However, this correlation is weak, with some patients develop-
ing PLE even with “normal” systemic venous pressures. A possible explanation is
that the lymphatic system is operating near capacity in most subjects following the
Fontan procedure and either some predisposing defect (e.g. congenital lymphatic
malformation) or an event such as infection results in the rupture of the lymphatics
in a localized area of the intestine. The mucosal histology in PLE of these subjects
is identical to that found in primary intestinal lymphangiectasia and constrictive
pericarditis, suggesting that high venous pressure plays a significant role in the
pathogenesis of PLE.

The primary diagnostic test for PLE is stool testing for the presence of alpha-1
antitrypsin (al-AT) in a 24-h stool collection. An al-AT clearance (x1-AT clear-
ance = [(mL stool) x (stool al-AT mg/dL)]/[serum al-AT mg/dL]) greater than
27 mL/24 h or an abnormal faecal al-AT concentration greater than 54 mg/dL is
diagnostic for PLE. a1-AT testing of a spot stool specimen may also show elevated
levels in PLE, but this is a less sensitive approach and is not recommended in the
initial diagnosis. The use of a random stool al-AT level coupled with serum o1-AT
level, however, may serve as a convenient surveillance method for patients with
known PLE undergoing treatment or in remission.

As the cause of PLE is multifactorial, it is important to individualize the treat-
ment plan for each patient. After the diagnosis of PLE is made, a thorough system-
atic approach is needed to address all possible aetiologies. The first step in treatment
should be aimed at addressing any cardiac aetiologies, specifically relieving any
mechanical obstructions and improving cardiac output. Dietary recommendations
for these patients include high-protein (>2 g/kg/day) and low-fat diet (<25% of
calories from fat) with medium-chain triglyceride supplementation. Medium-chain
triglycerides are transported directly into portal blood rather than the lymphatic
system bypassing the damaged lymphatic system in patients with PLE [45]. Optimal
diuretic treatment is paramount including spironolactone. Spironolactone has
diuretics and cardiac properties but also improves endothelial cell function and
reduces inflammation [52]. A trial of pharmacological agents such as heparin,
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corticosteroids and octreotide may be used. Subcutaneous unfractionated heparin
decreases permeability of the gut membrane to large molecules and may decrease
inflammation and potential microthrombi to the mesenteric arteries [45, 53].
Budesonide is an enteric-specific steroid, thus targeting inflammation, and has been
reported to be successful in the treatment of PLE [54, 55]. Octreotide is a soma-
tostatin analogue that decreases lymphatic flow but increases gallstone formation
and therefore should not be used as a first-line treatment [45]. Despite which treat-
ment is used, the majority of patients will benefit from pulmonary vasodilators, such
as sildenafil, to reduce pulmonary pressures and optimize the Fontan circulation.

6.2.2.5 Cyanosis

A certain degree of cyanosis is common in patients with Fontan circulation, due to
coronary sinus drainage to the systemic circulation or pulmonary shunting. In addi-
tion, the presence of a fenestration to decompress the circuit might contribute to the
degree of cyanosis. After Glenn or Fontan operations, the increased central venous
pressure may induce recanalization of embryologically formed systemic venous
collaterals. Systemic venous collaterals are defined as venous channels draining
desaturated blood from the high-pressure system of the upper half of the body into
the low-pressure system of the lower part of the body and should be suspected when
oxygen saturation is <90%. In Fontan patients, the most common veno-venous col-
lateral vessels are from the brachiocephalic angles, superior vena cava and pericar-
dial veins to the pulmonary veins or directly into the left atrium [56]. Patients with
Fontan circulation can also develop pulmonary arteriovenous malformations
(PAVMs) as well as recanalized pulmonary veno-venous collaterals between the
bronchial and pulmonary veins, increasing the degree of cyanosis. PAVMs are thin-
walled vascular malformations that are located pleurally or subpleurally and may
range from microscopic telangiectasia to 1-5 cm in size [57]. Patients with PAVMs
may be entirely asymptomatic, suggesting a smaller physiologic burden of intrapul-
monary right-left shunt in which oxygenation is not significantly affected. However,
advanced stages of PAVMs formation may present with hypoxaemia, cyanosis,
cerebral embolization and brain abscesses [58]. Embolization may be successful
with isolated or large PAVMSs and is commonly used to treat isolated PAVMs.
However, embolization therapy is rarely feasible after a superior vena cava to pul-
monary artery connection as the disease usually presents in the diffuse form.
Embolization of veno-venous collaterals is also possible, but since these appear to
decompress the Fontan circuit, the decision to close these collateral vessels should
be individualized.

6.2.2.6 Thromboembolism

Thrombus formation in patients with Fontan circulation is likely to be multifactorial.
Numerous abnormalities in the coagulation cascade have been reported in this popu-
lation, such as low levels of protein C, protein S and antithrombin III. This would
suggest a hypercoagulable state, but these patients also have deficiency of coagula-
tion factors such as I, V, VII, VIII and X that might increase bleeding risk [59, 60].
These findings appear to be more relevant in patient with chronic cyanosis.
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Although patients with atrio-pulmonary Fontan are more likely to form thrombus
within the Fontan circulation, mainly in presence of atrial arrhythmias, the actuarial
incidence of thromboembolic complications with extracardiac conduits has been
estimated to be 7.1% at 10 years [61]. In fact, the largest studies comparing extra-
cardiac and intracardiac tunnels reported no differences in thromboembolic event
rates. It is common practice to anticoagulate all patients with atrio-pulmonary
Fontan; however the optimal preventive strategy in patients with total cavopulmo-
nary connections remains to be determined, with no current consensus.

6.2.3 Chronic Fontan Failure

Even in absence of ventricular dysfunction or systemic complications, one can con-
sider the Fontan circulation as a state of chronic heart failure. Cardiac output is reduced
and venous pressure is increased from the moment of the Fontan completion and both
worsen with time. In addition, patients with Fontan circulation have a limited ability to
boost cardiac output during exercise due to their limited or absent pulmonary vascular
reactivity and recruitment of pulmonary segments limiting their exercise capacity. The
latter is significantly reduced in adolescents with Fontan circulation [62, 63] and con-
tinues to fall at a rate of approximately 2.6% predicted per year [64] with a significant
increase in risk of hospitalization and symptoms when crosses a threshold of approxi-
mately 45% of predicted [11]. In a recent study, Cunningham et al. have shown that a
decline in peak oxygen consumption between consecutive cardiopulmonary exercise
tests predicts increased risk for death or transplant in adults with a Fontan circulation
independent of their baseline peak oxygen consumption [65].

Progressive decline in the efficiency of the Fontan circulation is also well recog-
nized. Pulmonary vascular resistance increases with time and plays a significant
role in this deterioration. In addition, the end-diastolic pressure of the single ven-
tricle will also increase leading to worsening of venous congestion and further dete-
rioration of the cardiac output [7]. Another important contributing factor is the size
of the extracardiac conduit in patients with total cavopulmonary connection. As the
patient grows, there will be a significant increase of blood volume across the Fontan
pathway, and associated power loss will become more important [11]. Although it is
accepted that patients with Fontan circulation will deteriorate, there is no clear strat-
egies designed to improve the Fontan circulation and, perhaps, to increase the period
of symptom-free survival.

6.3  Treatment of Circulatory Failure in Fontan Circulation

The circulatory problem in the Fontan circuit is created by the damming effect of
the Fontan system and the subsequent limit on cardiac preload. Therefore, strategies
aimed at optimizing the efficiency of the Fontan system, such as reducing systemic
venous pressure, reducing the resistance in the Fontan circuit or the creation of a
fenestration, may be more effective than traditional heart failure therapies [1].
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An acute increase of the systemic venous pressure, as occurs during exercise, can
temporarily increase cardiac output. However, chronic high venous pressures in
excess of 18-20 mmHg are poorly tolerated in patients with Fontan circulation
resulting in symptoms such as congestion, oedema, ascites, lymphatic dysfunction
and progressive veno-venous collaterals with cyanosis. Diuretics can control some
of these symptoms but at the risk of aggravating the chronic effects of the pre-
existing ventricular underfilling [7].

In the current era, the surgical technique used to create a total cavopulmonary
connection is usually satisfactory with minimal focal stenosis and reduced turbu-
lence. However, in patients with elevated Fontan pressure and reduced exercise
capacity, special care should be taken to ensure areas of stenosis, hypoplasia or
distortion are detected early and managed.

Pulmonary vascular resistance increases physiologically over time leading to
Fontan failure. Pulmonary vasodilator drugs aimed at reducing pulmonary vascular
resistance appear as an attractive option in this setting, but the available data are
contradictory. Sildenafil has been tested in different studies in this population.
Giardini et al. [66] reported in a cohort of 27 patients with Fontan circulation that
sildenafil improves peak oxygen consumption, pulmonary blood flow and cardiac
index, 1 h after being administrated. Unfortunately, this effect has not been con-
firmed in subsequent randomized-controlled trials. Goldberg et al. [67] studied in
a double-blind, placebo-controlled, crossover trial, conducted in children and
young adults after Fontan surgery, the effects of sildenafil after 6 weeks of treat-
ment. The study showed a significant reduction in respiratory rate and minute ven-
tilation at peak exercise. There was also a significant decrease in ventilatory
equivalents of carbon dioxide at anaerobic threshold. However, although there was
a trend of improved oxygen consumption at anaerobic threshold, this was not con-
firmed at peak exercise. Bosentan has also been studied in patients with Fontan
circulation, again with contradictory results. Schuuring et al. [68] reported in a
cohort of 42 patients with Fontan circulation that 6 months’ treatment with bosen-
tan did not improve neither exercise capacity nor quality of life but increased
NT-proBNP. More recently, Hebert A et al. [69] randomized 75 stable patients with
Fontan circulation to bosentan or placebo. After 12 weeks, there was a significant
increase in peak oxygen consumption, exercise time and NYHA functional class in
the bosentan group. In addition, side effects were mild and there was no significant
difference in both groups. In summary, although some studies have proven positive
effects of pulmonary vasodilators in patients with Fontan circulation, there is no
sufficient evidence suggesting that pulmonary vasodilators are beneficial in this
population, and further studies are warranted before therapeutic recommendations
can be made.

One way of increasing cardiac output in patients with Fontan circulation is creat-
ing a small fenestration. Although a fenestration at the time of the Fontan is well
tolerated and may be viable for years or decades after surgery, a creation of a fenes-
tration in presence of a failing Fontan circulation is not as well tolerated. In this
setting, a small fenestration will not allow the degree of decompression necessary to
improve symptoms, and a larger fenestration might reduce venous congestion and
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increase cardiac output but will result in severe cyanosis. Nevertheless, in selected
cases a fenestration might be considered as a bridge to transplantation.

Fontan patients with excessive bradycardia will benefit from pacing with a heart
rate in the physiologic range to increase cardiac output and reduce venous conges-
tion [70]; however excessive tachycardia may result in a decrease in cardiac output
related to the inability of increasing diastolic filling. Patients with biventricular cir-
culation have ventricular preload reserve; thus an increase in heart rate will result in
increased stroke volume and subsequently cardiac output. However, in patients with
Fontan circulation with no ventricular preload reserve, an increase in heart rate will
result in a proportional reduction in stroke volume with no significant change in
cardiac output [71].

Modification of the afterload could be another potential therapeutic target in
patients with failing Fontan circulation. As any patient with chronic low cardiac
output, systemic afterload is increased in these patients to maintain blood pressure.
In a patient with biventricular heart, impaired left ventricular systolic function and
preload dependent circulation, a reduction in afterload will lead to increase in car-
diac output, counteracting for the hypotension induced by these drugs. However, in
a Fontan patient with no preload reserve, a significant reduction in afterload will not
lead to increase in cardiac output and, in fact, could be detrimental if it causes hypo-
tension. Whether or not there is a role for low-dose afterload reduction in attempting
to modulate ventricular diastolic function remains as yet unknown [1]. In the larger
randomized trial of enalapril after Fontan, no beneficial effect was seen [72].
However, the time course in this trial was 10 weeks; it may be that the benefit of
afterload reducing agents lies in the chronic impact on diastolic function rather than
the short-term impact on systemic vascular resistance [1].

Optimal medical therapy of heart failure in patients with Fontan circulation
remains uncertain. Multicentre, randomized trials are needed to elucidate the effect
of treatments of heart failure in these complex and growing population.

6.4  Mechanical Support and Transplantation in Patients
with Fontan Circulation

Heart or heart-lung transplant should always be considered in patients with uni-
ventricular heart and refractory heart failure. Whereas, the proportion of trans-
plants in patients with univentricular heart has not changed over the last 10 years,
the number of transplanted congenital patients with biventricular circulation and
systemic right ventricle has doubled. Standard risk factors used for listing patients
with acquired heart disease for transplantation may not be applicable to patients
with Fontan circulation. High sensitization, elevated PVR, distorted pulmonary
artery anatomy, anatomical abnormalities including abnormal position of organs
or vessels (e.g. situs inversus, malposition of the great arteries or venous anoma-
lies) as well as previous cardiac operations may add significant technical prob-
lems. All of these factors should be considered in the assessment of these patients
prior to transplantation. In addition, patients with Fontan circulation, as has been
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already discussed, are prone to develop liver failure; thus a detailed assessment of
the liver with a multidisciplinary team, including cardiologists with expertise in
adult congenital heart disease and gastroenterologists with expertise in liver fail-
ure, is paramount.

Timing for referral is challenging in this group of patients. Progressive deteriora-
tion of exercise capacity is expected, leading to gradual adaptation of their physical
activity making it difficult to assess functional class. In addition, patients normally
“feel well” and do not see the benefit of having a heart transplant. However, long-
standing low cardiac output will have an impact in renal function which will also be
affected by cyanosis. Moreover, chronic venous congestion will impact on the liver
function leading to cardiac liver cirrhosis. Both renal and hepatic failure might pre-
clude patients for having isolated heart transplant, and therefore referral for trans-
plantation should be considered before these organs fail.

Although there are conflicting reports as to whether or not patients after the
Fontan operation are at higher risk of death after heart transplantation, recent data
suggest a significant improvement in the outcome of this population [73]. Patients
with Fontan circulation presenting for transplantation with preserved ventricular
function but failing Fontan physiology (e.g. symptoms and signs of poor cardiac
output, raised right atrial pressure, PLE, ascites and oedema) are at higher risk of
dying than those who present with heart failure and reduced ventricular function
[74]. Other aspects of the Fontan operation and postoperative physiology that can
lead to increased risk after heart transplantation in these patients include multiple
previous surgeries, chronic cyanosis, coagulation dysfunction, elevated pulmonary
vascular resistance and an elevated circulating anti-HLA antibodies.

Experience with ventricular assist devices (VAD) in patients with single ventri-
cle physiology is limited. Recent data from the INTERMACS registry suggest that
survival of patients with congenital heart disease and left VAD (LVAD), including
patients with single ventricle physiology, is similar to non-adult congenital heart
disease patients [75]. Mortality, however, was higher for patients requiring biven-
tricular assist device (BiVAD) or total artificial heart (TAH) [75]. Over the last
decade, several investigators have tested different mechanical pumps for use within
the Fontan circulation to improve cardiac output and reduce systemic venous con-
gestions. Some of these investigations are quite advanced but not ready for testing
in humans.

Conclusion

As the survival of patients with univentricular heart and Fontan circulation con-
tinues to improve, the challenges of the management of this circulation are
becoming more apparent. While the Fontan operation has radically changed the
outcome of patients with univentricular heart, we, adult congenital heart disease
clinicians, will have to intensify our efforts to improve our ability of dealing with
the complications of this unnatural circulation. Complications are complex and
involve multiple organs requiring a multidisciplinary approach. Continued
research is needed to develop therapies to manage ventricular dysfunction and
the systemic complications in these patients. Further investigation of the role of
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mechanical assist devices in this complex circulation is also required. Novel
mechanical devices are under development, but they are not ready for clinical
use. As the number of Fontan survivors continues to grow, rational and system-
atic diagnostic and treatment protocols will need to be established and tested.
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Systemic Right Ventricle 7

Lorna Swan

7.1 Introduction

The systemic right ventricle (RV) occurs in a spectrum of congenital cardiac disor-
ders. This chapter will focus on heart failure in the context of a biventricular heart
in the two main groups of adult patients with systemic RV patients (Fig. 7.1). Single
ventricle physiology with a dominant RV will be discussed elsewhere. The systemic
RV is most commonly seen in two settings—situs solitus and atrioventricular (AV)
and ventriculo-arterial (VA) discordance (alternatively called congenitally corrected

D-transposition L-transposition L-transposition
following a Mustard (CCTGA) with VSD & pulmonary atresia
atrial switch operation (Double discordance) (LV-PA conduit)

Fig.7.1 Common types of systemic right ventricles (RV) in biventricular hearts
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transposition, ventricular inversion, double discordance or levo-transposition) and
in those with AV concordance and VA discordance (D-transposition of the great
arteries (TGA)). At birth this second form of transposition is incompatible with life,
and therefore various early palliative operations are performed. Of these types of
intervention, this chapter will focus on those with previous atrial switch (the Mustard
or the Senning) operations. The population of patients with atrial switch operations
is diminishing as newer surgical techniques replaced this operative approach in the
early 1980s. However, many of these patients are now in their 30s and 40s and are
commonly presenting with issues related to heart failure and arrhythmia.

7.2  Epidemiology and Long-Term Outcome

D-TGA and CCTGA are rare congenital cardiac lesions in the adult population, and
there are approximately 0.04 cases per 1000 in the general population [1]. Little is
known about the genetics of these lesions, but it is infrequent that patients have an
underlying chromosomal abnormality, extra-cardiac anomalies or a positive family
history. There are rare case reports of D-TGA being associated with chromosome
22 deletions or with specific mutations on the X chromosome [2]. However these
are the exceptions and most cases are sporadic.

Long-term outcome for those with a previous atrial switch operation is well doc-
umented. In a large Scandinavian study, mortality in childhood was high, and after
30 years of follow-up, 40% of patients had died [3]. Other studies report better
outcome with an 80% survival at 28 years [4]. Long-term outcome is adversely
affected by the presence of additional lesions—for example, mortality is 2.7 times
greater in those with an additional VSD [5]. Survival is more difficult to estimate in
those with CCTGA given its variable age at presentation. Case of very late presenta-
tion is reported, but in those with a known diagnosis by the age of 45 years, heart
failure (25-67%) and RV dysfunction (32-67%) are common with the risks of both
being linked to the presence of other associated lesions [6].

Heart failure is common in those with previous atrial switch. In a study from the
Netherlands, 50 long-term Mustard/Senning survivors were studied 40 years after
their initial surgery. All but one of these subjects had systemic RV dysfunction—14%
of which had only developed in the last decade [5]. As might be expected, the preva-
lence of heart failure increases over time with age being a major determinant [6].
The most common causes of death in the atrial switch population are progressive
heart failure and sudden cardiac death, presumably arrhythmic. In the CCTGA
group, heart failure predominates [7].

7.3 Causes of Heart Failure

The systemic RV is fundamentally different from a left ventricle in the systemic
position. This is true from cellular function to microscopic myocyte organization
through to gross anatomy and geometry. The understanding of the interplay of these
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factors is still limited, but appreciation of the forebears of heart failure in this popu-
lation is increasing. The right ventricle must learn to adapt to the “abnormal” sub-
aortic environment. In its usual position, the RV is ideally designed to cope with
changes in preload and to a relatively low and fixed afterload. In the systemic posi-
tion, the reverse is true—preload is less variable and afterload is significantly ele-
vated. This different environment results in significant changes to the geometry of
the ventricle and to marked ventricular hypertrophy.

7.3.1 Geometry

The normal RV is wrapped around the LV in its short axis, and its function is inti-
mately related to the LV. This ventricular-ventricular interaction is highlighted to be
the fact that 30% of the contractile energy of the RV is generated by the LV [8].
Normal RV contraction has a peristaltic-like pattern with contraction from the base
and apex spreading up to the outflow tracts. There is greater longitudinal shortening
than radial shortening. Unlike the LV the RV lacks the ability to have significant
torsion during systole and lacks many of the circular myofibres seen in the middle
layer of the LV [9]. The RV is in almost every way not a left ventricle and not intrin-
sically designed to operate in the sub-aortic position. In addition, the tricuspid valve
anatomy is also not ideally suited to the systemic circulation, and tricuspid regurgi-
tation is common (Fig. 7.2).

However there are occasional patients who present with undiagnosed CCTGA in
later life—these patients have managed, despite all of these issues, to maintain
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Fig. 7.2 Mechanisms of heart failure in systemic right ventricle
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systolic function and exercise capacity [10]. It is clear that the RV has the ability, at
least to some extent, to modify its structure in response to sub-aortic haemodynam-
ics. In other settings the RV hypertrophies and develops patterns of muscle fibre
orientation similar to the LV when subjected to pressure and volume overload [11].
There is therefore a spectrum of these adaptive and pathological modifications and
much to learn about why some patients can maintain RV function for many years
when others have accelerated dysfunction.

7.3.2 Cellular Structure

Patients with D-TGA and a previous atrial switch have a distinct pattern of circulat-
ing microRNA expression. MicroRNAs have a potential role in myocardial hyper-
trophy, regulation of cardiac apoptosis and regulation of the cardiomyocyte
cytoskeleton. Their relationship in cardiac remodelling and the development of fail-
ure of the systemic RV is unclear, but they do correlate with measurements of rela-
tively load-independent systemic ventricular contractility [12]. In addition little is
known about how the cellular receptors of the RV are regulated in the sub-aortic
position. Receptor signalling in the subpulmonary RV is thought to be different than
that of the LV [13], but how this impacts on possible response to treatment is not
clear in these complex congenital patients.

7.3.3 Ischaemic

There are several potential mechanisms by which ischaemia may drive ventricular
dysfunction. Patients with CCTGA often have associated lesions. The most com-
mon of these are pulmonary stenosis and VSD. These patients are chronically
hypoxic, and over many years this may adversely impact on ventricular function
and potentially lead to further myocardial fibrosis [14]. The second mechanism is
via inadequate coronary perfusion. Although in D-TGA the coronary arteries are
macroscopically normal, the hypertrophied RV demonstrates reduced capillary den-
sity. The myocardial oxygen demand can therefore outstrip the coronary perfusion.
Impaired coronary flow reserve and subclinical ischaemia have been documented in
this settling and may lead to ventricular dysfunction and electrical instability [15].
In myocardial scintigraphy studies, the majority of atrial switch patients had docu-
mented myocardial perfusion defects [16]. In addition to progressive heart failure,
ischaemia may have an important role in the risk of sudden cardiac death in these
patients, 80% of which occurs during exercise adding weigh to this hypothesis [17].

In CCTGA the coronary arteries are “inverted” with the left coronary usually
originating from the right sinus and the right from the left sinus. There may also in
some patients be a single coronary from the right sinus. The right coronary artery
will supply the hypertrophied and often dilated RV. Again, even in the absence of
luminal narrowing, demand may outweigh supply [18].
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7.3.4 Myocardial Fibrosis

Microscopic and macroscopic myocardial fibrosis appears to be common in
patients following atrial switch surgery. Various biomarkers (such as procollagen
type III amino-terminal propeptide (PIIINP), collagen type I carboxy-terminal
telopeptide (CITP) and procollagen type I N-terminal propeptide (PINP)) are
thought to be surrogate markers approximating the intensity of myocardial fibrosis.
These markers are elevated in patients with a systemic RV especially in those with
larger ventricles [19]. The level of PIIINP was higher in patients with an above
average end-diastolic volume, and CITP was elevated in patients with late gado-
lintum enhancement (LGE) on MRI. Markers of collagen turnover such as
C-terminal propeptide of type I procollagen (CICP) and C-terminal telopeptide of
type I collagen (ICTP) are also increased [20]. Many of these markers are also
related to outcome (MMP9, TIMP1, late GAD defects) suggesting potential com-
mon pathological pathways [19, 21].

On magnetic resonance imaging, LGE is common in those with a systemic RV,
and a 1% increase in LGE was associated with a 38% increase in cardiac end points
(death, arrhythmia, transplantation) [22]. Indeed RV LGE was a stronger predictor
of outcome than RV ejection fraction. Newer imaging techniques have also been
attempting to quantify diffuse myocardial fibrosis (as opposed to localized macro-
scopic fibrosis). This also appears to be increased in the systemic RV, and the extent
of interstitial expansion is related to other markers of disease progression (such as
NT-proBNP and markers of chronotropic function) [23].

In the systemic RV, myocardial fibrosis is also thought to be progressive and not
solely related to perioperative insult in early life [21]. It is unclear if patchy fibrosis
is inevitable over a certain age or a certain RV mass, but ongoing pathological
remodelling is highly probable. Several groups have suggested that RV fibrosis
could be a target for therapy and ongoing studies with agents such as eplerenone,
which improves collagen turnover biomarkers, are awaited.

7.3.5 Baffle Function

One of the unique features of HF post-atrial switch is the role of the baffle function.
Extensive atrial surgery in infancy leads to stiff and poorly compliant atrial path-
ways. Even in the absence of obstruction, these pathways limit the ability of the heart
to increase its stroke volume especially at higher heart rates. This is important both
on exercise and during atrial arrhythmias when the time for ventricular filling is
shorter. This was demonstrated on dobutamine stress echo where, unlike the CCTGA
population, those with an atrial switch were less able to increase stroke volume [24].
When the ability to increase stroke volume is diminished, the ability to increase car-
diac output becomes more dependent on appropriately increasing heart rate. This
limitation to preload is also important when considering the relative benefits and
limitations of any medical therapy that may either impact on preload or on heart rate.
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When there are specific baffle issues such as narrowings and obstructions, these
should be stented both to optimize cardiac function but also to facilitate future trans-
venous lead placing if required [25].

7.3.6 Heart Rate

Both D-TGA and CCTGA may be associated with a blunted ability to increase heart
rate on effort. This chronotropic incompetence may have several mechanisms. Post-
atrial switch this is often due to abnormal sinus node function, and many of these
patients have a junctional rhythm as their background rhythm [26]. In CCTGA AV
block is common, and this should be carefully looked for both at rest and on exer-
cise testing. As mentioned above in D-TGA, in particular, cardiac output and exer-
cise capacity is often dependent on heart rate, and this needs to be borne in mind
when considering therapies such as beta-blockers.

7.3.7 Tricuspid Regurgitation

Tricuspid regurgitation is common in the setting of a systemic RV (Fig. 7.3). As the
RV takes on a more rounded shape, the tricuspid valve is distorted. The tricuspid
valve septal chordal attachments are also displaced. Although much of the tricuspid
regurgitation in systemic RV is functional, a subset of patients will have structurally
abnormal valves related to an Ebstein-like anomaly or post-VSD repair. In CCTGA
up to 60% of patients have a structurally abnormal valve [27]. The presence of sig-
nificant tricuspid regurgitation is an important determinant of outcome, and surgical
repair or replacement of the AV valve should be considered early in the disease
trajectory before RV function becomes prohibitive. Outcomes from tricuspid valve
surgery are poorer if the preoperative RV ejection fraction is less than 40% or if the
subpulmonary ventricular systolic pressure is elevated (>50 mmHg) [28].
Progressive tricuspid regurgitation and systemic RV dysfunction can be linked
together in a viscous circle of volume loading, ventricular dilatation, ventricular
dysfunction and further AV valve regurgitation. Novel trans-catheter techniques are
now being employed to address TR in patients who are thought to be too high risk
for conventional surgery in much the same way as those with functional mitral
regurgitation in those with systemic LV dysfunction [29].

7.3.8 Other Mechanisms of Heart Failure

There is very little data available regarding the influence of diastolic dysfunction on
HF presentations in systemic RV. Distinguishing between abnormalities of baffle
function, ventricular filling and intrinsic stiffness of the ventricle is challenging for
even the most sophisticated imaging techniques. However, in such grossly hypertro-
phied, ischaemic and potentially fibrosed ventricles, a long prodrome of diastolic
dysfunction prior to overt HF symptoms would not be unexpected. Other
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Fig. 7.3 Transthoracic echo of 34-year-old with CCTGA and previous (unsuccessful) repair of
systemic AV valve. (a) Massively dilated LA and RV with ring from previous valve repair. Pacing
lead noted in LV. (b) Severe systemic AV valve regurgitation (tricuspid valve). (¢) Short axis of
systemic AV valve—trileaflet valve with thickened abnormal leaflets. (d) Severe Tricuspid regur-
gitation (systemic pressures)

contributors to progressive ventricular dysfunction may include pathological
myocardial-pericardial interactions and comorbidity such as thyroid dysfunction.
Pregnancy in patients with a systemic RV may accelerate disease progression, and
those with significant ventricular dysfunction should be counselled against preg-
nancy and offered effective non-oestrogen-based contraception [30, 31].

7.3.9 Systemic RV in Complex Hearts
CCTGA in particular is often associated with other cardiac lesions. These com-

monly include VSD and varying forms of pulmonary outflow tract obstruction.
Pulmonary hypertension is often seen in those with unrestricted VSD and no
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pulmonary obstruction and in a subset of transposition patients with no other detect-
able cause. Pulmonary hypertension in some settings may act to limit the dilatation
of the systemic RV (in much the same way as a pulmonary artery band). However
over time, the subpulmonary ventricle will suffer and biventricular failure will
ensue. In general, the addition of other associated lesions is associated with a poorer
outcome.

7.4 Diagnostic Workup

The diagnostic workup for HF in this population is as for other forms of ACHD-
related HF (see Chap. 3). Cardiopulmonary exercise test and established biomarkers
as NT-proBNP may be used as both diagnostic (serial tests) and prognostic tools.
Particular attention should be focused on baffle function (post-atrial switch), coro-
nary perfusion and diastolic function. The impact of tricuspid regurgitation as either
a cause or result of ventricular dysfunction required careful assessment, and in this
setting techniques such as stress echo may be informative. In complex patients MRI
assessment of RV function is more reproducible than traditional echo.

7.5 Treatment Options

7.5.1 Medical Therapy

There is little to no evidence base for medical treatment of HF. However this does
not equate to evidence of lack of efficacy. Previous studies have been limited by lack
of consistent definitions of abnormal RV function, heterogenous low-risk study sub-
jects (often asymptomatic with only mild RV dysfunction), poor study design and
short follow-up. Many of these studies have been under powered with a high risk of
type II errors. As previously mentioned caution needs to be exercised in the use of
vasodilators on those with non-distensible atria or restrictive physiology where
altering venous capacitance may decrease ventricular filling rather than increasing
cardiac output. When initiating beta-blocker therapy, patients should be assessed for
significant chronotropic incompetence and occult AV block.

One of the few largest studies in patient with a systemic RV was a randomized
clinical trial (RCT) of valsartan [32]. Again this was in a low-risk population with
many patients being asymptomatic. However in those with symptoms, valsartan
appeared to be associated with a stabilization of RV ejection fraction compared to
controls. Data on B-blockers in this population are even scarcer although small
observational studies suggested improvement in HF symptoms after treatment with
B-blockers. There is also evidence that B-blockers may reduce SCD in those with
atrial switches [33]. As discussed previously there are ongoing studies of mineralo-
corticoid receptor antagonists in this population and other newer agents. Chapter 11
discussed drug therapies in greater detail.
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7.5.2 Pulmonary Artery Banding

A rather novel therapeutic option for the treatment of HF in adults with a systemic RV
is to band the pulmonary artery (effectively creating significant pulmonary stenosis)
and render the left ventricle “hypertensive”. This was initially done as a staging pro-
cedure towards a late double switch operation with the plan of training the LV prior to
it becoming the systemic ventricle. However, in adults the results of late switch opera-
tions were disappointing [34]. Incidentally it was noted that a few patients with simple
banding reported a symptomatic improvement. In these patients banding resulted in a
significant change in the RV-LV interaction with the septum moving towards the right
ventricle and altering RV geometry and volume. In particular the tricuspid annulus
reduced and, in some patients, tricuspid regurgitation improved. Age is, however, a
major determinant of the LV response to banding and in older individuals the risk of
acute, or chronic, LV failure is a limiting factor. For this reason these techniques have
not been widely adopted in adult HF practice. Minimally invasive banding and other
catheter-based therapies require further evaluation.

7.5.3 Device Therapies

Sudden cardiac death is a particular risk for the post-atrial switch patients (4—5 per
1000 patient years) [1]. There are no reliable risk scoring systems to effectively
stratify risk, and most clinicians will rely on systemic RV function/ejection fraction
as the main determinant of risk and the need for a primary prevention implantable
cardiac defibrillator (ICD) (Fig. 7.4). Late gadolinium enhancement on MRI, atrial
arrhythmias, surgery at older age and elevated circulating levels of NT-proBNP are
also associated with SCD. Most authors would suggest the implantation of a pri-
mary prevention ICD in those with a systemic EF of less than 35% (Class IIb indica-
tion from the recent PACES/HRS expert consensus statement) [35]. As discussed
previously baffles should be fully accessed prior to device therapy and stented if
narrowed or associated with a baffle leak that may cause paradoxical embolism. If
present atrial arrhythmias should be treated aggressively with catheter ablation.
This will reduce the burden of arrhythmia on ventricular function and also reduce
the risk of inappropriate shocks. The risk of sudden cardiac death in those with
CCTA is approximately 1 death per 100 patient years of follow-up and is associated
with tricuspid regurgitation and impaired RV function [36]. Again an EF of less than
35% is quoted as an indication for a primary prevention ICD.

Cardiac resynchronization therapies are discussed in Chap. 12. Care needs to be
taken prior to device implantation to fully assess the coronary sinus anatomy which
may, in the atrial switch patients, have been baffled to the pulmonary venous com-
ponent of the atria. Variations in coronary sinus anatomy, such as atretic or multiple
ostia, are also common in CCTGA [37]. As in other populations, the patients who
appear to most benefit from CRT are those, often the CCTGA group, with long-term
brady pacing and pacing-induced dys-synchrony.
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Fig.7.4 CXR showing
typical position for pacing/
defibrillator leads in
Mustard patient

7.5.4 Mechanical Support and Transplantation

Mechanical support and transplantation is discussed in Chap. 13. Patients with a
systemic RV are often good candidates for transplantation as many will have had
limited previous cardiac surgery. Elevated pulmonary artery resistance is the most
common barrier to transplantation, as it is often related to ventricular function, which
may improve after full heart failure treatment with/without ventricular assist device
(VAD) implantation. Initial difficulties with outlet cannula from the apex of the
hypertrophied RV have now been overcome with new generation of devices and with
implanter experience [38].

7.6  Unanswered Questions in Systemic RV Heart Failure

Like the post-Fontan surgery group, our understanding of the optimal treatment
strategy for the failing systemic RV patient is still rudimentary. Particular ques-
tions remain regarding the cellular and receptor profile of the systemic RV and
how these may be pharmacologically manipulated to best improve function. In
addition, novel therapies such as PA banding or trans-catheter valve treatments
may need to be reinvestigated to assess if there are innovative ways of addressing
declining EF. One of the most significant mysteries of the systemic RV is why
some ventricles fail early and others have preserved function for many years. The
impact of genotype and protein expression is yet to be adequately explored in
this group.
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Abbreviations

ASD Atrial septal defect

CHD Congenital heart disease

CMR Cardiac magnetic resonance

CT Computed tomography

ES Eisenmenger syndrome

NT-proBNP  N-terminal pro-B-type natriuretic peptide
NYHA New York Heart Association

PAH Pulmonary arterial hypertension

PDA Patent ductus arteriosus

PH Pulmonary hypertension

RV Right ventricle

TAPSE Tricuspid annular plane systolic excursion
VSD Ventricular septal defect

8.1 Introduction

Over the last decades, pulmonary arterial hypertension (PAH) associated with congeni-
tal heart disease (CHD) has been studied in greater detail. However, these patients face
numerous complications and still have poorer long-term survival prospects compared
to the rest of the CHD population mainly due to heart failure (HF)-related issues [1].
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8.2 Definition and Classification of PAH

Pulmonary hypertension (PH) is defined as an increase in mean pulmonary arterial
pressure > 25 mmHg at rest, assessed by right heart catheterization [2]. Pulmonary
arterial hypertension (PAH) is further characterized by pulmonary artery wedge
pressure < 15 mmHg and a pulmonary vascular resistance >3 Wood units (precapil-
lary PH) in the absence of other causes. In 1998, the classification of PH was first
developed, establishing groups with similar characteristics [2, 3]. PAH-CHD
belongs to Group 1 PH, together with idiopathic PAH, familial PAH, portal hyper-
tension, and PAH associated with connective tissue disease, infection, and drugs.
PAH-CHD is further divided into four main groups based on clinical phenotypes:
(1) Eisenmenger syndrome (ES), (2) PAH associated with prevalent systemic to
pulmonary shunt lesions, (3) PAH with small/coincidental defect, and (4) PAH after
defect correction.

8.3 Epidemiology

Approximately, 5-10% of adults with CHD will eventually develop PAH [4, 5].
However, the epidemiology of PAH-CHD is likely to change with a reduction in the
number of patients with simple CHD defects (classic Eisenmenger patients) and an
increase in those with complex lesions and those with closed defects who develop
PAH [6].

8.4 Pathophysiology and Natural History

PAH can be developed in patients suffering from simple or complex CHD, but the
likelihood of pulmonary vascular obstructive disease is higher among patients with
larger shunts [6]. Furthermore, the location of the cardiac defect is important, as
patients with a post-tricuspid shunt (unrepaired complete atrioventricular septal
defect or large patent ductus arteriosus (PDA)) develop Eisenmenger physiology
more often than patients with a pre-tricuspid shunt (atrial septal defect (ASD),
anomalous pulmonary venous connection) [4, 7].

Median survival is reduced by around 20 years in patients with ES compared to
the general population [8, 9]. Notably, the location of the cardiac defect seems to
affect the long-term prognosis of the disease. This may be attributed to the ability of
the right ventricle (RV) to offload and to adapt [10]. It should be noted, however,
that studies showing better prognosis of PAH-CHD compared to idiopathic PAH are
limited by immortal bias, since patients have not been observed from birth to end of
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follow-up [5, 11, 12]. Among subgroups of PAH-CHD, patients with ES or PAH
associated with prevalent systemic to pulmonary shunt lesions have better survival
rates compared to patients after defect closure [13].

8.5 Evaluation of PAH-CHD Patients
8.5.1 Clinical Evaluation

Symptoms such as dyspnea on exertion, fatigue, weakness, angina, and syncope
may raise the suspicion for PAH in patients with CHD [2]. Presence of cyanosis is
the clinical hallmark of patients with ES and distinguishes these patients from
patients with other types of PAH [14]. Chronic cyanosis leads to further myocardial
impairment and is the cause of multiorgan dysfunction.

8.5.2 Functional Capacity

World Health Organization (WHO) classification is the most common classification
for quantifying functional capacity in PAH-CHD patients. A 6-min walk distance
<450 m equates to a maximal oxygen consumption in the cardiopulmonary exercise
test between 10 and 16 mL/min/kg and BNP >100 pg/mL [15].

Cardiopulmonary exercise test is an accurate objective method for quantifying
exercise tolerance. Patients with ES along with patients with complex CHD have the
lowest maximal oxygen consumption and the highest minute ventilation-carbon
dioxide production slope values [16—18].

8.5.3 Natriuretic Peptides

Pulmonary vascular disease causes RV wall stress and deterioration in RV func-
tion, which can be reflected by an increase in plasma brain natriuretic peptide
(BNP) and the N-terminal prohormone of BNP (NT-proBNP) [19]. Indeed, in
PAH-CHD, the elevation of the BNP and NT-proBNP are established prognostic
markers of right heart failure and death [20, 21]. Serial changes in NT-proBNP
levels along with changes in WHO functional class, peak oxygen saturation,
6-min walk distance, and tricuspid annular plane systolic excursion (TAPSE)
predict mortality and were more potent predictors compared to parameters at
baseline assessment [22].



132 D. Ntiloudi and G. Giannakoulas

8.5.4 Imaging

Echocardiography cannot be used for establishing the diagnosis of PH [23]. Indirect
signs of the development of PAH in CHD patients include the presence of bidirec-
tional or right-to-left shunt, RV hypertrophy, flattening of the interventricular sep-
tum, short pulmonary acceleration time, high pulmonary regurgitation velocity, and
inferior vena cava dilatation [24]. Moreover, echocardiography is valuable in assess-
ing prognosis and monitoring the efficacy of PAH-targeted therapy (Fig. 8.1) [25].
Cardiac magnetic resonance (CMR) is the gold standard for quantitative assessment
of RV dimensions and function (Fig. 8.2) [24]. Furthermore, CMR has a role in risk
stratification [26]. In ES patients, the presence of obstruction or in situ pulmonary
artery thrombosis or pulmonary artery dilation can be detected with the aid of com-
puterized tomography (CT) (Fig. 8.3). In PAH-CHD patients with chest pain and/or
unexplained left ventricle wall motion abnormalities or infarction, CT can be used to
image the coronary arteries. Compression of the left main stem coronary by a very

Composite score

e TAPSE<15mm
» Systole/diastole time
onTR =15

 RA area >25cm?2
 RA area/LA area ratio
>1.5

Fig. 8.1 Estimation of the echocardiographic predictors (a—d) of mortality in a woman suffering
from Eisenmenger syndrome due to a large ventricular septal defect. Large right atrial area (RA)
and the high ratio of right to left atrial (LA) area indicate poor outcome (a), while systole/diastole
time of tricuspid regurgitation = 1.24 (b) and TAPSE = 1.8 cm (c¢) are favorable prognostic mark-
ers. TAPSE tricuspid annular plane systolic excursion, 7R tricuspid regurgitation
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Fig. 8.2 This is a 45-year-old female with tetralogy of Fallot (TOF), who had initially undergone
a Blalock-Taussig (B-T) shunt and later TOF correction. Patient was lost to follow-up and returned
to tertiary care three decades later after experiencing severe symptoms. At last assessment it was
discovered that the left B-T shunt was not taken down and the two pulmonary arteries were sepa-
rated. In (a) infusion is performed via (right) pulmonary artery and only right lung is perfused.
Angiographic opacification of left lung is performed with selective infusion in the left B-T shunt
(b). Cardiac magnetic resonance indicates flattening of the septum (asterisk) and right ventricular
hypertrophy due to elevated pulmonary pressures in the right lung (¢). Schematic visualization of
the pressures and the saturations (d)

dilated pulmonary artery is a well-recognized cause of angina [27]. However, CT
does not provide information on hemodynamics, and care needs to be taken when
using nephrotoxic iodinated contrast agents especially in cyanotic patients [28].

8.6 Treatment
8.6.1 General Management

PAH-CHD patients, especially those with ventricular dysfunction, should be
referred to specialized tertiary centers [2, 29]. This was highlighted both in Canada
where specialized ACHD care was independently associated with mortality reduc-
tion and also in Germany suggesting a better outcome mainly mediated by the early
and proper initiation of PAH-targeted therapy [30, 31].
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Fig. 8.3 Complex congenital heart disease associated with Eisenmenger syndrome. This is a
37-year-old male with transposition of the great arteries and large ventricular septal defect, who
had undergone a palliative Mustard procedure and subsequently insertion of a pacemaker. When he
was referred to a specialized PAH-CHD center, he was found to have a giant pulmonary artery
aneurysm on the chest radiogram (a, arrows), echocardiography study (b), and cardiac computed
tomography (¢ and d). PA pulmonary artery, LV left ventricle, RV right ventricle

Avoidance of pregnancy and adequate contraceptive measures are additional
issues of high importance for these patients [32]. Endocarditis prophylaxis, preven-
tion of dehydration, regular immunization against influenza and pneumococcal
infections, as well as supervised exercise training are recommended [2]. The effec-
tiveness of exercise training as add-on to medical therapy is recognized, as it
improves working capacity and quality of life [33-35]. Iron deficiency is frequently
encountered in cyanotic patients and is the result of secondary erythrocytosis due to
chronic hypoxemia [36]. Phlebotomy is only indicated in cases of moderate to
severe symptomatic hyperviscosity syndrome in the absence of dehydration [5].
Iron supplementation is recommended as it improves exercise tolerance and quality
of life [37]. Oxygen therapy is not routinely recommended since it has not impacted
on survival of ES patients [38].

Patients with ES have a substantial risk of in situ pulmonary artery thrombus
formation [39]. In contrast, the predisposition of ES patients to bleeding, including
life-threatening pulmonary hemorrhage, discourages the routine use of anticoagu-
lants [29, 40]. Anticoagulation should only be considered in cases of atrial arrhyth-
mias and pulmonary artery thrombosis, especially in the setting of RV systolic
impairment [29, 41]. The role of novel oral anticoagulants is yet to be defined.
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Non-cardiac surgeries in PAH-CHD patients should be performed only when
necessary and in expert centers due to the risks of right heart failure and other life-
threatening complications [42, 43].

8.6.2 Treating PAH-Related HF

8.6.2.1 Acute Right HF
The keys to managing acute RV failure in these patients are as follows:

* To identify and treat any reversible triggers such as arrhythmia or sepsis.

* To optimize the Frank-Starling curve of the failing RV using loop diuretics and
central venous pressure (CVP) monitoring. It may be necessary to maintain a
narrow window of CVP to stabilize the patient as an over- or underfilled RV may
further diminish cardiac output and adversely impact on RV-LV interaction.
Serial echocardiography can be very useful in carefully titrating diuretic therapy
against RV function and measures of cardiac output.

* To try to improve myocardial contractility with inotropic support (see Chap. 9).

* To reduce RV afterload using pulmonary vasodilator therapy.

Intravenous prostacyclin is the pulmonary vasodilator of choice in severely
decompensated patient, while nitric oxide is recommended in intubated patients
[44-46].

Intravenous diuretics are preferred over oral therapies especially in edematous
patients who may have edema of the gut wall. Following the acute event, chronic
diuretics may also be required to treat symptomatic fluid overload and optimize RV
filling. In the midterm spironolactone is very valuable in treating the associated
secondary hyperaldosteronism and is a useful adjuvant when patients are difficult to
diurese with loop diuretics alone [47].

8.6.2.2 Chronic Right HF

Disease-modifying drugs in acquired left heart failure have been extrapolated in
PAH-CHD with RV deterioration. Theoretically, renin-angiotensin system inhi-
bition with angiotensin-converting enzyme inhibitors (ACEls)/angiotensin II
receptor blockers (ARBs) may worsen right-to-left shunting and further compro-
mise oxygen saturation [48]. Notably, the administration of angiotensin-convert-
ing enzyme inhibitors in 60 cyanotic CHD patients showed favorable results,
while recent data from the German registry reported no association of the clinical
outcome of ES patients and the use of ACEIs/ARBs [31, 49]. The use of
B-blockers has been very limited in PAH patients due to their theoretical negative
inotropic effect on the RV [50]. Nonetheless, carvedilol was reported initially to
improve RV function in pulmonary hypertensive rats, and their use in PAH
patients is currently being assessed [51, 52]. As above loop diuretics, aldosterone
antagonists and targeted pulmonary vasodilators are the bedrock of ongoing
management.
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8.6.3 Targeted PAH Treatment

Advanced PAH therapies are now widely used in patients with PAH-CHD and have
been shown to improve functional capacity and survival [12, 31, 53-56]. Targets for
PAH-specific therapy are the three pathophysiological pathways: (1) endothelin, (2)
nitric oxide, and (3) prostacyclin.

8.6.3.1 Endothelin-1 Receptor Antagonists

Endothelin-1 is a strong vasoconstrictor and mitogen for smooth muscle, produced
by endothelial cells [57, 58]. Endothelin receptor antagonists include bosentan,
ambrisentan, and macitentan. The results of the Bosentan Randomized Trial of
Endothelin Antagonist Therapy-5 (BREATHE-5) were the first strong evidence on
the efficacy of endothelin receptor antagonists in ES patients [59]. The prolonged
beneficial effect of bosentan on exercise capacity was confirmed by a prospective
study, in which the increase in mean 6-min walk distance continued to exist during
at least 2.5 years of follow-up [60].

Data on efficacy of ambrisentan in PAH-CHD patients is limited. A retrospective
study of 17 ES patients, who were administered ambrisentan, showed an improve-
ment in 6-min walk distance without serious adverse events [61].

Approval of macitentan in PAH-CHD was based on the Study with an Endothelin
Receptor Antagonist in Pulmonary Arterial Hypertension to Improve Clinical Outcome
(SERAPHIN), which included 62 CHD-PAH patients with a closed defect [62]. The
efficacy of macitentan in ES patients has also been evaluated at the MAESTRO study
(clinicaltrials.gov NCT01743001). After 16 weeks of treatment, 6-min walk distance
was increased in both groups (macitentan and placebo), while NT-proBNP was
decreased by 20% in macitentan arm [63]. In a small study of 15 patients with ES,
macitentan was well tolerated and seemed to have positive effect on 6-min walk dis-
tance and resting oxygen saturation [64]. Of note, in a study of 40 patients that switched
from bosentan to macitentan, an improvement was recorded in WHO functional class,
NT-proBNP, and TAPSE compared to those that received bosentan, while no difference
was reported in hospitalization for heart failure and syncope [65].

8.6.3.2 Phosphodiesterase-5 Inhibitors and Guanylate Cyclase
Stimulators

Sildenafil was the first drug of this category which was proved effective in patients
with symptomatic PAH [66]. Later a small randomized trial with ten ES patients
demonstrated that sildenafil improved exercise capacity, NYHA class, and hemody-
namic parameters [67]. Prospective, nonrandomized trials resulted in similar find-
ings [68-70]. Similarly, the PHIRST trial proved the efficacy and safety of tadalafil
in PAH, including patients with CHD (closed defects or PDA) [71]. In another
observational study of ES patients, tadalafil was shown to be safe and to improve
exercise capacity, NYHA class, and hemodynamics, and this was also confirmed by
a randomized placebo-controlled, double-blind crossover study [72, 73].
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Riociguat acts on the nitric oxide pathway as a guanylate cyclase stimulator.
The randomized controlled trial PATENT-1 (Pulmonary Arterial hyperTENsion
sGC-stimulator Trial-1) and its extension PATENT-2 demonstrated the role of rio-
ciguat in patients with PAH (including patients with PAH after CHD correction),
improving the WHO functional class, exercise capacity, hemodynamics, and
NT-proBNP [74, 75].

8.6.3.3 Prostacyclin Receptor Agonists

The pulmonary vasodilators that were initially used, were the intravenous prostacy-
clin analogues. Administration of epoprostenol seemed to have favorable clinical
and hemodynamic results in PAH-CHD patients [76, 77]. However, its use is limited
by the risk of line sepsis and paradoxical embolism in patients with shunts. A
double-blind, randomized, placebo-controlled trial showed that subcutaneous
treprostinil administration was effective (109 out of 470 were patients with systemic
to pulmonary shunts), having an acceptable safety profile, with the most common
side effect being the infusion site pain [78]. The EIGER study reported that inhaled
iloprost improved exercise capacity, quality of life, and RV function in 13
Eisenmenger patients, albeit no improvement was recorded in their hemodynamics
[79]. Recently, the Prostacyclin (PGI,) Receptor Agonist In Pulmonary Arterial
Hypertension (GRIPHON) study proved the safety and efficacy of selexipag, an oral
prostacyclin receptor agonist [80]. This study included 110 PAH-CHD patients with
a closed defect, and therefore, the role of selexipag in PAH-CHD patients is promis-
ing, but yet to be defined.

8.6.3.4 Combination Therapy

While the administration of combination therapy in PAH is increasing over the
years [81], data in PAH-CHD is limited. A randomized, placebo-controlled, double-
blind crossover study showed that bosentan as monotherapy in 21 patients with ES
improved 6-min walk distance, pulmonary vascular resistance, and pulmonary
blood flow, while the addition of sildenafil to bosentan increased only saturation at
rest [82]. However, D’ Alto et al. reported that addition of sildenafil in PAH-CHD
patients after oral bosentan therapy improved clinical status, effort oxygen satura-
tion, exercise tolerance, and hemodynamics [83].

8.6.3.5 Special Entities
Segmental PH is a newly recognized PH condition that was described in PH guide-
lines as “PH observed in discrete lung areas perfused by aortopulmonary collaterals
in congenital heart diseases such as pulmonary or tricuspid atresia” [2]. There is
very limited data on the role of drug therapies in this group [84].

A large proportion of ES patients have Trisomy 21 (Down syndrome). Although
these patients are often difficult to assess, in three small studies, bosentan adminis-
tration appeared to be safe and had favorable results [85-87].
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8.6.4 Transplantation

Patients with advanced right heart failure, despite maximal medical treatment, are
eligible candidates for heart transplantation [§8-90]. Notably, in the ACHD cohort
of the United Network for Organ Sharing database, pulmonary vascular resistance
exceeding 4 Wood units was a predictor of 30-day mortality; however, no difference
in long-term survival based on pretransplantation pulmonary vascular resistance
was found [91].

In a UK center, early and late outcome with heart-lung transplantation was com-
pared between ES and non-ES patients, and no difference in overall survival was
reported. Indeed, the 10-year survival was 26% and 27.6%, respectively [92].
Furthermore, over a 10-year period, 605 transplants in end-stage ES patients were
recorded in the United Network for Organ Sharing/International Society for Heart
and Lung Transplantation Joint Thoracic Registry [93]. The underlying cause of ES
predicted the posttransplantation survival. Heart-lung transplantation seemed to
have better results compared to lung transplantation with shunt correction (see
Chap. 13).

Conclusion

Even though patients with PAH-CHD live longer in the era of PAH-targeted
treatment, mortality remains high. Right heart failure is currently the predomi-
nant cause of death in these patients. Therefore, the prevention and the optimal
management of heart failure in these patients play a key role, and research should
be oriented in this direction.
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Acute Heart Failure in Adult Patients 9
with Congenital Heart Disease

Alexander Van De Bruaene and S. Lucy Roche

9.1 Introduction

The population of adult patients with moderate and complex congenital heart dis-
ease (CHD) continues to grow [1]. As this cohort ages, symptomatic heart failure
(HF) episodes and end-stage HF have become increasingly prevalent [2-4]. The
hospital admission rate of ACHD patients is twice that of the general population,
and 16% of ACHD admissions are directly to intensive care [5, 6]. In 2016, both the
European Society of Cardiology and the American Heart Association published
papers on the management of HF in ACHD (ACHD-HF) [7, 8]. These ACHD-
specific consensus documents mainly relate to chronic HF and provide only limited,
if any, guidance on acute HF. In an absence of evidence or consensus recommenda-
tions for the management of acute ACHD-HF, current practice is based largely on
clinical experience.

In the main, acute ACHD-HF presents in four ways:

(1) Patients with previously unrecognised and unrepaired CHD. The manage-
ment of these patients is complex, requires an expert multidisciplinary team and
depends on the underlying heart defect and haemodynamics at the time of presenta-
tion [9].
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(2) Repaired CHD patients with residual haemodynamic lesions who decompen-
sate in response to an acute trigger. Such patients may have been stable for decades
but deteriorate suddenly when they develop arrhythmia, systemic infection and non-
cardiac illness or undergo noncardiac surgery. Unfortunately this scenario is all too
often linked to lapses in care or loss to specialist follow-up.

(3) Patients who develop infective endocarditis (IE). ACHD patients most at risk
are patients with prosthetic valve material or a previous history of IE [10].

(4) Patients who despite adequate follow-up and appropriately timed re-
interventions, due to the ‘natural’ history of their cardiac lesion, develop chronic
HF with acute-on-chronic presentations.

This chapter will focus on patients with acute HF in patients with repaired CHD
reviewing the most relevant residual lesions and explaining how, in the presence of
certain triggers, they predispose patients to acute decompensation. This is particu-
larly relevant to patients who have been lost to specialist ACHD follow-up. The
importance of searching for reversible mechanical and electrical causes will be
emphasised. Strategies to stabilise acute-on-chronic patients, buying time to con-
sider advanced HF therapies, will also be discussed.

9.2  Acute Heart Failure Caused by Residual Abnormalities

9.2.1 Related to Valves and Conduits

Many patients with repaired or palliated congenital heart disease live with residual
atrioventricular and/or semilunar valve abnormalities, and those with conduits often
develop conduit stenosis and/or regurgitation as they age [11]. The ventricles of
such patients are exposed to ongoing and progressive haemodynamic effects with
pressure overload, volume overload or both. Unchecked, an indolent pathophysiol-
ogy with neurohormonal activation, cardiac remodelling and effects on the periph-
eral and pulmonary vasculature eventually results in clinical HF. The impact of
residual pulmonary regurgitation in patents with repaired tetralogy of Fallot (TOF)
is probably one of the most studied and best understood examples [12].

ACHD patients with valve and conduit problems tend to experience a protracted,
well-compensated, asymptomatic phase. In an ideal world, this permits careful
tracking of their course and the timely re-intervention. Alas, in reality, thresholds
for re-intervention remain uncertain [13], patients get lost to follow-up [14], and
intervening events can trigger sudden decompensation. These factors mean that
ACHD patients with residual valve and conduit abnormalities can and do experi-
ence acute clinical HF episodes. However, as long as the patient’s ventricular
mechanics and overall status have not progressed too far (something best assessed
by ACHD specialists), it may be possible to treat the HF by treating the underlying
valve/conduit disease.

Case 1: Pulmonary valve replacement in TOF can acutely improve heart function:

A 24-year-old woman, born with TOF, had surgery in infancy and then a 25 mm
Hancock porcine conduit at the age of 17 years. She failed to transition to adult care
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Fig.9.1 CMR of a TOF patient before (left panel) and after (right panel) pulmonary valve replace-
ment (CMR cardiac magnetic resonance, LVEF left ventricular ejection fraction, RVEDVI right
ventricular end-diastolic volume index, RVEF right ventricular ejection fraction)

and had been without specialist follow-up for the previous 6 years. She presented to
her local emergency department with a 2-week history of swollen legs and orthop-
noea on a background of a 3-month history of lethargy. Previously she had been fit
and well. She had signs of right heart failure with severe bilateral peripheral oedema,
mild ascites and hepatomegaly. Electrocardiogram (ECG) demonstrated sinus
rhythm, right bundle branch block and QRS duration of 180 ms. Echocardiography
and cardiac magnetic resonance (CMR) confirmed severe pulmonary regurgitation,
severe tricuspid regurgitation, right ventricular (RV) dilatation and biventricular
dysfunction. Her BNP was 893 pg/ml. She was transferred to the specialist centre
where she required intravenous diuretics. She underwent surgical pulmonary valve
replacement and tricuspid valve repair 12 weeks later. Post discharge she was fol-
lowed up in a specialist ACHD-HF clinic, and she continued on an ACEI for poor
LV function. Five years later she remains asymptomatic with mildly impaired
biventricular function and BNP 23 pg/ml and no further hospital admissions
(Fig. 9.1).

9.2.2 Related to the Subaortic (Systemic) Right Ventricle

Patients with a systemic right ventricle (Mustard, Senning and congenital corrected
transposition of the great arteries (CCTGA)) are vulnerable to the development of
late HE. The RV myocardial architecture and tricuspid valve anatomy are intrinsi-
cally ill-suited to the high afterload of systemic arterial resistance (see Chap. 7. The
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RV subaortic RV does adapt—it becomes hypertrophied and dilated and changes its
contraction pattern [15]). In this way, although they may have evidence of a chronic
HF state, most patients remain well compensated for decades [16, 17].

One trigger for acute HF in this group is atrial tachyarrhythmia (Fig. 9.1). These
are particularly concerning for transposition patients with atrial baffle repairs where
the patients in whom the capacitance and conduit function of the baffles is limited
[18]. Unlike CCTGA patients, those with a baffle are unable to increase their stroke
volume in response during exercise or dobutamine stress [18, 19]. This response
occurs despite increased ventricular contraction and suggests that the interatrial
baffles limit ventricular filling during fast heart rates. These patients tolerate fast
heart rates poorly and may even cause haemodynamic collapse, especially in the
presence of baffle obstruction [20]. Treatment with prompt electrical cardioversion
is almost always required.

9.2.3 Related to a Fontan Circulation

Fontan patients have a finally balanced circulation with little reserve [21]. Ventricular
function, atrioventricular vale regurgitation, pulmonary venous obstruction, branch
pulmonary artery stenosis, obstruction of the Fontan connection or outflow tract
obstruction (ascending aorta and aortic arch, especially after Damus-Kaye-Stansel
procedure) could all contribute to HF. The systemic ventricle usually evolves from
volume overloaded, dilated and/or hypertrophied when shunted or banded to over-
grown and preload insufficient after Fontan completion [22]. Therefore, classic
indices of ventricular function may be difficult to evaluate [23]. It may be even more
difficult to identify patients with impaired diastolic dysfunction [24, 25]. In Fontan
patients, the inherent vulnerability of the cardiovascular system can acutely be
revealed, and their condition can spiral downwards rapidly. Triggers for this often
include atrial arrhythmia, sepsis, pregnancy, undergoing noncardiac surgery or
developing thrombosis within the Fontan pathway.

Case 2: Acute HF in a Fontan patient secondary to a complicated postoperative
course following noncardiac surgery:

A 29-year-old woman with a history of right atrial isomerism, bilateral superior
caval veins, pulmonary stenosis and single right ventricle had undergone a Fontan
palliation as a child. She had residual severe atrioventricular valve regurgitation
with moderate ventricular dysfunction. At baseline, she was asymptomatic. She
had a surgical termination of pregnancy and experienced postoperative pain sec-
ondary to endometriosis. She was prescribed ibuprofen 600 mg, of which she took
60 tablets in 7 days. She presented with oliguria an acute kidney injury. She was
treated with intravenous fluids and developed IART. She was transferred to the
specialist centre. On day 2, she worsened with cardiogenic shock (hypotension,
ischaemic hepatitis, high lactate). She was transferred to cardiac intensive care unit
(CICU), started on IV inotropes and required dialysis. She had three unsuccessful
DC cardioversion attempts. She stabilised but remained inotrope dependent for
8 weeks in the CICU. Eventually, with aggressive afterload reduction, she was
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< i >
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Fig. 9.2 Timetable of complications and recovery of a patient with univentricular heart post-
therapeutic abortion (CICU cardiac intensive care unit, /V intravenous, NSAIDs non-steroidal anti-
inflammatory drugs, DCCV DC cardioversion)

weaned off inotropes and transferred to the ward. She required intensive rehabilita-
tion but eventually recovered with stable cardiac function (Fig. 9.2).

9.2.4 Related to Pulmonary Vasculature

The pulmonary vascular system maximises the surface area for gas exchange whilst
minimising resistance to blood flow, so as to decrease the work the subpulmonary
ventricle needs to perform [26, 27]. Evaluation of the pulmonary circulation is
important in patients presenting with subpulmonary RV failure and also in patients
with Fontan circulation. The increase in pulmonary vascular resistance (PVR) can
be gradual due to elevated pulmonary blood flow (intra- or extra-cardiac left-to-
right shunt, palliative shunts), due to non-pulsatile flow instead of laminar flow
(Fontan circulation) or acutely due to pulmonary embolism or other severe lung
insults [28, 29]. Thrombus formation is a major concern in patients with a Fontan
circulation, occurring in about 25% of patients, especially in patients with a right
atrium to pulmonary artery (RA-PA) Fontan connection or atrial arrhythmias [30,
31]. Pulmonary embolism may result in ventilation/perfusion mismatch or a signifi-
cant increase in PVR, both of which are poorly tolerated. Likewise, pulmonary
artery thrombus is present in about 25% of patients with Eisenmenger physiology
[32, 33].

Case 3: Acute circulatory failure caused by increased resistance to pulmonary
blood flow in a Fontan patient with a massive thrombus:

A 60-year-old gentleman was born with tricuspid atresia and VSD. He under-
went a classic Glenn procedure, followed by RA-PA Fontan palliation in 1983. He
was lost to follow up and represented with a short history decreasing exercise
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Fig.9.3 Echo (upper panels) and computed tomography (lower panels) imaging a giant thrombus
in RA (upper right panel) extending into LPA. RPA was free of thrombus (RA right atrium, LPA
left pulmonary artery, RPA right pulmonary artery)

tolerance and worsening desaturation. Transoesophageal echocardiography and car-
diac CT revealed extensive thrombus from the RA into distal left pulmonary artery.
The classic Glenn connected to the right pulmonary artery was free. Due to inca-
pacitating cyanosis, he underwent surgical thrombectomy but unfortunately died
due to postoperative complications (Fig. 9.3).

9.2.5 Related to Residual Shunts and/or Collaterals

It is important to consider the presence of shunts and collaterals as an additional
volume and/or pressure load causing HF. Pre-tricuspid shunt lesions, such as atrial
septal defects (ASD) result in volume load of the right heart [34], whereas post-tri-
cuspid shunt lesions, such as ventricular septal defect (VSD), result in volume load
of the LV, but both may cause pulmonary vascular disease. Both systemic RV
patients with a baffle repair and Fontan patients may also have shunts at atrial level.
Aorta-pulmonary arterial collaterals are another cause of left-to-right shunting
which may volume load the subaortic ventricle. In CHD patients with chronically
elevated venous pressure, venous-venous collaterals can occur (Fontan patients,
patients with Glenn shunt) [35]. These collaterals cause right-to-left shunt with
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Fig. 9.4 VSD patch dehiscence as pictured with transesophageal echocardiography without (left
panel) and with colour Doppler (right panel). VSD ventricular septal defect

cyanosis. Patients who lack circulating hepatic factor in the pulmonary blood flow
(in case of a classic Glenn connection) are more prone to form pulmonary arterio-
venous malformations causing an intrapulmonary right-to-left shunt [36].

When patients with shunts acutely deteriorate (e.g. Eisenmenger, Fontan with
fenestration and/or collaterals, univentricular heart physiology), the ratio of sys-
temic vascular resistance (SVR) to PVR should be closely guarded. Any state that
decreases SVR and/or increases PVR will result in increased right-to-left shunting
and systemic arterial desaturation. Care should be taken to avoid and treat septicae-
mia, elevated temperatures and medical therapies that could reduce afterload.

Case 4: Acute HF secondary to VSD patch dehiscence:

A 27-year-old gentleman with previous VSD patch closure and bioprosthetic
tricuspid valve replacement presented with acute severe HF with poor peripheral
perfusion. Echocardiogram showed a severely dilated RV with severely reduced RV
systolic function and complete dehiscence of the VSD patch (Fig. 9.4). Cardiac
catheterisation showed a right atrial pressure of 28 mmHg, RV end-diastolic pres-
sure of 25 mmHg, mean PA pressure of 54 mmHg and Qp/Qs estimated at 4:1. As
he was haemodynamically unstable despite aggressive HF management, including
inotropes, he underwent successful emergent surgery with VSD patch closure.
Three years later he remains well with normal biventricular function.

9.3  Arrhythmia as a Trigger for Acute Heart Failure

Both tachyarrhythmias and brady-arrhythmias can easily disrupt the delicate hae-
modynamic balance in CHD patients [37]. Although appearing to be benign, atrial
arrhythmias in ACHD are associated with a 50% increase in mortality and a 100%
increase in stroke and HF [38]. Intra-atrial re-entrant tachycardia (IART) is frequent
in CHD patients [39—41]. As mentioned above particular sub-groups of patients are
preload dependent and especially sensitive to arrhythmias with a rapid ventricular
response [20]. Atrial fibrillation will become more frequent as the ACHD popula-
tion ages [41]. Ventricular tachycardia is most typically encountered in patients with
tetralogy of Fallot, TGA or Ebstein anomaly [42, 43]. Brady-arrhythmias include
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sinus node dysfunction (CCTGA, TGA-baffle and Fontan) and atrioventricular
block (CCTGA and AVSD). When patients present with HF secondary to arrhyth-
mia, the cornerstone of treatment is the restoration of sinus rhythm.

94 Infective Endocarditis

Infective endocarditis (IE), which has a prevalence in CHD of 1.3 per 1000 patient
years, is especially common in patients with prosthetic valves [10]. This risk var-
ies with the type of valve—1% per year in homograft conduits to 2-3% per year
for Contegra conduits or Melody valves [44]. One-year IE-associated mortality in
CHD patients is 16%, and around 20% of patients will experience worsening of
HF because of IE [10]. The presence of HF during the course of IE significantly
increases mortality risk [45]. Patch dehiscence in the setting of endocarditis, out-
flow tract obstruction and worsening valve regurgitation are often poorly toler-
ated. The presence of HF in left-sided IE is a clear indication for surgical
intervention [46]. Early surgery in left-sided native IE in patients without CHD is
independently associated with reduced mortality [47] and probably also applies to
patients with CHD.

Case 5: Infective endocarditis of a Melody valve:

A 29-year-old man with pulmonary atresia and VSD who underwent multiple
previous interventions, including a 20 mm Melody valve implanted 10 years prior.
He presented with MRSA IE of the Melody valve, which was stenotic resulting in
significant RV pressure load. He had runs of nonsustained ventricular tachycardia
but was inoperable because of cavitating lung lesions with severe haemorrhage,
which required emergent intubation. He underwent salvage stenting of the RVOT,
which was successful in reducing the RV pressure load and allowed stabilisation of
the patient with antibiotics so that he could undergo surgical revision of his RV
outflow tract some weeks later (Fig. 9.5).

9.5 Heart Failure Secondary to Complications of Noncardiac
Surgery and Interventions

Patients with ACHD undergoing noncardiac surgery have an increased periopera-
tive morbidity and mortality [48] and longer intensive care unit (ICU) stay [49]. A
multidisciplinary preoperative assessment is essential [50]. For reasons discussed
above, patients with a Fontan circulation, pulmonary hypertension and cyanotic
CHD have an especially high risk of developing acute HF even during minor surgi-
cal procedures. A carefully considered plan should incorporate issues such as which
environment the surgery is best performed in (ACHD centre or elsewhere), who
should provide anaesthesia and where the patient should recover from surgery.
Careful fluid management, perioperative monitoring of the SVR/PVR ratio, inva-
sive monitoring if necessary and postoperative ICU stay if needed can all reduce the
potential for acute ACHD-HF in the perioperative setting [51].
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Fig.9.5 Appearance of RV in echo (left) and RVOT gradient (right) before stenting (upper panel),
after stenting (middle panel) and postsurgical revision of RVOT (bottom panel) (RV right ventricle,
RVOT right ventricular outflow tract, PR pulmonary regurgitation)

9.6 Diagnosis of Acute Heart Failure

Initial clinical assessment of ACHD patients with (sub)acute HF should be similar
to general HF patients as in the European Society of Cardiology HF guidelines [52].
In addition, all of the particular risks described above should be assessed with a
sound understanding of the patient’s anatomy and physiology. Identification of pre-
cipitating causes, evaluation of the severity of the patient’s condition and multi-
organ assessment are all key.

9.6.1 Oxygen Saturations, Arterial Blood Gases, Chest XR
and Biomarkers

In patients with cyanotic CHD, it is important to compare current saturation with the
saturation measured at the last outpatient clinic visit. In case of differential cyanosis
(patent ductus arteriosus (PDA)-Eisenmenger), care should be taken to follow satu-
ration in the lower extremities. Arterial blood gas (and if available mixed venous
blood gas) analysis is more reliable and more complete. A chest X-ray will provide
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information about pulmonary venous congestion. Biomarkers, such as BNP and
NT-proBNP, are related with adverse outcome in ACHD patients with HF [53].

9.6.2 Examination, Electrocardiogram and Cardiac Enzymes

Low blood pressure with signs of reduced peripheral and vital organ perfusion
requires immediate attention. An electrocardiogram to detect arrhythmias is crucial
as they may cause or exacerbate heart failure.

9.6.3 Ischaemia (Serial ECG and High-Sensitive Troponin)

Ischaemia in ACHD is often thromboembolic in origin, especially in the presence of
intracardiac shunts, severe subaortic ventricular dysfunction, atrial arrhythmias and/
or mechanical subaortic atrioventricular valves. Anomalous coronary arteries may
also carry a risk [54, 55]. About 10% of children with anomalous origin of the left
coronary artery from the pulmonary artery (ALCAPA) survive into adulthood and
can present with HF, ischaemia and even cardiac arrest [56]. Post surgical reimplan-
tation, there is a risk of ostial coronary artery stenosis (aortic root replacement, Ross
procedure, arterial switch procedure). Coronary complications are present in 5% of
patients with arterial switch operations [57]. Coronary fistulae, if large enough, may
cause coronary arterial steal leading to ischaemia [35]. As the ACHD population
ages, myocardial ischaemia due to atherosclerosis-related coronary artery disease
will also increase [4, 58].

9.6.4 Structure and Function (Echocardiography)

Echocardiography is mandated in the initial evaluation of all acute ACHD-HF
patients. Attention should be paid to lesion-specific residual lesions, subpulmonary
ventricle, conduits if present, valvular function and in Fontan patients the presence
of a thrombus in the Fontan connection and Fontan obstruction.

9.6.5 Magnetic Resonance Imaging (MRI), Computed
Tomography (CT) and Catheterisation

MRI and CT are powerful diagnostic tools that can inform both the diagnostics and
treatment decision-making in the acute HF patient [59]. Cardiac catheterisation
may provide additional information including pulmonary vascular resistance, RV
and LV filling pressures and pressure gradients and permits the evaluation of col-
lateral vessels and shunt fraction in selected patients with CHD [59].
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9.7 Therapeutic Management

The acuity of management will be driven by the patient’s clinical status.
Haemodynamically unstable patients need immediate support according to acute
cardiac life-support protocols. In less urgent scenarios, it is always helpful if the
non-specialist has a straightforward means of communicating with an ACHD cardi-
ologist. Since oftentimes the patient may be well known to the specialist and whilst
general acute heart failure management is often appropriate, there may be specific
caveats related to the specific underlying diagnosis.

Oxygen is given to treat hypoxaemia but not recommended as an adjunctive ther-
apy for non-hypoxaemic ACHD patients as it may decrease cardiac output through
an increase in SVR and may increase myocardial ischaemia [60-62]. An effort
should be made to establish what the baseline saturations of the patient were when
well. Erroneously targeting normal oxygen saturations or pa0O, in a patient baseline
saturations are in the 80s can lead to haemodynamic disaster, for example, if the
patient is intubated and their ‘just-compensated’ physiology destabilised by
positive-pressure ventilation. Conversely, in patients with subpulmonary ventricular
failure and/or right-to-left shunt, hypoxaemia should be avoided as it may increase
PVR. Diuretics are the cornerstones for symptomatic relief of patients presenting
with fluid overload due to immediate venodilator action and fluid removal. Careful
assessment of volume status in patients with subpulmonary failure (preload-
dependent circulation) is required as both hypo- and hypervolaemia will decrease
cardiac output [63]. Limited volume loading with evaluation of fluid responsiveness
may be useful but may worsen subpulmonary function in patients with pulmonary
hypertension [64].

Patients with cavopulmonary shunts (Glenn or Fontan) and atrial switch (Mustard
or Senning) and those who are haemodynamically unstable require prompt treat-
ment of atrial arrhythmias [37]. When electrical cardioversion is performed, the
team needs to be prepared for the possibility of prolonged bradycardia. Many
Fontan patients do not have ready venous access to the ventricular mass (for tempo-
rary pacing), and this should be anticipated by having options such as atropine,
isoprenaline and other forms of nonvenous pacing [37].

Intravenous vasodilators, such as nitroglycerine, isosorbide dinitrate and nitro-
prusside, may be important in the treatment of subaortic ventricular failure as they
reduce preload (thereby reducing congestion) and afterload (thereby increasing
stroke volume and cardiac output) [65]. Patients with isolated subpulmonary failure
are unlikely to benefit from vasodilator therapy. The presence of a right-to-left shunt
is a relative contraindication (i.e. decreased SVR/PVR ratio).

Norepinephrine causes peripheral arterial vasoconstriction through a-1 agonism
and mild positive inotropic effect through p-1 receptor agonism. It may be indicated
in subaortic ventricular failure in case of severe hypotension to redistribute blood
from the extremities to the vital organs at the expense of increased afterload [62]. In
patients with subpulmonary failure and right-to-left shunts, it is important to keep
SVR well above PVR to preserve right coronary artery blood flow and avoid myo-
cardial ischaemia and increased cyanosis, respectively [63]. Interestingly, in patients
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with acute or chronic subpulmonary RV pressure load, increased LV afterload
(induced by norepinephrine) also resulted in improved RV function and even remod-
elling [66, 67]. It should be noted that norepinephrine may also increase PVR at
higher doses [63]. Vasoconstrictors should be used with caution in Fontan patients.

Milrinone is a phosphodiesterase-3 inhibitor that reduces afterload by vasodila-
tion and has inotropic properties. If subpulmonary RV failure is due to volume load
(pulmonary regurgitation), milrinone increases contractility of the failing RV and
reduces PVR and SVR whilst maintaining mean arterial blood pressure [68]. It has
become the main inotrope in paediatric intensive care after cardiac surgery [69].
Caution is required as milrinone increases the frequency of ventricular arrhythmias
[70]. Dobutamine is a -1 agonist that increases myocardial contractility and reduces
SVR and PVR at doses up to 5 pg/kg/min [63, 71]. Although it improves RV con-
tractility and RV-pulmonary artery coupling [71], doses exceeding 10 pg/kg/min
may cause pulmonary vasoconstriction, which should be avoided in patients with
subpulmonary failure. Levosimendan is a calcium sensitiser with positive inotropic
effect by increasing calcium sensitivity of myocytes without increasing oxygen
demand. By opening adenosine triphosphate (ATP)-sensitive potassium channels, it
also has vasodilatory effects. In patients with severe, low-output heart failure, levo-
simendan improved haemodynamic performance more effectively than dobutamine
[72]. By not affecting intracellular calcium levels, it may also have less pro-
arrhythmogenic effects.

Pulmonary vasodilation in case of increased PVR may be provided by inhaled
NO [73] or the inhaled prostacyclin analogue iloprost [74]. Inhaled agents, if pos-
sible, are preferred over intravenous agents which may cause hypotension [63, 75].
Rebound pulmonary hypertension can occur when administration is interrupted. If
the patient was on pulmonary vasodilators prior to admission, it is important to
continue and consider upgrading.

Primary systemic ventricular disease will benefit from positive-pressure ventila-
tion (PPV) as it decreases systemic ventricular afterload [76]. In contrast, in patients
with subpulmonary ventricular failure or a Fontan circulation, PPV can decrease
cardiac output. Ventilation can be used to decrease PVR and increase blood flow.
Hypoxia, hypercapnia and compression of the pulmonary vasculature at the
extremes of lung volumes should be avoided [63].

9.8 The Role of Extracorporeal Membrane Oxygenation

Many surgical ACHD centres will also have experience with extracorporeal mem-
ber oxygenation (ECMO), either in the context of an associated paediatric cardiac
programme or an associated adult heart transplant programme. When ACHD
patients develop acute heart failure in a setting where there are clinicians experi-
enced in ECMO, the use of this supportive therapy can be considered. Potential
indications, contraindications and options for modes of ECMO are similar to those
in other adults [77]. Review of the literature and our clinical experience suggest
ECMO in ACHD patients is most often performed in the setting of post-cardiotomy
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myocardial dysfunction. A 2016 paper from the Mayo Clinic (Rochester, USA)
described postoperative ECMO support in 24 ACHD patients, 1.1% of their ACHD
cardiac surgical cohort during the 13-year study period [78]. Both biventricular and
single-ventricle physiology patients were supported, and 46% survived to hospital
discharge, which is comparable with outcomes for non-ACHD, post-cardiotomy
ECMO [78]. There are occasions when ECMO might be considered for ACHD
patients outside of the setting of cardiac surgery, usually as an option to buy time
(e.g. intractable arrhythmia inducing acute heart failure, acute heart failure in the
setting of endocarditis, acute thrombosis of a Fontan circulation). Vohra et al. pub-
lished a case report of a 21-year-old, complex ACHD patient who developed septic
shock secondary to infective endocarditis on a Melody valve and was successfully
supported by ECMO until stabile enough for surgical treatment [79]. In 2016, Aydin
et al. published data from the Extracorporeal Life Support Organization (ELSO)
registry looking at ECMO in patients with a single-ventricle anatomy. Although all
patients were children, the primary indication for ECMO was respiratory failure,
rather than post-cardiotomy [80].

Even when ECMO is suggested in an emergency situation, pre-cannulation eval-
uation of multi-organ function and neurological status is essential. ECMO can
maintain patients despite severe, unrecoverable impairment, and assessment can be
difficult once support is initiated. It is also advisable to seek information as to
whether the patient has previously provided details regarding their views on
advanced care or their likely philosophy in this regard. Establishing ECMO in
ACHD patients may be complicated by challenges related to venous access. Large-
bore cannulas are required for cannulation, and the patient’s chart should be
reviewed for information regarding patency of the femoral and neck vessels as well
as any documented vascular abnormalities. Ultrasound imaging of the vessels and
review of any previous cross-sectional imaging are invaluable. In patients placed on
ECMO percutaneously, left ventricular distension can compromise myocardial
recovery. We and others have used percutaneous, trans-septal techniques to vent the
left atrium in this situation. The durability of ECMO support tends to be limited by
complications such as sepsis, thrombosis and bleeding. It should be considered a
short-term support option which may, in some circumstances, buy an ACHD patient
time for recovery, bridge them to a definitive surgical strategy or permit transition to
a more durable form of mechanical support. For each individual, the potential exit
strategy, timeframe and goals of support should be discussed by the team and with
the patient (or their family) before ECMO cannulation.

9.9 The Multidisciplinary Approach to Acute HF

Complex ACHD is often a multisystem disorder. ACHD patients may have dimin-
ished pulmonary reserve due to lung hypoplasia, scoliosis, diaphragmatic paralysis
and/or restrictive lung disease [76]. Renal dysfunction is frequent especially in
patients with cyanotic CHD [81]. If a patient is admitted to the intensive care unit,
specific attention should be given to deterioration in renal function. Patients with
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subpulmonary failure may have a decreased renal perfusion pressure gradient. The
same patients may have increased intra-abdominal pressures (in case of ascites) [81,
82]. Invasive haemodynamic monitoring and measurements of bladder pressures
may be useful in this scenario.

The impact of associated haematological and liver abnormalities on acute HF
management is discussed in Chapter 5.

Conclusion

Whilst chronic ACHD-HF is the more prevalent problem, patients do present
acutely and sometimes in severe distress. These are often young patients and the
stakes are high. This chapter has described several common modes of presenta-
tion. As in all other aspects of ACHD care, a thorough understanding of the
underlying anatomy/physiology is the starting point for any diagnostic and thera-
peutic algorithm. Although more studies, specific to acute ACHD-HF patients,
are needed, a better knowledge of CHD anatomy/physiology and provision of
clear lines of communication for early consultation with the ACHD specialist
team will result in better outcomes for our patients.
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10.1 Introduction

Many congenital cardiac lesions result in an abnormal ventricular load, and if sig-
nificant and long-standing, this may adversely, and potentially irreversibly, impact
on myocardial contractility. Therefore, all diagnostic efforts in CHD primarily aim
at accurate assessment not only of heart function but also of its loading conditions.
Situations of ventricular volume or pressure overload need to be recognised in time
in order to preserve ventricular function in the long term.

Transcatheter interventions and surgery aim to normalise the loading conditions
of the heart and in this way play a central role in the prevention and treatment of
heart failure in patients with CHD. They are complementary to medical therapies
for the failing heart and when carried out timely may help avoid the need for long-
term drug treatment.

This chapter will present an overview of the main CHD lesions potentially asso-
ciated with heart failure that can be treated by transcatheter and surgical procedures.
These lesions predominantly cause chronic alternations in volume or pressure load
of the respective ventricle. The most commonly encountered examples are dis-
cussed. Of course, many patients have complex forms of CHD with multiple lesions
competing for physiological dominance. Their treatment is challenging and needs
an individualised multidisciplinary approach.
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10.2 Lesions Primarily Affecting the Right Ventricle
10.2.1 Atrial Septal Defect

Atrial septal defects (ASDs) are one of the most common forms of CHD and are still
often first diagnosed in adulthood.

There are three major types of ASDs: the ostium primum, ostium secundum and
sinus venosus defects. The ostium secundum defect is centrally located in the fossa
ovalis region of the interatrial septum. The ostium primum defect is part of the spec-
trum of atrioventricular septal defects and can therefore be combined with a ven-
tricular septal defect and a common atrioventricular valve. If there is only an atrial
communication in this setting, it can also be called partial AV septal defect. The
sinus venosus defect is usually located in the superior interatrial septum at the junc-
tion of the superior vena cava with the right atrium. An anomalous connection of the
right pulmonary veins to the superior vena cava is typical part of this defect. A rarer
variant is called inferior sinus venosus defect and is located at the junction of the
inferior vena cava with the right atrium.

ASDs allow shunting of blood between the atria. The magnitude and direction of
blood flow depend on the size and relative diastolic filling properties of the ventri-
cles. As compliance of the low-pressure right ventricle is usually lower than that of
the left ventricle, shunting is left to right in most cases. Large defects allow for a
large shunt. Small defects (<1 cm in diameter) may be insignificant.

The left-to-right shunt through the defects leads to a chronic increase in volume
load to the right atrium and ventricle resulting in enlargement of the right heart
structures. Over time, the additional workload to the right heart can lead to right
ventricular dysfunction and failure often preceded by atrial arrhythmia. Paradoxical
systemic embolic events are rare but can be the first clinical hint to the presence of
the defect. Pulmonary arterial hypertension develops slowly in patients with a large
left-to-right shunt on atrial level and is therefore usually a feature only of the older
patient with this condition.

Besides the obvious chronic volume-loading effects of ASDs on the right heart,
there are important effects on the left heart too. The overflow of blood from the left
to the right heart leaves the left ventricle chronically under-filled with concomitant
impairment in systemic cardiac output particularly during exercise.

There is consensus that ASD closure is indicated in patients with significant
left-to-right shunting indicated by right heart dilatation unless pulmonary arterial
hypertension and left ventricular dysfunction are not too advanced. ASD closure
in this setting should be considered as soon as the diagnosis is established, irre-
spective of age. If there is significant pulmonary arterial hypertension, an ASD
may be beneficial and should not be completely closed as it can act as an “over-
flow valve” to the right heart. Similarly, when severe left ventricular dysfunction
(systolic or diastolic) is present, the ASD can decompress the left heart avoiding
pulmonary congestion.
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10.2.1.1 Surgical ASD Closure

Surgical ASD closure is needed for all patients with an ASD other than a secundum
ASD and is also necessary if a secundum ASD is too large or has insufficient rims
to anchor a transcatheter closure device. Therefore, surgical ASD closure is still
regularly performed and usually involves insertion of a pericardial or Dacron patch.
In patients with a primum ASD, surgery may include left atrioventricular valve
repair. Surgical ASD closure for all forms of ASDs is safe and effective with a very
low procedural mortality and excellent long-term outcome [1, 2].

10.2.1.2 Transcatheter ASD Closure

Today, transcatheter ASD closure is most commonly performed using double-disc
devices such as the Amplatzer Septal Occluder® (St Jude Medical, St Paul, MN,
USA) or the Occlutech® device (Occlutech, Helsingborg, Sweden). These are both
self-expanding and self-centring devices formed from a nitinol wire mesh (Fig. 10.1).
The ASO was the first device introduced into clinical practice using that principle,
and its introduction into clinical practice in 1997 has transformed transcatheter ASD
closure from a complex procedure with considerable complication rates to a safe
and effective routine procedure [3]. Only secundum-type defects with a rim of
4-5 mm between the defect and the atrioventricular valve, the inferior vena cava and
the pulmonary veins are suitable for transcatheter closure.

ASD closure with the ASO has been shown to be safe and effective with closure
rates as high as 95% and compared with surgery catheter closure minimises hospital
stay, shortens recovery and avoids wound infections [4]. However, serious compli-
cations such as device embolisation, cardiac perforation, arrhythmia including heart
block, thrombus formation and embolization and erosion do rarely occur [5, 6].

10.2.1.3 Effects of ASD Closure

Long-term survival of patients with an ASD is impaired, and ASD closure has been
shown to result in improved survival [7, 8]. Historic data from the Mayo Clinic
show that patients who underwent surgical ASD closure before the age of 25 years
and survived to hospital discharge showed normal long-term survival compared to
healthy controls [9]. A recent Danish nationwide cohort study reporting on a median
follow-up period of 18.1 years (range 1-53 years) confirmed the survival benefit for
patients who underwent ASD closure compared to those that did not and also
showed that ASD closure in childhood or adolescence (before the age of 18 years)
results in best long-term survival [8].

In addition to the clear prognostic benefit of ASD closure irrespective of age, a
reduction in morbidity can also be expected following the procedure. Atrial tachy-
or bradyarrhythmia is more common in ASD patients than in the general popula-
tion and is the result of long-standing abnormal atrial load. As expected, the
incidence of arrhythmia increases with age. Despite ASD closure, new-onset
atrial arrhythmia remains a concern especially in patients that undergo ASD clo-
sure late in life [10].
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Many ASD patients report few symptoms, but there is a favourable impact of
ASD closure on exercise tolerance irrespective of age [11, 12]. Improved left
ventricular filling with improved systemic cardiac output seems the likely mecha-
nism by which ASD closure improves exercise capacity [13]. Cardiac reverse
remodelling with reduction in right atrial and right ventricular volumes occurs
soon after ASD closure and is more pronounced and often complete in younger
patients [14]. Complete normalisation in right heart size cannot be expected in
older patients following ASD closure—another argument for timely closure of
ASDs earlier in life [15].

10.2.2 Right Ventricular Outflow Tract Lesion

Reconstruction of, or intervention to, the right ventricular outflow tract (RVOT) is
part of treatment of a series of congenital cardiac conditions. Defects such as tetral-
ogy of Fallot, double outlet right ventricle, pulmonary atresia or stenosis need
enlargement or reconstruction of the RVOT or connection of the right (or subpulmo-
nary) ventricle to the pulmonary artery. As a result, RVOT dysfunction, i.e. regurgi-
tation or stenosis, is commonly observed in these lesions. Surgical repair of tetralogy
of Fallot often involves patch augmentation of the RVOT with patch enlargement of
the pulmonary valve and almost universally results in pulmonary regurgitation (PR)
with right ventricular volume load. Prosthetic conduits connecting the subpulmo-
nary ventricle with the pulmonary artery as used for primary repair of truncus arte-
riosus or pulmonary atresia have a limited lifespan; they will degenerate with time
and can become stenotic, regurgitant or both. Conduit dysfunction is a common
cause of chronic right ventricular volume or pressure overload.

Chronic volume overload from PR is not a benign lesion as it results in right
ventricular dilatation [16] and prolongation of QRS duration, which is in turn linked
with malignant arrhythmia and sudden cardiac death [17]. Though PR as an isolated
lesion or as a result of surgical reconstruction of the RVOT is usually clinically well
tolerated for decades, right (and later left) ventricular function worsens with time
and exercise intolerance develops [18, 19]. There is evidence that the compensatory
mechanisms of the right ventricular myocardium ultimately fail and that right ven-
tricular volume load has to be normalised by PVR to avoid irreversible ventricular
dysfunction [20].

Chronic pressure overload from stenosis at the level of the right ventricular
outflow tract results in right ventricular hypertrophy, restriction and right atrial
enlargement with an increased risk for atrial arrhythmia and is associated with
reduced exercise tolerance. In most cases RVOT obstruction increases gradually,
and the right ventricle can adapt to a slow increase in afterload with increased
contractility and maintains cardiac output. An increase in ventricular contractility
is, however, mirrored by an increase in diastolic stiffness, and diastolic dysfunc-
tion may well persist when the RV has been exposed to RV pressure overload for
too long [21].
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10.2.2.1 Management of Pulmonary Regurgitation

The indication for pulmonary valve replacement (PVR) to reduce PR has evolved in
recent years. However, the optimal timing for PVR in this context remains a matter
of debate. It is widely accepted that in the presence of significant PR, valve replace-
ment should not be delayed until the patient presents with symptoms as complete
reverse remodelling of the right ventricle after intervention becomes less likely with
this strategy [22]. Nowadays, emphasis is placed on RV volumetric and functional
data usually obtained from cardiac magnetic resonance imaging in the hope to find
markers that best predict post-procedural normalisation of RV size and function. It
seems that the end-systolic volume index contains information on both, RV size and
function, and is best suitable to guide decision-making for PVR at least for the
asymptomatic patient with PR after Fallot repair [23, 24].

10.2.2.2 Management of RVOT Obstruction

The indications for relief of RVOT obstruction including valvar pulmonary stenosis
are less controversial. Surgical or interventional treatment is indicated in symptom-
atic patients and in those with significant increase in RV pressure. A gradient
>64 mmHg (peak velocity >4 m/s) is accepted as a threshold above which to inter-
vene using interventional techniques in patients with normal RV function. In asymp-
tomatic patients where the only treatment option is surgical valve replacement,
guidelines suggest treatment in the presence of a systolic RV pressure above
80 mmHg (>4.3 m/s). Patients with less severe RV outflow tract obstruction should
be considered for intervention or surgery in the presence of symptoms, RV dysfunc-
tion, likely progression of the condition (e.g. double-chambered right ventricle),
significant atrial or ventricular arrhythmia and right-to-left shunt across an atrial or
ventricular communication [25].

10.2.2.3 Surgery for RVOT Dysfunction

Most data exists on the effects of surgical PVR for PR in repaired Fallot patients.
Many centres have moved towards earlier PVR based primarily on data on RV
size and function in these patients. However, the risk of surgical PVR is not neg-
ligible. It must be carefully balanced against the expected benefit of the proce-
dure. A meta-analysis that aimed to determine the outcomes and effect of surgical
PVR in patients with repaired tetralogy of Fallot reported a pooled early mortality
rate of 2.1% [26]. The Royal Brompton group recently reported a similar early
mortality rate following PVR for a group of 220 adult repaired Fallot patients
[27]. An overall survival rate of 97% at 1 year, 96% at 3 years and 92% at 10 years
was also reported with significantly better survival in the later era (2005-2010)
compared with survival in the earlier era (1993-2004; 99% versus 94% at 1 year
and 98% versus 92% at 3 years, respectively; P = 0.019). Interestingly, patients
operated in the earlier era were more symptomatic with a lower preoperative peak
oxygen uptake. Peak oxygen uptake was found to be the strongest predictor of
early mortality in this report. This result is supporting current common practice
with a tendency towards earlier surgical PVR in patients that are less symptomatic
with better exercise tolerance.
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PVR for PR is effective in reducing RV volumes, but RV functional improvement
has been questioned as postoperative improvement in RV ejection fraction has not
been found [26]. However, the absence of improvement in ejection fraction follow-
ing a procedure that reduces PR and hence RV end-diastolic volume and stroke
volume at the same time does not necessarily exclude improvement in ventricular
contractility. Ventricular ejection fraction is no valid marker of ventricular contrac-
tility when comparing states of different ventricular loading conditions. RV end-
systolic volume has been suggested as a valid estimate of intrinsic, load-independent
RV function in repaired Fallot patients [23]. It reduces immediately after PVR as a
result of acute unloading of the ventricle when reinstating pulmonary valve compe-
tence but progressively improves during midterm follow-up likely reflecting ongo-
ing functional recovery of the RV function [24].

Data on the effects of surgical PVR in repaired Fallot patients with PR have
recently been summarised in another meta-analysis [28]. PVR reduces PR and RV
size, likely improves RV function and improves left ventricular filling and LV ejec-
tion fraction and also clinical status and functional class.

10.2.2.4 Transcatheter Pulmonary Valve Implantation
Since its introduction in 2000, transcatheter pulmonary valve implantation (TPVI)
has emerged as an alternative to conventional surgery for patients with RVOT dys-
function [29, 30]. The valve used for the first patient was a valved segment of a
bovine jugular vein that was sutured into a balloon expandable stent. This prototype
was refined and introduced into the European market by Medtronic as the Melody®
Transcatheter Pulmonary Valve (TPV) in 2006. As per the instructions for use for
implantation of the Melody® valve system, TPVI is indicated for patients with
regurgitant prosthetic RVOT conduits with a clinical indication for invasive or surgi-
cal intervention or patients with stenotic prosthetic RVOT conduits where the risk
of worsening regurgitation is a relative contraindication to balloon dilatation or
stenting. The existence of a full (circumferential) RVOT conduit that was equal to
or greater than 16 mm in diameter when originally implanted is also warranted for
implantation of the Melody® valve. The valve can be delivered using a 22 Fr deliv-
ery system (Ensemble®, Medtronic) which is available with an 18, 20 and 22 mm
balloon. The outer diameter of the valve will be 24 mm when the valve is inserted
on a 22 mm delivery system. An alternative to the Melody TPV is the Edwards
SAPIEN XT valve (Edwards Lifesciences, Irvine, CA, USA). This valve is origi-
nally designed for implantation into the aortic position. The most recent version of
the valve type (SAPIEN XT) has been CE marked for the use in the pulmonary
position in 2016. It is available with external diameters of 23, 26 and 29 mm. The
valve is manufactured of bovine pericardium mounted in a short cobalt-chromium
stent. Valve implantation is prepared by pre-dilatation of the RVOT conduit with
high-pressure balloon inflation of the intended landing zone with simultaneous cor-
onary angiography followed by presenting of the conduit (Fig. 10.2).

TPVI has been shown to reduce and often normalise the RVOT gradient and to
abolish pulmonary regurgitation immediately. It results in reduction in RV volumes
and improved RV function, LV filling and stroke volumes. Significant improvement
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Fig. 10.2 Transcatheter pulmonary valve implantation of the Melody® valve into a stenotic and
mildly regurgitant RV to PA conduit (a). Balloon dilatation with simultaneous aortic root injection
is performed to exclude coronary artery compression prior to valve implantation (b, arrow is indi-
cated the patent left coronary artery). Pre-stenting—in this case with CP stents (NuMed, Hopkinton,
New York, USA)—is performed (c) followed by Melody® valve implantation (d). The final angio-
gram shows valve competence (e). The peak systolic gradient across the valve could be reduced
from 55 to 5 mmHg by valve implantation

in functional capacity and RV systolic function has also been reported [31, 32]. The
beneficial effect of PPVI on objective exercise capacity is clearly documented for
patients with stenotic RVOT conduits [33]. In patients where pulmonary regurgita-
tion was the leading lesion, TPVI did not always result in improved oxygen uptake,
but improvement in the ability to recover from maximal exercise has been docu-
mented [34].

Re-intervention rate after TPVI is satisfactory. Most recent reports document
5-year freedom from re-intervention and valve explantation of 76 + 4% and 92 + 3%,
respectively [32]. Risk factors for re-intervention include a high post-procedural
RVOT gradient, stent compression and recoil. The most common cause of re-
intervention is fracture of the valve stent with RVOT obstruction. Pre-stenting has
been shown to reduce the risk of valve stent fracture and is therefore nowadays
recommended part of the procedure [35].

Infective endocarditis remains a concern after PPVI. An annual risk of infective
endocarditis of about 2% per patient year has been reported [36]. Comparative stud-
ies with surgically implanted biological valves and conduits do not exist but are
needed to clarify whether TPVI is riskier than surgery with regard to this potentially
life-threatening condition.

10.2.2.5 Balloon Valvuloplasty of Pulmonary Valve Stenosis

Congenital pulmonary valve stenosis can progress and first present in adulthood
with symptoms of heart failure. As in children, first-line treatment of this condition
in adults is balloon valvuloplasty. The procedure is effective in reducing the gradi-
ent across the pulmonary valve and right ventricular pressure [37]. In adults with
long-standing pulmonary stenosis and right ventricular hypertension, hypertrophy
of the RV can be intense so that relief of valvar stenosis may result in a dynamic
subvalvar muscular stenosis which generally resolves with time.
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Procedural complications of balloon valvuloplasty of pulmonary stenosis include
pulmonary regurgitation potentially resulting in RV enlargement and later need for
pulmonary valve replacement.

10.2.2.6 Isolated Peripheral Pulmonary Artery Stenosis

Isolated peripheral pulmonary artery (PA) stenosis rarely causes a significant impact
on RV function. However multiple areas of stenosis, such as seen in Williams syn-
drome or in some forms of pulmonary atresia or after the arterial switch operation,
may lead to a significant pressure load to the subpulmonary ventricle. Balloon
angioplasty and stenting are beneficial when there are discrete haemodynamically
significant obstructive lesions in the pulmonary tree [38].

10.2.3 Ebstein Anomaly

Ebstein anomaly is a malformation of the tricuspid valve and the right ventricle
associated with failure of delamination of the septal, inferior and anterior leaflets of
the tricuspid valve. It results in tricuspid regurgitation and right ventricular dysfunc-
tion. The morphology of the tricuspid valve is highly variable as is the clinical pre-
sentation, which ranges from severely diseased in neonatal life to an asymptomatic
incidental finding in adulthood. The condition is often combined with an interatrial
communication allowing for right-to-left shunting. Common symptoms include
decreased exercise capacity, cyanosis (at rest or during exercise), paradoxical
embolic events, progressive cardiomegaly, right ventricular enlargement and dys-
function and supraventricular or ventricular arrhythmia.

Surgery for Ebstein anomaly is indicated for the symptomatic adult patient or for
patients with progressive cardiomegaly, right heart enlargement or dysfunction or
those with arrhythmia not amenable to electrophysiology treatment [25]. This is
predominantly tricuspid valve repair or replacement, if surgical repair of the valve
is not possible or has failed [39]. Many surgical techniques have been applied for
primary tricuspid valve repair. Early techniques (Danielson and Carpentier-
Chauvaud techniques) aimed at creating a monocusp valve making use of the usu-
ally enlarged anterior leaflet often combined with plication of the atrialised portion
of the right ventricle, resection of redundant tissue of the enlarged right atrium and
the use of an annuloplasty ring [40, 41]. The most modern technique is the cone
reconstruction of the tricuspid valve introduced by da Silva (Fig. 10.3) [42]. With
this technique all available tricuspid valve tissue is delaminated from the right ven-
tricular walls. A cone is created from the valve tissue that is anchored at the level of
the anatomic annulus. Ventricular and atrial plication/resection, annular stabilisa-
tion using a ring, leaflet plication and augmentation and the creation of autologous
neo-chordae are surgical modifications that are used as part of this operation. As a
result of this operation, a tricuspid valve is created that approximates the anatomy
of the normal valve. All 360° of the right AV junction is surrounded by tricuspid
valve tissue, and neo-annulus diameter of 20-22 mm is the aim in a normal-sized
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Fig. 10.3 Operative steps for Ebstein anomaly repair with the cone procedure. (a) Opened right
atrium showing displacement of the tricuspid valve. T7TA true tricuspid annulus, ASD atrial septal
defect, CS coronary sinus. (b) Detached part of the anterior and posterior leaflet forming a single
piece. (¢) Clockwise rotation of the posterior leaflet edge to be sutured to the anterior leaflet septal
edge and plication of the true tricuspid annulus. (d) Complete valve attachment to the true tricuspid
annulus and valved closure of the atrial septal defect (from da Silva et al. [42])

adult. Nowadays, the cone reconstruction of the tricuspid valve is considered the
surgical option of choice for symptomatic Ebstein patients younger than 55-60 years
with no significant pulmonary hypertension, left ventricular dysfunction, extensive
enlargement of the right ventricle and tricuspid annulus and poor delamination of
the tricuspid valve leaflets [43].

Tricuspid valve replacement is an excellent surgical option for patients that can
be operated using reparative techniques. It is preferred in older patients or those
with massive annular or right ventricular dilatation [43]. Bioprosthetic (porcine)
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valves are preferred over mechanical valve because of satisfactory durability of the
valve and no need for permanent anticoagulation. Furthermore, mechanical valves
should be avoided in the tricuspid position when right ventricular function is signifi-
cantly compromised. Impaired leaflet movement may result in an increased risk for
thrombus formation despite effective anticoagulation in this scenario.

Early mortality of operative management of Ebstein anomaly has improved in
recent years, and early mortality rates between 2% and 5% are reported [39].
Surgical success of valve repair and early and longer-term outcome of tricuspid
valve repair are highly dependent on institutional and operator experience reflecting
the complexity of the procedure due to the variability of the morphological sub-
strate. The largest body of data on surgical repair of the tricuspid in Ebstein patients
exists from the Mayo Clinic. From this institution an ~85% repair rate is reported
for the adult Ebstein patient with about a quarter of the patients having been oper-
ated with the cone procedure during the last decade [43]. The Mayo Clinic experi-
ence (before adoption of the cone procedure) demonstrated a long-term survival rate
after valve repair of 90% and 76% and survival rate free of late reoperation of 74%
and 46% at 10 and 20 years, respectively (mean age at surgery 24 years; range
8 days to 79 years) [44]. Improvement in functional class is also reported. Predictors
of mortality included the presence of left ventricular disease (mitral regurgitation,
more than moderate LV dysfunction), cyanosis, RV outflow tract obstruction and
more than moderate RV dysfunction. These data suggest that early tricuspid valve
repair in specialised centres should be aimed for.

When biological tricuspid valve prostheses fail, percutaneous valve-in-valve
insertion of a transcatheter valve is an option to expand the lifespan of the surgical
valve prosthesis and delay redo surgery. Transcatheter valve-in-valve tricuspid valve
replacement has been performed using the same valve systems approved for percu-
taneous pulmonary valve implantation (Melody® and Edwards SAPIEN® valves)
(Fig. 10.4). Low procedural complication rates have been reported, but longer-term
functional data are still missing [45].

Fig. 10.4 Transcatheter valve-in-valve implantation of a Melody® valve system into a failing
tricuspid valve prosthesis. The patient with Ebstein anomaly presented with severe regurgitation of
the bioprosthesis only 3 years after implantation (a). The final angiogram (b) showed valve com-
petence and transoesophageal echocardiography did not show significant stenosis
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10.3 Lesions Primarily Affecting the Left Ventricle
10.3.1 Post-tricuspid Left-to-Right Shunt Lesion

Lesions allowing for left-to-right shunting comprise the largest proportion of con-
genital cardiac conditions. Post-tricuspid shunt lesions such as ventricular septal
defects (VSD) and patent ductus arteriosus (PDA) allow for excessive pulmonary
blood flow that results in an increased pulmonary venous return to the left heart with
increased filling of the left ventricle through the left-sided AV valve. In this way,
these lesions result in volume overload to the left heart with left atrial and left ven-
tricular enlargement. The magnitude and direction of blood flow through a VSD or
PDA depend on the size of the defect and the state of the pulmonary vascular resis-
tance. A left-to-right shunt that causes left heart chamber dilatation can usually be
considered significant.

Small restrictive defects only present with a murmur but not with signs of heart
failure. Large defects result in large shunt volumes with pulmonary overcirculation
and volume overload to the left heart. Children with such defects present with heart
failure early in life. If large defects are left unclosed, pulmonary vascular resistance
increases ultimately leading to irreversible and progressive pulmonary vascular dis-
ease. When pulmonary vascular resistance exceeds systemic vascular resistance,
reversal of shunting from left to right to right to left ensues, leading to Eisenmenger
physiology with cyanosis.

The majority of adult patients with a VSD or PDA will have their defects closed
in childhood or in the presence of a large, non-restrictive defect will have developed
Eisenmenger physiology. However, there is a proportion of patients presenting in
adulthood with signs of heart failure that is induced by long-standing volume over-
load with left heart enlargement without advanced pulmonary vascular disease.
Heart failure in these patients can be induced by left ventricular dysfunction, atrial
arrhythmia or both. Patients with an enlarged left ventricle may also develop AV
valve regurgitation. Those with a perimembranous or outlet VSD may develop aor-
tic regurgitation causing additional volume overload the left ventricle.

Asymptomatic patients with a small shunt across the VSD or PDA with normal
left ventricular size and no pulmonary hypertension or any additional cardiac lesion
do not need closure of the defect. Regular follow-up for patients with a small VSD
seems however recommendable. Follow-up data on this patient group confirm that
adult patients with a small and restrictive VSD can present with arrhythmia, pro-
gressive aortic regurgitation, infective endocarditis and a double-chambered right
ventricle. These complications can indicate surgery in a significant proportion of
these patients. The development of systolic and diastolic left ventricular dysfunc-
tion has also been reported in a significant proportion of these patients [46].

Patients with a small PDA that does not lead to LV enlargement may be consid-
ered candidates for prophylactic closure to abolish the risk for infective endarteritis.
Those with a moderately sized PDA that did not lead to pulmonary vascular disease
present with a continuous murmur and left-sided heart dilatation and often with
symptoms with heart failure and arrhythmia (atrial fibrillation resulting from
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long-standing left atrial dilatation). LV systolic and diastolic dysfunction can also
develop in these patients. Closure is indicated in these patients as well as long as
pulmonary vascular resistance is not prohibitively high [25].

10.3.1.1 Surgery

Surgical closure of a VSD in adulthood can be performed using prosthetic patches
or by direct suture. Early mortality of surgical VSD closure is low (approximately
1%), and late survival is excellent as long as left ventricular disease is not advanced.
Patients with preoperative elevation in pulmonary artery pressure may present with
increasing, decreasing or unchanged pulmonary hypertension, and lifelong follow-
up is needed for these patients.

Catheter device closure of ventricular septal defects is considered the method of
choice for patients with a muscular VSD as these defects can be poorly accessible
for the surgeon. Percutaneous closure of perimembranous VSDs carries the risk for
aortic or tricuspid valve damage and significant conduction abnormalities including
late complete heart block [47].

Surgery for PDA is rarely performed but might be indicated for the rare patient
with a large PDA not amenable to device closure, for example, for patients with
ductal aneurysms or recent endarteritis. Operative closure consists of ductal ligation
or division and is usually performed via a left lateral thoracotomy. Complications
include recurrent laryngeal nerve palsy or phrenic nerve damage.

Device closure is the technique of choice for PDA closure. It is preferred over
surgery in adult patients with an isolated duct as PDAs in adults are often calcified
with friable tissue that can complicate surgery. Closure is nowadays performed
either by coils or in PDAs larger than 3 mm by duct occluder devices such as the
Amplatzer Duct Occluder I (St Jude Medical, St Paul, MN, USA). The Amplatzer
Duct Occluder I is most commonly used to close a PDA in an adult. The device is
formed of a self-expanding nitinol wire mesh similar to the Amplatzer Septal
Occluder of VSD occluder devices. Implantation is from the pulmonary artery side.
Procedural success and closure rates are high (almost 100% success rate with more
than 95% long-term closure rate), and complication rates (device embolisation) are
low when using this device [48].

Other rare forms of left-to-right shunting may present with acute left ventricular
failure. These include a ruptured sinus of Valsalva aneurysm with acute shunting
from the aortic root often to the right ventricle. Again both surgical and catheter-
based techniques can address the shunt and offload the left heart.

10.3.2 Aortic Coarctation

Aortic coarctation is a juxtaductal obstructive lesion in the descending aorta that is
commonly associated with hypoplasia of the aortic arch. Collateral vessels arising
from the proximal arterial tree may bypass the stenotic aortic segment providing
blood flow to the distal arterial bed. Coarctation occurs in 5-8% of patients with
CHD and is more frequent in men.
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Untreated the outcome for patients with CoA is poor. Historical natural history
data show a mean age of death of 34 years with a 75% mortality rate at the age of
43 years [49]. Death is from congestive heart failure, aortic dissection or rupture,
endocarditis, bleeding from intracranial aneurysms and premature atherosclerotic
disease.

Adults with coarctation present with either native, uncorrected lesion or after pre-
vious CoA repair in childhood. Most adults with CoA are symptomatic. The leading
symptom is upper limb hypertension. However, heart failure resulting from LV sys-
tolic and/or diastolic dysfunction can also be the reason for presentation.

According to current guidelines, treatment of CoA is indicated in all patients with
CoA (residual or native) with a noninvasive blood pressure gradient between the
upper and lower limbs >20 mmHg, in patients with upper limb hypertension
(>140/90 mmHg), abnormal blood pressure response to exercise or left ventricular
hypertrophy regardless of symptoms. Hypertensive patients with significant narrow-
ing (>50% relative to the descending aortic diameter at the level of the diaphragm)
should also be considered for treatment [25].

10.3.2.1 Surgery for Coarctation

Surgery is treatment of choice for coarctation in infancy and early childhood and is
performed as soon as the diagnosis is made. The preferred technique is the extended
end-to-end anastomosis as with this the lowest re-coarctation and aneurysm rates
can be achieved at low mortality [50].

Primary surgical repair in adulthood carries a higher mortality risk than in child-
hood due to the degenerative changes of the aortic wall tissue and comorbidities
such as coronary artery disease or ventricular dysfunction. Techniques used are end-
to-end anastomosis, interposition grafts, extra-anatomic jump grafts and patch aug-
mentation. Access for these is usually via a lateral thoracotomy. These surgical
techniques carry a high risk of complications including aneurysm formation (most
commonly after patch augmentation), restenosis and laryngeal nerve damage espe-
cially when used for repair of re-coarctation and have therefore greatly been aban-
doned [51].

Surgery still has a role for adult patients with coarctation or re-coarctation with-
out aneurysm but complex arch anatomy (e.g. long-segment arch hypoplasia, steno-
sis of a previously implanted graft). For these patients, a conduit can be placed
between the ascending and descending aorta through the posterior pericardium via
a median thoracotomy. This approach seems advantageous as it deals with the aortic
arch pathology but avoids dissection of the lung and collateral circulation, injury to
the laryngeal nerve and sutures in friable aortic tissue and allows reliable chord
protection as cross-clamping of the aorta can usually be avoided [51]. This approach
can also be considered for patients that need surgery for associated cardiac lesions
(e.g. aortic valve replacement or ascending aortic replacement) at the same time.

10.3.2.2 Transcatheter Therapy for Coarctation
In adolescents and adult with native or recurrent aortic coarctation and no adverse
anatomic features such as long-segment arch hypoplasia, aneurysm formation or
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Fig. 10.5 Severe aortic coarctation with collateralisation (angiography and magnetic resonance
imaging shown in the left-sided panel) with a peak systolic pressure gradient of 45 mmHg is
treated by implantation of 39 mm covered CP stent (NuMed, Hopkinton, New York, USA). Post-
procedural angiography and a CT scan (right-sided panel) did not show any evidence of damage
to the aortic wall with good stent apposition. No residual gradient was recorded after stent
implantation

adjacent aortic arch vessels, balloon dilatation with simultaneous stent implantation
is considered the preferred treatment option (Fig. 10.5). Balloon dilatation alone has
greatly been abandoned as multicentre observational data have shown that stenting
results in lower aneurysm and re-coarctation rates [52]. In the largest series on
coarctation stenting to date, high procedural success rates of 98% could be docu-
mented [53]. Improved blood pressure control and reduced LV mass with improved
LV function have also been demonstrated [54-56].

Complications of coarctation stenting, albeit rare, can be serious. Aortic rupture
and extensive dissection are the most feared complications and have been reported
to occur in about 1 in 200 cases [53]. These complications are more likely to occur
in the older patients and can be the result of balloon oversizing or post-dilatation.
Other potential complications include stent migration, vascular access injury, inti-
mal tear, small dissection or false aneurysm formation and stroke [53]. Covered
stents are increasingly used to stent aortic coarctation even in the absence of an
aneurysm that may need sealing. They are clearly recommended for patients that are
considered higher risk for aortic damage (i.e. the older patient with a non-compliant
aorta, the patient with atresia or sub-atresia of the coarctation segment).
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Despite the high procedural success rate of coarctation treatment, long-term sur-
vival after repair remains impaired. Data on the survival prospects of the Royal
Brompton cohort of repaired coarctation patients have been published in 2015. The
projected 5-year mortality rate for a 40-year-old coarctation patient is comparable
to that of the subgroup of 47-year-olds of the general UK population [57]. Impaired
survival is due to the long-term effects of persistent arterial hypertension including
premature coronary artery and cerebrovascular disease and persistent systolic and
diastolic left ventricular disease.

10.4 Intervention in Complex Congenital Heart Disease

Catheter lab-based interventions play a key role in the management of patients with
complex congenital lesions. The interventions performed are widely variable in type,
including stenting of stenotic vessels, closure of abnormal communications such as
collaterals and baffle leaks, the creation of new fenestrations and many more. Baffle
obstruction or leaks are challenging complications after the atrial switch operation.
Traditional treatment options include intravascular stenting or, less commonly, sur-
gery. Hybrid procedures such as minimally invasive intraoperative surgical stent
placement are becoming increasingly common. In the setting of venous hypertension
associated with stenosis in a Fontan pathway, stent implantation can have a dramatic
impact on the detrimental haemodynamic effect or even a mild narrowing in patients
with functionally univentricular circulation. In patients who fail after Fontan proce-
dure, creation of a fenestration is often performed, with variable technique depend-
ing on the underlying anatomic substrate. To increase chances of patency of the
fenestration, implantation of a stent is often required, particularly in the setting of an
extracardiac conduit. For those patients with cyanosis and favourable Fontan haemo-
dynamics, closure of a fenestration may be performed using atrial septal occluder
devices with high success rate. Coils compatible with magnetic resonance imaging
are used widely to treat collateral vessels, although on occasion other specific emboli-
sation tools are required, such as particles or vascular plugs [58, 59].

10.5 Novel Device-Based Therapies for Left-Sided Heart
Failure

Left ventricular enlargement is a compensatory mechanism of ventricular myocardial
dysfunction but comes at the cost of increased regional wall stress and in turn oxygen
demand. Reduction of wall stress by shrinking the ventricle has therefore been
attempted surgically. New ventricular reduction devices such as the Parachute device
(CardioKinetix Inc., Menlo Park, CA, USA) have recently been introduced to restore
the geometry of the ventricle [60]. These devices that exclude the apical portion of the
left ventricle are therefore of potential benefit more for the patients with apical dyski-
nesia and dilatation resulting from anterior myocardial infarction and rarely of use in
patient with ventricular failure in the context of congenital heart disease.
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Diastolic heart failure with preserved or mildly reduced ejection fraction
(HFpEF), however, is common amongst patients with CHD. Therapeutic options for
this condition are limited. Diastolic heart failure is characterised by abnormal ven-
tricular relaxation and increased diastolic stiffness resulting in increased left atrial
pressure and pulmonary congestion. Reflecting on the historic observation that
patients with mitral stenosis who had a coexisting atrial septal defect (Lutembacher
syndrome) are less symptomatic than those with an intact atrial septum and the
more recent observation of acute pulmonary oedema and breathlessness in patients
with diastolic left ventricular dysfunction after closure of an atrial septal defect,
creation of an atrial septal defect has been introduced as treatment for patients with
diastolic heart failure [61, 62]. Indeed, implantation of a device creating a perma-
nent atrial communication (Fig. 10.6) has recently been demonstrated to reduce left
atrial pressure and improve symptoms.

As the population of patient with ACHD is not only increasing in number but
also ageing, we can expect an increasing number of ACHD patients presenting with
HFpEF [63]. Left atrial depressurisation by device implantation may therefore
become a more common procedure also in the ACHD catheter laboratory.

Fig. 10.6 Expanded interatrial septal defect system (a), schematic drawing showing the device
implanted into the interatrial septum (b), fluoroscopic image (¢) and transoesophageal echocardio-
graphic image showing left-to-right shunt across the defect (d) (from Sgndergaard et al. [61])
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Atrioventricular valve (AV) dysfunction is integrally related to the onset and
propagation of ventricular dysfunction. There is currently a boom in new transcath-
eter techniques to repair functional systemic AV valve regurgitation [64].
Percutaneous techniques that deal with AV valve dysfunction either aim at repair of
the valve leaflets [65], reduction of the valve annulus diameter [66] or replacement
of the valve either in the anatomic [67] or an extra-anatomic position [68]. Although
developed in the acquired heart failure setting, these devices and techniques are now
being applied to CHD, and this is an exciting area for further research and develop-
ment [65].
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Drug Therapy in Adult Congenital Heart 1 1
Disease Heart Failure

Pieter De Meester and Werner Budts

11.1 Introduction

Heart failure (HF) is the predominant cause of death in adult patients with repaired
congenital heart disease [1, 2]. Treatment consists of timely intervention for correct-
able causes of impaired functionality, oxygen desaturation or heart failure, physical
rehabilitation, initiation of drug therapy, device therapy and assist device implanta-
tion or heart transplantation.

Drug therapy should be aimed at either symptom relief, preventing progression
of HF, prevention of HF-related complications or reduction of mortality. Moreover,
drug therapy also intends to reduce the number of hospitalisations and, conse-
quently, stabilise or improve quality of life. Blockade of the renin-angiotensin-
aldosterone system (RAAS blockade) together with beta-blockade has become the
cornerstone of chronic HF treatment in general cardiology [3]. In recent years, the
addition of a neprilysin inhibitor has proven to be of clinical benefit (i.e. the angio-
tensin II receptor blocker and neprilysin inhibitor molecule or ARNI) [4]. Although
medical therapy in patients from the general population with HF and reduced ejec-
tion fraction is based on large, well-executed studies, the evidence for drug therapy
in patients with repaired and unrepaired congenital heart disease is scarce. The pres-
ence of a systemic morphologic left or right ventricle, the unique haemodynamics
of pressure and volume loading, the presence of intracardiac and extracardiac
shunts, a history of preload deprivation, chronic systemic desaturation and the
importance of the pulmonary vasculature represent each congenital defect, and even
each patient, as a unique clinical and haemodynamic challenge. This patient speci-
ficity makes it difficult to initiate large randomised studies to prove the potential
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value of medical HF treatment. However, neurohormonal activation also takes place
in patients with congenital heart disease with HF, making a case in favour of classi-
cal HF therapy in these patients [5].

In this chapter, we summarise the rationale, evidence and expert consensus for
initiation of drug therapy in patients with adult congenital heart disease and
chronic HF.

11.2 Systolic Failure of the Morphological Systemic Left
Ventricle

Despite the lack of clinical studies performed in this patient group, the pathophysi-
ology of HF in case of systemic left ventricular (LV) failure can be considered to be
the same as in patients with HF due to acquired heart disease [3, 6]. Therefore, it is
suggested that diuretics, renin-angiotensin-aldosterone system (RAAS) blockers,
beta-blockers and mineralocorticoid receptor antagonists can be used in the con-
genital heart disease population [6]. This is especially true if neurohormonal and
cardiac autonomic activity is increased [7].

In patients with left ventricular outflow tract obstruction (e.g. aortic stenosis,
supra- and subvalvular stenosis), the cornerstone of treatment is corrective surgery.
However, after correction, HF symptoms sometimes persist. In this patient popula-
tion, classical HF treatment can be initiated [8]. In case of persisting arterial hyper-
tension after coarctation repair, antihypertensive treatment should be started. In
these patients beta-blockers to reduce exercise-related hypertension are often the
first-line choice [9].

In both asymptomatic and symptomatic patients with systemic left ventricular
dysfunction, RAAS blockade, beta-blockers and mineralocorticoid receptor antago-
nists should be considered [6]. Digoxin was previously used extensively in paediat-
ric practice, but its role is now very limited due to its lack of mortality benefit and
potential risks associated with its prescription. Loop diuretics have never shown
improved survival in the treatment of chronic HF and should only be for deconges-
tion and relief from symptoms [3]. The addition of a thiazide is indicated in case of
refractory oedema under close monitoring of clinical status and renal function [10].

11.3 Systemic Right Ventricle

The long-term pressure overload on the systemic right ventricle will almost always
lead to progressive dysfunction and HF [11, 12]. However, even in asymptomatic
patients, most adults have some degree of what would be considered as RV dysfunc-
tion [13]. Furthermore right ventricular function at rest might not be indicative for
contractile reserve during exercise, making it a blunt measure of cardiac performance
[14]. It is unclear at what time point drug therapy should be initiated in patients with
a systemic RV. BNP levels have been shown to correlate with clinical status, RV ejec-
tion fraction, exercise capacity and worsening tricuspid regurgitation, but a specific
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cut-off value to discriminate patients with significant neurohormonal activation has
not been identified [15-17].

All of the HF drug studies performed in the systemic RV have been flawed. Many
include mixed populations of patients, non-randomised controlled methodologies
and short follow-up. In addition most are underpowered, and it is not possible to
exclude important Type II errors when reviewing the results. Studies on RAAS
blockade have mainly focused on surrogate endpoints such as ejection fraction,
maximum oxygen uptake and cardiac index. Although some studies have shown
improvement, data are often conflicting [13, 18-20]. No clear benefit has been
observed in studies with ACE-I in patients after atrial switch repair for d-TGA [21-
23]. Furthermore, patients with ccTGA have never been investigated in isolation.

Although therapy with losartan initially showed promise by improving ejection
fraction and exercise duration, no differences have been observed in two small ran-
domised clinical trials [18, 19, 24]. It has to be said that most of the patients included
in these studies were asymptomatic and had a reasonably preserved right ventricular
function.

Beta-blockade has shown to improve symptoms, lessen systemic tricuspid regur-
gitation, improve functional status and have positive effects on right ventricular
remodelling [20, 25, 26]. However, no effects on hospital admission, sudden death
and HF-related death are reported in literature [20].

Eplerenone has been investigated in one limited trial showing a trend towards
reduction in collagen turnover biomarkers, but no detectable clinical benefit [27].

It is important to emphasise that the surrogate endpoints, often used in the before-
mentioned studies, often don’t correlate with outcome even in patients with HF due
to acquired heart disease. Furthermore, if using the data from the acquired HF stud-
ies, the ‘number needed to treat’ to obtain measurable benefit often greatly exceeds
the study population especially when asymptomatic or low-risk patients are
included.

Although, from a theoretical point of view, initiation of RAAS blockade and
beta-blockade at an early stage might help to prevent negative remodelling, the use
of this medication in the asymptomatic population is generally not recommended
[6, 8]. The lack of evidence and the risk of accentuating pre-existing structural and
electrical abnormalities make it hard to justify early initiation of therapy. RAAS
blockade leads to vasodilatation and might impair ventricular filling due to restric-
tive atrial baffles, atria or right ventricle, in particular in patients who underwent
atrial switch repair. Beta-blockade might accentuate sinus node dysfunction and AV
node conduction leading to complete heart block. In these patients the risk of harm
may be greater than the potential benefit. Again the number needed to treat will be
high when patients are asymptomatic, and this will often tip the balance towards not
initiating therapy in this situation.

If symptoms of HF occur, and no correctable cause can be identified, initiation of
RAAS blockade and beta-blockade can be considered, with careful up-titration and
with close monitoring of the patient’s symptoms and oxygen saturation [6, §]. In
these patients, neurohormonal and sympathetic activation can be presumed, and
initiation of HF treatment can be considered equal as in patients with systemic left
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ventricular dysfunction [27, 28]. In Table 11.1 are summarised clinical trials for HF
drugs in this group of patients.

11.4 Systolic Failure of the Morphological Sub-pulmonary
Right Ventricle

In patients with volume loading due to valvular regurgitation (i.e. patients with
Ebstein anomaly or pulmonary valve regurgitation after tetralogy of Fallot repair) or
a pre-tricuspid shunt lesion, timely surgical correction is indicated by valve surgery
or closure of the shunt lesion, respectively [29-31]. Although volume loading is
well tolerated for a long time, right ventricular dilatation and dysfunction will occur
over time. Furthermore, the right ventricle can evolve towards a restrictive physiol-
ogy [32]. Although increased sympathetic nervous system activity has been
described in patients after tetralogy of Fallot repair, trials could not show the added
benefit of RAAS blockade and beta-blockade [33, 34]. However, in case of a restric-
tive right ventricular physiology, administration of ramipril has shown favourable
effects on left ventricular function and ejection fraction [33].

Other studies evaluating the effect of RAAS blockade and beta-blockers have not
been performed in right-sided HF due to dysfunction of the sub-pulmonary right
ventricle.

If pulmonary arterial hypertension is the cause of right ventricular failure, drug
therapy should focus on the pulmonary circulation and follow the recommendation
of the respective guideline to lower the afterload of the right ventricle [35].

Because of this, in asymptomatic patients, no medical treatment is indicated.
When symptomatic, correction of congestion by loop diuretics with or without the
addition of a thiazide can be started, with close monitoring of clinical parameters
and renal function [6, 8, 10]. Likewise, the addition of spironolactone or eplerenone
is reasonable. Spironolactone is of particular benefit if there is the suspicion of sec-
ondary hyperaldosteronism.

11.5 Palliated Single Ventricle and Fontan

The Fontan circulation represents a complex series of haemodynamic and anatomic
changes, each of which can fail. Adequate filling, laminar flow from the caval veins
towards the pulmonary artery, a healthy pulmonary vasculature, good run-off of
oxygenated blood towards the systemic atrium and ventricle and good systolic and
diastolic function of the single ventricle are all necessary in order to have a well-
functioning Fontan circulation. When symptoms of HF occur, each of these seg-
ments of the Fontan circulation should be considered to be the culprit.

No study has proven the benefit of diuretics in the ACHD population nor, for that
matter, in acquired heart disease, but it is reasonable to titrate the dose of loop
diuretics to treat congestion and relieve symptoms. However, caution should be
taken to avoid under-filling, as this may reduce preload and cause deterioration of
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renal function. Alternatively, spironolactone has shown to have an impact on
protein-losing enteropathy and endothelial function [36, 37].

If pulmonary vascular resistance is elevated, the use of specific pulmonary vaso-
dilator therapy might be considered. One should be cautious in case of a restrictive
systemic ventricle, as the increased volume load might be poorly tolerated. Most
evidence has emerged for the phosphodiesterase inhibitors with improvement of
oxygen uptake, increased pulmonary and systemic blood flow at peak exercise,
improved myocardial performance index and systolic arterial and ventricular elas-
tance [38—41]. The effect of endothelin receptor antagonists is less certain; some
authors showed a benefit, whereas others did not [42, 43]. This might be due to
simultaneous reduction of both afterloads whilst increasing preload, which is more
pronounced with PDE2 inhibitors [39].

Although ACE-I is often used in patients with a single ventricle, either a morpho-
logical right or left ventricle, evidence for improved ventricular function is lacking
[44]. Enalapril was tested in two studies, both in asymptomatic children and in
adults, and has failed to show a benefit on a number of endpoints, including func-
tional class, BNP levels, ejection fraction, diastolic function, systemic vascular
resistance, survival and freedom from heart transplantation [45-47]. However, no
data are available on the use of ACE-I in patients with symptomatic HF.

There is one report on the use of beta-blockade in patients with a single-ventricle
physiology, showing improved clinical parameters and less symptoms of HF with
the use of carvedilol on top of standard medical therapy, consisting of diuretics,
digoxin and ACE-I [48].

Again the use of digoxin is not supported by evidence.

Therefore, careful examination of the weakest part of the Fontan circulation is
necessary before initiation of therapy. The largest evidence is there for PDE2 inhibi-
tion. Treatment of fluid overload with diuretics should be titrated carefully.
Furthermore, standard HF treatment, although not supported by trials, is reasonable
in those whose predominant issue is ventricular dysfunction. Lastly, in case of per-
sisting right-to-left shunting, cyanosis might be aggravated after the initiation of
RAAS inhibition because of the lowering of the systemic vascular resistance [49].
It is a usual practice to start RAAS blockade, beta-blockers and mineralocorticoid
receptor antagonists in case of decreasing ejection fraction (>40%) in asymptomatic
and symptomatic patients with a morphological left ventricle and titrating diuretics
in the latter. In case of a morphological right ventricle, initiation of therapy is rec-
ommended only when symptoms occur [6, 8]. In Table 11.2 are summarised clinical
trials for HF drugs in this group of patients.

11.6 Heart Failure with Preserved Ejection Fraction

In HF with preserved ejection fraction due to acquired heart disease, no medical
treatment has shown to reduce morbidity or mortality [3]. Similarly, no data are
available in patients with congenital heart disease. As patients with HF with pre-
served ejection fraction function on the steep part of the Starling curve, prevention
of both volume over- and underload and good blood pressure control is key.
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In symptomatic patients, diuretics can be used to control fluid status; beta-
blockers and rate-limiting calcium channel blockers might help to slow heart rate
and prolong ventricular filling [6].

11.7 Other Medical Interventions in the Heart Failure
Population

The role of ivabradine in patients with HF and congenital heart disease has not been
investigated, but one could presume similar indications as in patients with heart
failure due to acquired heart disease, especially in case of left ventricular dysfunc-
tion [6]. When using hydralazine and isosorbide dinitrate, the effect on systemic
vascular resistance and possible increase in right-to-left shunting should be taken
into account.

Lastly, the iron suppletion has been shown to improve functional capacity and
quality of life and reduces the number of HF hospitalisations in patients with HF
due to acquired heart disease [50]. In patients with adult congenital heart disease,
iron deficiency is frequent and has shown to impair prognosis [51, 52]. Furthermore,
iron supplementation has shown to improve exercise capacity and quality of life in
patients with cyanotic congenital heart disease [53]. Although no trials with iron
therapy in patients with congenital heart disease and HF have been done, prevention
and substitution of iron deficiency sound reasonable.

Conclusion

Despite major gaps in the evidence for drug therapy in patients with ACHD and
HF, both the American Heart Association and the European Society of
Cardiology have made an attempt to rationalise therapy in this complex patient
population [6, 8]. As a rule of thumb, in case of failure of the systemic left
ventricle, guidelines of ‘classical’ HF can be extrapolated and possible effects
on afterload reduction on right-to-left shunting taken into account. In case of
right ventricular failure (systemic or sub-pulmonary) or in case of a function-
ally single ventricle, evidence is even more limited, and recommendations are
mainly based on physiological reasoning and expert opinion. In every patient,
possible adverse events of drug therapy should always be weighted relative to
the possible benefit.
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12.1 Introduction

Arrhythmia and heart failure (HF) are the most frequent complications throughout
the long-term follow-up of ACHD patients. They often coexist [1] and represent the
commonest causes of morbidity and mortality in this population [2, 3]. Whilst after
surgical interventions patients often experience relatively uneventful childhood
courses, arrhythmias emerge in adulthood with a burden which increases signifi-
cantly with age.

The relationship between arrhythmias and HF in CHD is complex without a
clear separation of cause and effect. Many CHD conditions have associated con-
duction system abnormalities or are predisposed to arrhythmias because of hae-
modynamic factors both before and after surgical palliation or repair, with artificial
material, incision lines and scars creating a unique arrhythmogenic substrate for
each individual patient [4]. Progressive pump failure and arrhythmias are the main
cause of death in the ACHD cohort with HE. Over half of patients admitted with
HF will also have arrhythmias, whose management is a crucial component of
treatment [5, 6].

Non-surgical therapeutic options available to treat arrhythmias in CHD patients
include medical therapy, ablative therapy and device therapy, either alone or in com-
bination. Treating arrhythmias in ACHD patients with HF may result in improving
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both the prognosis and the New York Heart Association (NYHA) functional class but
presents many challenges to the electrophysiology (EP) specialist. A thorough under-
standing of the patient’s anatomy and haemodynamics (native and after surgery) is
essential as is a highly specialized multidisciplinary team and a sophisticated inva-
sive and noninvasive multimodality approach when planning and performing the EP
procedures [7].

This chapter will review the specific considerations for atrial and ventricular
arrhythmias in patients presenting with HF in the context of ACHD.

12.2 Pathophysiology

The full spectrum of brady- and tachyarrhythmias is encountered in the CHD popu-
lation. Factors that precipitate rhythm abnormalities can be roughly divided into
those that are present at birth and those that evolve over time [8]. Intrinsic myocar-
dial structural and functional abnormalities (e.g. accessory pathways) can lead to
arrhythmias and HF even after the removal of the original anatomic substrate.
Increased cardiac mass, chamber distension, hypertrophy and fibrosis all have a
primary role [9, 10].

Arrhythmogenesis involves a close interplay between CHD and HF, with
many reasons predisposing CHD patients to arrhythmias and causing or worsen-
ing HF by impairing the cardiorespiratory function. This is mediated through
reduced filling times, systolic and diastolic dysfunction and elevated filling pres-
sures, among others. Incessant or recurrent tachyarrhythmias can precipitate HF
as well as sinus node dysfunction, rhythm irregularities and loss of the atrioven-
tricular (AV) synchrony especially in the presence of abnormal pressure and vol-
ume loads [11]. This is particularly accentuated in CHD patients with fragile
physiologies, such as those with cyanosis, systemic right ventricles or univen-
tricular hearts [12, 13]. On the other hand, HF results over time in structural and
electrical remodelling changes that might trigger susceptibility to arrhythmias
through the dysregulation of a variety of membrane transport processes and ion
channels function.

Accessory AV connections may play an important role in the onset of arrhyth-
mias and HF, particularly in complex CHD such as Ebstein’s anomaly. In fact, in
about a third of these patients, AV re-entrant tachycardia and multiple accessory
pathways can be present [14]. An Ebsteinoid malformation of the tricuspid valve
can be commonly observed in congenitally corrected transposition of the great
arteries (ccTGA). However, these can also be observed in several other conditions
with an abnormal AV junction (heterotaxy syndromes, AV septal defects, univen-
tricular hearts) or apparently without any discontinuation of the AV grove (ven-
tricular septal defects, secundum atrial septal defects, left-sided obstructive lesions
and tetralogy of Fallot—TOF) [15]. A type of accessory AV connection unique to
the CHD population is the Monckeberg sling consisting of two distinct AV nodes
each with a discrete His bundle and a connecting fibre between these two systems
[1, 16, 17]. It results in an anatomic substrate for re-entrant tachycardias, which
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can reduce cardiac output and worsen a pre-existing HF or provoke sudden death
in patients with compromised circulations.

12.3 Atrial Arrhythmia

Supraventricular (SV) arrhythmias occur in about 15% of unselected ACHD
patients. The frequency is highest after Fontan palliation and after atrial switch
operation, followed by ASD closure and repaired TOF [18]. Their prevalence
increases with age, and >50% of adult patients with complex CHD develop atrial
arrhythmias by the age of 65 years [19]. Arrhythmia mechanisms vary according to
the underlying anatomic defect and technique of surgical repair; however SV
arrhythmias are associated with a nearly 50% increase in mortality and a double risk
of stroke and congestive HF if compared with the general population. Furthermore,
they represent the leading cause of emergency admissions [20, 21].

The most common SV arrhythmia mechanism in ACHD patients involves a mac-
roreentrant circuit within the atria, defined as intra- or interatrial re-entrant tachy-
cardia (IART) [12] around surgical scars or patches (i.e. at the bypass cannulation
site or atriotomies) in combination with natural anatomical barriers (crista termina-
lis, valve orifices and the superior and inferior caval orifices) [22]. The term IART
is commonly used to distinguish this SV tachycardia (SVT) from the typical variety
of cavo-tricuspid isthmus (CTI) atrial flutter that occurs in structurally normal hearts
(Fig. 12.1). Multiple IART pathways can coexist, with varying circuits that are
partly depending on the anatomic defect and type of surgical repair [23].

IART usually has a slower atrial rate (150-250 bpm), which may favour 1:1
conduction that can lead to haemodynamic instability and hypotension or cardiac
arrest in patients with ACHD and HF [24]. The majority of IART circuits are located
within the right atrium (RA), but left-sided circuits occur in patients who have
undergone left-sided interventions. Predisposing conditions include Mustard or
Senning baffles for d-TGA (~30%) [25, 26], atrial or AV septal defects [27], tetral-
ogy of Fallot (up to one third) [28] and Fontan patients mainly with atrio-pulmonary
connections (up to 50-60%) or lateral tunnels (20-30%) [29-31]. Other risk factors
for IART include concomitant sinus node dysfunction (tachy-brady syndrome) and
older age at the time of heart surgery.

Although less frequent, non-automatic focal atrial tachycardias (FATs) do occur,
accounting for ~10-15% of all atrial tachycardias (ATs). They are characterized by
electrical activation originating from a small circumscribed region from which it
expand centrifugally, with no wavefront circulation around a fixed or functional
obstacle and a widely varying cycle length. In ACHD patients the majority of FAT
foci are within the right atrium, and differentiation between FAT and IART can be
difficult if relying only on the 12-lead electrocardiogram (ECG).

Atrial fibrillation (AF) is frequently associated with ventricular dysfunction
and decompensated HF, and its prevalence among ACHD patients is significantly
higher than in the general adult population with also an earlier age of onset. The
incidence of AF increases with age and CHD complexity, especially in those cases
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Fig. 12.1 (a—d) Typical electroanatomical map of an IART with counterclockwise activation
(green arrow) around scar tissue (asterisk) in propagation mode (red wavefront on blue 3D recon-
struction) merged with a fluoroscopic acquisition (Odyssey, Stereotaxis Inc.) in left anterior
oblique projection (LAO). LA left atrium, RA right atrium. Yellow vector depicts the direction of
the magnetic field

of marked left atrial dilatation such as atrial septal defects, left-sided valve disease
and dysfunction of the systemic ventricle [32]. In TOF patients it surpasses the
incidence of TARTSs over the age of 55 years [33]. In ACHD patients referred for
Fontan conversion, it stands for nearly half of cases, although the real incidence
remains unknown commonly due to patients’ scarcity of symptoms until the
occurrence of HFE. However, we believe that especially patients with previous
atrial tachycardia (both IART and FAT) should undergo vigorous regular rhythm
surveillance with ambulatory monitoring. Additionally, ACHD patients with AF
frequently have a previous history of IART. In the acquired heart disease adult
population, AF may be related to atrial size, atrial myocardial fibrosis from pres-
sure/volume loading and scarring related to surgery and alterations in tissue
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refractoriness and/or automaticity [34]. As a consequence of the setting of a rapid
ventricular response, haemodynamic instability can occur in patients with HF.

As IART may be amenable to catheter ablation, referral for EP assessment should
be considered rather earlier than after deterioration into AF, which at present has
lower chance of successful ablation therapy.

Regardless whether atrial arrhythmia or HF is primarily responsible for clinical
decompensation, treatment of both conditions is critical. Optimization of fluid sta-
tus and ventricular function is necessary for antiarrhythmic therapy to be effective.
Conversely, elimination of atrial arrhythmias contributes to reverse the haemody-
namic and clinical manifestations of HF in ACHD patients. Nevertheless, their
treatment remains challenging, and clinical experience shows that pharmacological
treatment is of limited efficacy and may be poorly tolerated. Although a recent ret-
rospective study showed that direct current cardioversion (DCCV) applied to termi-
nate rapid SV tachycardias has similar outcomes within the CHD and non-CHD
population in terms of arrhythmia termination and recurrences (except for patients
with Fontan palliation) [35], percutaneous catheter ablation holds great premise
with regard to definitive and potentially curative treatment.

12.4 General Considerations for Trans-catheter Ablation
of SV Tachycardia

Adult CHD patients may present a complex and variable anatomy within the same
group of cardiac anomaly. In some of these subgroups, venous access will be lim-
ited. The success of a trans-catheter ablation relies on many factors, such as a thor-
ough understanding of the underlying anatomy and likely arrhythmogenic
mechanism, the surgical history as well as the availability of an electrophysiologist
specifically trained in ACHD EP and an experienced multidisciplinary team (e.g.
nurses, anaesthetist, cardiac surgeon). The optimal team increases the procedural
success rate and helps identify any insurmountable obstacles that may lead to a
suboptimal outcome.

Meticulous planning of procedures is essential. Over the years, the development
and progressive improvement of 2D and 3D imaging modalities such as echocar-
diography, computed tomography (CT) or cardiac magnetic resonance (CMR)
applied to the reconstruction of the individual anatomy have provided important
assistance in the EP laboratory (Fig. 12.2). They have been demonstrated to be
essential for planning of optimal access routes (e.g. retrograde through a hemiazy-
gos continuation or through a known baffle leak) [36, 37] and clarifying anatomical
variations as well as choosing the most appropriate tool (e.g. large curves, long
guiding sheaths or remote magnetic navigation). The late gadolinium enhancement
CMR may show regions of scar and fibrosis [38], likely origin of low voltage poten-
tials and possibly sites of previous ablations [39].

Intra-procedural imaging by intracardiac or trans-oesophageal echocardiography
may facilitate mapping and identification of relevant cardiac structures or artificial



206 I. Cazzoli and S. Ernst

Fig. 12.2 Ablation of an atrial tachycardia in a patient with functional univentricular heart who
underwent lateral tunnel (LT) total cavo-pulmonary connection (TCPC) with surgical patch closure
of the tricuspid valve. Access to the right atrium (RA, target chamber) is performed retrogradely via
the aorta using remote magnetic navigation (Stereotaxis). The mapping catheter (Map) is guided
remotely by directing the magnetic vector on the display (yellow/green arrow). The patient’s
unique anatomy is precisely depicted by 3D image reconstruction (in this particular case from
contrast CT scan) and superimposed on the fluoroscopy images in right anterior oblique (RAO 30°,
left panel) and LAO (30°, right panel). Simultaneous visualization of the coronary arteries (left
coronary artery in red and right coronary artery in blue) permits a safer approach during radiofre-
quency ablation. Ao aorta, LA left atrium, RV right ventricle

obstacles (e.g. prosthetic valves) and may be used for safe guidance of trans-patch
and trans-baffle puncture [40, 41].

3D electroanatomical mapping (EAM) to facilitate ablation procedures has been
successfully used in ACHD patients [42—45] and is by now a standard in their care.
Activation mapping, either with non-contact techniques, can be performed to iden-
tify the focal source and the sequence of activation (mainly but not solely in presence
of a stable cycle AT). Moreover, further features have been developed and now inte-
grate in EAM systems, such as contact force sensing and high-density mapping using
multiple electrode catheters (differentiating between a target site for ablation and a
scar), with the result of significantly reducing the total fluoroscopy exposure [46].

Nonetheless, when an arrhythmia presents as infrequent, irregular or unstable,
which is not rare in ACHD patients, it becomes “non-mappable” using a sequential
approach such as CARTO or RHYTHMIA (the most used mapping systems), since
the activation pattern constantly changes. To overcome these “obstacles”, a nonin-
vasive multi-electrode ECG mapping system (such as ECVUE; Cardiolnsight
Technologies Inc., OH, USA) was introduced, which combines the 3D reconstruc-
tion of the cardiac anatomy from computed tomography scans with the simultane-
ous recording of the cardiac activation from 252 surface ECG electrograms. This
not only allows mapping of multiple arrhythmias in a limited frame time, with con-
sequent reduced radiation exposure, but also is particularly suitable for ACHD
patients who may have multiple pathways or arrhythmias that are poorly tolerated
during an EP procedure. Encouraging preliminary results have been obtained when
used together with magnetic navigation technologies [7].
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12.4.1 Considerations for Ablation Lesion Formation

Other issues to consider when performing ablation are the shear thickness of a
volume-overloaded and scarred myocardium, together with the altered haemody-
namic conditions (e.g. increased/reduced blood flow) and subsequent contact force,
which may affect the procedural success even when the arrhythmic circuit is well
identified and addressed. The recent introduction of “irrigated” and larger tip cath-
eters and contact force monitoring has allowed an increased lesion depth and width,
contributing to some improvements in outcome, although not completely free of
intra-procedural problems [47].

12.4.2 Remote Magnetic Navigation

Robotic techniques for ablation such as remote-controlled magnetic navigation are
a field of major interest in CHD [48]. It permits not only the dramatic reduction in
exposure time even to (close to) zero fluoroscopy but can particularly overcome
navigation difficulties in CHD patients providing improved stability and manoeu-
vrability to the catheter. This reduces the need for trans-baffle or transhepatic access
in all patients, besides those with metallic valves which would “block™ a retrograde
approach [43, 49]. In addition, it allows superimposition of pre-acquired 3D images
and depiction of the ablation catheter in real time on the displays [37] (Fig. 12.3).

/ Single V|
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Fig. 12.3 Real-time visualization of the mapping catheter (Map) during retrograde approach
using remote magnetic navigation. Fast anatomical mapping (FAM, in grey in the picture) of the
aorta allows merging and superimposition of 3D pre-acquired (from CT or MR scan) reconstruc-
tions with the contact map in a stepwise fashion in order to guide the operator during the proce-
dure. Please note the distance of the FAM to the aorta (Ao) descending in a, which is adapted in b
and c to fit the full aortic arch. The yellow arrow depicts the direction of the magnetic field that the
magnetic Map catheter will align parallel to, thereby allowing remote navigation of the catheter
tip. The forward and backward motion is a mechanical motion via the CardioDrive (Stereotaxis
Inc.). Note that the catheter has just passed the open aortic valve in panel ¢ (asterisk)
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12.4.3 Trans-catheter Ablation

Among the atrial arrhythmias (IART, focal tachycardia and AF), IART represents
the major indication for arrhythmia ablation in CHD. This may be first-line manage-
ment [50] or indicated in case of failure of drug therapy or in haemodynamically
instable patients. Thanks to the combination of integrated 3D mapping and enhanced
lesion creation, data about AT ablation, mainly represented by IART ablation out-
comes, have improved over the years. The acute success rate for IART ablation rose
from ~60% more than a decade ago to 80-85% nowadays [40, 42, 43, 51-54].
Outcomes among different groups are difficult to compare, being dependent on the
patient population (complexity of underlying CHD and therefore arrhythmic circuit/
circuits), experience of both centres and operators and definition of “procedural suc-
cess” on the basis of solely intra-procedural termination or complete non-inducibility
of the arrhythmia at the end of the procedure. Besides acute termination, the real
challenge especially in HF patients is prevention of recurrences. The AT recurrence
rates after radiofrequency ablation are quite high, rising to 20-45% in the short-
term follow-up.

Atrial arrhythmias are prevalent in about 60% of patients with an AP Fontan.
IART accounts for approximately 75% of SVTs and FAT's for about 15%. In patients
with Fontan palliation, recurrence rates can reach 85% despite the achievement of a
complete ablation success, with a mean rate of 50% within 4-5 years [54]. In these
cases the activation mechanism may differ from the previous ablated arrhythmia
when using conventional manual RF ablation techniques. Additionally, in patients
with Fontan circulation multiple IART circuits can be encountered at various sites
due to progressive RA enlargement, requiring often more than an ablation proce-
dure with access to the RA through a pre-existing fenestration, trans-baffle puncture
or by retrograde access [49]. Circuits could also, but rarely, be localized in the lower
atrial aspect with a pericaval re-entry.

Atrial fibrillation may develop as well over the time in Fontan patients with the
progression of pump failure, which is usually poorly tolerated. In case of ineffective
conservative management with antiarrhythmic drugs or cardioversion, ablation of
AF needs to be considered, either trans-catheter or surgical using the Cox-type
maze procedure, before and after surgical Fontan conversion to total cavo-pulmonary
connection (TCPC) in those cases where this is appropriate [55]. Despite the high
rate of AT recurrence in this cohort, arrhythmia burden and quality of life can be
substantially improved [44]. Trans-catheter ablation of AT usually leads to an
improvement of ventricular function, symptoms and therefore NYHA functional
class [56].

Another group of CHD patients predisposed to multiple arrhythmic circuits
and premature development of HF are those with systemic RV, for example,
transposition of the great arteries (TGA), post atrial switch (Senning or Mustard
operation) or ccTGA. During their life span, about 10% will experience atrial
arrhythmias (mainly CTI-dependent flutter and IART) along with deterioration
of the systemic ventricular function and systemic atrioventricular valve regurgi-
tation [57, 58]. Success rate of ablation is lower in this population, due to the
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typical presence of multiple circuits and accessory pathways. Most circuits are
located in the pulmonary venous atrium. Importantly, in more than 80% of
patients, the CTI cannot be achieved via a systemic route but requires either a
retrograde trans-aortic access, a trans-baffle puncture or access through a baffle
leak [37]. The approach is challenging even for experienced electrophysiology
physicians and requires the use of the newest available technologies, such as
magnetic navigation in combination with 3D electroanatomical mapping (as seen
in Figs. 12.2 and 12.3). Still, despite a high acute success rate, the recurrence rate
for IART is about 30%, however with excellent long-term results after a second
ablation [59].

12.5 Ventricular Arrhythmiain ACHD

Ventricular arrhythmias, such as ventricular tachycardia (VT) or fibrillation, are not
uncommon in the CHD population, representing the leading cause of sudden car-
diac death (SCD). The subtypes of CHD at greatest risk of SCD include those con-
ditions with a systemic morphologic RV, TOF, left-sided obstructive lesions and
Eisenmenger syndrome [60]. In Fontan patients VTs have been described, however
with a lower incidence than SV arrhythmias. In a multicentre case-control study by
Koyak et al., clinical variables associated with SCD were SVT, moderate to severe
systemic ventricular dysfunction, moderate to severe subpulmonary ventricular dys-
function, increased QRS duration and QT dispersion [61], regardless of the com-
plexity of the underlying CHD. Patients at highest risk for VT are those who have
undergone a ventriculotomy or a patching of a ventricular septal defect (VSD) in
which a macroreentrant circuit develops close to the site of surgical scar, as for TOF
repair [62]. Alternatively, VT can present in the context of long-standing haemody-
namic ventricular myocardial stress, as in patients with dilated or hypertrophic car-
diomyopathy and advanced dysfunction (e.g. chronic aortic valve disease or failing
systemic RV after Mustard or Senning operation).

Not surprisingly, the prevalence of VTs in the ACHD-HF subgroup is therefore
increased than in the whole CHD population, as myocardial scarring and wall
stretching secondary to chronic volume and pressure loads, previous cardiac sur-
gery and intrinsic myocardial disease determine the substrate and expose to triggers
for VTs. The progress of HF is reflected by structural and functional remodelling
and results in hypertrophy, ischemia and heterogeneous fibrosis. The underlying
cellular alteration is expressed by depolarization abnormalities and repolarization
dispersion leading to increased ventricular arrhythmia vulnerability [63]. As for
ACHD patients presenting with atrial arrhythmias, a thorough clinical assessment
and a careful ambulatory follow-up are therefore indicated, inclusive of imaging
studies and functional investigations in order to assess patients’ anatomy and hae-
modynamics, along with any change in functional capacity over the time.
Interventions to correct the underlying problem can be performed when appropri-
ate, although even after “corrective” surgery or interventional procedures, the late
onset of ventricular arrhythmias may be unpredictable.
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Most of data available concerning VT in ACHD involve patients with repaired
TOF, where the incidence of VT in surgically repaired patients is 11.9% [64],
whereas the prevalence ranges between 3% and 14% in several large series, with
a risk of SCD estimated at 2% for a decade of follow-up [65]. Within the TOF
cohort, the onset of VT has been related to right atrial area increase and right
ventricular outflow tract length [66]. Tetralogy of Fallot patients are as well the
only CHD population for which programmed ventricular stimulation has demon-
strated to provide diagnostic and prognostic value in risk stratifying with regard
to SCD [67].

The progressive effects of volume overload, cyanosis, low voltage areas in the
atrialized RV and HF play a primary role in initiating VT in patients with Ebstein’s
anomaly, together with fast reciprocating conduction through the multiple acces-
sory AV pathways commonly observed in these patients. Furthermore, Anderson
and Lie described long ago aneurysms of the true RV resembling arrhythmogenic
right ventricular cardiomyopathy [68].

The typical mechanism for VT in CHD is sustained by a macroreentry, involv-
ing narrow conduction corridors (isthmuses) defined by area of surgical scars and
natural conduction barriers (e.g. the edge of a valve annulus) [69], although other
causes cannot be excluded. Antiarrhythmic drugs are not generally considered
first-line therapy for ventricular arrhythmias in ACHD with HF, although they
can decrease the recurrence of events. Trans-catheter ablation is proven to be
feasible with good initial results, although the experience is still limited and this
therapeutic option needs often to be considered as complementary to the implan-
tation of a defibrillator device (implantable cardioverter defibrillator, ICD), as
recommended by 2013 guidelines [70]. Complexity of the anatomy, myocardial
hypertrophy, broad isthmuses, haemodynamic instability or non-inducibility of
the ventricular arrhythmia may account for ablation failure in 50% of cases and
for a 40% recurrence rate [71, 72]. Several mapping strategies have been
described, including activation sequential contact analysis, entrainment manoeu-
vres, pace mapping and 3D registration also with magnetic navigation and simul-
taneous non-contact mapping. In 2007, Zeppenfield et al. described the use of
mapping in identifying four main isthmuses of low voltage responsible for re-
entrant VTs in TOF patients, either whilst in sinus rhythm or haemodynamically
unstable [69]. In doing so they demonstrated how areas of slow conduction, as
those observed in remodelled ventricles presenting with fibrosis and hypertro-
phy, may provide the link between impaired haemodynamics and VT onset and
explain the low rate of catheter ablation success on the basis of a lack of trans-
murality from endocardial approach, addressed now by the introduction of new
cool-tip ablation catheters (Fig. 12.4). Although VTs are represented occasion-
ally by focal arrhythmias, multiple foci could be encountered in a single patient,
thereby complicating an ablation approach. Since in majority of cases these VTs
are fast and haemodynamically poorly tolerated, a useful tool could be an
approach using a simultaneous mapping system such as the ECVUE, as already
discussed for SVT ablation [7].
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Fig. 12.4 Ablation of VT in a patient with TOF. Catheter FAM allows concomitant collection of
a local activation time map (see colour-coded map on the 3D image, left panels). Surface electro-
cardiograms and endocardial signals (right panels) are simultaneously showed on the screen and
registered. Detection of mid-diastolic potentials during ongoing tachycardia or late potentials dur-
ing SR and best paced match are techniques that allow identification of the site of origin of a given
ventricular arrhythmia and subsequent successful ablation

12.6 Devicesfor CHF in ACHD
12.6.1 General Considerations for Device Therapy

Tachyarrhythmias are not the only rhythm abnormalities that may be observed in
CHD patients. Structurally abnormal hearts may be predisposed to bradycardia
consequent to absence, displacement or dysfunction of sinus or AV nodes (at birth
like in left atrial isomerism or evolving with age). Sometimes it is associated with
AV block, as seen in ccTGA, AV septal defects and some types of univentricular
hearts. Bradycardia itself, with or without AV or inter-ventricular dyssynchrony,
can determine a reduction of cardiac output resulting in HF, especially in patients
with fragile physiologies. Additionally, surgical interventions may cause heart
block in 1-3% of cases [73] and damage to the sinus node secondary to perfusion
interruptions secondary to cannulation for cardiopulmonary bypass or creation of
baffles (e.g. Mustard and Senning procedure), Glenn shunts, Fontan palliation and
sinus venosus atrial septal defect repairs. Due to the increased expectancy of life,
some CHD patients will require permanent pacemakers (PPMs), ICDs or cardiac
resynchronization therapy (CRT) with or without defibrillation function, with the
likely need of multiple re-interventions and follow-up over a lifetime. A pacemaker
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is recommended for isolated sinus node dysfunction in adults with CHD if there
are clinical symptoms related to bradycardia or loss of AV synchrony, exercise
intolerance secondary to chronotropic incompetence or bradyarrhythmia-related
adverse haemodynamic effects documented by noninvasive or invasive testing
[50]. The relation between abnormal conduction and HF gives explanation to the
onset of tachyarrhythmias in the context of ventricular bradycardia, so that the
device therapy in ACHD patient with HF should not be considered as the only
option. A multimodality approach is hence recommended, combining drugs, device
implantation and trans-catheter or surgical ablation.

12.6.2 Lead Placement

The primary consideration regarding device therapy relates to lead placement,
which must take into account abnormal anatomy, limited venous access and the risk
of thromboembolic complications. Trans-venous access in CHD is often difficult or
even impossible especially after surgical repair (Fig. 12.5). A clear example is pro-
vided by patients after Fontan operation, where the lack of access goes with the risk
of thrombus formation on the atrial lead (e.g. in the presence of residual intracardiac
shunts) which is only partly ameliorated by anticoagulation therapy. Despite the
possibility of atrial lead placement, access to the ventricle, if advancing a pacing
lead into a ventricular branch of the coronary sinus is not feasible, may be impos-
sible (e.g. in most Fontan and TCPC circulations) [74]. In these cases a hybrid
approach or a total epicardial system placement (requiring surgical assistance) can
be performed with good long-term outcomes observed for modern steroid-eluting
bipolar epicardial leads [75]. Mustard and Senning patients might also present a
challenge. The venous route to the atrium and the ventricle may be hindered by

ICD coil in RV

Diagnostic Abandoned ICD coil
catheter in RV

Fig. 12.5 Ablation in a patient with “hamburger” or “criss-cross” heart (the two ventricles are
rotated and horizontally oriented with the right on top of the left ventricle, panel a and b). The fluo-
roscopic acquisition (anteroposterior projection, panel ¢) shows the presence of a device with
multiple trans-venous pacing and defibrillator leads through the right superior vena cava, which
may represent an adjunctive “obstacle” to the EP procedure and may risk to be dislocated or dam-
aged. LA left atrium, RA right atrium, LV left ventricle, RV right ventricle, Ao aorta, PA pulmonary
artery
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baffle obstructions, stenosis and leaks, which may necessitate closure with transcu-
taneous closure devices or stenting before the implantation. If such a leak or other
intracardiac shunts cannot be closed, epicardial lead implantation should be consid-
ered to limit the risk of thromboembolic complications. Alternatively, the patient
needs to be anticoagulated permanently accepting an increased risk of embolism
and stroke. Lead fixation can be problematic, since it requires the physician to accu-
rately understand the patient’s anatomy and surgical history in order to avoid areas
of patches, scars and sites too close to the phrenic nerve.

12.6.3 Pacing Devices

The most recent recommendations for pacing in CHD patients are summarized in a
consensus paper [50]. However, guidelines are always somewhat limited, since
there is limited data available from retrospective and non-randomized studies, often
extrapolated from children populations, with furthermore heterogeneity within the
group of CHD patients. Reasons for pacing can be congenital complete heart block,
as well as congenital sinoatrial or AV nodal dysfunction; however more often the
cause is iatrogenic following palliative or corrective surgery. The risk of onset of
atrial tachyarrhythmias deteriorating the haemodynamics in HF patients may
require, apart from considering catheter ablation prior to implantation, the addi-
tional need of anti-tachycardia pacemaker therapies (ATP) when programming the
device. This is a quite successful tool in patients with a single circuit of relatively
slow IART. However, slow IARTSs also have a good chance of successful catheter
ablation, such that ablation should at least be considered as ATP also carries the risk
of AF induction by burst pacing.

12.6.4 Considerations for Choice of Permanent Device
Implantation

The choice between implanting a trans-venous or an epicardial system relies on
patient’s specific characteristics, such as complexity of the underlying CHD condition,
body size and necessity of surgical interventions, which may justify contextual epicar-
dial lead positioning, with lower incidence of complications as those related to throm-
boembolic events or trans-venous lead extraction. On the other hand, lead failure rates
and increased pacing thresholds need to be taken into account, as they may reduce
system longevity and expose patients to multiple re-interventions over the time. A ret-
rospective study of 287 CHD patients conducted by Silvetti et al. showed a significant
survival benefit at 10-year follow-up when trans-venous leads were implanted [76]. As
with endocardial lead positioning, pacing site selection for epicardial leads is important
and related to long-term outcome. So far, the only data concerning this are provided by
a non-randomized retrospective trial performed by Janousek et al. in children with
structurally normal heart, which demonstrated benefit to placement of an epicardial
ventricular lead in the left ventricle apex or mid-lateral wall [77].
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12.6.5 Implantable Cardioverter Defibrillators

Nowadays there is quite a robust literature describing the risk of SCD within the
CHD population. SCD of presumed arrhythmic aetiology is the most common cause
of mortality in ACHD patients, with a 100-fold increased risk when comparing with
age-matched controls [3, 60], often happening in the third or fourth decade of life
[78]. The resulting indications for ICD implantation are to be considered in class |
level of evidence B after a cardiac arrest or sustained spontaneous VT (secondary
prevention), where no reversible cause is identified [50].

The most common CHD diagnosis among defibrillators recipients is TOF, fol-
lowed by d-TGA and aortic stenosis. With regard to primary prevention in complex
CHD, evidence is limited, with the most detailed data relating to the TOF popula-
tion. Over the past decade, the greatest progress in risk stratification for primary
prevention has identified in this cohort several risk factors including QRS >180 ms,
the rate of change of QRS duration, older age at repair and presence of outflow tract
patch [64]. Considering instead shock therapy, a raised left ventricular end diastolic
pressure, pulmonary artery pressure and right ventricle systolic pressure are the
strongest predictors of appropriate shock therapy [79], together with inducible VT
at the electrophysiology study [67]. However, symptomatic non-sustained VTs are
the most important prognostic indicator [80].

Outside the TOF population, the indications are less well delineated, as reflected
by a lower appropriate shock rate in the overall ACHD population. In TGA patients
after Mustard or Senning procedure, suggested factors associated with SCD include
severe systemic ventricle dysfunction and history of atrial tachyarrhythmias [24,
81]. Moreover, inducible VT or VF at the EP study does not seem to predict clinical
events. For patients with univentricular heart and a Fontan palliation, no recommen-
dation for ICD implantation exists. Theoretically, conventional non-CHD indication
could be applicable in ACHD with biventricular circulation [50], but cut-off values
defining systemic RV dysfunction may likely be higher than the “universally”
accepted 35% as for the left ventricle (LV). The largest multicentre study regarding
ICD therapy in CHD is the review of 443 patients performed in 2008 by Berul et al.
where a rate of 18% appropriate shocks versus 20% inappropriate shocks (mostly
on fast stable cycle atrial arrhythmias or lead failure) was observed [82]. Younger
age at implantation and physically active lifestyle were suggested to be associated
with a higher rate of inappropriate shock therapy. Additionally, in the younger CHD
population, the psychosocial impact of receiving an ICD implanted should not be
underestimated [83]. Considerations about technical difficulties at implantation
match with those for PPMs, although the larger size of defibrillator coil may repre-
sent an adjunctive challenge, especially when considering a route through a ste-
nosed superior vena cava or baffle. ICD implantation in CHD (but no PPM
implantation) was seen to be associated with an increased rate of implant-related
complications in terms of mechanical complications, repeat procedures and device
infections [84].

Interestingly, a multicentre study including an extensive ACHD cohort correlated
the risk of SCD with the presence of QRS complex fragmentation at the 12-lead
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ECG [85]. However, as a sole risk marker, its prognostic value is too limited to
indicate ICD implantation but requires rather combination with other clinical
parameters such as impaired systemic ventricular function, HF symptoms and wide
QRS complex.

ICD therapy is not recommended in ACHD patients with advanced pulmonary
vascular disease (e.g. Eisenmenger syndrome), drug refractory NYHA class IV who
are not candidate for heart transplantation (HT), significant psychiatric illness,
incessant VI/VF or a life expectancy inferior to 1 year [86].

12.6.6 Resynchronization Therapy

Cardiac resynchronization therapy is a well-established effective treatment for adult
patients with left ventricular (LV) failure and can result in improved cardiac func-
tion, LV reverse remodelling, decreased rate of hospitalizations for HF, improved
quality of life and reduced overall mortality if response is positive [§7-89]. Among
ACHD patients, issues specific to this unique population result in substantial diffi-
culties in identifying suitable candidates for CRT. Derivation of selection criteria
from the trials conducted in the non-CHD population may not be appropriate nor
straightforward. For example, in contrast to non-CHD adults with HF and left bun-
dle branch block (LBBB), right ventricular conduction delay and right bundle
branch block (RBBB) are the most common situations in ACHD cohorts. Moreover,
the systemic ventricle can be the RV, being therefore more prone to early dysfunc-
tion and dyssynchrony. In the univentricular heart, “biventricular” pacing is impos-
sible, but multisite pacing (of the same ventricle) may be feasible [90]. Morphologic
RV differences in fibre orientation, pumping mechanism and AV valve regurgitation
may modulate physiologic and neurohormonal responses to dysfunction, asyn-
chrony and dyssynchrony.

Another important aspect to be taken into account is that the value of the NYHA
functional class as a selection criterion for CRT in ACHD-HF patients who have had
a lifelong adaptation to CHD. Exercised capacity is commonly depressed in ACHD
patients, who also report symptoms of HF less frequently. For this reason objective
parameters to assess functional capacity are recommended, such as peak VO2,
whose reduction is associated with higher rate of hospitalization and death [91].

Most of the studies available on CRT are retrospective [92-95] or case reports
with a very limited follow-up; hence, the impact of CRT on long-term morbidity
and mortality in ACHD patient is unknown. Preliminary experiences are, however,
promising despite the absence of consensus on techniques to quantify mechanical
dyssynchrony.

In general, CRT can be recommended in ACHD patients with NYHA class II-1V
symptoms, impaired systemic ventricular ejection function, systemic ventricular
dilatation and prolonged QRS duration. Moreover upgrading to CRT should be con-
sidered in CHD patients with systemic LV and permanent RV pacing resulting in LV
dyssynchrony or dysfunction [96]. Identifying responders and nonresponders is a
crucial point. However, results of CRT in failing systemic LV have been observed
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more promising than in patients with failing systemic RV. The smaller benefit of
CRT in this group may be attributed to suboptimal myocardial fibre arrangement
and abnormal ventricular contraction patterns as well as decreased myocardial per-
fusion reserve, possibly resulting in subendocardial ischemia [6].

The effect of biventricular CRT was analysed by Thambo et al. in adults with TOF
and RV dysfunction, showing at 6 months improvement in exercise tolerance, NYHA
functional class, LV ejection fraction as well as ventricular synchrony, so that despite
the increased level of difficulty at implantation a biventricular system may be sug-
gested when considering CRT, rather than a single site RV pacing [97].
Resynchronization has been shown to be achieved by multisite pacing in the failing
single ventricle, with acute post-operative improvement in echocardiographic indi-
ces of dyssynchrony, systolic blood pressure and QRS duration [95]. Whichever pac-
ing strategy the EP physician decides to adopt, complexity of the underlying anatomy
may represent an important challenge in finding adequate access for effective pacing,
requiring in some cases an epicardial approach with the help of the surgical team.

12.7 Heart Transplant in ACHD with HF

According to the 2014 guidelines for HT in ACHD, patients with CHD account for
about 3% of adult transplants in the USA and approximately 10% of the indications
in patients ranging between 18 and 30 years [98]. Despite the worse short-term
outcome in ACHD compared to non-ACHD patients, long-term outcome is
improved. Nevertheless, ACHD patients have longer waitlist time and increased
waiting list mortality despite younger age and fewer comorbidities.

Patients with chronic Fontan failure are of particular concern, and reduced exer-
cise tolerance below a threshold of about 45% of predicted values predicts hospital-
izations and poor outcome [99]. In this situation, aggressive catheter ablation of
atrial or ventricular arrhythmias, plus or minus device therapies, may be able to
improve functional status, impact on prognosis and stabilize the patient waiting for
transplantation.

12.8 Summary

Heart failure and arrhythmias are integrally linked in this population. The treatment of
each needs to be proactive and aggressive to prevent further deterioration and optimize
outcomes. Catheter ablation of atrial or ventricular arrhythmias is a useful adjuvant
therapy in individuals with fragile physiologies and ventricular disease. The presence
of an experienced team, along with the use of the newest available techniques such as
3D image integration, advanced EAM (either simultaneous or sequential) and mag-
netic navigation (if available), contributes to achieve the highest success rate.
Implantable devices play a fundamental role in ACHD HF with ICDs being the only
effective therapy to prevent sudden death. In all situations if performing an ablation or
implanting a device, careful planning with a multidisciplinary team is essential.
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13.1 Introduction

As transplant centers become more familiar with heart transplantation (HTx) in
adult congenital heart disease (ACHD) patients, short- and long-term outcomes
have improved. Long-term survival conditional on 1-year survival is now better for
ACHD patients undergoing HTX than for non-ACHD patients [1]. Despite the per-
ception that the risks associated with HTx are often too high, many ACHD patients
have acceptable risk profiles, and all can benefit from review in an advanced heart
failure (HF) program. This chapter is dedicated to breaking down barriers to
advanced HF care for patients with ACHD-related HF. This chapter has six
sections:
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13.2 Timing of Referral for HTx Assessment

Predicting progression from stable to advanced and/or decompensated HF in
ACHD-related HF is challenging, even more so than in acquired HF. Declining
NYHA class, progressive ventricular dysfunction, elevated serum BNP [2, 3],
reduced peak oxygen uptake (VO, max), low BMI [4], hyponatremia [5], anemia
[6], renal dysfunction [7], elevated troponin [8], pulmonary hypertension (PH), and
arrhythmias [9] have each been associated with increased ACHD mortality. More
important than any single variable is the overall clinical picture. In particular, the
emergence of clinical features of advanced HF portends adverse health outcomes
(summarized in Table 13.1). Emphasized here is a history of repeated HF hospital-
izations or emergency room visits, escalating diuretic dose, deteriorating kidney
function, unexplained weight loss, and intolerance to ACE inhibitors or beta-
blockers. Early referral to a is recommended for all ACHD patients with features of
advanced HF. Advanced HF review is also recommended in those with idiosyncratic
complications suggesting increased short-term mortality risk such as protein-losing
enteropathy (PLE) in Fontan patients [10, 11].

An advanced HF service comprises an interdisciplinary team with expertise and
formal training in advanced HF treatment strategies. Early referral does not equate
to early listing for HTx. Nor does it imply transfer of care from the ACHD to the
acquired HF team. Instead, the purpose of early assessment is to facilitate collabora-
tion between the ACHD and HF programs and to afford the team sufficient time to
understand each patient’s anatomy, hemodynamics, and clinical course. The team
should include clinicians with both traditional and advanced HF expertise but also
ACHD clinicians. In addition to discussing advanced HF strategies, the team should
assess each patient’s understanding of mortality risk with and without treatment and
advanced care preferences including resuscitation. Research into care preferences
show most ACHD patients prefer to discuss life expectancy and advanced directives
before their condition becomes life-threatening [12].

Table 13.1 Clinical features of advanced HF

Repeated (>2) hospitalizations or emergency department for HF in the past year
Progressive deterioration in renal function (rising urea or creatinine)

Weight loss without other causes® (i.e., cardiac cachexia)

Intolerance to ACE inhibitors due to hypotension and/or worsening renal function
Intolerance to beta-blockers due to worsening HF or hypotension

Frequent hypotension with systolic BP <90 mmHg

Persistent dyspnea with dressing or bathing requiring rest

Inability to walk one block on the level ground due to dyspnea or fatigue

Escalating and/or high diuretic dose requirements (furosemide equivalent dose >160 mg/D and/
or supplemental metolazone use)

Progressive hyponatremia with serum sodium <133 mEq/L

Frequent arrhythmia and/or ICD shocks

Fontan patients with diarrhea or coughing of casts leading to a diagnosis of protein-losing
enteropathy or plastic bronchitis

Adapted from Russell et al. Congestive Heart Failure. 2008;14:316-21
4In Fontan patients consider also protein-losing enteropathy as an alternative cause of cachexia
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Fig. 13.1 Approach to advanced HF assessment in ACHD. MCS indicates mechanical circulatory
support. [llustration used with permission and taken from Ross Circulation 2016

Figure 13.1 provides a stepwise approach to evaluation and treatment of ACHD
patients with advanced HF [13]. Worsening symptoms, biomarkers, or exercise intol-
erance prompts review of medications and candidacy for percutaneous/surgical inter-
vention and device therapies. Multimodality cardiac imaging (echocardiogram,
cardiac MRI, cardiac CT, and/or vascular ultrasound) provides a detailed assessment
of anatomy and hemodynamics. In addition to quantifying ventricular dimensions
and function, attention is paid to the position of the heart and coronary vessels in
relation to the sternum, arterial and venous connections, peripheral vascular access,
and collateral vessels. Invasive hemodynamic evaluation by a CHD specialist is rec-
ommended for ACHD patients with newly diagnosed HF. In addition to guiding
medical HF therapy, hemodynamic assessment identifies residual lesions contribut-
ing to HF pathophysiology. Advanced therapies (HTx and mechanical circulatory
support) should be considered in any ACHD patient who is not responding to medi-
cal or device therapy or in whom repeat cardiac surgery is deemed too high risk or
unlikely to reset the clinical course. Indications for HTx are summarized in Table 13.2.

13.3 Risks and Contraindications to HTx

Contraindications to HTx in ACHD patients are based on ISHLT guidelines [14] while
also taking into account ACHD-related issues. ACHD-related factors such as complex
anatomy, the presence of multiple congenital anomalies, or neurocognitive impairment
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Table 13.2 Indications for heart transplantation in ACHD

Indications for heart transplantation in ACHD

Stage D HF refractory to medical therapy which will not benefit significantly from surgical,
interventional, or electrophysiological intervention

ACHD patients with associated near sudden death or life-threatening arrhythmias refractory to
all therapeutic modalities

Patients with stage C HF associated with reactive pulmonary hypertension and a potential risk
of developing fixed, irreversible elevation of pulmonary vascular resistance that could preclude
isolated orthotopic heart transplantation in the future

Fontan patients with protein-losing enteropathy + plastic bronchitis refractory to medical
therapy

Progressive cyanosis leading to functional decline not amenable to surgery- or catheter-based
intervention

Table adapted from Ross et al. Circulation 2016

rarely serve as absolute contraindications in isolation. More frequently it is these issues
in combination that lead to determination of excessive risk although risk thresholds
vary significantly by transplant and ACHD center volume and expertise. Over time
thresholds of risk in ACHD patients are being challenged. A good example is a history
of multiple sternotomies which despite being associated with increased HTx risk can
generally be managed with anticipatory measures (i.e., peripheral cannulation and
bypass, careful dissection of adhesions) [15]. Absolute, relative, and ACHD-related
contraindications are summarized in Table 13.3. For this review we have chosen to
focus on three issues of major concern—Iliver disease, PH, and sensitization.

13.3.1 Liver Disease

Liver disease is common in ACHD patients due to the high prevalence of right heart
disease, passive liver congestion and hepatitis C [16]. Fontan patients are at espe-
cially high risk due to systemic venous hypertension, hepatic congestion, and low
cardiac output leading to cirrhosis and, in some patients, hepatocellular carcinoma
[17]. Whether Fontan patients should undergo isolated heart versus combined heart-
liver transplantation continues to be hotly debated with the current approach to
assessment and treatment varying across transplant centers. The Hospital of the
University of Pennsylvania reported outcomes in eight Fontan patients who under-
went combined heart-liver transplantation for biopsy-proven advanced fibrosis or
cirrhosis; 100% survival was achieved at 30 days and 1 year [18]. It has been postu-
lated that the addition of liver transplant reduces bleeding risk in Fontan patients
[19]. In addition, there is increasing evidence that cardiac cellular and antibody-
mediated rejection are less frequent after combined heart-liver transplant [20] [21].
Despite these potential advantages, it remains unclear whether combined heart-liver
transplant should be recommended in all Fontan patients. A recent UNOS study
reported equivalent survival in CHD patients undergoing isolated heart versus com-
bined heart-liver transplantation [15].

The model for end-stage liver disease excluding international normalized
ratio (MELD-XI) score may be helpful for stratifying risk. A MELD-XI score
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Table 13.3 Risk factors and contraindications to heart transplant in ACHD patients

Absolute contraindications
Systemic illness with life expectancy <2 years despite heart transplant including:
Active or recent solid organ or blood malignancy within 5 years
AIDS with frequent opportunistic infections
Active systemic lupus erythematosus, sarcoid, or amyloidosis with multisystem
involvement
Irreversible renal or hepatic dysfunction in patients considered only for heart transplant
Significant obstructive pulmonary disease (FEV1 <1.0)
Fixed pulmonary hypertension
Pulmonary artery systolic pressure >60 mmHg
Mean transpulmonary gradient >15 mmHg
Pulmonary vascular resistance >6 Wood units
Relative contraindications
Age >70 years®
Active infection
Active peptic ulcer disease
Severe diabetes with poor glycemic control (HBAlc >7.5%) and/or end-organ damage
(neuropathy, nephropathy, retinopathy)
Severe peripheral vascular or cerebrovascular disease not amenable to surgical or percutaneous
therapy
Morbid obesity (body mass index >35 g/m?) or cachexia (BMI <18 g/m?)
Estimated glomerular filtration rate <40 mL/min/1.73 m?
Bilirubin >2.5 mg/dL, serum transaminases >3x, INR >1.5 off warfarin
Irreversible neurological or neuromuscular disorder
Psychosocial instability limiting adherence after transplant
Active smoker or drug use within 6 months
Heparin-induced thrombocytopenia within 100 days
ACHD related
Complex anatomy combined with additional contraindication as listed above®
Multiple severe congenital anomalies (rare)
Severe metabolic disease (rare)
Neurocognitive impairment limiting adherence after transplant

*Carefully selected patients > 70 years of age may be considered for transplantation

"Complex anatomy alone is not a contraindication to heart transplantation. However, the combina-
tion of complex anatomy with additional risk factors is associated with increased mortality after
heart transplantation. Adapted from Mancini D, Lietz K. Selection of cardiac transplantation can-
didates in 2010. Circulation 2010; 122:174

>18 has been associated with increased ACHD recipient mortality after HTx
[22]. A second study reported significantly lower survival after HTx in Fontan
patients when more than one of the following findings was identified: elevated
MELD-XI, MELD-XI >19, EF <20%, moderate or severe AV valve regurgita-
tion, Fontan pressure >16.5 mmHg, and need for dialysis and ECMO support
[23]. Validation of these risk scores in larger patient populations will be impor-
tant before these criteria, and cutoffs for liver disease can be integrated into
transplant selection criteria.

Based on the existing data, a case-by-case approach is recommended with
combined heart-liver transplant being an important consideration in those with
high-risk features as described but particularly once cirrhosis is confirmed on liver
biopsy.
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13.3.2 Pulmonary Hypertension

Assessment of PH in ACHD patients is made more challenging by the presence of
complex anatomy, passive pulmonary blood flow, imbalanced flow to the right and
left lung, and alternative sources of pulmonary blood flow in the form of collateral
vessels. Based upon current ISHLT HTx guidelines, a transpulmonary gradient
(TPG) <15 mmHg and pulmonary vascular resistance (PVR) <3 Wood units are
considered acceptable for HTx [14]. Vasodilator challenge should be undertaken
if PH is confirmed at catheterization. Inotropes and diuretics are important in
patients with pulmonary venous HT arising secondary to a failing systemic ven-
tricle. Reversible PH has been associated with good outcomes after isolated HTx
[24, 25] despite an increased risk of donor right HF during the first 30 days after
HTx [26].

Although PVR and TPG are commonly used to differentiate HF patients with
pulmonary vascular disease from those with passive PH, elevations in TPG and
PVR do not always reflect precapillary PH. As such more sensitive measures of PH
continue to be sought. An elevated diastolic pulmonary artery pressure-to-pulmonary
capillary wedge pressure gradient (DPG) has been proposed as a better indicator of
pulmonary vascular remodeling. However, in a study of over 5800 patients with PH,
there was no difference in post-HTx survival in those with high versus low DPG
indicating a limited prognostic role for this measure [27]. Others have shown the
hemodynamic response to nitroprusside at the time of right heart catheterization to
be useful for differentiating risk in PH patients with non-ACHD-related HF. Short-
term mortality was significantly higher in patients with fixed PVR above 2.5 Wood
units and those whose PVR could be reduced but only at the expense of systemic
hypotension (SBP <85 mmHg) [28]. These findings are more applicable to patients
with biventricular anatomy and are as yet unproven in ACHD.

Overall, these studies underscore the fact that reliance on one static measure to
characterize PH type and severity prior to HTx is inadequate and that serial monitor-
ing, provocative maneuvers, and integration of several indices are important at the
time of ACHD HTx assessment.

13.3.3 Sensitization

Sensitization, the process by which preformed antibodies to human leukocyte anti-
gens (HLA) are developed, remains an important barrier to HTx. Patients with
panel reactive antibodies (PRA) greater than 10% are considered sensitized.
Sensitization risk factors include prior blood transfusions, pregnancies, homo-
grafts, tissue allografts, and mechanical circulatory support [29]. HTx recipients
with high degrees of sensitization have increased wait-list times and are at a higher
risk of posttransplant rejection, cardiac transplant vasculopathy, graft failure, and
mortality [30-33]. Treatment options for sensitization include plasmapheresis/
intravenous immunoglobulin/rituximab (pre-/posttransplant) and thymoglobulin
(posttransplant) (IVIg). By decreasing circulating antibodies, desensitization can
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allow patients to undergo HTx with a negative prospective donor-specific cross-
match. Surprisingly, equivalent 5-year survival has been reported in sensitized
patients undergoing HTx with and without prior desensitization [34]. These find-
ings suggest desensitization increases the chance of sensitized patients proceeding
to HTx with a negative crossmatch but without clear evidence for improved long-
term survival.

13.4 Wait-List Outcomes and Opportunities for Decreasing
Wait-List Mortality

The decision to proceed with listing for HTx is based on an estimated 1-year sur-
vival of less than 80%. Estimating survival in ACHD HF patients is challenging
since patients are younger and often appear compensated despite significant circula-
tory dysfunction and end-organ disease. In a multicenter study of 45 ACHD patients
undergoing HTx evaluation between 2000 and 2012, 13 were deemed too high risk,
6 because of liver cirrhosis, and 1 due to irreversible pulmonary HT. Five were con-
sidered too well [35]. As observed elsewhere [18], those declined were more likely
to have single-ventricle physiology. No difference in survival was observed between
those listed versus not listed for HTx. Among patients who underwent HTx, 1-year
survival was 85% with four ACHD deaths occurring within 30 days of HTx. Of the
13 patients not listed due to high risk, 5 (38%) died secondary to progressive HF. Of
the five patients considered too well for HTx, one died from a hemorrhagic stroke,
and the other four continued to be managed medically without need for HTx. In
reviewing these outcomes, it is clear that morbidity and mortality are high in ACHD
HF patients, both with and without HTx.

Once listed, ACHD patients spend longer on the HTx wait list [36, 37]. Wait-list
times in ACHD recipients are increased for several reasons including being listed at
lower urgency, being more highly sensitized, and the need for non-lung donors to
enable vascular reconstruction in some recipients [37]. Since 1996, the number of
ACHD patients listed status 2 has remained constant, whereas for non-ACHD
patients, this percentage has fallen likely due to a relative increase in the number of
non-ACHD patients being upgraded to status 1 [38]. Changes in the organ alloca-
tion policies, including a provision that patients with a ventricular assist device
(VAD) be listed as status 1B, have influenced this shift. VAD patients also receive
30 days of discriminatory 1A time as well as 1A status for VAD complications leav-
ing ACHD patients, many of whom do not require or qualify for mechanical circula-
tory support, at a significant disadvantage.

Wait-list mortality of 10% in ACHD patients is comparable to others listed for
HTx although ACHD patients are significantly more likely to die secondary to car-
diac causes, most commonly sudden cardiac death [37]. Highlighting a need for
improved arrhythmia risk stratification and treatment, ACHD patients are less likely
to be protected with an implantable cardiac defibrillator while on the HTx wait list
(44% of ACHD patients listed for transplantation have an ICD vs. 75% of non-
ACHD patients; p < 0.001) [37].
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13.5 HTx Outcomes

ACHD patients comprise approximately 3% of the total HTX population, although
this number is growing rapidly with a 40% increase in ACHD HTx over the last two
decades [36, 39]. Multicenter registries provide a broad overview of ACHD out-
comes after HTx (Table 13.4). Single center studies report outcomes by congenital
subtype and therefore enable comparison between ACHD subgroups and transplant
center [18, 40-47].

ACHD is an independent predictor of increased mortality with a two- to three-
fold increase in the relative risk of 1-year posttransplant mortality [30, 36, 48]. Of
the ACHD subgroups, evaluated mortality is highest in the Fontan population with
posttransplant mortality of 25-30% [41, 44—46]. The main causes of increased mor-
tality in Fontan recipients are primary graft failure (reflecting longer ischemic
times), early rejection (due to sensitization), and the combined effect of comorbid
disease (hypoalbuminemia, immune dysfunction, liver disease, coagulopathy, renal
dysfunction, and occult PH).

Technical complications are important with death secondary to bleeding and
other surgical factors accounting for 10% of ACHD HTx recipient deaths vs. 4% of
others (p < 0.0001) [1]. Ischemic times are significantly longer due to the need for
reconstructive surgery, required in up to 75% of CHD patients undergoing HTx
[49]. Bleeding risks are especially high in patients with single-ventricle anatomy
following reconstruction of the aortic arch, vena cavae, or pulmonary arteries and
those with dense sternal adhesions from previous sternotomies [50]. For these rea-
sons congenital surgical expertise at the time of HTx in CHD recipients is essential.
Excellent outcomes have been reported with congenital heart and adult HTx sur-
geons working in collaboration, not only at the time of surgery but also in the assess-
ment and planning stages [18, 40]. Current guidelines recommend all ACHD
patients undergo transplantation in high-volume centers with combined expertise in
congenital heart disease and HTx [14].

A survival paradox exists among ACHD recipients whose high early mortality is
balanced by better long-term survival. Compared to other HF subgroups, ACHD
patients who survive the early period after HTx have better long-term survival due
to lower infection and malignancy-related mortality as well as decreased incidence
of coronary allograft vasculopathy. Lower rates of infection and malignancy are
likely due to ACHD patient’s younger age and a more robust immune system but
with a converse increased risk of graft failure and rejection. The clinical implication
of this finding is that immunosuppression protocols need to be carefully adjusted in
ACHD recipients to maintain the balance between the competing risks of rejection,
infection, and malignancy.

With appropriate risk stratification, patient selection, planning, and team-based
care, ACHD patients can successfully undergo transplantation in high-volume
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Table 13.4 Multicenter studies evaluating heart transplant outcomes in patients with congenital

heart disease

Author
(year)
Shah (2016)

Burchill
(2014)

Davies
(2011)

Karamlou
(2010)

Patel (2009)

Lamour
(2009)

Bernstein
(2006)

Registry and age group
UNOS >18 years

ISHLT >18 years

UNOS >18 years

UNOS >18 years

UNOS >17 years

Pediatric Heart
Transplant Study,
Cardiac Transplant
Registry Database;
infants, children, and
adults combined
Pediatric Heart
Transplant Study;
Fontan patients

age <17 years

Major findings

Graft dysfunction, cardiovascular, and multiple organ
failure are the top three causes of death in ACHD HTx
recipients. The graft dysfunction rate is significantly
higher in ACHD (p = 0.03). Postoperative hemorrhage
as a cause of death was higher in ACHD HTx (2% vs.
0.5%, p <0.01)

A 30-day mortality has improved in the current era
(2010-2014) to 6.8% from 14.3% in the early era
(2000-2004), p < 0.0001)

Early death due to technical reasons is higher among
ACHD HTx recipients vs. controls (10% vs. 4%,

p <0.0001)

ACHD HTx recipients who survive the first 30 days
after HTx have superior long-term survival vs.
controls (p < 0.0001) which is in part due to lower
infection (p < 0.0001) and malignancy-related

(p < 0.01) mortality

Early HTx mortality higher in ACHD HTx recipients
vs. others (18.9% vs. 9.6%, p = XX)

MCS was not associated with improved survival in
ACHD patients awaiting HTx

HTx in ACHD patients increased by 41% between
1990 and 2008

ACHD is an independent risk factor for death and
pre-transplantation

Early HTx mortality higher in ACHD patients vs.
others (16% vs. 6%, p = XX)

ACHD HTx recipients are more likely to die from
primary graft and MOF (p=)

ACHD HTx recipients have longer wait-list time (p=)
ACHD HTx recipients have higher PVR (p=)
Survival after HTx lower in Fontan vs. non-Fontan
congenital heart disease patients (p=)

Predictors of death in ACHD HTXx recipients; older
age, older donors, longer ischemic time, Fontan

Survival in Fontan children after HTx 76% at 1 year
and 68% at 5 years

Protein-losing enteropathy resolved in all who
survived >30 days after HTx

Cause of death in Fontan children undergoing HTx:
infection (30%), graft failure (17%), rejection (13%),
sudden death (13%), and coronary allograft
vasculopathy (9%)

(continued)
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Table 13.4 (continued)

Author

(year) Registry and age group ~ Major findings

Doumouras Meta-analysis Meta-analysis of 12 studies including 2007 patients
(2016)* with congenital heart disease

A 30-day mortality significantly higher in CHD
versus non-CHD patients (RR 2.33, 95% CI
1.80-3.03). A 30-day mortality risk was significantly
higher in Fontan/Glenn CHD patients than others with
congenital heart disease

ACHD adult congenital heart disease, HTx heart transplantation, /SHLT International Society of
Heart and Lung Transplantation, MCS mechanical circulatory support, MOF multi-organ failure,
UNOS United Network for Organ Sharing, PVR pulmonary vascular resistance

In press, Journal of Heart and Lung Transplantation 2016
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Fig. 13.2 An interdisciplinary team providing subspecialist expertise at the time of ACHD patient
evaluation/listing, HTx, and perioperative and postoperative care is recommended

centers with combined expertise in congenital heart disease and HTx [14]. An inter-
disciplinary team providing subspecialist expertise at the time of ACHD patient
evaluation/listing, HTx, and perioperative and postoperative care is recommended
[18] (Fig. 13.2).
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13.6 Alternatives to Transplantation
13.6.1 Mechanical Circulatory Support

A recent analysis of the INTERMACS data demonstrated that VAD use is limited
overall in the ACHD population [51]. ACHD patients frequently require alternative
positioning and surgical implantation techniques that vary by anatomy and device
(Fig. 13.3) [52-56].

Outcomes in ACHD patients with biventricular anatomy supported by LVAD
alone are equivalent to non-ACHD HF patients [51]. However, for those requiring
biventricular assist device or total artificial heart, outcomes are poor with low short-
term survival and a high incidence of stroke and thromboembolic complications
[55]. For most ACHD patients, VAD is used as a bridge to HTx (rather than destina-
tion therapy) although little is known about outcomes after HTx in this population.
For non-ACHD HF patients bridged to HTx with a VAD, 60-day survival is signifi-
cantly lower [57]. Future research into outcomes in ACHD patients being bridged to
HTx on VADs is important given the potential for higher early mortality related to
complex anatomy, multiple sternal reentries, dense scarring, longer ischemic times,
and higher sensitization [58].

Mechanical support has been used in patients with a systemic right ventricle
(RV) [52, 59] to support the failing RV and to reverse pulmonary (venous)
HT. Practical considerations in Mustard/Senning patients include the integrity of the

zygbus Vein

Fig. 13.3 Illustration
detailing the orientation of
VAD placement and the
direction of blood flow in a
patient with congenitally
corrected transposition of ' / Y
the great arteries. AO aorta, 2 — RV
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atrial baffles which must be assessed prior to RVAD implant. Baffle stenosis inter-
feres with VAD flow and may contribute to persistent PH in the case of pulmonary
baffle stenosis. Baffle leaks increase the risk of thromboembolism, cyanosis, and
ventricular volume overload. Preemptive treatment of arrhythmia substrate should
also be considered prior to VAD implant given the impact of uncontrolled atrial and
ventricular arrhythmias on VAD flows and ventricular function. There is a percep-
tion that the subpulmonic LV is less prone to failing after systemic RV implantation
[52]. However, failure of the subpulmonic LV is not uncommon and requires pre-
emptive planning at the time of RVAD implant. For those not responding to inotro-
pes and volume removal with ultrafiltration/dialysis, temporary LVAD support may
be needed.

13.6.2 Extracorporeal Membrane Oxygenation (ECMO)

Extracorporeal membrane oxygenation (ECMO) is arguably the most commonly
used mechanical support platform for ACHD patients. Most commonly ECMO is
used to support ACHD patients who develop acute HF in the postoperative period
[60] witnessed as failure to wean from cardiopulmonary bypass. Among 77 CHD
patients undergoing HTx between 1988 and 2014, postoperative ECMO was required
in 14 patients [61]. Eleven of these patients were placed on ECMO in the operating
room due to failure to wean from cardiopulmonary bypass. The remaining three were
placed on ECMO within 48 h of surgery due to low cardiac output. Of these 14
patients, 7 died in the hospital. In addition to highlighting poor outcomes with ECMO
support, these findings emphasize the importance of ACHD patient selection for car-
diac surgeries. ACHD HF patients with significantly reduced ventricular systolic
function are especially high risk for acute HF, and candidacy for “exit strategies”
(i.e., ECMO transitioning to VAD as a bridge to HTx) is important to consider before
surgery is undertaken.

13.6.3 Palliative Care

Palliative care improves quality of life, anxiety, depression, and spiritual well-being
in patients with HF [62]. Increasingly, advanced HF teams incorporate palliative
care specialists with expertise in symptom management and end-of-life therapies in
the care of all patients with HF requiring advanced therapies. Palliative care can be
offered in addition to advanced HF therapies or as the mainstay of treatment in those
with contraindications to transplant and mechanical circulatory support.

13.7 Peri-/Postoperative Management

The perioperative period has been described as the “Achilles’ heel” for transplanta-
tion in ACHD patients [48]. In an evaluation of UNOS from 2000 to 2014, graft and
cardiovascular dysfunction were found to be the top two reasons for early mortality
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and were most likely due to the elevated PVR, allosensitization, and longer donor
ischemic times. The management of PH in the perioperative setting is paramount to
a successful outcome. Following congenital heart surgery, the incidence of periop-
erative pulmonary hypertensive crisis is in the range of 2-5% [63]. Pulmonary vaso-
constriction leads to right HF and systemic hypotension. Treatment options include
inhaled nitric oxide, prostacyclins, endothelin receptor antagonists, phosphodiester-
ase inhibitors, inotropes, and pressors.

Conclusion

Both HF and ACHD are rapidly growing subspecialties of cardiology, but it is
only relatively recently that ACHD HF is being recognized as complication
requiring particular expertise. As the number of ACHD patients grows, there will
be a shortage of appropriately trained providers to care for them. Over time,
advanced fellowships will need to collaborate to adequately train both specialties
to handle the vast number of patients with ACHD-related HF [64].

In conclusion, HTx is an effective treatment strategy for selected ACHD
patients with end-stage cardiac disease. Diagnosis and treatment of ACHD-
related HF rely heavily on the art rather than science of medical practice. A
number of opportunities for improving outcomes in patients are identified
including:

(1) Earlier collaboration with advanced HF teams

(2) Mitigation of risk through team-based evaluation

(3) Recognition that liver disease, PH, and sensitization play important roles

in the risk profile of patients

(4) Assessment of sudden cardiac death risk while awaiting transplantation

(5) Multicenter studies to better define guidelines for transplant

(6) Expert surgical planning involving congenital and transplant surgeons to

reduce ischemic time and bleeding risk

(7) Tailored immunosuppression protocols in the posttransplant period

(8) Identification of centers of excellence specializing in transplant ACHD

patients

(9) The use of VAD as a bridge to HTX

(10) Palliative care as a vital component of care irrespective of the decision to

proceed with HTx or not
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14.1 Introduction

Adults with congenital heart disease comprise a rapidly growing cohort of complex
patients in adult cardiology [1, 2]. There is no doubt that many of these adult survi-
vors are at high risk of developing (heart) failure, as many surgical repair proce-
dures are rather palliative in nature and by no means curative [3, 4]. Although a lot
of efforts are made to improve survival and to find novel treatment concepts for
these patients, we have to accept that for many patients, no viable treatment options
will be available and many will be at high risk of dying from their disease as young
and middle-aged adults [5]. Although our ability to ‘cure’ these patients may be
limited, our ability to support our patients with non-strictly ‘medical’ measures is
substantial and may have an important impact on patients’ quality of life and a self-
determined and dignified end of life [6, 7]. Hence in this chapter, we will focus on
measures of patient support, advance care planning and end-of-life care.
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14.2 The Concept of Comprehensive Care

Case vignette 1: A 17-year-old male patient is attending for his first outpatient
visit in the ACHD clinic accompanied by his mother. He was born with hypo-
plastic left heart syndrome and underwent staged Norwood palliation. After
Fontan completion, he had a relatively uncomplicated clinical course but is
known to have significant neo-aortic root dilatation of 5.2 cm, moderate neo-
aortic regurgitation and moderately impaired systolic function of the right
single ventricle. He was diagnosed with attention deficit disorder at the age of
13 years and struggled with his performance throughout school time. He
never had a deepened discussion about his underlying heart condition, poten-
tial long-term complications and counselling regarding physical activity. The
patient and his mother report that they are very glad that the patient finally
found a post for apprenticeship training as a construction worker, which will
start next week and includes heavy physical work.

The above-mentioned case vignette illustrates that successful care for patients with
congenital heart disease includes a variety of non-medical issues that play an impor-
tant role for the overall well-being of patients. This includes, for example, counselling
about appropriate choices for professions. If such discussions are neglected, patients
may get involved in activities that may inflict their long-term prognosis.

Important aspects that need to be included into routine clinical practice are (1)
the anticipation of the general future disease trajectory and possible complications,
(2) an appreciation of medical and non-medical measures that may interfere with
optimal outcomes and (3) appropriate education and information of affected patients
and families. Only careful, comprehensive and repeated information about their
medical condition and about potential long-term outcomes, along with careful, non-
directive counselling, will enable patients to informed decision-making throughout
their lives. This informed decision-making is not only relevant for medical issues,
such as reoperation or re-intervention, but reaches far beyond, including decision-
making, for example, regarding the choice of a profession or about family
planning.

This led to the evolution of the concept of comprehensive care that was adapted
from care in patients with chronic heart failure and is illustrated in Fig. 14.1 [6, §].

The concept of comprehensive care combines cardiac care, supportive care and
measures of palliative care adjusted and matched to the individual patient’s stage of
disease and circumstances of living. The different categories of care are by no
means exclusive or sequential but rather complement each other in every stage of
cardiac disease, as illustrated in Fig. 14.1. More often than not, borders between
supportive, palliative and cardiac care are blurred or may go hand in hand. For
example, instituting or maintaining diuretic therapy in patients with end-stage heart
failure may be the most effective measure to relieve the symptom of breathlessness
and may well be combined with initiation of opioid therapy.
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Fig. 14.1 Illustration of the comprehensive care model with stages of disease in patients with
congenital heart disease (Modified from Greutmann and Tobler et al. with permission) [8]. Disease
stages in congenital heart disease covering the entire lifespan (x-axis). The y-axis depicts the func-
tional status along the different disease stages. Numbers 1-7 represent the several stages of com-
prehensive care in patients with congenital heart disease: (1) parental prenatal support, (2) initial
surgical repair/palliation, (3) re-interventions during childhood or adolescence, (4) plateau of vari-
able lengths in adulthood, (5) variable adverse cardiac events and functional decline with variable
slope, intermittent exacerbations that respond to rescue efforts and/or adult re-interventions or
procedures, (6) refractory symptoms and limited function and (7) end-of-life care including
bereavement care. Dotted line with arrowhead represents possible occurrence of sudden cardiac
death events. SCD sudden cardiac death, CHD congenital heart disease, HTX heart
transplantation

14.3 Important Aspects of Supportive Care

A 48-year-old female patient was born with complex pulmonary atresia and
hypoplastic left lung, palliated with a Waterston shunt in infancy. At the age
of 29 years, when she contemplated child adoption, she was told that her life
expectancy was estimated at around 50 years. She later divorced and was
then living alone, working full-time as an accountant. Exercise capacity had
gradually declined over the past several years, and the patient complained of
increasing fatigue and a feeling of exhaustion after her 8 h workdays. This
led to social isolation as the patient was no longer able to attend any social
activities after work. She frequently called in for emergent outpatient clinic
visits for non-specific muscle pains, headaches and dizziness accompanied
by anxiety. She complained of increasing struggles being home alone for
fear of not being able to call the emergency services in case of medical
complications.
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A full workup did not reveal any target for further palliative surgery or
intervention nor for specific medical therapy. Psychiatric assessment con-
firmed reactive anxiety disorder. A number of measures were initiated to sup-
port the patient. This included enrolment in an outpatient cardiac rehab
programme. On completion of the programme, peak aerobic capacity
remained unchanged, the patient, however, felt much more confident in her
physical capacity and the diffuse muscle pains had completely resolved. She
was encouraged her to apply for disability pension, which was granted and
allowed the patient to reduce her workload to half-days. This led to a mark-
edly improved stamina and increased her ability for participation in social
activities. At last, the patient was encouraged to attend meetings of the patient
self-support organization. The contact with other patients was extremely help-
ful and relieving, and the patient even incurred an active role organizing meet-
ings within the patient organization.

This case vignette illustrates the many facets of supportive care and the wide
range of people and services that may be involved in providing supportive care.
While some aspects of supportive care, for example, recommendations about recre-
ational sports, travelling or healthy lifestyle behaviours, have already been inte-
grated in routine care at many centres, studies have shown that other aspects, such
as discussions about prognosis, advance care planning or end-of-life care, are still
often neglected [9—11]. Figure 14.2 illustrates the many players and tasks that sup-
portive care involves in adolescents and adults with congenital heart disease. These
aspects of care go far beyond pure medical care and often require out of the box

Patients’ self-advocacy
organizations

Insurance coverage

Friends Choice of profession

. , Advance care directives
Patient’s family

ACHD- " .
ACHD medical team Family planning

(ACHD physicians and nurses)

Patient

Disability pension

Psychiatrists/

Travelli
psychologists ravelling

Leisure time activities

Social worker

Fig. 14.2 Network and tasks of supportive care in adult congenital heart disease
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thinking. Nonetheless, these aspects of care may have an important impact on the
patient’s quality of life, and it may be important to invest in developing comprehen-
sive care networks in the future. Peer support by other affected patients is particu-
larly important and underdeveloped source of support.

14.4 Important Aspects of Palliative Care

After reparative surgery in infancy, most patients, even those with complex congeni-
tal heart defects, experience a relatively stable disease course during childhood and
adolescence. Long-term complications and the life-shortening nature of the under-
lying heart condition are often not discussed during paediatric visits and may thus
leave patients and families with the erroneous concept of ‘cure’ or ‘total correction’
[12]. Questions about long-term complications or longevity often surface in adult
life, when first complications occur or when important life decisions have to be
made, such as career planning, insurance issues and family planning [13]. The fol-
lowing part of the chapter will discuss aspects of advance care planning and prin-
ciples of palliative care in adults with congenital heart disease.

14.4.1 Advance Care Planning: Hope for the Best Yet Prepare
for the Worst

The goal of advance care planning is to guide medical teams and family members
about future care, should a patient become incapable to speak for him- or herself. It
enhances patients’ autonomy and self-determination in important aspects such as
end-of-life care. It may prevent overly aggressive or futile treatment at the end of
life, for which adults with congenital heart disease are at particularly high risk.

There are many available resources to support the creation of an advance direc-
tives document (e.g. https://agingwithdignity.org and http://advancecareplanning.
ca). Such documents allow expressing important personal wishes, views and values
about life and dying in a formalized way. As an important part of advance care plan-
ning, patients are encouraged to identify a substitute or ‘proxy’ decision-maker that
may be approached by the medical team to assist with decision-making, once diffi-
cult treatment decisions must be made and the patient is unable to communicate.
Adult congenital heart disease physicians play an important role in supporting
patients in the completion of advance directives.

Although recommended by guidelines, studies have shown that early completion
of advance directives is rather the exemption than the rule and there is lot of room for
improvement in this aspect in routine clinical care [9, 11]. In our opinion, encourag-
ing advance care planning is one of the most important tasks regarding end-of-life
care during medically stable phases in adults with congenital heart disease, and dis-
cussions about advance care planning should be integrated in routine clinical care,
either by adult congenital heart disease physicians or specialist nurses. Discussions
about advance care planning may allow exploring patients’ readiness and interest to
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learn more about the nature of their heart disease, the variations in disease trajecto-
ries, potential long-term complications and anticipated life expectancy. Adult con-
genital heart disease physicians often have a very close patient-doctor relationship
evolving over years, or even decades that represents both an opportunity and an obli-
gation to explore patients’ readiness and wishes for more deepened discussions about
their heart condition and longer-term health expectations [8, 14]. These discussions
should not be regarded as a single event but rather an ongoing process along the
journey we follow with our patients. Patients’ views and preferences may change
over time as does their readiness to discuss such sensitive issues. Advance directives
documents, once completed, should be made readily available at any time, and it may
be wise to flag such documents in the patient’s chart.

Practical recommendations for effective communication about advance care
planning or end-of-life issues are outlined in Table 14.1, reprinted with permission

Table 14.1 The ask-tell-ask cycle (with permission from Kovacs et al. [14])

Ask Ask what patients  Tell me what you understand about your congenital heart
currently understand disease, and what you expect?
about their CHD and » What have other doctors or nurses told you about what to
what they would like to expect down the road?
know * What would you like to know about your health?

How would you like decisions to be made about your health
care?

What have you told your family or other doctors you want
when the time comes that your heart or breathing stops?
What worries do you have?

Tell Provide information that * You asked about how long I think you will live. Based upon

is requested by the how your health is doing now, we would expect that you
patients or is important have several months/a few years/a few decades. Of course,
to communicate to them this kind of thing is not easy to predict and some patients

live shorter and some live longer than we expect.

When your heart or breathing stops, we can either try to
revive you or allow you to die naturally.

I am afraid we have reached a phase in your illness in which
you will near the end of life.

We are at a turning point in your heart disease, and there are
choices about which road to take.

I try to talk with all patients about what they would like to
happen when they become very ill or near death. These
might not be easy things to discuss, but it is very important
that we know your preferences for end-of-life care and who
you want to make your decisions about your health if you
become unable to do so. Talking about this now will help
your family if ever they need to make decisions on your

behalf.
Ask Confirm an e It is important that I explain things clearly to you. Please tell
understanding of what me what you understood.

was said and provide an * What questions do you have?
opportunity for patients

to ask follow-up

questions
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from Kovacs et al. [14]. When talking with patients about their prognosis, it must be
emphasized that an exact estimation of life expectancy is never possible and the best
we can provide is a general range of expected length of life for patients with a simi-
lar condition (e.g. weeks, months, years or decades) based on published literature
and one’s personal experience. The limited evidence base of estimations about
prognosis should be openly acknowledged.

14.4.2 Principles of Palliative Care in End-Stage Heart Failure

Care for patients with end-stage heart failure and care of the dying patient require
teamwork that involves many subspecialties, including palliative care specialists.
Although many concepts can be adopted from care for patients with heart failure
from acquired heart disease, several aspects are unique to adults with congenital
heart disease [7].

e Adults with congenital heart disease typically die from their heart disease at a
younger age than adults with acquired heart disease. This can be particularly dif-
ficult and distressing for patients, families and healthcare providers [15]. This
also appears to lead to an elevated risk of receiving overly aggressive or futile
treatment before death ensues [10].

e The focus of care for patients with CHD has traditionally been advances in life-
prolonging measures and interventions. The transition of care towards principles
of palliative care, rather than life-prolonging care, represents a major shift and
may cause cardiologists to avoid ‘do not resuscitate’ discussions or other antici-
patory planning despite futility of aggressive treatment.

¢ In contrast to heart failure from acquired heart disease, in which risk models have
been developed to predict timing of death, such reliable tools and scores do not
exist for adults with congenital heart disease, and prognostication remains diffi-
cult [16, 17].

* The socio-professional situation of CHD patients is often very different from that
of older adults and elderly patients followed in heart failure clinics. For younger
and middle-aged adults with CHD, a decline in functional status may interrupt
careers long before retirement age and may occur within complex family sys-
tems. Financial difficulties and lack of appropriate insurance in many countries
may add to the distress of dying.

Adult congenital heart disease physicians are tasked with the responsibility to
develop dedicated multidisciplinary teams within our programmes to address the
special and specific needs of patients. The introduction of palliative care should
occur early and concurrently with continued specialized medical care as appropri-
ate. It should be seen as a helpful adjunct rather that as an alternative to ongoing
conventional medical care. The concurrent and timely approach will enhance the
acceptance of palliative care concepts that have the ability to improve quality of life,
especially in the end stage of disease (for an overview on principles of opioid



248 M. Greutmann et al.

therapy, see Box 14.1). It is important to involve patients’ families, who have sup-
ported their loved ones for decades. After a patient’s death, condolence by a tele-
phone call or a condolence card is important. The offer of an appointment a few
weeks after the patient’s death offering the opportunity to discuss remaining open
questions or simply to talk to people, who knew the deceased well, often gives a
great relief to families and is well appreciated. This may be particularly important
when a death occurred unexpectedly [14]. The demise of such a patient may thus be
traumatic for the medical team as well. Professionals should thus acknowledge
emotional reactions of team members and try to provide opportunities to discuss the
death of our patients within the team to improve coping with such situations [14].

Box 14.1 Principles of Opioid Therapy for Symptom Management (Dyspnoea,
Pain) in End-Stage Disease
Principles of opioid administration and titration

e Start low, increase slow.

e Broad range of available routes of administration: oral, subcutaneous,
intravenous, transdermal, rarely intramuscular or rectal application.

e In opioid naive patients, short-lasting preparations are recommended.
Titrate to effective dose, and then change to long-lasting preparations.

* In patients with dyspnoea, frequent boluses may be more effective than
long-lasting preparations or continuous infusion. Remember to administer
non-medical support: fresh air, ventilation, comfortable position and calm-
ness of supporting personnel.

e In patients with pain, after initial titration, long-lasting preparations are
preferred. Never forget to prescribe additional short-lasting preparation for
acute pain crises (a sixth of daily dosage per bolus, maximally once per
hour).

* Transdermal application is not recommended in cachectic patients.

e In case of renal insufficiency, remember to avoid morphine (due to accu-
mulation of active metabolites); buprenorphine is preferred; fentanyl and
hydromorphone are possible alternatives. In patients on dialysis, fentanyl
and methadone are viable choices.

Management of side effects

* Always inform patients about potential and frequent side effects: Nausea,
drowsiness and tiredness are transient; constipation will stay! Thus, always
prescribe pre-emptively laxatives.

* Nausea: Metoclopramide is first choice (less QT prolonging than other
antiemetics and additionally propulsive).
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» Constipation: At least use a substance to increase faecal bulk and, if neces-

sary, add stimulants. Avoid osmotic laxatives (especially lactulose causes
relevant flatulence/aerogastrocolia). Enemas and suppositories are second
choice. In refractory constipation caused by opioids, naloxone or methyln-
altrexone may be tried.

* Don’t forget opioids may also cause urinary retention.
* Pruritus due to mast cell activation: Switch to another opioid.
» Hallucination: Switch opioid preparation before administering antipsy-

chotics. Review co-medication for potential other triggers for hallucina-
tion. Consider terminal delirium as a differential diagnosis.
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Acronyms

ACE Angiotensin-converting enzyme

CHD Congenital heart disease

PAH Pulmonary arterial hypertension

PAH-CHD  Pulmonary arterial hypertension related to congenital heart disease
SNPs Single nucleotide polymorphisms
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15.1 Introduction

As heart failure (HF) is becoming ever more common in congenital heart disease
(CHD), there is increasing need for studies to support clinical practice. Indeed, cur-
rent practice in non-congenital heart failure is largely evidence-based, supported by
randomized trials [1]. Unfortunately, this is not the case in CHD, and practice is
often based on soft evidence from cohort studies and expert consensus, resulting in
significant variation between centres in terms of management and use of medication
and devices. Most current practice guidelines (American Heart Association and
European Society of Cardiology) are evidence level C (very limited populations are
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evaluated, consensus of opinion of the experts and case studies), and a minority are
level B (limited population is evaluated or single randomized or non-randomized
studies) [2, 3]. Randomized controlled trials have been attempted, but most have
failed to prove a benefit from medical therapies [4—6] often due to study design,
sample size and the large heterogeneity of the CHD population. Extrapolating from
studies performed in non-congenital patients may appear reasonable in certain con-
ditions but is not without risks and remains controversial [7].

A general lack of funding has also limited research in CHD, compared to other
types of cardiovascular disease. Despite CHD being the most common inborn con-
dition, significantly more common than, for example, pulmonary arterial hyperten-
sion and other orphan conditions, which have received the attention of industry and
funding bodies, large international multicentre randomized trials have not been
funded in CHD. As the CHD population ages, long-term complications become
more common, and the need for evidence to guide practice will become stronger. It
is, thus, increasingly important that efforts are made to support research in address-
ing the most important clinical dilemmas in CHD, which include heart failure.

Gurvitz et al. recently produced a consensus statement of the National Heart,
Lung, and Blood Institute (NHLBI) and Adult Congenital Heart Association [8] on
emerging research directions for adult CHD patients (Table 15.1). They identified
heart failure, vascular disease, multisystem complications and “foundation gaps” as
high-priority research topics. This chapter provides an overview of some of the
areas of need and potential future research in CHD and more specifically heart fail-
ure related to CHD.

15.2 The Mechanisms of Heart Failure in CHD

The first step in understanding how heart failure and exercise intolerance in CHD
should be managed is by examining the underlying mechanisms responsible for its
development and identifying the most common modifiable causes [9]. These

Table 15.1 Emerging Research area of need

research directions in adult Heart failure

congenital heart disease — In tetralogy of Fallot

according to a report from a — Transplantation and mechanical circulatory support
NHLBI/ACHA Working — Sudden cardiac death

Group [8] Vascular disease

— Outcomes in coarctation of the aorta
Multisystem complications

— Multisystem involvement in single-ventricle disease

— Cognitive and psychiatric outcomes

— Pregnancy

Other gaps

— Epidemiological understanding of the CHD
population

— Biological mechanistic and translational work

— Multidisciplinary approach
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mechanisms, which are described in the preceding chapters, are potential targets for
treatment. Common cardiac causes can be classified into those leading to ventricu-
lar dysfunction or chronotropic incompetence [10]. A growing area of concern in
the ACHD HEF field is that of HF with preserved ejection fraction. This is becoming
increasingly recognized and is extremely difficult to manage [11, 12]. Even in
acquired HF, the understanding of HF driven by anything other than isolated
impaired LV systolic dysfunction is limited. Finally, chronotropic incompetence is
common and is an under-investigated component of effort intolerance and HF [13].
Non-cardiac causes of exercise intolerance and heart failure also warrant further
research [14-16].

15.3 Overview of CHD Research

Future research should aim at improving our understanding of the pathophysiology
of HF related to CHD and in developing new strategies for its optimal management.
Moreover, ways of delaying or preventing its development should be sought. This
will include developing a better understanding of the interplay of CHD, ageing and
the components of acquired heart disease risk. Finally, in the years to come, genet-
ics are likely to inform and direct clinical management, both in terms of prevention
and treatment.

15.3.1 Collaborative Research in CHD

In view of the heterogeneity of mechanisms behind HF in CHD, significant exper-
tise is required to identify targets for treatment within specific populations. CHD is
heterogeneous, even within individual conditions, not least due to differences in
surgical approaches over previous decades and the variety of long-term sequelae.
Heterogeneity increases variance and makes identification of the effect of an inter-
vention less likely, unless a large sample size can be achieved.

The only way to overcome this problem is to establish worldwide research net-
works that promote collaborative studies. One of the most remarkable collaboration
studies in CHD was published by Ohye et al. on the Norwood procedure [17]. Over
500 patients with hypoplastic left heart syndrome were enrolled from 15 centres and
randomized to a Norwood procedure with either a B-T shunt or RV-to-PA conduit,
demonstrating the superiority of the RV-to-PA conduit, at least in the short term.
Another such example was the international study from Kempny et al. where a large
number of adult CHD and PAH centres came together to study prognostication in
Eisenmenger syndrome. Over 1000 patients with this rare condition were included.
The large sample size and significant event rate enabled the authors to assess a large
number of potential predictors of outcome and to generate powerful multivariate
models [18].

Collaboration at such a scale is not easy. There are ethical and legal issues around
sharing data, including confidentiality, consent and storing of personal data.
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Collaboration requires resources, uniform definitions and strict protocols for data
collection. Registries should be designed with specific hypotheses in mind and both
derivation and validation cohorts identified when producing prediction models.
CHD registries should also linked to biobanks of biological and genetic samples.
Such registries can be used to guide the design and power calculation of future
intervention and genetic studies.

Finally, CHD research needs to be multidisciplinary. Pregnancy, arrhythmia,
anaesthesia and transplantation are all rich grounds for collaborative research with
colleagues from other disciplines.

The following sections provide a brief overview of major areas of research in
CHD.

15.3.2 Risk Stratification Strategies in Heart Failure

Identifying risk factors for clinically relevant outcomes, including HF and death, is
the first step to early diagnosis and prevention. A significant number of papers have
been published on predictors of outcome in adult CHD as a whole and within major
CHD groups. For example, much is known on predictors of death (and/or malignant
tachycardias) in patients with tetralogy of Fallot, and risk stratification models have
been proposed, and are often used in clinical practice [2, 19]. Clinical parameters
related to the risk of death have also been published for patients with Eisenmenger
syndrome. Unfortunately, to date, no validated risk score has been published in
adult CHD, and doubts remain on the wider clinical applicability of published risk
parameters and scores. Derivation and validation of risk scores are likely to only be
achieved within large, carefully designed international registries.

15.3.3 Pharmacotherapy

Neurohormonal activation is well described in CHD, but despite several attempts,
there are no large randomized trials of pharmacotherapy that use hard endpoints
(e.g. mortality) in CHD (see Chap. 11) [20-22]. Large, carefully designed studies,
with enough follow-up time (or event driven) to allow for adequate powering, are
urgently needed to explore the role of afterload reduction, beta blockade and novel
strategies, such as angiotensin receptor-neprilysin inhibition or sinus-node inhibi-
tion in ventricular dysfunction [23, 24].

Anticoagulation is commonly used in patients with CHD. However, in many
conditions, the prescription of anticoagulation remains inconsistent and controver-
sial (e.g. in Fontan patients). Given that therapy is likely to be lifelong and that
many of these patients have an increased bleeding risk, further evidence of efficacy,
or harm, would be highly beneficial. Moreover, the limitations of anticoagulation
with vitamin K antagonists (e.g. warfarin) are well recognized. There is, thus, urgent
need for international collaboration studies examining indications for
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anticoagulation and the role of novel anticoagulants. (Note: An international regis-
try supported by the International Society for Adult CHD is currently under way
assessing the efficacy and safety of non-vitamin K anticoagulants [25].)

15.3.4 Non-pharmacologic Management

Exercise and physical training can produce significant health benefits, and indeed,
all components of cardiac rehabilitation should be addressed in patients with CHD
and heart failure [26]. There are few but promising studies on exercise and rehabili-
tation in CHD, but guidelines and consensus statements on exercise prescription are
currently supported by very little evidence [27-30]. Therefore, studies of structured
exercise training and life modification are required, with a focus on long-term,
home-based programmes, with remote telemonitoring using modern technology
[31].

15.4 Research in Specific Types of CHD
15.4.1 Univentricular Hearts

Heart failure is a common finding in the population of palliated univentricular cir-
culation patients. Research hypotheses in this area include afterload reduction and
beta blockade for the impaired systemic ventricle and the use of pulmonary vasodi-
lators to reduce pulmonary vascular resistance when there is Fontan failure or pro-
tein losing enteropathy. Other non-HF questions include the management of liver
complications and the optimal care of those contemplating pregnancy.

With successes in surgery over the last two decades, an increasing number of
patients with hypoplastic left heart syndrome are reaching ACHD services. This
population is at significant risk of heart failure and premature death [32]. Urgent
work is required to understand how to optimize the management of this emerging
population, including medical treatment and the timing of referral for
transplantation.

15.4.2 Pulmonary Hypertension

Eisenmenger syndrome, the extreme end of the spectrum of pulmonary arterial
hypertension in CHD, has received most of the attention, and is the type of pulmo-
nary arterial hypertension related to CHD (PAH-CHD) with the most evidence [33,
34]. However, other forms of PAH-CHD require attention. A small proportion of
patients develops PAH after timely repair of a septal defect (or PAH persists after
repair). Little is still known, however, on the criteria that should be used to decide
on the operability of patients with raised pulmonary vascular disease, with poor



256 K. Dimopoulos and A. David

correlation between histology, haemodynamics and long-term outcome [16, 35-37].
Further studies are needed in the form of well-designed registries to identify reliable
clinical criteria for operability and the role of pulmonary vasodilators to optimize
outcome, including the treat-and-repair approach and fenestrated/valved techniques
for septal defect closure [38, 39].

15.5 Interventional Procedures and Devices

Transcatheter approaches are now routinely used as first line in the repair of atrial
and ventricular septal defects, as well as redo pulmonary valve replacement.
However, they have a limited role in terms of the types of defects they can be used
to treat. Transcatheter aortic valve replacement is still currently used only in patients
who cannot undergo surgery, while transcatheter pulmonary valve replacement is
currently offered to patients with a previous pulmonary valve prostheses or conduit.
Research is ongoing to develop devices that are safer and can be used in a larger
spectrum of patients with CHD. A percutaneous pulmonary valve that can be
implanted in a native right ventricular outflow tract in patients with tetralogy of
Fallot has been developed, but needs further long-term evaluation as do some of the
newer valve repair devices. Hybrid approaches, involving collaboration between
interventionalists and surgeons, may be of particular value in the high-risk HF
patient, and ongoing research is needed to assess their safety, efficacy and long-term
outcome [40].

New invasive haemodynamic monitoring devices are now available to remotely
monitor pulmonary pressures and detect early decompensation. The role of such
devices in ACHD is another interesting avenue for investigation [41].

Ventricular dyssynchrony significantly affects cardiac function and is present in
patients with CHD-related HF. Randomized trials of resynchronization are lacking,
especially in patients with a systemic right ventricle and those with a complete right
bundle branch block [42, 43]. The role of novel resynchronization strategies war-
rants further exploration.

Other acquired HF devices are finding their way into the ACHD field. These
include the use of atrial septal defect devices. Atrial septostomy is recommended in
advanced pulmonary hypertension with the purpose of “offloading” the right ven-
tricle and increasing cardiac output [44]. Atrial septostomy has also been advocated
for patients with left-sided heart failure, as a means of reducing left atrial pressure
and improving exercise capacity [45]. In non-congenital HF and preserved ejection
fraction, implantation of an interatrial shunt device (IASD, Corvia Medical, MA,
USA) reduced left atrial pressure during exercise and improved 6 min walk distance
[46, 47]. Another smaller study demonstrated the safety of atrial septal fenestration
in patients with reduced ejection fraction [48].

Baroreceptor stimulator devices are aimed at targeting sympathetic activation in
HF and regulating cardiovascular activity. Preliminary data are promising, and a
large study in acquired heart failure is ongoing [49, 50]. Phrenic nerve stimulation
using an implantable device has shown to reduce the severity of central sleep
apnoea, which is common in ACHD HF, up to 12 months post implantation [51, 52].
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15.6 Tissue Engineering

Progressive deterioration of prosthetic valves and conduits is one of the most
common causes of re-intervention and heart failure in ACHD, and tissue prostheses
still have a relatively limited longevity, especially in the young. Tissue engineering
involves the development of functional replacements for damaged tissues and
organs, by producing engineered tissues using pluripotent or embryonic stem
cells. Scaffolds should have mechanical properties similar to the tissue of interest
and be integrated into the tissue or replaced by natural extracellular matrix.
Scaffold tissue can also be generated and used as a cardiac patch. Animal models
show promising results [53]. Valve leaflets require regional variation in cell types
and material properties, which can be achieved by using decellularized valves or
3D bioprinting [54].

Tissue engineering can also produce models of disease in vitro to assess drug
responses. This is achieved by integrating tissue engineering, microfluidics and
advanced sensing methods. Microphysiological systems are already available for
the heart and blood vessels, using a combination of primary human cells and stem
cells. Future research should focus on technology to promote cell differentiation
and the production of engineered tissues, either in vitro or as a substrate guiding cell
repopulation and differentiation [55].

15.7 Transplantation

Transplantation remains challenging in CHD, with ongoing questions regarding
optimal timing of referral and patient selection [56]. The role of mechanical circula-
tory support is also still limited in this population.

International registries of patients with advanced heart failure who are potential
candidates for transplantation (not just those assessed or listed) should be estab-
lished to identify the adequate timing for transplant assessment. Further research is
required in the development of assist devices that can be applied to CHD patients,
both for the left and the right ventricle (in the subpulmonary or systemic circula-
tion). Randomized trials are also required to identify the optimal inotropic and vaso-
dilator protocols to improve the longevity of those who are on the waiting list.
Again, implantable haemodynamic monitors may prove useful in this setting.

15.8 The Role of Genetics and Developmental Biology

In ACHD, genetic testing has focused on identifying genetic/chromosomal abnor-
malities responsible for the occurrence of the congenital defect, even though the
aetiology of the vast majority of cases of CHD remains unknown [57]. Mutations in
different genes that can result in identical cardiac malformations suggest a high
interdependency between molecules involved in heart development, while the spec-
trum of malformations that can arise from identical gene mutations suggests an
interaction between genes, environment and cardiac biomechanics.
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The understanding of the genetics of HF is constantly evolving [58]. At present,
in those with familial forms of HF, the genetic cause is known in only half of
patients. Large ongoing sequencing projects, such as 100K Genomes Project in the
UK, are likely to greatly aid the discovery of novel genetic defects responsible for
such conditions. Next-generation sequencing technologies now sequence not just
the entire DNA coding region (exome) but also the whole genome at a fast and rela-
tively non-expensive manner. Sequencing projects are now producing vast amounts
of data, and the challenge is the interpretation of these data, in order to identify
actionable genetic variants that can be used to stratify patients and offer treatment
tailored to their genetic background (personalized medicine). Over the last decade,
several in silico tools have been developed to identify and prioritize genetic variants
occurring in coding regions causing amino acid substitutions and, hence, protein
modifications. However, our limited knowledge of the function of the non-coding
region and the mechanisms regulating gene expression has made the identification
of novel pathogenetic mechanisms underlying CHD and HF difficult. Epigenetic
mechanisms that affect gene expression, such as DNA methylation and histone
modification, are thought to be involved in the development of heart failure and are
an exciting new line of research [59].

There is still a poor understanding of the genotype-phenotype relationship in
ACHD HF. For example, it remains unclear why in some patients a systemic right
ventricle fails earlier than others. A background genetic predisposition is thought to
contribute to the significant differences in response to similar haemodynamic insults
and may identify those more prone to develop HF [16]. Developmental genetic
studies have identified a large number of pathways involved in cardiac embryology
[60]. Mutations that lead to a structural defect are expected to potentially affect the
composition of the myocardium, promoting ventricular dysfunction and heart fail-
ure. Recent examples of this are included in Chap. 2, such as mutations in beta-
myosin heavy chain MYHA?7 linked to noncompaction and Ebstein anomaly [61].

There is increasing evidence that an individual’s genetic background can influ-
ence the risk of developing heart failure, as well as their outcome. However, to date,
genome-wide association studies in non-CHD heart failure have only been able to
identify few single nucleotide polymorphisms (SNPs), which appear to increase the
risk of developing heart failure [62]. Identification of such SNPs will require col-
laborative studies among several major centres, to collect large and well-
characterized cohorts of CHD patients. Gene therapies may also hold promise in
patients with monogenic diseases.

15.9 Big Data from Administrative and Other Sources

The recent “big data revolution” is likely to have a significant impact in CHD. Many
countries have large national datasets linking hospitalizations, family practitioner
data and national statistics on births and death. While such datasets are not designed
with specific research hypotheses in mind and may focus on certain aspects of clini-
cal care, they contain a wealth of information on rare conditions or complications.
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To achieve this, a combination of clinical expertise and in-depth understanding of
such databases and the ethical, statistical and other methodological issues around
their use is important. Advanced knowledge in statistics and computing are essen-
tial, including natural language processing and machine learning. Last but not least,
storage and computing power are important for working with large data that are
several gigabytes long.

15.10 Patient Involvement

Research participants are nowadays active partners in the entire research process,
from concept and design to reporting and dissemination of results. Research hypoth-
eses should be developed ensuring that outcomes matter to the individuals living
with the condition, through shared goals, respect and co-learning [63]. Researchers
should be trained to recognize the value of these “patient research partners”.
Partnership with patient groups and associations is instrumental in raising aware-
ness about research and supporting recruitment, especially in relatively rare
conditions.

Patient-reported outcome measures (PROMs) are essential endpoints in clinical
trials [64]. International variations in PROMs have been reported in CHD [65]. As
PROMs have only recently been introduced in certain areas of clinical practice,
further research is urgently needed to understand how best to utilize them to make
clinical work more effective, without becoming a burden to the patient or healthcare
workers. Relevant validated outcome measures and effective communication tech-
nologies need to be developed to promote patient-centred clinical practice and for
the identification of research priorities that are relevant to the patients’ experience.

Conclusion

Despite enormous progress in our understanding and management of CHD, there
is urgent need for further research in this area. National and international col-
laborations and a multidisciplinary approach to CHD research appear to be the
way forward, integrating advances in technology and bioinformatics/genetics
with the aim of achieving an evidence-based, holistic approach to CHD that
improves the patients’ longevity and quality of life.
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