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Part I: General Considerations

Introduction

The past 60 years have brought remarkable advancements
in the diagnosis and treatment of congenital heart disease
(CHD). Early diagnosis and improvements in cardiac surgery
and interventional cardiology have resulted in unprecedented
survival of patients with CHD, even those with the most com-
plex lesions. Despite remarkable success in treatments, many
interventions are palliative rather than curative, and patients
often develop cardiac complications, including heart failure
(HF). HF management in the setting of CHD is challenged by
the wide range of ages at which HF occurs, the heterogene-
ity of the underlying anatomy and surgical repairs, the wide
spectrum of HF causes, the lack of validated biomarkers for
disease progression, the lack of reliable risk predictors or sur-
rogate end points, and the paucity of evidence demonstrating
treatment efficacy.

The purposes of this statement are to review the literature
pertaining to chronic HF in CHD and to elucidate important
gaps in our knowledge, emphasizing the need for specific stud-
ies of HF mechanisms and improving outcomes for those with
HF. In this document, the definition of CHD severity is the def-
inition common in CHD documents, including the American
College of Cardiology (ACC)/American Heart Association
(AHA) guidelines' for the management of adults with CHD

(Table 1'7%). The definition of HF corresponds to that found in
the multiple guidelines on diagnosis and management of HF.
Although nuances and specific details may be controversial,*
the broad definition from the Heart Failure Society of America
guidelines states the following: “In physiologic terms, HF is a
syndrome characterized by either or both pulmonary and sys-
temic venous congestion and/or inadequate peripheral oxygen
delivery, at rest or during stress, caused by cardiac dysfunc-
tion.” The definition of chronic HF in this document concurs
with that of the European Society of Cardiology guidelines,
which emphasize chronic HF (whether stable, progressively
worsening, or decompensated) rather than acute HF. Although
specific definitions of acute and chronic HF are not univer-
sally accepted, we focus here on chronic HF as a persistent
syndrome that requires consideration of therapy to prevent
progression, decompensation, or death.*

This document focuses on the mechanisms and treat-
ment of myocardial dysfunction while recognizing that HF
symptoms may be attributable to underlying hemodynamic
abnormalities such as valve dysfunction, outflow obstruc-
tion, coronary abnormalities, or residual shunting. Therefore,
all patients with CHD with HF symptoms should undergo
a detailed hemodynamic assessment by CHD-experienced
cardiologists for any reversible hemodynamic abnormali-
ties and receive appropriately targeted interventions if pos-
sible. Treatment recommendations for HF caused by valve
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dysfunction or ischemic heart disease are addressed elsewhere
in the respective ACC/AHA guidelines, including the 2008
guidelines on the care of the adult with CHD.! Although this
document focuses on HF treatment, palliative care should be
considered a valuable and needed component of care in all
patients with CHD and end-stage HE.®

The content of this document covers the age spectrum of
pediatric to adult patients with CHD and HF with input from
both pediatric and adult cardiologists. However, the bulk of
available literature focuses on adult patients, in whom there
is a greater relative burden of HF, presumably reflecting the
natural history of CHD. Thus, the majority of the discus-
sion herein is more applicable to adults with CHD and HF,
although, whenever possible, specific issues in pediatric
patients are discussed.

Some features of HF in CHD are common across diag-
noses and are discussed in the general overview. However,
special emphasis is given to topics with unique anatomic and
physiological considerations, in particular patients in whom
the right ventricle (RV) is more vulnerable, whether in the
normal subpulmonic position or as the systemic ventricle, and
patients with single-ventricle (SV) physiology. In addition,
there are variations in pressure or volume loading of the left
ventricle (LV) that are unique to CHD, which are discussed
separately.

Overview

Incidence of CHD

Structural heart disease is the most common congenital dis-
order diagnosed in newborns, with birth prevalence reported
to be 10 per 1000 live births,”® and registry studies have esti-
mated an incidence between 3 and 20 per 1000 live births.’
The incidence of CHD based on birth prevalence may be
an underestimate, however, because CHD is not necessarily
apparent at birth, and the diagnosis may be made in childhood
or adulthood. In fact, more than one quarter of CHD diagnoses
are made after infancy."®

Survival in Patients With CHD
Survival in children born with CHD has improved dramati-
cally over the past several decades, in large part as a result of
surgical advances for children with complex CHD. Survival
of newborns with complex CHD now approaches 90%, and
96% of newborns with CHD who survive the first year of life
remain alive at 16 years of age.'” Infant survival in the present
era is significantly better than in prior decades but varies with
CHD complexity; only 56% of newborns with heart defects
of great complexity survive to 18 years of age.'' In an anal-
ysis, 76% of the deaths that occurred in patients with CHD
who survived the first year of life occurred after 18 years of
age.'? Adults with CHD are also living longer, with the overall
median age at death increasing from 37 years in 2002 to 57
years in 2007.° Even more striking is the change in mortal-
ity for patients with CHD of great complexity, in whom the
median age at death has increased from 2 years before 1995 to
almost 25 years currently'® (Figure 1'%).

Prevalence estimates of CHD and registry data indicate
that there are >1 million adults with CHD in the United States
and 1.2 million in Europe.”'*!> Although the majority of these
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Table 1. Classification of CHD Diagnoses

Great complexity
Conduits, valved or nonvalved
Cyanotic congenital heart (all forms)
Double-outlet ventricle
Eisenmenger syndrome
Fontan procedure
Mitral atresia
SV (also called double inlet or outlet, common, or primitive)
Pulmonary atresia (all forms)
Pulmonary vascular obstructive disease
TGA
Tricuspid atresia
Truncus arteriosus/hemitruncus
Other abnormalities of atrioventricular or ventriculoarterial connection not

included above (ie, crisscross heart, isomerism, heterotaxy syndromes,
ventricular inversion)

Moderately complex
Aorto-left ventricular fistulas
Anomalous pulmonary venous drainage, partial or total
Atrioventricular septal defects (partial or complete)
Coarctation of the aorta
Ebstein anomaly
Infundibular RV outflow obstruction of significance
Ostium primum atrial septal defect
Patent ductus arteriosus (not closed)
Pulmonary valve regurgitation (moderate to severe)
Pulmonary valve stenosis (moderate to severe)
Sinus of Valsalva fistula/aneurysm
Sinus venosus atrial septal defect

Subvalvular or supravalvular aortic stenosis (except hypertrophic
cardiomyopathy)

TOF

Ventricular septal defect with:
Absent valve or valves
Aortic regurgitation
Coarctation of the aorta
Mitral disease
RV outflow tract obstruction
Straddling tricuspid/mitral valve
Subaortic stenosis

Simple

Native disease

Isolated congenital aortic valve disease

Isolated congenital mitral valve disease (eg, except parachute valve, cleft
leaflet)

Small atrial septal defect
Isolated small ventricular septal defect (no associated lesions)
Mild pulmonary stenosis
Small patent ductus arteriosus
Repaired conditions
Previously ligated or occluded ductus arteriosus
Repaired secundum or sinus venosus atrial septal defect without residua
Repaired ventricular septal defect without residua

CHD indicates congenital heart disease; RV, right ventricular; SV, single
ventricle; TGA, transposition of the great arteries; and TOF, tetralogy of Fallot.

Data derived from Warnes et al' and Connelly et al.> Modified from Warnes
et al® with permission from the publisher. Copyright © 2001, American College
of Cardiology.
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Figure 1. Prevalence/incidence of congenital heart disease (CHD). A and B, Prevalence of CHD in different age groups in 1985 and 2000
for all CHD (A) and severe CHD (B)." Black bars indicate adults; gray bars are children. The y axis on the left is percent alive; the y axis on

the right is number alive.

survivors have simple forms of CHD such as atrial and ven-
tricular septal defects, a significant number have more com-
plex CHD, including 10% with defects of great complexity
(such as SV) and 30% with moderately complex CHD (such
as conotruncal defects and atrioventricular septal defects).'

Importance of HF in CHD

The impact of cumulative survival means that more patients
are at risk for HF. Despite great success in the medical and
surgical management of CHD, long-term survivors often have
residual cardiac abnormalities, pulmonary abnormalities, or
hepatic impairment caused by sequelae of cardiac dysfunc-
tion.'®!” HF is an important problem for this expanding popu-
lation of older children and adults, although the prevalence of
HF in children and adults with CHD is unknown. However, HF
has been reported to develop during childhood in =5% of all
patients with CHD and up to 10% to 20% of patients after the
Fontan procedure.'®?° After the Fontan procedure, the preva-
lence of HF (variably defined) is nearly 50% by adulthood.?!*

HF Mortality and Morbidity in CHD
In a population-based study, HF was the major cause of late death
(>30 days) in children after pediatric cardiac surgery, contribut-
ing to 27% of the deaths and occurring at a median age of 5.2
years.” HF also is the leading cause of death in adults with CHD,
described in 26% of all deaths in a national registry of >8000
adults with CHD, with similar findings in other reports.?*2
One study demonstrated that adults with CHD admitted with
HF had a 5-fold increase in mortality compared with those who
were not admitted. This study showed 1- and 3-year mortality
rates of 24% and 35% after a first HF admission.?

In addition to decreased survival, adults with CHD face
significant morbidity. The number of CHD hospitalizations

increased 101% from 1998 to 2005, with rates 2 to 3 times
higher than population norms. HF is a common reason for
admission, although less common than arrhythmia.!-
Further highlighting the severity of the problem, CHD was
the leading indication for heart transplantation in the pediat-
ric age group.” In adulthood, because ischemic heart disease
predominates, CHD was the indication for transplantation in
only 3% of cases.” This represents a small subset of the adults
with end-stage HF caused by CHD. One explanation may
be that decisions about referral or transplantation listing are
influenced by the higher early mortality after transplantation
reported in the CHD population.”

HF Classification in CHD
The clinical presentation of the HF patient with CHD may
vary significantly by defect or age. Patients with CHD can
have classic symptoms of fatigue, dyspnea, and exercise
intolerance but may manifest more subtle signs of malnutri-
tion, growth failure, or cachexia.'*® Patients with CHD have
often adapted to their long-standing limitations; therefore,
they may not report symptoms despite significant objective
exercise impairment.?' Thus, application of general HF clas-
sifications such as the New York Heart Association (NYHA)
categories or the modified Ross classification may underesti-
mate the severity of disease, particularly in patients with com-
plex or cyanotic CHD.??> The Warnes-Somerville classification
was developed to describe limitations in adults with CHD,
although it is not commonly used. None of the available HF
classification grading scales (Table 2°3-*¢) have been validated
in predicting outcomes.

The ACC/AHA buidelines for the diagnosis and manage-
ment of HF, updated in 2013, specifically excluded children
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Table 2. Classification Systems
Modified Ross HF Classification Canadian Cardiovascular Society Warnes-Somerville
for Children NYHA Functional Class Grading for Angina Pectoris Ability Index Specific Activity Scale
Asymptomatic Patients with cardiac Ordinary physical activity Normal life; full-time work Patients can perform to

disease but without resulting
limitations of physical activity.
Ordinary physical activity
does not cause undue fatigue,
palpitation, dyspnea, or
anginal pain.

Patients with cardiac disease
resulting in slight limitation
of physical activity. They are
comfortable at rest. Ordinary
physical activity results in
fatigue, palpitation, dyspnea,
or anginal pain.

Mild tachypnea or diaphoresis
with feeding in infants

Dyspnea on exertion in older
children

Patients with cardiac disease
resulting in marked limitation
of physical activity. They are
comfortable at rest. Less
than ordinary physical activity
causes fatigue, palpitation,
dyspnea, or anginal pain.

Marked tachypnea or
diaphoresis with feeding in
infants

Prolonged feeding times with
growth failure

Marked dyspnea on exertion in
older children

Patient with cardiac disease
resulting in inability to carry on
any physical activity without
discomfort. Symptoms of
cardiac insufficiency or of the
anginal syndrome may be
present even at rest. If any
physical activity is undertaken,
discomfort is increased.

Symptoms such as tachypnea,
retractions, grunting, or
diaphoresis at rest

such as walking and climbing
stairs does not cause angina.
Angina with strenuous or
rapid prolonged exertion at
work or recreation.

Slight limitation of ordinary
activity. Walking or climbing
stairs rapidly; walking uphill;
walking or stair climbing after
meals, in cold, in wind, or
when under emotional stress;
or only during the few hours
after awakening. Walking >2
blocks on level ground and
climbing >1 flight of ordinary
stairs at a normal pace and in
normal conditions.

Marked limitation of ordinary
physical activity. Walking 1-2
blocks on level ground and
climbing 1 flight in normal
conditions.

Inability to carry on any
physical activity without
discomfort; anginal syndrome
may be present at rest.

or school; can manage
pregnancy.

Able to do part-time work; life
modified by symptoms.

Unable to work; noticeable
limitation of activities.

Extreme limitation; dependent;
almost housebound.

completion any activity
requiring >7 metabolic
equivalents (eg, can carry 24
Ib up 8 steps, do outdoor work
[shovel snow, spade soil],

and do recreational activities
[skiing, basketball, squash,
handball, jog/walk 5 mph]).

Patients can perform to
completion any activity
requiring <5 metabolic
equivalents (eg, have sexual
intercourse without stopping,
garden, rake, weed, roller
skate, dance fox trot, and
walk at 4 mph on level
ground), but cannot and do
not perform to completion
activities requiring >7
metabolic equivalents.

Patients can perform to
completion any activity
requiring <2 metabolic
equivalents (eg, shower
without stopping, strip and
make bed, clean windows,
walk 2.5 mph, bowl, play golf,
and dress without stopping),
but cannot and do not perform
to completion any activities
requiring >5 metabolic
equivalents.

Patients cannot or do not
perform to completion
activities requiring >2
metabolic equivalents. Cannot
carry out activities listed above
(specific activity scale IlI).

HF indicates heart failure; and NYHA, New York Heart Association.

Data derived from the New York Heart Association,*® Rosenthal et al,3* Campeau,® and Goldman et al.*

and patients with CHD, valvular heart disease, and infiltrative
cardiomyopathies.’’° The staging system described in the
guidelines recognizes risk factors for the development of HF,
including hypertension, diabetes mellitus, and coronary ath-
erosclerosis. If the A through D staging in the HF guidelines
were extrapolated to CHD, the vast majority of asymptomatic
patients with CHD would be categorized as at least stage B
(Figure 2). However, there are few data to show that the medi-
cal or device therapies recommended for stages B through D
are effective in patients with CHD of any age, thus applying all
the recommendations may not optimally suit the CHD popula-
tion. There is inadequate evidence that categorizing patients
with CHD by this system enables management decisions
or improves outcome. However, portions of the guidelines
should apply to patients with CHD. The guidelines are clear

that HF is a clinical diagnosis and that the presence of ven-
tricular dysfunction or the result of any other single diagnostic
test is not sufficient to make the diagnosis. This definition of
HF as a clinical diagnosis not based solely on a diagnostic test
also applies to patients with CHD. Recommendations in the
HF guidelines on the control of acquired heart disease risk
factors, weight management, and the need for routine health
maintenance screening are also broadly applicable to patients
with CHD.

Potential Mechanisms of HF in CHD

General Considerations
Clinical HF in CHD is multifactorial. An ineffective cardiovas-
cular system in CHD, even after repair, can be the cumulative
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predisposing factors

*Risk reduction Selected patients:

*ACEi

*ARB
*BB
*AICD

Stage A S Stage C N \
tave B efrac ] Stage D
At high risk of HF but . Sl SYMPTOMS OF Structural heart disease with [RRERANEING 2=
S W &trucl_um] he:arl disease but HEART FAILURE R AR Gy T G symptoms at Re['r_ac%ory ]_-[F requiring
R LR without signs of HF LNt By rest specialized interventions
disease or symptoms of HF HF

{ Therapy \
=Appropriate measures
from Stages A, B and C
*Decide appropriate level

Th

erapy
*As in Stages A and B

Routine use: r
Diuretics if Fluid retention ot care
*ACEi :
BB Options:
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*Digitalis -
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«CRT-P mechanical support
*AICD *Experimental surgery
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./ ./

Congenital heart disease:

« Surgical/ Percutaneous repair of hemodynamic lesions

= Iron supplementation
= Exercise training

CHD-related Pulmonary Hypertension
=Targeted Pulmonary Hypertension Therapies (ERAs and/or
PDE-5i and/or Prostanoids)

Figure 2. American Heart Association/American College of Cardiology congestive heart failure stages. Stages of the development of heart
failure (HF) if applied to patients with adult congenital heart disease (CHD). Patients with adult CHD enter in stage B because structural
heart disease is by definition present. Repair of hemodynamic lesions is the primary objective in patients with adult CHD, for both the
treatment (stage C) but also the prevention (stage B) of HF. ACEi indicates angiotensin-converting enzyme inhibitor; AICD, automatic
implantable cardioverter-defibrillator; ARB, angiotensin receptor blocker; BB, -blocker; CRT-P, cardiac resynchronization therapy—
pacemaker; ERA, endothelium-receptor antagonist; and PDE-5i, phosphodiesterase type 5 inhibitor.

result of valvular abnormalities, shunts, flow obstruction,
arrhythmia, or persistent anatomic defects such as an SV, as
well as dysfunction of the myocardium itself. Likewise, myo-
cardial dysfunction in CHD can be the result of hemodynamic
derangements such as abnormal pressure or volume loading,
ventricular hypertrophy, myocardial ischemia, or effects of
prior cardiopulmonary bypass or ventriculotomy. Any of these
may incite systolic or diastolic impairment (Table 3) and clini-
cal manifestations such as arrhythmia or exercise intolerance.
In addition, constriction as a consequence of prior surgery may
cause HF symptoms. This section acknowledges these many
causes but focuses on potential origins of myocardial dysfunc-
tion, a final common pathway in CHD.*’ Much is unknown or
speculative, based on extrapolation from other HF models, yet
understanding specific mechanisms and pathways is vital to
providing informed and effective treatment strategies.

Myocardial Architecture

The myocardial architecture in CHD can exhibit disarray of
ventricular myocardial fibers.*#* This is especially the case
for the RV. Development of the RV is controlled by a profile
of transcriptional pathways different from that of the LV.* The

normal RV myocardium has only a superficial circumferential
layer and deep longitudinal layer but does not have the mid-
dle layer of circular fibers that normally makes up more than
half the wall thickness of a morphological LV.*! In an animal
model of hypoplastic left heart syndrome (HLHS), abnormal
RV and LV myocardial fiber orientation was noted prena-
tally, reflected in abnormal patterns of anisotropic RV and LV
deformation.* Different myofiber and connective tissue archi-
tecture has also been observed in patients with tricuspid atre-
sia. Although hypothetical, it is plausible that these alterations
impart a disadvantage to the myocardium and make it vulner-
able to dysfunction, although to what extent is unknown.
There is some evidence that LV noncompaction is more
common in CHD. If pathological, this would pose an additional
risk for the development of HF because of the abnormal myocar-
dium characteristic of the disorder. Whether LV noncompaction
is a concomitant genetic abnormality, a response to hemody-
namic derangement, or a combination of these is not clear.*

Abnormal Perfusion
Many patients with CHD are cyanotic at birth, which can result
in significant myocardial ischemia until repair or palliation.
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Table 3. Causes of HF in Patients With CHD

Volume overload resulting from left-to-right shunt lesions and valvular
regurgitation

Pressure overload resulting from valvular disease and other obstructive lesions
Ventricular failure related to intrinsic myocardial dysfunction

Pulmonary hypertension caused by CHD lesions, ventricular dysfunction, or
comorbidities such as obstructive sleep apnea

Systemic arterial hypertension resulting from coarctation, acquired renal
disease, essential hypertension, or arteriosclerosis

Coronary artery disease related to CHD, atherosclerosis, or comorbidities such
as diabetes mellitus

Cyanosis
Intractable atrial arrhythmias

CHD indicates congenital heart disease; and HF, heart failure.

The early period of ischemia may not have a detectable impact
on ventricular function in the short term but may jeopardize or
preprogram the myocardium to more serious dysfunction later
in life. In other cases, there may be a coronary flow—demand
mismatch such as that which occurs in the systemic RV. Many
studies demonstrated perfusion abnormalities in patients with
a systemic RV in whom the typical coronary anatomy sup-
plying the RV is insufficient for a hypertrophied, enlarged
ventricle, although there are conflicting data on the frequency
and clinical importance of these findings.**>' Some conditions
such as transposition of the great arteries (TGA) are associ-
ated with coronary anomalies that may subject the myocar-
dium to prolonged ischemia or infarction either before or as a
result of surgical repair.’>** Myocardial perfusion assessed by
positron emission tomography was often abnormal in those
with Fontan repairs, congenitally corrected TGA (ccTGA),
and dextro-looped TGA (dTGA) after an atrial switch proce-
dure.>*3¢ Even in the absence of coronary arterial abnormali-
ties, tissue ischemia may be present. High wall stress from
increased afterload in conjunction with decreased coronary
flow reserve was associated with myocardial hypoperfusion
and supply-demand mismatch,”® the effects of which may
only become manifest over decades.

Neurohormonal Activation

There is ample evidence from acquired heart disease that acti-
vation of cell signaling systems occurs in response to isch-
emia or abnormal cardiac distension from deranged pressure
or volume loading.*® Activation of natriuretic peptides and
the sympathoadrenergic system, endothelin, and renin-angio-
tensin-aldosterone system (RAAS) can be driven by any of
these adverse conditions,”* which are ubiquitous in CHD.
Although less is known about specific activation pathways
in CHD, there is certainly growing evidence, mainly in the
form of elevated biomarkers, to support similar activation
in CHD. Brain natriuretic peptide (BNP) has been the most
extensively documented biomarker, with elevated serum lev-
els demonstrated in patients with poorer cardiovascular func-
tion or prognosis.*¢” Data on RAAS and sympathoadrenergic
axes in CHD are limited but also suggest activation**%> and
argue in favor of HF pathways similar to those well studied
in other models. However, studies in CHD are small with
limited follow-up and, importantly, do not show uptitration
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of biomarkers in all individuals. Therefore, there is more to
understand about the factors that govern neurohormonal acti-
vation than available biomarker evidence provides.

Myocardial Fibrosis

One downstream effect of neurohormonal and RAAS acti-
vation is alteration in collagen turnover by myofibroblasts,
leading to detectable myocardial fibrosis. Some data suggest
that an abnormal accumulation of fibrous tissue from an early
stage may be an inherent part of some CHD defects in hearts
exposed to ischemia and pressure and volume overload.®®
For example, biopsy studies demonstrated fibrosis in young
patients with tetralogy of Fallot (TOF) undergoing surgery.”
Ex vivo studies also demonstrated fibrosis in varying quanti-
ties. These postmortem studies were not performed in indi-
viduals who died of HF, and it may be that fibrosis burden in
HF patients is greater.

There has been interest in the presence and impact of myo-
cardial fibrosis in CHD as detected by delayed enhancement
after gadolinium injection during cardiac magnetic resonance
imaging (MRI), a phenomenon referred to as late gadolinium
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 differ-
ent CHD subgroups, including TOF (53%),”" systemic RV
(61%),”” Eisenmenger syndrome (73%),”* and Fontan pallia-
tion (26%).™ Collectively, these studies demonstrate that the
presence of LGE is associated with poorer functional class,
lower ventricular systolic function, reduced exercise capacity,
and arrhythmia, although the quantity of enhancement is often
small and sparse (apart from less common large subendocar-
dial infarcts or surgical scars).

Microscopic fibrosis may be much more diffuse and
abundant than the dense replacement fibrosis demonstrated
by LGE. Patients studied with methods that quantify diffuse
fibrosis using T1 mapping to measure the extracellular vol-
ume fraction, a marker of fibrosis, demonstrated significantly
more fibrosis than healthy control subjects and more than the
amount detected by LGE; the increased diffuse fibrosis corre-
lated with ventricular enlargement and decreased ventricular
systolic function.”” Such methods may help explain the time
course and specific inciting causes of fibrosis across the CHD
spectrum.

There may be reasons other than pathological fibrosis for
increased extracellular volume. Given the differences in extra-
cellular architecture of the RV already discussed, the amount
of extracellular matrix may be inherently different. Studies
in TOF have shown increased volume density of endomysial
collagen and remodeling of collagen matrix in the RV from
birth.” However, the density of endomysial collagen may be
adaptable to conditions. A significant reduction in extracel-
lular collagenous matrix has been seen in patients with HLHS
compared with normal control subjects.”’

Remodeling

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 dil-
atation or hypertrophy, is another result of the adverse loading
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and structural conditions driving subcellular signals and cel-
lular changes discussed above, although our understanding
of these processes is based almost entirely on other forms of
heart disease. Regardless of initial insult, remodeling certainly
occurs and in itself can lead to progressive ventricular failure
and deterioration.

Fibrosis likely contributes to restriction and impairment of
diastolic filling. The effect of RV restriction after TOF repair
remains somewhat controversial, especially in patients with
residual pulmonary regurgitation. In contrast to other patients
with pulmonary valve regurgitation, patients with a stiff or
restrictive RV manifest a smaller increase in end-diastolic
volume and increased early filling. Under such circumstances,
the RV acts as a conduit between right atrium and pulmo-
nary artery (PA) in which forward flow into the PA during
atrial contraction can be observed. In patients with pulmonary
regurgitation, the effect of restrictive RV physiology remains
unclear. Increased RV end-diastolic pressure can limit pulmo-
nary regurgitant volume and result in less RV dilation and bet-
ter exercise tolerance.”

However, RV restriction is also likely to result in longer-
term complications, including sequelae of increased central
venous pressure (CVP), congestive HF, and arrhythmias.
Maintenance of sinus rhythm and effective right atrial con-
traction are particularly important in patients with a restric-
tive RV.

Geometric and Anatomic Disadvantage

There are hypothetical organ-level explanations for eventual
myocardial dysfunction. Accepting that the geometry of a
normal biventricular heart is the most efficient in terms of
energetics and coupling of atria, ventricles, and great vessels,
congenital defects that lack this ideal configuration are inher-
ently disadvantaged. The contribution of adverse geometry
to pump function is being studied with methodology such
as echocardiographic myocardial strain. An inability to alter
preload may limit the increase in stroke volume in response
to exercise after an atrial switch or Fontan operation.”-%?
Ventricular-ventricular dependence, an interaction between
the ventricles that results in RV dysfunction and eventually
leads to LV dysfunction, can occur.®*# Another cause of HF in
this population may be related to ventriculoarterial coupling
in which myocardial function is affected by arterial hemody-
namics (ie, pressure, resistance, and stiffness) and vice versa.

Exercise Intolerance in CHD

Overview
Exercise intolerance is common and an important component
of the diagnosis of HF. Exercise intolerance is a major cause
of morbidity and reduced quality of life in adults with CHD.”
Almost half of patients with CHD followed up in tertiary cen-
ters, most commonly patients with complex cardiac anatomy,
unrepaired or palliated lesions, or significant pulmonary
hypertension, complain of some degree of exercise intoler-
ance.® However, exercise intolerance also occurs in patients
with anatomically repaired CHD, including simple lesions.*!
Patients with CHD often have a reduced perception of
ordinary activities and may underestimate their limitations. In
fact, a discrepancy between NYHA class based on subjective

description of symptoms and exercise capacity on cardiopul-
monary exercise testing has been described.’’ Children may
be unaware of any limitation. Therefore, objective assessment
of exercise capacity is advocated for all patients with CHD,
particularly those for whom management may be changed by
results or who would benefit from understanding objective
limitations to exercise. Patients with an objective reduction in
exercise tolerance should be considered for earlier pharma-
cological or hemodynamic intervention that might improve
myocardial performance and exercise capacity, regardless
of symptoms. Cardiopulmonary exercise testing with the
use of an incremental treadmill or a cycloergometer proto-
col adjusted to the level of exercise limitation appears ide-
ally suited for assessing patients with CHD. Assessment of
peak oxygen consumption (Voz), heart rate and blood pressure
response, oxygen pulse, and the ventilatory response to exer-
cise provides invaluable information about the severity and
mechanisms of exercise intolerance. Baseline assessment can
identify deterioration early and point to targets for interven-
tion if repeated when symptoms develop or at intervals in the
absence of symptoms.

Exercise testing can also be used to assess the effect of an
intervention.

Mechanisms

In patients with CHD, exercise intolerance is related to cardiac
dysfunction but also has other causes (Figure 3'-!13!%). Hence,
there are differences in exercise capacity between patients
with differing CHD diagnoses. In CHD, cardiac dysfunc-
tion is a main driver and is related to ventricular dysfunction,
valve disease, inflow or outflow obstruction, or chronotropic
incompetence, either intrinsic or secondary to arrhythmia or
permanent pacing. Noncardiac causes of exercise intolerance
should also be considered in CHD and include parenchymal
or vascular lung disease and altered chest wall mechanics.
Patients with Eisenmenger syndrome, who are at the extreme
end of the spectrum of CHD-related pulmonary hypertension,
are by far the most limited.> They manifest severe lung hypo-
perfusion, significantly increased physiological dead space,
and progressive oxygen desaturation during exercise, lead-
ing to pronounced chemoreflex activation. These mechanisms
lead to early development of dyspnea, as revealed in an exag-
gerated ventilatory response to exercise.** Musculoskeletal
abnormalities such as scoliosis are also common in this popu-
lation and can affect lung mechanics and the cardiorespiratory
response to exercise.’’” The peripheral circulation may also
play a role, in particular chemoreflex and ergoreflex activa-
tion at the level of skeletal muscles, although less is known
about their contribution. Finally, anemia resulting from iron
deficiency is commonly seen; however, anemia for a cyanotic
patient is relative, and normal hemoglobin for these patients is
significantly higher than for noncyanotic patients.

General Evaluation and Management

Because of the unique features of HF in CHD outlined above,
we recommend that patients with CHD and HF should be
evaluated and managed by or in consultation with cardiolo-
gists and cardiac surgeons with expertise in CHD, ideally at a
center with expertise in both CHD and HF. Providers should
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have a thorough knowledge of an individual patient’s anatomy
and physiology, which requires a thorough review of all surgi-
cal and procedural records.

At the onset or worsening of symptoms, patients with CHD
and HF should undergo right-sided and left-sided anatomic
and hemodynamic evaluation (eg, echocardiography, cardiac
MRI, cardiac computed tomography, and cardiac catheteriza-
tion) for reversible or repairable structural abnormalities that
may contribute to symptoms. Such abnormalities may include
but are not limited to the following:

® Valvular dysfunction
® Inflow obstruction

® Qutflow obstruction
® Conduit stenosis

¢ Residual shunting

Objective functional testing (ideally cardiopulmonary
exercise testing or surrogate) can be considered to determine
the extent of and reason for exercise limitation in the follow-
ing circumstances:

® New-onset HF symptoms

® Worsening symptoms when a change in therapy may be
guided by functional testing results

® New or worsening ventricular dysfunction, even if
asymptomatic

Patients with CHD may develop pulmonary hypertension,
which can present as or exacerbate HF. Thorough workup,
including cardiac catheterization with reversibility challenge,
should be considered to evaluate the cause of pulmonary
hypertension, its severity, and eligibility for targeted advanced
therapies for PA hypertension.
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Figure 3. Mechanisms of exercise intolerance

in patients with adult congenital heart disease
(CHD). Exercise intolerance in adult CHD is the
result of cardiac dysfunction, but also important
are noncardiac factors relating to the congenital
defect, previous surgery, and systemic effects of
heart failure.'313.18

The diagnosis of pulmonary hypertension may not be
straightforward in patients with CHD. Echocardiography
can be misinterpreted, for example, in the presence of an RV
outflow tract obstruction, when the tricuspid valve regurgi-
tation (TR) velocity estimates the RV systolic pressure, but
the obstruction to outflow must be taken into account in the
estimation of PA pressures. Similarly, the Doppler flow of a
restrictive perimembranous ventricular septal defects may be
misinterpreted as a TR jet, leading to an erroneous diagnosis of
pulmonary hypertension. Involvement of imagers with CHD
expertise can be important in these situations and can preclude
erroneous treatments or unnecessary invasive procedures.

Careful hemodynamic and anatomic evaluation for con-
strictive pericarditis or restrictive physiology should be con-
sidered in appropriate patients such as those with HF with
preserved ejection fraction (EF).

Extrapolation of Standard HF Therapy to CHD
Patients

Certain existing guidelines are reasonably presumed to be
beneficial for all patients with CHD and HF, such as the appli-
cation of existing HF guidelines for tobacco cessation, weight
management, and routine screening for and treatment of car-
diovascular risk factors. However, other guidelines should
be extrapolated with the recognition that data are sparse
and inconclusive, that benefit may not be proven, and that
there may be risks to treatment that are unique to the CHD
population.

Evidence supporting the efficacy of standard HF therapies
in CHD is lacking, whether in pediatric or adult patients, as
further detailed in subsequent sections on specific lesions.
Morbidity and mortality resulting from HF in patients with
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CHD may occur over many years, a longer time than seen in
acquired HF. Despite the large number of patients with CHD,
subgroups with specific diagnoses such as systemic RV or
Fontan repair are relatively small. Existing data in CHD and
HF are generally derived from small populations with poorly
validated surrogate end points over relatively short periods of
time during which a significant number of events would not be
expected. With the recognition of these limitations in clinical
studies, it may seem rational to extrapolate treatment strate-
gies that are recommended in the ACC/AHA HF guidelines
to patients with CHD because offering no therapy at all seems
an unacceptable alternative.? However, we emphasize that
extrapolation from HF data and guidelines in adult acquired
heart disease requires that we assume that the mechanisms,
surrogate end points, and responses to therapy are sufficiently
similar in CHD, which may not be the case. These concerns
apply to extrapolations of adult acquired heart disease data and
guidelines to pediatric patients, whether they have acquired or
inherited HF or CHD-associated HF. Clearly, more data spe-
cific to the patient with HF and CHD are needed. Until those
data are available, any extrapolation of HF therapies with
benefit demonstrated only in non-CHD populations, whether
pediatric or adult, should be done with tempered expectations
of efficacy and alertness to the possibility of adverse responses
that may outweigh a theoretical benefit.

HF Pharmacotherapy Applied in CHD

Some studies suggest similarities in the pathophysiology of
ventricular systolic dysfunction between CHD and various
forms of acquired systolic dysfunction.®¢¢993 For example,
as discussed above, studies have demonstrated neurohor-
monal changes in adults and children with CHD similar to
those in acquired HFE.®*6¢9°! Therapies that reverse remodel-
ing or slow the remodeling process were shown to improve
survival in patients with LV systolic dysfunction caused by
acquired heart disease.”*'? Thus, the hope was that the use
of the same therapies would, by extension, be of benefit in
selected patients with 2-ventricle circulations and evidence of
systemic systolic HE.

However, cautionary notes on the extrapolation of thera-
pies effective in LV systolic dysfunction in acquired heart dis-
ease to other causes of HF can be found in the experience with
HF with preserved EF. Therapies for HF with reduced EF have
not shown a mortality benefit in patients with HF with pre-
served EF, despite a high event rate.'®1” This suggests that
therapies that provide a mortality benefit in patients with HF
with reserved EF cannot necessarily be extrapolated to other
types of HF. It should also be noted that therapies that improve
exercise tolerance are not always beneficial and, in fact, may
worsen mortality,'® thus casting doubt on the use of exercise
parameters as surrogate end points in any HF population.

Expectation of benefit is likely highest in those patients
with 2-ventricle circulation with systemic LV systolic dys-
function. Medical treatment of patients with HF and CHD
with an SV, Eisenmenger syndrome, systemic RV, or failing
subpulmonic ventricle should be done in conjunction with a
CHD cardiologist. In patients with biventricular circulation
with a systemic RV with systolic dysfunction or those with
SV physiology palliated with a Fontan repair, the benefit of

standard HF therapies may be less than seen in patients with
systemic LV dysfunction. The risk of adverse effects with
these medications also may be greater, especially in those
patients with either preserved systemic RV or SV systolic
function.

Some physiological circumstances may pose a particularly
high risk of adverse effect of systemic vasodilators, including
angiotensin-converting enzyme (ACE) inhibitor, angiotensin
receptor blockade (ARB), or hydralazine. This may be partic-
ularly relevant to normotensive patients with Fontan physiol-
ogy and vasodilation from cirrhosis or hepatorenal syndrome.
Thus, these agents should be used cautiously, if at all, with
an understanding of the patient unique physiology and serial
evaluation for potential adverse effects.

Impact of Arrhythmia on HF and Its Medical
Management

Arrhythmias are commonly encountered in CHD, in particular
with increasing age. Arrhythmias are closely linked to ventric-
ular function and HE. The full spectrum of arrhythmias can be
anticipated, including bradyarrhythmias, atrial and ventricular
tachycardias (VTs), and sudden cardiac death (SCD). Atrial
arrhythmias, most often intra-atrial re-entrant tachycardia, are
commonly encountered and are associated with an increased
risk of stroke, HF, and death.'® Antiarrhythmic drug ther-
apy for the patient with CHD should be selected cautiously
because underlying bradyarrhythmias and ventricular dys-
function predispose these patients to proarrhythmic and nega-
tive inotropic consequences of drug therapy. Anticoagulation
may also be needed as prophylaxis against thromboembolism.
Data on novel anticoagulants in CHD are scant, and not all
patients with CHD will meet the indications for their use.''

The occurrence of sustained atrial or ventricular arrhyth-
mias may be a cause or consequence of a change in hemo-
dynamic status and should prompt the clinician to look for
reversible causes of arrhythmia, especially structural lesions
that can be treated.

Sinus node dysfunction or atrioventricular nodal conduc-
tion abnormalities can worsen functional capacity because bra-
dycardia or atrioventricular dyssynchrony leads to impaired
ventricular function. Junctional rhythm can lead to elevated
atrial pressure in individuals palliated with a Fontan procedure
for SV physiology or those with restrictive physiology, which
can be reversed by permanent pacing to restore atrioventricu-
lar synchrony.''-113

Cardiac Rhythm Device Therapy in HF

In adults and children with CHD, the dominant modes of
death are progressive HF and arrhythmia.***!'"* An implant-
able cardioverter-defibrillator (ICD) is an important strategy
to consider in the treatment of high-risk patients such as those
with HF, particularly in light of concerns about decades of
antiarrhythmic therapy in patients who develop arrhythmia at
a young age.

There are no prospective trials in individuals with CHD
comparing ICD therapy with other strategies to prevent sud-
den death. Therefore, the role of ICD therapy must be inferred
from natural history studies examining risk factors for sudden
death and from reported ICD use in specific types of CHD,
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as well as from data extrapolated from prospective studies in
adults with acquired heart disease. Fewer than 1% of all ICDs
are implanted in pediatric patients or patients with CHD.'"

The survival benefit of ICD therapy in patients with
CHD is unknown. Several multicenter studies assessed ICD
use in CHD using appropriate shock rate as an outcome.
Importantly, such studies showed the risk of lead failure to be
2%y to 5%/y.""® Appropriate shocks occur in 10% to 30% of
patients with CHD, are highest in secondary prevention, but
vary widely by diagnosis and time.!'”!'® Inappropriate device
therapy has been experienced by as many as 25% to 40% of
patients regardless of whether the device was implanted for a
primary or secondary indication.!"#!" Lead malfunction, over-
sensing, and sinus or other atrial tachycardias account for the
majority of inappropriate therapies. Inappropriate therapies in
acquired heart disease were associated with increased mortal-
ity, particularly death secondary to HF."*!?! Careful attention
to device programming and improved device algorithms for
monitoring lead function hold promise for reducing the fre-
quency of inappropriate therapies in patients with CHD.'?

In large, prospective, clinical trials of adult patients
with acquired HF and cardiac dyssynchrony,'?"'? cardiac
resynchronization therapy (CRT) has been demonstrated to
improve exercise capacity, quality of life, LV function, and
survival. There are no equivalent data for CHD. Reports on
CRT in CHD are largely retrospective evaluations of those in
whom CRT was empirically applied.'”*'** In 2012, an ACC
Foundation/AHA/Heart Rhythm Society (HRS) task force
updated guidelines for device-based therapy of cardiac rhythm
abnormalities.*® Patients with CHD were not a specifically
included subgroup, but it is likely that many aspects of the
recommendations are relevant to the CHD population, despite
the absence of data. Similar caution must be applied in regard
to extrapolation, as discussed above in terms of HF therapies.
A consensus statement on the recognition and management of
arrhythmias in adult CHD addresses many of the arrhythmia
issues germane to this population, augmenting the available
HRS guidelines."*!1*2 Consideration should also be given to
the use of MRI-compatible devices when possible, given the
benefit of MRI in many of these patients.

Unique Technical Challenges of Device Implantation in
CHD

Application of device therapy in patients with CHD imparts
unique challenges. Venous access can be difficult both for
initial implantation and especially for follow-up lead replace-
ment because patients had previous cardiac surgeries and
because they need device therapy for extended periods of
time. Before transvenous implantation, patients should be
evaluated for venous stenosis and residual shunting, and iden-
tified shunts should be closed. Transvenous leads in patients
with open intracardiac shunts were associated with a >2-fold
increase in the risk of a systemic thromboembolic event.!**
For patients with limited or no venous access, an epicardial
approach can be used but requires a limited thoracotomy or
sternotomy. Novel arrangements for epicardial defibrillator
lead placement have been described, mostly in the pediatric
age group because in older patients adhesions from prior sur-
geries and high defibrillation energy requirements limit the
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feasibility of this approach.'** Totally subcutaneous systems
are another alternative for patients who can accommodate
the increased mass of these devices. The report of successful
outcomes with an entirely subcutaneous ICD is encouraging,
given the relatively young age of patients with CHD and the
potential need for very long-term device therapy.'* With the
use of a parasternal electrode and left lateral thoracic pulse
generator, the capability of this device to appropriately detect
and treat ventricular arrhythmias was shown after almost 1
year. However, the current device design does not provide bra-
dycardia support, nor is the device capable of antitachycardia
therapy, an important deficiency because patients may have
frequent recurrences of VT.

Acute complications at implantation are not infrequent,
reported in 12% to 13% of both children and adults,'"*!*¢ and
problems include lead dislodgement, inability to defibrillate,
hematoma, infection, hemothorax, and pneumothorax. Lead-
related problems, often necessitating lead extraction, remain
a major late complication of device therapy in CHD.'"** When
a defibrillator lead requires replacement, it is preferable to
remove the lead, and laser lead extraction can be accom-
plished with success and complication rates comparable to
those in the patient without CHD.'¥

Electrophysiology Care Considerations

In summary, patients with CHD, HF, and arrhythmia merit
assessment of arrhythmia burden and therapeutic options per-
formed by or in conjunction with a cardiologist with exper-
tise in the management of arrhythmias in patients with CHD.
Evaluation for arrhythmias should be performed at the onset
or worsening of symptoms, including resting and ambulatory
ECG monitoring, pacemaker interrogation, or other testing
such as an electrophysiology study as deemed appropriate.’!
Because device implantation in those with CHD can be tech-
nically challenging, these procedures are best performed at a
CHD center by an electrophysiologist or cardiac surgeon with
expertise in CHD. The 2012 ACC Foundation/AHA/HRS task
force!*® update on device-based therapy forms a basic primer
for medical device use in adults and children with HF and
states the following:

® The Class I and III recommendations are directly appli-
cable to those with CHD.

¢ Consultation with a specialist in CHD is recommended
to determine when device therapy is indicated for those
situations in which there is no applicable Class I or III
indication.

The 2014 consensus statement further addresses the broad
range of electrophysiology issues encountered in this patient
population and provides recommendations for diagnosis and
management based on existing guidelines that were adapted
for this specific patient population.'!

Part II: Specific Lesions
Systemic RV
Definition and Prevalence

Patients with a systemic RV (also described as a subaortic RV)
constitute a significant proportion of patients with CHD of
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great complexity. Most commonly seen are those with ccTGA
and dTGA (also described as complete TGA, classic TGA,
or simple TGA) after an atrial switch procedure (Mustard or
Senning baffles), as well as patients with a morphological RV
functioning as a single systemic ventricle (especially HLHS
and its variants).

In a study of adults with complex CHD and a systemic RV,
the clinical syndrome of HF occurred in 22% of patients with
dTGA with a Mustard procedure and 32% of patients with
ccTGA.?* The prevalence of RV dysfunction and HF increases
over time. Reduced systemic RV systolic function was docu-
mented in up to 48% and clinical HF in 25% of atrial switch
patients at 15 to 18 years of follow-up,*!'* and after 25 years,
more than half of patients with atrial switch had moderate to
severe systemic RV dysfunction.?>!4

Ventricular dysfunction is also more common in those
with associated cardiac lesions (ventricular septal defects or
pulmonary stenosis). In a large, multicenter, retrospective
study of ccTGA, clinical HF was present by 45 years of age
in 67% of patients with associated lesions and 25% of patients
without associated lesions.'*! In another study, similar propor-
tions of patients were found to have evidence of ventricular
dysfunction by nongeometric metrics such as myocardial per-
formance index and strain.'*?

Clinical HF is also associated with arrhythmia, pacemaker
implantation, prior surgery of any type, and tricuspid valvu-
loplasty or replacement.'! The importance of assessing con-
comitant tricuspid valve function in patients with a systemic
RV has been emphasized, particularly in those with ccTGA. In
1 study, patients with preserved RV systolic function and HF
symptoms had significant TR.!*

Asymptomatic RV dysfunction and HF symptoms with
preserved systolic function are also common in patients with
systemic RVs.'*® Diastolic dysfunction may account for HF
symptoms in patients with a systemic RV, although the preva-
lence is not known.'* Patients with an atrial switch may have
limited ability to augment venous return and thus stroke vol-
ume as a result of nondistensible baffles and conduits. Some
data suggest that preload limitations are the primary driver of
diminished augmentation of cardiac output in such patients.
Limited augmentation of cardiac output and increased venous
pressures can result in HF symptoms. 43147

In the atrial switch population, HF symptoms are associ-
ated with a 4.4-fold increase in the risk of sudden death,'*®
although the cause is unclear and there are conflicting expla-
nations in the literature.'**15° Definitions of normal versus
abnormal systemic RV function and methods to assess it
are vague and inconsistent.”"!3? This makes comparison of
single-center studies and interpretation of data challenging.
Prognostic markers for the late development of HF or sudden
death in the systemic RV population are also sparse.'>?

Assessment

In patients with a systemic RV, annual clinical evaluation is
expected, with more frequent evaluations necessary in patients
with HE. BNP has been found to be elevated in patients with
a systemic RV, and the level of BNP correlated with a dete-
rioration in clinical status, declining right ventricular ejection
fraction (RVEF), decreasing exercise capacity, and worsening

TR.'515 A specific cutoff value that signifies the presence of
ventricular dysfunction or discriminates HF from other diag-
noses in the patient with a systemic RV has not been defined.

Periodic imaging to assess RV function and TR is appro-
priate. For those with ventricular dysfunction, echocardiog-
raphy should be done serially, at an interval determined by
clinical stability and ventricular function. MRI is becoming
a valuable imaging tool, and periodic MRI may allow more
refined assessment of changes in RV size and function, as well
as TR severity and myocardial fibrosis. Changes on imaging
studies should prompt a detailed clinical evaluation and con-
sideration for medical or surgical interventions as appropriate.

Cardiac MRI is useful to quantify RV function and vol-
ume, valvular regurgitation, and associated lesions. As noted,
abnormal LGE denoting fibrosis has been associated with RV
dysfunction, poor exercise tolerance, arrhythmia, and pro-
gressive clinical deterioration.'® The presence of fibrosis may
explain HF symptoms in the patient with normal RV systolic
function. Patients with a systemic RV also have an abnormal
response during stress cardiac MRI, manifesting as an inabil-
ity to increase RVEF during pharmacological or exercise
provocation, which, in a small series of patients at a single
center, was shown to predict future cardiac events, including
hospitalization for HF and cardiac death.'’

Medical Therapy

Conclusive data on medical management of HF in patients
with a systemic RV are lacking, despite the high incidence of
late clinical HF and sudden death in this population.!!7:148.158
Use of conventional HF medications may be problematic
because of preexisting sinus node dysfunction, heart block,
baffle stenosis, nondistensible atria, and restrictive RV physi-
ology. 3-Blockade may exacerbate bradyarrhythmias, whereas
vasodilation could be counterproductive in patients with non-
distensible atria or restrictive physiology. Vasodilation can
increase venous capacitance, which may decrease ventricular
filling rather than augment stroke volume. Thus, therapies
shown to be effective in acquired LV dysfunction should be
applied with caution to the patient with a systemic RV.

ACE Inhibition or ARB
Studies of ACE inhibition in patients with systemic RVs have
mostly been small, single-center, uncontrolled trials using exer-
cise parameters or changes in RV size or function as surrogate
end points. A retrospective study of lisinopril in 14 patients,'*
a prospective study of lisinopril in 8 patients,'® and a random-
ized, placebo-controlled trial of ramipril in 17 adult patients'®!
showed no improvement in end points such as EF, V02, and car-
diac index, although there are limitations to the use of these end
points. Although some patients with acquired HF may have an
improved EF or LV volume with ACE inhibitors/ARB, this is
not seen in all patients, and there is survival and symptomatic
benefit that is independent of the change in ventricular size and
function in that population. Thus, an argument can be made
that neither RVEF nor RV end-diastolic volume necessarily
would be expected to change with ACE inhibition and that
ventricular size and function may not correlate directly with
outcomes and thus may not be ideal end points.

A trial of enalapril in infants with a systemic RV in the
setting of HLHS did not demonstrate a beneficial effect on
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the end points of growth, ventricular function, or clinical
HFE.'2 However, 96% of infants in the study had normal or
only mildly depressed ventricular function at baseline, and
80% were symptom free after superior cavopulmonary anas-
tomosis surgery. Despite insufficient data, the use of an ACE
inhibitor is common in SV patients with RV morphology and
significant atrioventricular valve regurgitation, despite the fact
that no direct correlation has been shown between ACE inhibi-
tor use and an improvement in ventricular systolic or diastolic
dysfunction.'®® No studies in children with ccTGA or after
atrial switch for dTGA have been published.

A small, prospective, crossover study of losartan in patients
with TGA demonstrated improved EF and exercise duration in
an adolescent/young adult population.'** However, in the only
2 published multicenter, randomized, placebo-controlled stud-
ies of ARB in adults with TGA and a systemic RV, no signifi-
cant benefit was demonstrated.'*'*> The first of these found no
benefit with respect to exercise duration, Voz, or N-terminal
pro-BNP levels. Medical therapy was continued for only 4
months; 93% of patients were asymptomatic at baseline; and
most had only mildly depressed RV systolic function and
trivial or mild TR.' A larger placebo-controlled trial in 88
patients with 3 years of follow-up showed no conclusive ben-
efit of valsartan on RVEF or exercise capacity, although there
was a favorable preservation of RV end-diastolic volume.!'®
These findings again raise questions about the routine appli-
cability of ACE inhibition/ARB in this population, although
they do not inherently preclude the possibility that benefit can
exist if applied to the right population of patients or if used for
a longer duration. Studies in children with a systemic RV have
not been performed.

These studies were not powered to detect a small change.
In addition, the end points chosen have not been shown to
be useful in predicting mortality in patients with acquired
HF, in whom beneficial remodeling is the only end point
consistently associated with improved outcomes. Therefore,
the limited studies available are not sufficient to determine
whether RAAS inhibition is beneficial, neutral, or detrimental
to pediatric and adult patients with systemic RV dysfunction
and symptomatic HF. One argument would state that if these
medications have few complications, then using them for pos-
sible benefit would be a reasonable strategy. However, the risk
of adverse effects in these patients, particularly growing chil-
dren, may not be understood well enough for such a strategy
to be uniformly adopted. Thus, more data on both benefits and
risks are needed in these populations.

B-Blockade

Several small, single-center studies have demonstrated a
potential benefit of [-blockade in adult patients with sys-
temic RVs, describing improvement in symptoms, less sys-
temic TR, improved functional status, and positive effects
on RV remodeling.'**!6716% Small series in adults with TGA
and a systemic RV have shown improvement in ventricular
function and HF symptoms after short-term administration of
[-blockers,'®® but the effects on hospital admission, sudden
death, and HF-related death have not been studied. In a small,
multicenter series of atrial switch patients with ICDs, treat-
ment with 3-blockers appeared protective against arrhythmic
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events.!'” The remaining reports in the literature are limited to
case reports.'®’

Children with CHD were included in the only pediatric
multicenter, prospective, randomized trial of $3-blockade for
the treatment of HF. In this trial, there was no significant dif-
ference overall in the primary outcome of HF symptoms, and
there was a nonbeneficial trend in the group with a systemic
RV."° Conversely, in another small study of older SV children
primarily with a systemic RV, improvements in EF and symp-
toms of HF were seen.!”! There are no larger trials in children
with systemic RVs.

Although theoretical rationales support both 3-blockade
and RAAS inhibition in asymptomatic patients with a sys-
temic RV, the benefit of routine use of these medications is not
evident. When the pathophysiology of the systemic RV has
been better elucidated and adequately powered randomized
studies have been carried out, there may be more evidence
supporting their routine use. For patients with a systemic RV
who have clinical HF, use of RAAS inhibition and [3-blockade
can be considered after interventional, surgical, and arrhyth-
mia issues, including chronotropic incompetence, have been
addressed. The efficacy of such medications will likely vary,
depending on patient age and comorbidities, mechanism
and severity of ventricular dysfunction, associated structural
disease, SV versus systemic RV, and, in the case of the SV
patient, stage of palliation (eg, precavopulmonary shunt,
superior cavopulmonary shunt, Fontan operation). Therefore,
each individual patient’s clinical response to these medica-
tions must be assessed on initiation and uptitration of dose to
ensure no adverse response, with therapy altered accordingly.
Ascertaining benefit may be more difficult, particularly in the
absence of data on whether medications prolong life indepen-
dently of symptom improvement.

ICD and CRT Device Therapy

Implantable Cardioverter-Defibrillator

For patients with a systemic RV, progressive HF and sudden
death run along the same timeline, and prevention of sudden
death is an integral part of HF management. In ccTGA, the
clinical presentation and natural history are strongly affected
by the presence of associated anomalies, conduction system
integrity, TR, and RV function. There are no studies on ICD
use in ccTGA. ACC/AHA/HRS guidelines may reasonably
be applied to patients with syncope or VT, but they do not
address risk in patients with systemic RV dysfunction or sig-
nificant TR. The guidelines for primary prevention ICD place-
ment using EF and NYHA classification were developed for
individuals with LV dysfunction and were based solely on
prospective data in adults with coronary artery disease and
nonischemic cardiomyopathy.

In patients with atrial switch, there are some data on ICD
outcomes. A multicenter series of ICD recipients with dTGA
after atrial switch operations found that the incidence of appro-
priate shocks was only 0.5%/y when the ICD was implanted for
primary prevention compared with 6% when implanted for sec-
ondary prevention.'"” This low rate of appropriate ICD shocks
calls into question current methods for identifying patients
at risk for sudden death. The only risk factor identified in the
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primary prevention group was nonuse of [3-blockers. However,
in that study, RVEF did not reach significance as a univariate
predictor of appropriate shocks. Thus, ICD can be considered
cautiously for primary prevention, although only after or in con-
junction with the use of 3-blockers to mitigate arrhythmias.

The technical challenges associated with ICD implan-
tation in individuals with a systemic RV arise mainly from
the difficulty of positioning the ICD coil to achieve success-
ful defibrillation. In ccTGA, there is ventricular inversion,
so the ICD lead crosses the mitral valve into an anterior LV,
whereas in dTGA patients palliated with an atrial switch, the
LV is posterior. Dextrocardia is present in 30% of individuals
with ccTGA, necessitating right-sided placement of the ICD
device. Residual intracardiac shunts, systemic venous anoma-
lies, and systemic venous and baffle obstruction all may com-
plicate placement of the ICD lead. These multiple issues must
be accounted for in the consideration of ICDs for SCD preven-
tion in HF patients with systemic RV.

Cardiac Resynchronization Therapy

Studies of CRT in CHD demonstrate that patients with TGA
with a systemic RV make up 15% to 29% of patients with
CHD receiving CRT."#>12"-12 There is a high obligate need for
device therapy to manage bradyarrhythmia or tachyarrhyth-
mia, and CRT is often an added modality considered when
there is already an established indication for device implan-
tation. The indication for CRT in these patients is predomi-
nantly electric dyssynchrony because there are no established
ways to determine mechanical dyssynchrony in a systemic
RV. Typical patients will have complete heart block, inter-
ventricular conduction delay, or right bundle-branch block.
In ccTGA, cardiac malposition may obscure classification of
bundle-branch block morphology. In reported patients who
have received CRT, QRS duration has averaged =160 milli-
seconds. Small series have studied indexes of atrioventricular,
interventricular, and intraventricular dyssynchrony.’10172-174
The benefit of CRT in the treatment of HF in a systemic RV
remains unknown, although limited data suggest trends toward
modest improvement in RVEF and NYHA class. Reverse RV
remodeling after CRT has not yet been shown. Data on the
efficacy of CRT in a systemic RV consist only of retrospective
cohort series; no prospective data are available.

The technical aspects of implementing CRT for an indi-
vidual with a systemic RV are considerable. The implantation
route for RV lead placement (ie, systemic ventricular pacing)
can be either transvenous or epicardial, depending on the
anatomy and need for concomitant cardiac surgery. Often, a
hybrid system is used that involves both transvenous and epi-
Cardial approaches.1,4,5.8—10,127—129,173—175

In ccTGA, it may be possible to implant an RV lead
via the coronary sinus in individuals with suitable coronary
sinus anatomy. Multiple anatomic variations have been well
described and need to be understood before any attempt to
place a transvenous RV lead via the coronary sinus.'!!2176177
Drainage of the coronary sinus to the left atrium occurs in
up 20% of ccTGA patients, thus precluding a transvenous
approach in that subset of patients. It is prudent to obtain
either cardiac computed tomography or MRI to fully delineate
the coronary sinus anatomy before placement of a transvenous

RV lead is attempted. If an epicardial RV lead is needed, then
a left thoracotomy approach is necessary to access the poste-
riorly located RV.

In patients with dTGA palliated via an atrial switch, RV
lead placement is usually done by an epicardial approach.
Because the RV is anterior, an RV lead can often be placed
with a subxiphoid incision or a mini-sternotomy. Placement
of an RV lead transvenously via transbaffle puncture has been
reported, although the long-term risk of systemic thrombo-
embolism is concerning.'>'”® In addition, the standard risks
associated with implantation of leads and devices apply to
this population and may be magnified because of the nonstan-
dard anatomy. LV and RV performance should be monitored
closely after implantation because new subpulmonary LV
dysfunction has been reported in 3 patients who had CRT for
systemic RV failure.'*!”

Surgical Therapy and Ventricular Assist Devices
Residual lesions such as outflow obstruction or valvular regur-
gitation should be addressed, preferably before the onset of
significant ventricular dysfunction, as per other published
guidelines."!* Once the systemic RV has failed, further surgery
carries an increased risk of mortality and a lower likelihood of
ventricular recovery. Referral to a CHD transplantation center
for advanced HF therapies (including mechanical support and
heart transplantation) should be considered for patients with a
systemic RV and a clinical syndrome of HF who fail medical
therapy and do not have residual lesions amenable to repair.

A variety of ventricular assist devices have been used for
the failing systemic RV in patients with ccTGA and dTGA
after atrial switch operations. The systemic RV in both sce-
narios predisposes to inflow cannula occlusion as a result of
the hypertrophied trabeculations in the RV, even if the RV is
significantly dilated. Accordingly, extensive muscle resection
has been carried out before inflow cannula placement in most
reported cases. 81182

For patients who have undergone atrial switch procedures,
the location and orientation of the systemic RV create addi-
tional complexity in the placement of the inflow cannula, in
particular for implantable devices in which the angle of the
inflow cannula is short and relatively fixed with regard to rota-
tional degrees of freedom. However, for patients supported
with paracorporeal devices, manipulation of the inflow and
outflow cannulas can adjust for anomalies of cardiac situs or
rotation.'® Despite the technical difficulties in implantation,
an RV inflow cannula would appear to be superior because
of the difficulty of atrial inflow in the setting of Mustard or
Senning baffles where the narrow caliber of the atrial baf-
fle could cause obstruction of the inflow cannula. Future-
generation devices, including catheter-based therapies'®* and
smaller axial flow pumps,'®>-'%" may provide additional tem-
porary and long-term alternatives that may be more forgiving
of the size and orientation constraints described.

Palliated SV and Fontan

Definition and Prevalence
Many complex congenital lesions are characterized by inad-
equate development of 1 ventricle, leaving patients with a
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single functional ventricle supplying both systemic and pul-
monary blood flow. The vast majority of patients with an SV
will have undergone some form of initial palliative procedure
to control pulmonary blood flow, either restricting pulmonary
blood flow with a PA banding procedure or increasing pulmo-
nary blood flow with a systemic vein—to—PA shunt (such as a
Blalock-Taussig-Thomas shunt) or systemic vein—to—PA anas-
tomosis (such as a Glenn shunt or bidirectional superior cavo-
pulmonary anastomosis). Initial palliation is usually followed
by complete redirection of systemic venous return (superior
and inferior vena cava) directly to the PAs, with shunt closure
or debanding of the PA as appropriate. Cavopulmonary con-
nections are characterized by passive pulmonary blood flow
without the benefit of a subpulmonary pumping chamber, a
surgically created arrangement generally called a Fontan after
Francis Fontan, the surgeon who initially described the opera-
tion."® Since Fontan and Baudet’s initial publication,'® mul-
tiple surgical modifications have been developed, although all
have a common physiology consisting of passive pulmonary
blood flow at the expense of chronically elevated systemic
venous pressure and relatively low and restricted cardiac
output.

The Fontan repair improves systemic oxygen saturation,
but because there is no subpulmonic pump, passive antegrade
blood flow through the pulmonary vasculature requires an
elevated CVP slightly higher than the mean PA pressure and
higher than the pulmonary venous, atrial, and ventricular end-
diastolic pressures. Respiratory mechanics are also important
because negative intrathoracic pressure aids in moving blood
through the pulmonary vasculature.'® The surgical approach
may also include the creation of a fenestration between the
systemic venous circuit and the pulmonary venous atrium to
allow decompression of the systemic venous circuit, allow-
ing a lower CVP at the expense of some degree of systemic
desaturation.'*

HF in patients after a Fontan operation can be as unique
as the Fontan physiology itself. HF may develop because
of systolic or diastolic ventricular dysfunction, resulting
in increased ventricular filling pressures. However, it can
also occur because of abnormally high pulmonary vascu-
lar resistance, leading to a “preload-starved” ventricle, often
despite preserved ventricular systolic and diastolic function.
Furthermore, patients with Fontan physiology have a predilec-
tion to develop protein-losing enteropathy with symptoms that
mimic HF, including fatigue, peripheral edema, effusions, and
ascites. The prognosis for patients with protein-losing enter-
opathy is poor, with mortality as high as 46% to 62% despite
either medical or surgical therapy.'!

The distinction between Fontan failure with preserved or
reduced systolic function is important because therapeutic
options, expected responses, and long-term outcomes may
vary, depending on systolic function. Some data confirm the
importance of that dichotomy. In a study of Fontan patients
undergoing transplantation, patients with preserved EF had
significantly worse outcomes than those with reduced EF,
suggesting that important mechanisms other than systolic
dysfunction contributed to heart failure in the former group.!*?
Understanding the specific mechanisms associated with HF in
a patient with a Fontan repair is crucial.
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Multiple long-term complications associated with Fontan
physiology exacerbate HF symptoms. Over time, increased
CVP and low cardiac output may lead to chronic conges-
tive hepatopathy with hepatic dysfunction, cirrhosis, ascites,
varices, hepatorenal syndrome, and risk of hepatocellular
carcinoma.'®12% Sluggish flow through an atriopulmonary
connection increases the risk of thrombosis and embolism,
which can further increase the pulmonary vascular resistance
and thus CVP. Atrial arrhythmias and sinus node dysfunction
are very common, both as a cause and as a consequence of
abnormal Fontan hemodynamics, and are important contribu-
tors to HF symptoms. Cyanosis is common either because of
right-to-left shunting through a surgically created fenestration
or via other channels that develop between the systemic and
pulmonary venous circulations, thus reducing systemic oxy-
gen delivery. Although high CVP and low cardiac output are
common among all Fontan patients with HF, the associated
complications of cyanosis, hepatic dysfunction, and thrombi
can contribute to HF symptoms in patients with preserved ven-
tricular dysfunction. This emphasizes that HF in SV patients
is due only to myocardial function.

The lack of a robust definition of Fontan failure has con-
tributed to the limited understanding of the prevalence of HF
in Fontan-palliated SVs. Estimates of HF prevalence range
from 10% to 20% early after Fontan surgery, rising to 50% in
adults who underwent the Fontan operation many years previ-
ously.?!?> Fontan physiology imparts progressive risk for HF
symptoms as patients age as a result of systemic ventricular
dysfunction or an increased CVP. Additionally, the physiology
of the SV before Fontan, whether shunt palliated or not, is one
of significant volume overload. However, immediately after
a Fontan procedure, preload will decrease, and the ventricle
may be relatively underfilled, leading to a higher mass-to-vol-
ume ratio with implications for diastolic filling. Thus, as with
other forms of CHD, irreversible changes may result from
those early physiological derangements that manifest with
advancing age and concomitant insult or injury. Progressive
atrioventricular valve regurgitation is common in the Fontan
patient and can exacerbate ventricular dysfunction and impair
Fontan flow, worsening HF. In patients with HLHS, there is
an additional risk of systolic dysfunction of the vulnerable
systemic RV. Additionally, palliative procedures such as the
Norwood repair for HLHS are prone to present increased
afterload because of subaortic or aortic obstruction or aortic
stiffness, further challenging the systemic RV.

Assessment

HF should be anticipated in the long-term care of Fontan
patients. Because of the complexity, heterogeneity, and
unusual nature and presentations of Fontan failure, manage-
ment by CHD experts is required. It is particularly important to
assess for potentially reversible causes of HF such as arrhyth-
mias, obstruction of the Fontan pathway, residual shunts, and
valve dysfunction. Further assessment may include ambula-
tory ECG monitoring, stress testing, and MRI or computed
tomography imaging. Careful invasive anatomic and hemo-
dynamic assessment by cardiac catheterization should be con-
sidered early, particularly if a reversible cause of the HF is
not found in a noninvasive evaluation. Ideally, all diagnostic
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procedures should be done and interpreted by technicians and
providers with expertise in CHD. Evaluation should include,
but may not be limited to, assessment for the following:

® Ventricular dysfunction

® Arrhythmias

® Thrombus in the Fontan pathways

Protein-losing enteropathy

Valvular dysfunction

® Residual right-to-left shunt

°® Inflow or outflow obstruction, including a restrictive atrial
or ventricular septal defect that can impede cardiac output

® Elevated systemic vascular resistance

¢ Elevated systemic venous pressures and pulmonary vas-
cular resistance

® Plastic bronchitis

Medical Therapy

ACE inhibition is used for the treatment of HF in patients with
SV physiology, but there have been few studies on which to
base this use. Enalapril was tested in a relatively large, ran-
domized trial in pediatric patients with SV physiology by the
evaluation of ventricular function and somatic growth, both
impaired in HE. There were no significant differences between
the treatment and placebo groups in ventricular size (z score),
Ross HF class, BNP levels, EF, or death/transplantation after
12 months.'®? In a smaller randomized, double-blind, placebo-
controlled crossover trial, enalapril did not alter systemic vas-
cular resistance, resting cardiac index, diastolic function, or
exercise capacity.?!” There are no data evaluating ACE inhibi-
tors in adults with SV and symptomatic HF.

Published clinical experience with the use of -blockade
in patients with SV with HF is also limited. There is only 1
report on B3-blocker therapy in SV patients. In a retrospective
study of 51 patients of varying ages (children, adolescents,
and young adults) and nature of intervention (unoperated,
after Glenn shunt, and after Fontan), carvedilol together with
standard medical therapy (in this case, diuretics, digoxin, and
ACE inhibitor at the providers’ discretion) reduced the symp-
toms of HF and improved clinical parameters.”*'"" In a mul-
ticenter, double-blind, placebo-controlled study of carvedilol
in children with systemic ventricular dysfunction, 3-blockers
appeared to have a negative or neutral effect in patients with
SV or a systemic RV compared with patients with cardio-
myopathies and no structural heart defects.!” Diuretics and
digoxin are widely used in clinical practice for patients with
fluid retention and for those with gross abnormalities of SV
function, the so-called congestive HF. There is no study prov-
ing the benefits of treating HF with diuretics and digoxin in
SV patients, although anecdotal clinical experience suggests
symptomatic improvement in some patients.

There is growing interest in the use of pulmonary vaso-
dilator therapy to lower pulmonary vascular resistance and
to improve ventricular preload. Although theoretically the
results were beneficial, small series show mixed results.
Most favorable changes were demonstrated with phospho-
diesterase inhibitors. A single dose improved peak \702 dur-
ing exercise with a measurable increase in both pulmonary
and systemic blood flow at peak exercise.?''*'> Others series

showed a favorable impact on the Doppler-derived myocar-
dial performance index*'"* and systolic arterial and ventricular
elastance.”!* With longer therapy, a double-blind, placebo-
controlled crossover trial showed an improvement in the
ventilatory efficiency slope during cardiopulmonary exercise
testing, although other parameters were not improved.?!> Less
success has been demonstrated with endothelin antagonists.
Limited improvements in ventricular function were described
in 1 study,”'® but other pilot studies found no benefit.?!:?!8
Regardless, a trial of endothelin antagonism in Fontan patients
is ongoing.?"” This and other needed research will clarify the
role of pulmonary vasodilators in these patients.

Optimal medical therapy of HF in SV patients palliated
with the Fontan procedure remains under study. Multicenter,
randomized, controlled, prospective trials are needed to elu-
cidate the effect of treatments of HF in such patients to pro-
vide a basis for formulating future guidelines. It is not known
whether pharmacological RAAS inhibition or adrenergic
blockade produces similar effects in patients with a single
LV versus a single RV.1%216220 Fyrthermore, there is some
evidence that activation of the RAAS may not be the domi-
nant pathophysiological contributor to HF in patients with SV
physiology, in contrast to patients with LV dysfunction and 2
ventricles.'> Research is also needed to discern possible dif-
ferences in the effects of f-blocker therapy between children
with SV physiology and adolescents and adults.'™

Referral to a CHD transplantation center for advanced HF
therapies (including mechanical support and heart transplan-
tation) should be considered for patients with SV physiology
and symptomatic HF refractory to medical therapy.

Device Therapy

Ventricular activation abnormalities contribute to HF in
patients with SV. Loss of atrioventricular synchrony can
worsen hemodynamics, and maintenance of atrioventricu-
lar synchrony can be of significant benefit.!"! Such patients
may benefit from CRT, although in SV patients CRT is
more properly called multisite pacing. Evidence supporting
CRT in SV physiology is limited to case series in the acute
postoperative setting and a single retrospective study.'?”?*!
These series demonstrated improved cardiac index, systolic
blood pressure, and indexes of asynchrony after CRT, but in
the heterogeneous patient population, technical limitations
imposed by patient body size, need for epicardial access, and
unique forms of ventricular dyssynchrony have made it dif-
ficult to draw strong conclusions or to rationalize widespread
use. Furthermore, lead placement requires thoracotomy. The
benefit of ICD implantation is untested and requires either a
hybrid epicardial approach using epicardial pace/sense leads
combined with subcutaneous and/or pericardial coils or a total
subcutaneous system.

Left-Sided Pressure Overload Lesions

Overview

Left-sided pressure overload lesions encompass obstruction
in the LV outflow tract (LVOT) below, at, or above the aortic
valve and include subvalvular, valvular, and supravalvular aor-
tic valve disease, as well as coarctation of the aorta. Although
the physiological principles guiding the management of aortic
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stenosis have similar application here, there are some nuances.
Depending on the severity and duration of the LV pressure
overload, any of the above pathologies may lead to ventricular
hypertrophy and diastolic dysfunction. With severe obstruc-
tion, hypertrophy, subendocardial ischemia, and eventually
impaired LV systolic function may result.

Whether subvalvular, valvular, or supravalvular, an LV
obstructive lesion may impart significant risk for left-sided HF
and is often an indication for corrective action, including cath-
eter-based intervention or surgery. Current guidelines provide
indications for intervention in LVOT obstructions in adults.!??
Unlike adults with calcific aortic valve disease, the CHD pop-
ulation of children, adolescents, and young adults may benefit
from balloon valvotomy because of the differences in valvular
anatomy and relative lack of calcification.?”*=* Thus, balloon
valvotomy rather than aortic valve replacement may be a first-
line therapy of aortic stenosis in selected young patients.

In some cases, HF may persist after intervention as a result
of LV diastolic dysfunction or adverse LV remodeling, result-
ing in dysfunctional myocardium. This is a patient population
in whom existing HF guidelines developed for acquired heart
disease should be applied once the outflow obstruction has
been relieved. Although some pressure-overload states such
as severe congenital aortic valve stenosis may result in HF in
early life, other lesions may not be cause for concern because
of their mild severity throughout life. At other times, LV sys-
tolic dysfunction may become manifest after several surgical
attempts to alleviate obstruction. Subaortic stenosis is particu-
larly prone to need recurrent intervention, with incremental
risk imparted by each successive surgery.

Medical Therapy

There is not a role for primary medical therapy for patients
who meet accepted indications for intervention on LVOT
obstructions unless the patient is inoperable and not a can-
didate for catheter-based therapies. Medical therapy for
comorbid conditions such as hypertension may be a part of
the overall management, but not in lieu of mechanical relief
of LVOT obstruction. Recent AHA/ACC guidelines provide
specific recommendations for the medical treatment of val-
vular disease and of LVOT obstruction and associated lesions
in adult patients with CHD, although studies specific to CHD
are limited.'**

Coarctation of the aorta is a relatively common congenital
cause of increased LV afterload. However, optimal medical
management of hypertension or HF in patients with repaired
coarctation has not been determined. One study of patients
with repaired coarctation compared [3-blockade with ARB
for hypertension control.?® Metoprolol improved systolic
blood pressure compared with candesartan, implying that the
RAAS did not play a significant role in the mechanism of
hypertension and that (3-blockers may be preferable agents
in this patient population. However, the patients studied did
not have HF.

Surgical Therapy

Surgical strategies for HF in the setting of LV pressure load-
ing must first target repair of any obstructive lesion. There
has been interest in “rehabilitation” of the LV itself in cases
of borderline left-sided structures, in particular the targeted

Chronic Heart Failure in Congenital Heart Disease 785

resection of endocardial fibroelastosis after either fetal bal-
loon interventions or prior surgical repair. Resection of the
endocardial fibroelastosis may ameliorate diastolic dysfunc-
tion, although experience is limited.?”’

When ventricular assist device therapy is considered to
manage HF in patients with LV obstructive lesions, it is impor-
tant to understand any residual lesions. Residual subaortic or
valvar aortic stenosis is not a concern because the outflow can-
nula of the assist device sits distal to these areas of obstruc-
tion. However, concomitant aortic regurgitation may require
oversewing of the aortic valve should the regurgitant fraction
be significant. For patients with residual transverse aortic arch
obstruction or coarctation who require emergency assist device
implantation, a left thoracotomy off-pump approach, with
implantation of the outflow cannula in the descending aorta, can
be successful in larger patients. However, the risk of thrombus
within the proximal aorta may be substantial when such a strat-
egy is used as a result of areas of regional low flow, and there is
concern about the adequacy of antegrade cerebral blood flow.

All left-sided outflow lesions should be addressed at the
time of transplantation; intracardiac lesions are relieved by
surgical repair, but residual arch or descending aortic obstruc-
tion should be relieved through reconstruction at the time of
transplantation, preferably with donor aortic tissue in a fash-
ion akin to that in primary transplantation for HLHS.

Device Therapy

In the setting of left-sided obstructive defects, ventricular arrhyth-
mias, sudden death, left bundle-branch block, and atrial fibril-
lation are all potential arrhythmic manifestations. Conventional
approaches for device implantation can be used per available
consensus guideline statements for determining indications for
pacemaker, ICD, and CRT, including the 2012 ACC Foundation/
AHA/HRS update on device-based therapy."**'*? The key chal-
lenge in the management of obstructive defects in CHD is
determining the timing of intervention.

Subpulmonic RV Volume-Loading Lesions

Overview
Volume-loading lesions affecting the subpulmonic RV in
patients with CHD are most often encountered in the form of
valve dysfunction, either congenital regurgitation (eg, Ebstein
anomaly) or as long-term sequelae of previous surgery (such
as after congenital pulmonary stenosis or repair of TOF). The
deleterious effects of long-standing pulmonary regurgitation
are now clear, and the benefits of pulmonary valve replace-
ment are well established, although there is less consensus on
optimal timing.??8-23

Right-sided volume overload often results from Ebstein
anomaly of the tricuspid valve with severe TR. Apical dis-
placement of the tricuspid valve results in a small “functional”
RV, often limited to the outflow tract, and the inlet of the RV
becomes “atrialized.” RV enlargement and dysfunction are
common and related to the geometric change in the RV: The
inlet portion behaves as part of the right atrium, whereas the
RV outflow tract dilates to accommodate a larger volume in
an attempt to maintain cardiac output. In each of these RV
volume-loading states, delayed intervention can result in myo-
cardial dysfunction and clinical HF.
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Long-term changes in RV volume load are better toler-
ated than short-term changes, and RV adaptation depends
not only on intrinsic (myocardial) factors but also on factors
outside the RV itself such as the LV and the pericardium.
Notwithstanding the benefit of adaptation, chronic volume
loading of the RV eventually leads to progressive RV dila-
tion and dysfunction, associated with decreasing exercise
intolerance and fatigue. An increase in RV diastolic and sys-
tolic volume and RV mass leads to progressively reduced EF
despite preserved cardiac output and wall stress.”* In fact,
an inverse relation between RV mass and RVEF has been
described.?***7 RV fibrosis, altered RV geometry, abnormal
electromechanical coupling, and abnormal perfusion likely
also contribute to RV dysfunction.?*® Excessive volume load-
ing of the RV may contribute to low cardiac output because
of septal deviation to the left, adversely affecting ventricular
function. Myocardial fibrosis and scarring from long-stand-
ing RV volume overload and previous surgery, as well as the
effects of neurohormonal activation and hypertrophy, which
can affect both ventricles, can also result in malignant VT
and sudden death.”

Diastolic RV dysfunction is not uncommon in patients
with TOF and appears to affect pathophysiology and outcome.
The effect of RV restriction late after primary repair remains
somewhat controversial, especially in patients with residual
pulmonary regurgitation. RV stiffness limits end-diastolic vol-
ume, causing the RV to act more as a conduit between the
right atrium and PA. Consequently, the diagnosis of restric-
tive RV filling may be based on finding forward flow within
the PA during atrial contraction. However, this phenomenon
requires the resistance to RV filling to exceed that of the pul-
monary vascular bed, so transtricuspid flow during atrial con-
traction will produce antegrade PA blood flow. Conditions that
elevate PA pressure such as elevated left-sided pressures from
LV restriction may impede antegrade flow into the PA during
atrial systole and mask RV restriction.”*** It is unclear how
the presence of restriction alters management, although ACE
inhibition improved LV structure and function.?*®

Ventricular Interdependence and LV Dysfunction
Ventricular-ventricular interaction plays an important role in
the development of LV dysfunction through mechanical, elec-
tric, and neurohormonal coupling. The RV and LV share myo-
fibers. Therefore, significant changes in intrinsic myocardial
shortening of the RV are likely to affect the LV and vice versa
(cross-talk gain). In the normal heart, elegant experimental
data showed that the LV contributes significantly to the devel-
opment of RV pressure, whereas the RV contributes little to
the LV. However, abnormalities in RV size and geometry in
patients with significant right-sided volume overload can lead
to pericardial constraint that affects both systolic and diastolic
LV function. A diastolic shift of the ventricular septum, limit-
ing LV diastolic expansion, is common in patients with RV
volume overload, especially those with patch repair of large
ventricular septal defects and those with Ebstein anomaly
with a large atrialized portion of the RV inlet. Poor RV output
also contributes to low LV preload.

LV dysfunction late after repair of TOF is not uncommon.
LVEEF is significantly lower in TOF patients compared with

control subjects.” Reduced LVEF can be found in 21% of
patients with repaired TOF, and in one third of those patients,
LV dysfunction was moderate to severe.* LV dysfunction was
found more often in men and in those with late repair, LV
enlargement, history of arrhythmia, longer QRS duration, an
ICD, or moderate to severe RV dysfunction. Patients with a
late repair are often those who underwent surgery in an ear-
lier surgical era when perioperative complications, accidental
resection of a left anterior descending artery passing across
the RV outflow tract, suboptimal myocardial perfusion, and
longer periods of volume loading and hypoxia resulting from
palliative arterial shunts before repair were more common. LV
dysfunction is also common in patients with Ebstein anomaly,
is a strong predictor of adverse outcome, and contributes to
the decrease in exercise capacity. LV dysfunction in Ebstein
anomaly is multifactorial, most likely driven by diastolic
compression of the LV by the enlarged RV in the context of
a relatively fixed pericardial volume and significant septal
deviation, coupled with reduced output from the RV. In fact,
decompression of the RV by surgical repair has been shown to
improve LV function.?**

As further evidence for interventricular interaction,
myocardial fibrosis has been described in both ventricles in
patients with repaired TOF or Ebstein anomaly.”!:84210245.246
Neurohormonal activation, a stimulus for hypertrophy and
fibrosis, is likely to be shared between the ventricles, promot-
ing subtle but important structural changes in the myocardium
of both the RV and LV.

Medical Therapy

Two studies described increased sympathetic nervous system
activity in patients late after surgical repair of TOF.?*7 As a
consequence, neurohormonal therapies are increasingly used
in RV volume-loading conditions. However, existing trials
have not demonstrated the postulated benefits.

In a trial of bisoprolol compared with placebo in asymp-
tomatic or mildly symptomatic patients with repaired TOF
and depressed RV function, elevated BNP, and impaired peak
VOZ‘ there was no improvement in NYHA functional class,
exercise capacity, or RV or LV size or function. In addition,
patients randomized to bisoprolol actually demonstrated an
increase in BNP that was not seen in the placebo group.*®

Ramipril in 64 TOF patients with pulmonary regurgitation
and RV dilation, in whom the mean baseline RVEF was only
mildly reduced (53%), produced no improvement in RV or LV
function, exercise capacity, or degree of pulmonary regurgita-
tion. However, RV and LV long-axis shortening significantly
improved in the ramipril group, and as mentioned above,
ramipril also improved LV volume and EF in patients with
restrictive physiology.?

Device Therapy

Although the long-term outcome for patients with TOF is
generally excellent, SCD is a devastating, and not rare, late
complication after surgical correction.!'*?*23* The reported
prevalence of SCD, VT, or appropriate ICD shocks in TOF
varies from 6.0% to 14%.'3"8251 1t is appropriate to apply
standard guidelines for the secondary prevention of SCD in
this population. However, the patients who may benefit from
ICD when implanted for primary prevention are unclear. In
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a cohort of patients with TOF receiving ICDs for primary
and secondary prevention, there was no difference in sur-
vival between the primary and secondary prevention groups.
With a median of 3.7 years of follow-up, the average actu-
arial mortality rate was 2.2%/y, accounted for equally by HF
and SCD.!'®8

Although a wide variety of noninvasive and invasive clin-
ical tools were studied in an attempt to optimize risk predic-
tion for SCD after repair of TOF, there is no consensus on
optimal risk stratification, and none of the proposed models
of risk assessment were studied prospectively. It is widely
accepted that older age at repair, transannular patch repair,
QRS =180 milliseconds, accelerated rate of QRS prolonga-
tion, presence of frequent or complex ventricular ectopy, and
ventricular dysfunction are independent predictors of clinical
VT and SCD.”%1232 Although RV dilatation and dysfunction
have long been recognized as predictive of SCD and VT in
this patient population, LV dysfunction (EF <45%) is also
associated with a risk of sudden death.? In a study of patients
with TOF who received an ICD, an LV end-diastolic pressure
>12 mmHg was the strongest predictor of appropriate ICD
discharges.'"® The extent of LGE at MRI"' has been found to
add predictive value for the development of clinical arrhyth-
mia in patients with TOF. Inducibility of monomorphic or
polymorphic VT at electrophysiological study is predictive
of subsequent clinical events and thus can be useful in risk
stratification of patients, particularly those with symptoms
such as syncope.?*

The rate of appropriate device therapy in patients with
TOF was high, reported to be 18% to 30% in medium-term
follow-up.'"®!1? Not surprisingly, patients receiving ICDs for
secondary indications are more likely to receive appropriate
therapy than those receiving devices for primary prevention
(30% and 23.5%, respectively).!’® Independent predictors of
appropriate ICD therapy include elevated LV end-diastolic
pressure (which inversely correlates with LVEF and positively
correlates with age), nonsustained VT, VT inducibility, and
elevated RV systolic pressure. As a result of these findings,
a risk score has been proposed, although not yet validated, to
assist in identifying high-risk patients who might benefit from
device therapy for primary prevention.'®

Cardiac Resynchronization Therapy

Success of CRT is dependent on patient selection, yet the
optimal technique and measurements for selecting patients
with RV dysfunction and dyssynchrony who will benefit are
unclear. Various echocardiographic measurements for evalu-
ating atrioventricular or interventricular and intraventricular
dyssynchrony were proposed in patients with RV loading.>*
In TOF, both RV and LV systolic dysfunction must be taken
into account when resynchronization is being considered. As
stated earlier, there is a known ventricular-ventricular interac-
tion such that dysfunction of each ventricle is independently
associated with clinical status.?*

When LV systolic dysfunction is present, guidelines for
CRT derived from large-scale clinical trials in acquired heart
disease can be applied. However, it is unknown whether TOF
patients with RV dysfunction and right bundle-branch block
will derive long-term hemodynamic improvement from RV or
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biventricular pacing or whether CRT for RV dysfunction will
protect against progressive LV dysfunction. In the absence of
data, patients with RV dysfunction should first be evaluated
for a reversible hemodynamic cause for the symptoms or ven-
tricular dysfunction.! Then, if no further correctable cause is
found, they should be managed on a case-by-case basis with
respect to CRT.

Hemodynamic improvement after CRT was demonstrated
acutely at the time of cardiac catheterization in 2 studies in
TOF patients with right bundle-branch block.?*?” The first
study explored RV pacing in patients without left HF and
demonstrated an increase in RV dP/dtmax and cardiac index.
In the second study, biventricular pacing with leads posi-
tioned in the right atrium, RV apex, and lateral vein via the
coronary sinus was examined acutely in 8 TOF patients with
QRS >120 milliseconds, NYHA class II to III symptoms,
and RV dysfunction. RV and LV dP/dtmax increased signifi-
cantly compared with sinus rhythm with intact conduction
and was associated with significant shortening of the QRS
duration.

Medium- to long-term outcomes from CRT in patients with
TOF have not been reported. Most studies report pooled data
on outcomes in CHD as a single cohort, and pediatric stud-
ies include patients with cardiomyopathies. The largest series
reporting outcomes of CRT in pediatric and/or adult patients
included 11 and 6 patients with TOF, respectively.'*'? The
results were favorable overall for CRT in these reports, but
outcomes for patients with TOF were not specified. Marked
improvement in LV systolic function was reported after epi-
cardial RV and LV pacing in a child with TOF and severe
biventricular dysfunction.?®

For the TOF patient with symptomatic HF caused by
LV dysfunction, it is reasonable to extrapolate from existing
guidelines developed for patients with dilated or ischemic car-
diomyopathy. However, it has yet to be determined whether
patients with predominant RV dysfunction benefit from CRT,
whether this should involve resynchronization of the right
ventricule or both ventricles, or whether resynchronization
will prevent ventricular arrhythmias. The optimal method for
determining ventricular dysfunction is unresolved, and the
long-term impact and viability of CRT leads in this relatively
young population are unknown. Prospective clinical studies
of anatomically discrete lesions are required to address these
questions.

Surgical Treatment

The timing of valve surgery for TOF or Ebstein anomaly is
not clear. The ideal timing would not subject patients to excess
surgeries over their lifetime while avoiding risk of ventricu-
lar dysfunction from prolonged volume loading. Pulmonary
regurgitation after prior repair is a common indication for
surgical referral in TOF. Indications for pulmonary valve
replacement are addressed in the 2008 adult CHD guidelines.!
In general, pulmonary valve replacement should be offered to
all symptomatic patients with severe PR, severe RV dilatation,
evidence of RV systolic dysfunction, or reduced exercise tol-
erance attributable to PR, ideally before clinical HF is mani-
fest. Percutaneous valve replacements are available for many
with RV-PA conduits, and use in other anatomic substrates (ie,
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pulmonary valve replacement without conduit, native outflow
tract) is evolving.

In Ebstein anomaly, progressive cardiomegaly can be an
indication for surgical repair or replacement, although this is
often driven primarily by dilatation of the right atrium and
atrialized portion of the RV.! Residual RV dysfunction is com-
mon even after optimal surgical treatment, especially affecting
the previously atrialized RV inlet. Moreover, plication of the
RV and tricuspid valve replacement, rather than repair, may
contribute to impaired RV function.

Part III: Transplantation

Heart transplantation remains a surgical procedure of choice
for eligible patients with severe advanced HF that persists
after maximal medical, surgical, and arrhythmia treatment.
The body of information related to transplantation for CHD is
derived almost entirely from registry and single-center—based
outcome data; no randomized, clinical trial or meta-analysis
data are available.

Adult patients with CHD represent an increasing pro-
portion of heart transplant recipients. However, adults with
CHD were less likely to receive ICD therapy or a ventricu-
lar assist device as a bridge to transplantation, were more
likely to be listed at lower-urgency status, and were less
likely to achieve transplantation at any given time after list-
ing than patients without CHD.?*° In addition, patients with
CHD wait longer on the list than their non-CHD counter-
parts despite a higher percentage of time spent as status
1/1A/1B.>® In the United States, there is no special listing
status for adult patients with CHD, who, by virtue of being
less amenable to application of ventricular assist device or
inotropes, may be disadvantaged from the perspective of
organ allocation.?' Other countries have tried to address
the high mortality of adult patients with CHD on the wait
list by prioritizing patients with cyanosis, patients with
high panel reactive antibody, and those awaiting heart-lung
transplantation.?62263

Adults with end-stage CHD have unique pathophysiol-
ogy and comorbidities requiring specialized care. Pediatric
patients with CHD also have unique challenges. Similar to
adult transplantations, the number of pediatric transplanta-
tions remained fairly constant in the United States at 300
to 350 per year for the past 6 years. The ratio of new can-
didates to recipients also remained constant at 1.4:1.26
The makeup of those who received a transplant remained
the same except for the <1-year age group, in whom CHD
decreased from 79% between 1988 and 1995 to 62% from
1996 to 2010.%

Indications for Transplantation

Because evidence-guided medical therapy for HF in CHD
in children or adults is largely lacking, the decision to
transplant is often an empirical one, after attempts at medi-
cal or surgical treatment have failed. Hence, difficult situ-
ations arise concerning the timing of transplantation such
as whether to pursue transplantation before primary or
additional repair and whether certain lesions or conditions
make transplantation outcomes more favorable. There are
CHD-specific challenges for cardiac transplantation that

must be addressed. The 2013 ACC/AHA guidelines on the
management of HF in adults® and the 2004 International
Society for Heart and Lung Transplantation guidelines for
children® do not specifically address transplantation in
patients with CHD.

Determining the optimal timing for transplantation in the
CHD population requires consideration of many unique cir-
cumstances, including a lack of data on outcomes of medical
therapy, risks of alternative surgical therapy, development of
potentially irreversible abnormalities of other organ systems,
and anticipated long-term outcomes of surgical treatment,
especially for children in whom growth may detrimentally
affect the adequacy of palliative repairs.

The natural history of end-stage HF in CHD is that it
likely will be progressive. Thus, transplantation may be con-
sidered in otherwise stable patients for whom the short-term
or intermediate outcomes are expected to result in progressive
HF or other organ damage, especially if heart transplantation
would be precluded as a consequence. Whether to recom-
mend high-risk surgery to improve the circulation rather than
or before consideration of heart transplantation is a common
clinical dilemma. A procedure that is definitive and results in
a high quality of life (eg, valve replacement in symptomatic
aortic stenosis) cannot be equated to a palliative procedure in
a patient with an SV whose likely decline over time is antici-
pated even if surgical repair is successful. Furthermore, the
clinician has to account for the growth of the patient because
it affects the durability of repair. For example, patients with
failed Norwood palliation for HLHS have to combat HF and
the prospect of worsening hypoxemia as they outgrow the
systemic-pulmonary shunt.

Circumstances that may prompt consideration of trans-
plantation in stable patients include chronic excessive pul-
monary blood flow, elevated PA pressure, cyanosis, and other
end-organ or system-wide dysfunction secondary to HF. In
addition to the morbidity and mortality associated with these
additional issues, each may lead to organ dysfunction such
that heart transplantation alone may not be an option and
higher-risk heart-lung or other multiple organ transplantations
will need to be considered.

The prognosis in adult patients with CHD remains dif-
ficult to predict; hence, the timing of consideration of and
listing for transplantation is difficult. Many markers predic-
tive of prognosis in acquired heart disease, including func-
tional class, hospitalizations, poor ventricular function, LGE
on MRI, serum sodium, anemia, renal dysfunction, BNP,
underlying disease pathogenesis, and cardiopulmonary test-
ing, have also been shown to have predictive ability in adults
with CHD. However, although those markets may identify
individuals at risk for adverse events, the time course is less
clear. Additionally, the use of HF survival scores to predict
outcomes or timing of transplantation has not been evalu-
ated in CHD. Thus, although there are some risk markers in
patients with CHD, their use in predicting the need for trans-
plantation is less clear than in those patients with acquired
LV dysfunction.

Cardiopulmonary testing has been shown to correlate with
prognosis in adult CHD across CHD diagnoses.3!?6>26¢ Serial
testing may be helpful to identify changes in cardiopulmonary
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performance. Heart transplantation may be considered if the
peak maximum \702 during metabolic exercise testing is <50%
predicted for age and sex.

All patients listed for transplantation need close and fre-
quent reassessment of clinical status to detect the develop-
ment of comorbidities that would preclude transplantation.
Reported risk factors for wait-list mortality include albu-
min <3.5 mg/dL, assisted ventilation, male sex, and hospital
admission.?®’

General Contraindications
Patients with adult CHD should be evaluated at centers with
surgical and medical expertise in HF, transplantation, and
adult CHD. Contraindications to transplantation for patients
with CHD include traditional risk factors?’® and CHD-specific
risk factors. It is often not any individual risk factor that
precludes transplantation but the additive risk of multiple
relative contraindications. CHD-specific issues are listed in
Table 4.37.263,264,270—282

Heart transplantation alone in patients with CHD is not
efficacious when contraindications are present, including but
not limited to the following:

® Heart disease associated with severe, irreversible dis-
ease in other organ systems or when it is part of a severe,
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irreversible, multisystemic disease process. Multiorgan
transplantation could be considered in appropriate
circumstances.

® Heart disease associated with severe, irreversible, fixed
elevation of pulmonary vascular resistance. Heart-lung
transplantation may be considered.

® Heart disease associated with severe hypoplasia of the
central branch PAs or pulmonary veins. Heart-lung
transplant may be considered.

Pediatric-Specific Issues

Formal guidelines providing indications for pediatric heart
transplantation were previously published.’*** There are no
lesion-specific recommendations supported by a high level of
evidence on the indications and timing of transplantation and
comparison with medical and surgical therapy. For the pediat-
ric SV population, there are considerations that may be of use
in deciding the timing of transplantation. The stage at which
transplantation is undertaken may be important. For example,
there may be a survival advantage in patients with SV trans-
planted at the bidirectional Glenn stage of palliation.?® Patients
with HLHS transplanted after a failed Norwood procedure
may have a higher mortality than recipients who were not
palliated.?5-2%8 However, overall survival from listing to post-
transplantation was similar to the overall Norwood outcome

Table 4. CHD-Specific Issues That May Affect Candidacy for and Risk of Transplantation

Issue Reason

Outcome

Sensitization?"2"? Use of homografts

Previous blood transfusions

Pulmonary hypertension®?®  High left atrial filling pressures,

cyanosis, volume overload,

high shear force, and abnormal
development of the vasculature

and lungs
Surgical challenges Adhesions, AP collaterals
PA reconstruction
Previous sternotomy
Passive congestion

Cirrhosis

Liver issues

Portal hypertension
Hepatitis B and C

Fontan physiology
to passive congestion

Eisenmenger syndrome

PLE, liver dysfunction secondary

Severe pulmonary hypertension

Requirement for a prospective crossmatch or presence
of PRA >25% associated with wait-list time and
increased mortality?27

Strategies to address sensitization, including need for
negative crossmatch, delaying time to transplantation;
desensitization strategies may increase risk?s

Presence of donor-specific antibodies increases risk
of antibody-mediated rejection and allograft vascular
disease?*+-28

Increased risk of right heart failure after transplantation
associated with increased perioperative mortality?

Increased risk of bleeding, prolonged operative times
Increased mortality?®
Increased ischemic times

Increased morbidity and mortality with increasing MELD
scores

Increased frequency in CHD?

Increased risk vs other CHD diagnosis, increased risk of
bleeding and infection

Need for heart-lung transplantation associated with
poorer outcomes (ISHLT registry 2012 data)®*

Consider lung transplantation with primary cardiac
repair’®?

AP indicates aortopulmonary; CHD, congenital heart disease; ISHLT, International Society for Heart and Lung Transplantation;
MELD, Model for End-Stage Liver Disease; PA, pulmonary artery; PLE, protein-losing enteropathy; and PRA, panel-reactive

antibody.



6T0Z ‘0€ Jequieldes uo Aq Bio'seulnofeye//:dny wouy papeojumoq

790 Circulation February 23, 2016

Table 5. Policy and Funding Considerations to Improve Care
of Patients With CHD

Funding agencies prioritize funding research on HF in CHD

Patients with HF and CHD have the opportunity and be encouraged to
participate in funded registries.

Healthcare delivery systems and payers ensure that all patients with
HF and CHD can access the subspecialty care needed to optimize
outcomes.

Training programs and healthcare systems ensure funded training of
pediatric cardiology and adult CHD cardiologists to care for a rapidly
growing population.

Funding agencies, healthcare systems, educational programs, and patient
advocacy groups are stakeholders in defining clinically meaningful quality
metrics and ensuring that the highest-quality care is available to all patients
with CHD.

A culture of participation is created in clinical trials and registries in which
patients and physicians are aware of and seek opportunities to participate.

CHD indicates congenital heart disease; and HF, heart failure.

of 54% at 5 years reported in a cohort from a similar era.®
With improved Norwood outcomes, a standard-risk patient
with HLHS should undergo SV surgical palliation rather than
primary listing for transplantation. No study has compared
high-risk Fontan completion with transplantation. No study
has compared overall survival by contrasting immediate list-
ing for candidates who were rejected for Fontan completion
with those whose listing was delayed until more advanced HF.
However, the failed Fontan group of patients have a higher
mortality on the wait list if failure and listing occur soon after
attempted Fontan completion.”® Fontan patients also have a
slightly inferior outcome after transplantation, with increased
mortality typically seen in the early postoperative period.?*2
Transplantation corrects protein-losing enteropathy*° and
plastic bronchitis.** Patients with pulmonary atresia and
intact ventricular septum with RV-dependent coronary cir-
culation may have a higher risk of death resulting from pal-
liation, especially after an aortic-to-pulmonary shunt.?*>%
Transplantation can be considered in these patients. Patients
with SV and heterotaxy syndrome do not seem to have a long-
term outcome that is as good as for other SV patients.?0-302
Therefore, consideration should include transplantation if the
success of their palliation is questionable, although anatomic
factors may complicate anastomoses.

Certain situations in which transplantation is a reasonable
consideration in pediatric patients include the following:

® HF associated with systemic ventricular dysfunction
with previously repaired or palliated CHD when it is
associated with significant growth failure attributable to
the heart disease
® HF in patients with CHD and severe limitation of exer-
cise and activity
® CHD with normal ventricular function if the following
anatomic and physiological conditions are present and
not amenable to surgical intervention:
— Severe stenosis (stenoses) or atresia in proximal
coronary arteries
— Moderate to severe stenosis or insufficiency of the
atrioventricular or systemic semilunar valve(s)

— Symptomatic arterial oxygen desaturation (cya-
nosis) that is not considered amenable to surgical
correction

— Persistent protein-losing enteropathy despite opti-
mal medical-surgical therapy

Heart Transplantation Outcomes

Early survival after transplantation is poorer in CHD than
in other conditions. There are many possible explanations,
including risk factors that are independent of CHD such as
anatomy, the need for extracorporeal membrane oxygenation
support, antibody sensitization, and acuity of HF. Equally
relevant to patients with CHD is the common requirement of
repeat sternotomy and the need for reconstruction at the time
of transplantation, which may demand more donor tissue and
result in longer ischemic time. Adding to the challenge is the
long wait time, particularly in the infant population.

Long term, the median life expectancy (13 years)
was better for adult patients with CHD than for any other
pretransplantation diagnosis, and median survival condi-
tional on survival to year 1 (18 years) was also superior
to that for any other diagnoses. In children, conditional
survival beyond 1 year after transplantation was better for
young infants with CHD such that over time their survival
catches up with that of other groups who have higher peri-
operative survival.’>?% Independent risk factors for death
after transplantation in adult patients with CHD by Cox
regression analysis included black race, longer ischemic
time, and pulmonary valve replacement exceeding 4 Wood
units.?”

Summary

With the expectation of rising numbers of patients with CHD
with HF referred for transplantation, the questions explored
here are concerning. Although patients with CHD are at
higher risk early after transplantation, long-term outcomes
for patients with CHD are superior to those for patients trans-
planted for other reasons. Predicting prognosis in patients
with CHD with HF is difficult, and further studies are needed
to guide optimal timing of transplantation consideration. The
role of biomarkers and survival scores for patients with CHD
with HF has not been addressed. More longitudinal data on
risk and predictive models of risk may aid prognostication.
Patients with CHD are less likely to have ventricular assist
devices at listing and hence have a lower listing status.?!
Patients with CHD on mechanical circulatory support (a con-
siderable minority) have a higher listing status and thus higher
priority for available organs, but they still face a longer time
on the wait list and higher wait-list mortality.

Despite the uncertainties, it is clear that patients with
CHD are complex and require multidisciplinary evaluation
and care by informed providers. Because evidence-based
data directly comparing medical therapy, surgical pallia-
tion, and transplantation are lacking, healthcare teams caring
for patients with CHD must use foresight to determine the
optimal time for referral and listing for transplantation. It is
important that patients with CHD and HF be considered ear-
lier for advanced therapies. However, issues specific to adults
with CHD such as anatomy, pulmonary hypertension, renal
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Table 6. Important Clinical Issues With Insufficient Data on
Benefit or Harm

The routine use of standard HF medical therapies in:
SV patients palliated with a Fontan repair with normal ventricular systolic function
Asymptomatic systolic dysfunction of the systemic or subpulmonic RV

Prevention of HF in asymptomatic patients with normal ventricular function,
especially a systemic RV

Appropriate surrogate end points for clinically meaningful outcomes.
Predictors of prognosis in CHD, including but not limited to:

The role of measurement of BNP and other markers of neurohormonal
activation in patients with CHD

HF scores
CPET parameters
Imaging parameters such as EF, ventricular size, and valvular function

Issues of liver dysfunction, cirrhosis, and hepatocellular carcinoma in patients
with cardiac physiology that predisposes to congestive hepatopathy (ie, Fontan
physiology, failing subpulmonic ventricle), specifically:

Morbidity and mortality associated with the development of liver dysfunction
Screening strategy
Effective medical or invasive therapies to prevent or treat liver dysfunction

Timing of heart transplantation and/or heart-liver transplantation for optimal
patient outcomes and organ use

Timing and options for mechanical circulatory support or heart transplantation
Sudden death risk stratification in patients with CHD
The role of CRT

BNP indicates brain natriuretic peptide; CHD, congenital heart disease; CPET,
cardiopulmonary exercise test; CRT, cardiac resynchronization therapy; EF,
ejection fraction; HF, heart failure; RV, right ventricle; and SV, single ventricle.
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and liver disease, and high prevalence of anti-human leuko-
cyte antigen antibodies require appropriate pretransplantation
assessment and may identify patients at greater risk for peri-
operative events.

Part IV: Conclusions

Although the incidence of CHD remains relatively constant,
the prevalence of pediatric and adult CHD continues to
increase as a result of the success of surgical and interven-
tional treatment facilitated by advanced diagnostic techniques.
Although many patients do well, HF remains a common, dif-
ficult, and often final complication of CHD. Therefore, preser-
vation of myocardial function should be a major overarching
goal throughout the life of patients with CHD. Because there
is a relative lack of data supporting pharmacological therapy,
optimizing myocardial remodeling and function necessitates
the identification and reversal of pressure- or volume-loading
lesions, residual shunts, and conduit malfunction. Data are
lacking to guide the diagnosis and treatment of HF in the
patient with CHD.

Extrapolation from existing HF data and guidelines may
not be appropriate in many CHD circumstances. More data
are needed (Table 5). Randomized, controlled trials are ideal,
but the dispersed, heterogeneous CHD population limits the
feasibility of large trials. Other research needs include mean-
ingful surrogate end points, large detailed registries, and
support for the growing collaborative infrastructure for multi-
center research. New knowledge will advance our understand-
ing of risk, prevention, and the value of medical and invasive
therapies (Table 6).
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