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Abstract

With improvements in their surgical and medical management, the number of patients with congenital heart disease
(CHD) reaching adulthood has increased over the last decade. As the population of adult CHD patients continues to
rise, an increasing number of these patients will require evaluation for heart transplantation. It is important to recognize
advanced heart failure and other associated complications early in this cohort of complex patients for early referral to an
adult CHD specialist. As these patients present with unique challenges because of their multiple comorbidities and com-
plex anatomy, there needs to be a careful selection process for transplantation to optimize the utilization of donor organs.
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Introduction

Success in the management of congenital heart dis-
ease (CHD) in the young is leading to an increas-
ing number of heart transplants in adults with
CHD. CHD has an incidence of 0.8—1%, translat-
ing to approximately 40,000 newborns per year
[1, 2]. With improving surgical and interventional
techniques and medical management, approxi-
mately 90% of children with CHD survive to adult-
hood [3]. On the basis of a recent study, there are
approximately 2.4 million people in the United
States with CHD. On the basis of this study, the
estimated number of adults with CHD in the United
States is approximately 1.4 million. The population
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of adults with CHD in 2010 demonstrated a 63%
increase when compared with the estimates from
2000, making it the fastest growing population in
congenital cardiology. In addition, approximately
300,000 patients of the 1.4 million adults with CHD
have evidence of severe CHDs [4]. Adult CHD
(ACHD) is associated with multiple morbidities
secondary to the original anatomic substrate, mul-
tiple palliative procedures, and associated compli-
cations. Unfortunately, despite improved surgical
and medical management, approximately 10-20%
patients with CHD progress to end-stage heart fail-
ure as adults [5], and it is the most common cause of
late death in patients with ACHD [6, 7].

ACHD patients are an extremely complex group
of patients to manage. ACHD brings unique chal-
lenges in medical care that is influenced by a vari-
ety of different factors. These factors include initial
anatomy and physiology, multiple palliative pro-
cedures, multiple sternotomies, bystander organ
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dysfunction, elevated pulmonary vascular resist-
ance (PVR), and chronic heart failure [8, 9]. In a
study by Oechslin et al. [7], congenitally corrected
transposition of the great arteries, tricuspid atresia,
and univentricular connection were associated with
the highest mortality, with the mean age at death of
37+15 years. As the population of ACHD patients
continues to rise, increasing numbers of these
patients will need to be evaluated for heart trans-
plantation. Historically the outcomes for heart trans-
plantation in ACHD patients have been considered
worse than in patients with acquired cardiovascular
disease, typically related to their complex anatomy,
higher incidence and severity of preformed antibod-
ies, prior cardiovascular surgery, and complex vas-
cular connections. Patients with ACHD listed for
heart transplantation are younger and have fewer
comorbid conditions than patients with acquired
heart disease [10]. Patients with ACHD have high
perioperative mortality (16-25%), with better long-
term survival [9-12]. Therefore, before selection for
transplant candidacy, all these factors must be taken
into consideration for accurate prognostication.

Assessment and Management
of Heart Failure in ACHD

Patients with ACHD should be followed up by phy-
sicians with expertise in ACHD as they have high
familiarity with the unique anatomy and physiol-
ogy, the surgical approaches, and the associated
complications. Patients with ACHD may remain
falsely asymptomatic because of younger age and
lifelong adaptations that may limit accurate assess-
ment of functional capacity [13]. Early recognition
of worsening heart failure is extremely important,
as these patients may be candidates for optimiza-
tion of medical management of heart failure therapy,
surgical intervention depending on anatomy and
residual lesions, and recognition of development of
renal or liver dysfunction. In our experience, early
surgical intervention for worsening atrioventricu-
lar valve regurgitation in patients with atrial switch
or congenitally corrected transposition of the great
arteries may delay the need for heart transplantation.
Similarly, Fontan revision to improve flow dynamics
and address difficult-to-treat atrial arrhythmias has
demonstrated reduction in symptoms of heart failure,

delaying the need for heart transplantation in patients
with univentricular circulation. In addition to the
usual features of advanced heart failure, ACHD
patients may have some specific presentations, which
may prompt evaluation for heart transplantation:

* Worsening cyanosis and arteriovenous malfor-
mations.

* Conditions that cause increasing or fixed PVR.

* Progressive deterioration in renal or liver
function.

* Protein-losing enteropathy or plastic bronchitis
in Fontan patients.

* Worsening atrioventricular valve regurgitation.

* Changes in the surgical approach in the manage-
ment of CHD over the years influence the pres-
entation and onset of heart failure.

Therefore early referral to an advanced heart fail-
ure team should be recommended. In the scientific
statement from the American Heart Association
regarding transplantation and mechanical circula-
tory support in CHD, Ross et al. [14] provide an
excellent algorithm for assessment and treatment
of ACHD patients with advanced heart failure. On
the basis of the consensus statement, any patient
with CHD and heart failure needs to be assessed
for worsening symptoms, including exercise intol-
erance and available biomarkers. Hemodynamic
evaluation must be considered, with the aim to
optimize medical therapy and consider device ther-
apy or percutaneous or surgical intervention. In the
event that these options are not viable, then evalua-
tion for transplantation and/or mechanical circula-
tory support should be initiated. Use of mechanical
circulatory support is less common in patients with
CHD compared with those with other forms of
heart disease [15] because patients with CHD have
complex anatomy, have more scarring because of
previous surgical procedures, and are more likely
to have elevated PVR and multiorgan dysfunc-
tion. Additionally, currently available devices are
often suboptimal for use in this patient population.
Decreased use of mechanical circulatory support
causes lower listing status and decreased organ
allocation, which Gelow et al. have argued is justifi-
cation for separate priority listing criteria for organ
allocation for patients with CHD. However, there
are counterarguments to not change the organ allo-
cation criteria and continue to equitably allocate
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organs to the one with the greatest need while opti-
mizing posttransplant survival outcomes [16].

Demographics and Statistics
of Adult Heart Transplantation
with a Focus on ACHD

From the 2017 International Society for Heart &
Lung Transplantation (ISHLT) heart transplant
statistics, 135,387 heart transplants had been per-
formed from Jan 1982 to June 30, 2016, of which
120,991 had been in adults. While adults with CHD
represent a small percentage of patients undergo-
ing transplantation, there has been a slight increase
in the recent era. Figure 1 shows a breakdown of
the various diagnoses for heart transplantation from
January 1982 to June 2016 and from January 2009
to June 2016 [17]. Of note, patients with ACHD
were younger at the time of transplantation, as dem-
onstrated in Figure 2, constituting 11% in the age
group from 18 to 39 years. In the recent era there
has been a significant increase in the use of mechan-
ical circulatory support use as a bridge to trans-
plantation in adults (see Figure 3), but this change
seems to have affected the ACHD population to a
lesser degree because of their challenging anatomy.
In the ACHD population, patients are more likely
to present with biventricular systolic dysfunction,
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pulmonary hypertension, or evidence of multiorgan
involvement, such that some of these patients may
require combined organ transplantation. Figure 4
shows the frequency of combined organ transplan-
tation in adults, with heart-kidney transplantation
being the most common, followed by heart-liver
transplantation. The 1-year survival rate after heart
transplantation for adults is shown in Figure 5, with
a lower survival rate early after transplantation for
ACHD, which increases after the perioperative
period. The median survival in adults with CHD
after heart transplantation is 15 years, which is
higher than for the other categories (Figure 6). With
regard to the Kaplan-Meier survival by diagnosis
conditional on survival to 1 year, the median sur-
vival of patients with ACHD after transplantation
i1s 19.5 years (Figure 7), significantly longer than
for the other categories. These statistics suggest
that despite the early higher mortality in the ACHD
population, their long-term outcomes are better or
at least not worse than those of the other categories.

Special Considerations and
Indications for Heart Transplantation
in ACHD Patients

There is currently no clear consensus on the indi-
cations for heart transplantation in ACHD patients.
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Figure 1 Adult Heart Transplants by Diagnosis.

1/2009 - 6/2016

CHD, congenital heart disease; HCM, hypertrophic cardiomyopathy; ICM, ischemic cardiomyopathy; NICM, nonischemic
cardiomyopathy; RCM, restrictive cardiomyopathy; VCM, viral cardiomyopathy.
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Figure 2 Adult Heart Transplants: Diagnosis by Age Group (Transplants from January 2009 to June 2016).
CHD, congenital heart disease; HCM, hypertrophic cardiomyopathy; ICM, ischemic cardiomyopathy; NICM, nonischemic
cardiomyopathy; RCM, restrictive cardiomyopathy; VCM, viral cardiomyopathy.
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Figure 3 Adult Heart Transplants: Percentage of Patients Bridged with Mechanical Circulatory Support by Year and Device

Type.

ECMO, extracorporeal membrane oxygenation; LVAD, left ventricular assist device; RVAD, right ventricular assist device;

TAH: total artificial heart; VAD, ventricular assist device.

According to the most recent 10-year update on
heart transplant listing criteria, the ISHLT provided
class I-III recommendations in a special section for
CHD, covering adults and children [18]. According
to the 2016 ISHLT recommendations, heart

transplantation should be performed only at centers
with established medical and surgical experience
in both ACHD and transplantation (class I, level of
evidence C). Detailed assessment of anatomic and
vascular abnormalities, PVR, assessment of chronic
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Figure 5 Adult Heart Transplants: Kaplan-Meier Survival within 1 year by Diagnosis (Transplants from January 1982 to

June 2015).

CHD, congenital heart disease; ICM, ischemic cardiomyopathy; NICM, nonischemic cardiomyopathy; VCM, viral

cardiomyopathy.

or previous infections, qualitative and quantitative
HLA antibody, assessment of other organ dysfunc-
tion, and psychosocial evaluation must be performed
(class I, level of evidence C). Heart transplantation
should be considered in certain conditions with or
without the presence of ventricular dysfunction.
These conditions may include stenosis/atresia in

proximal coronary arteries, severe stenosis/insuf-
ficiency in atrioventricular valves, severe hypoxia,
protein-losing enteropathy and/or plastic bronchitis
associated with CHD, and pulmonary hyperten-
sion with the risk of developing fixed elevated PVR
in the future (class Ila, level of evidence C). The
ISHLT also recommended that heart transplantation
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Figure 6 Adult Heart Transplants: Kaplan-Meier Survival by Diagnosis (Transplants from January 1982 to June 2015).
CHD, congenital heart disease; ICM, ischemic cardiomyopathy; NICM, nonischemic cardiomyopathy; VCM, viral
cardiomyopathy.

Median survival (years):
CHD =19.5; ICM=11.9; NICM=14.2; Ret lant =11.3; VCM=14.4

All pair-wise comparisons were significant
at p < 0.0001 except ICM vs. Retransplant
and NICM vs. VCM.
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Figure 7 Adult Heart Transplants: Kaplan-Meier Survival by Diagnosis Conditional on Survival to 1 year (Transplants from
January 1982 to June 2015).

CHD, congenital heart disease; ICM, ischemic cardiomyopathy; NICM, nonischemic cardiomyopathy; VCM, viral
cardiomyopathy.

should be contraindicated in patients with severe | pulmonary veins should not be considered for heart
irreversible multisystem disease; however, mul- | transplantation alone (class III, level of evidence C)
tiorgan transplantation may be considered (class | [18]. Tables 1 and 2 outline the indications and con-
III, level of evidence C). Similarly, patients with | traindications for heart transplantation in ACHD
severe hypoplasia of central pulmonary arteries or | patients.
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Table 1 Indications for Heart Transplantation for Adult

Congenital Heart Disease.

Stage D heart failure refractory to medical therapy, with no
expected benefit from surgery or catheter-based intervention

Low cardiac output state with progressive end-organ
dysfunction
Near sudden death or life-threatening arrhythmias

Stage C heart failure with reactive pulmonary hypertension,
at risk of developing irreversible fixed pulmonary vascular
resistance

Fontan patients with protein losing enteropathy and/or
plastic bronchitis

Progressive cyanosis causing decline in functional capacity

Adapted from Ross et al. [14] and Burchill [13].

Our Experience

At our center, we have a dedicated and robust
ACHD program comprising two ACHD cardiolo-
gists, physician extenders, and two congenital car-
diothoracic surgeons who work in conjunction with
the adult heart failure/heart transplant team for the
care of these patients. From January 2005 to June
2017, 269 patients older than 18 years underwent
transplantation. Of these, 15 patients (5.5%) under-
went transplantation for CHD. The anatomic details
of the patients who underwent transplantation for
CHD are given in Table 3. In the group with CHD,

the median waiting time for transplantation was
228 days (interquartile range 77-408 days, range
45-1142 days). There were no waiting list deaths.
A significant number of patients were presensi-
tized, resulting in a panel reactive antibody titer
ranging from 32% to 86%. The patients with CHD
had undergone multiple prior cardiac surgical pro-
cedures (median 3, interquartile range 3—4). In the
CHD group, the 1-year survival rate after transplan-
tation was 100%. In comparison with the general
population, 201 of 230 patients (87.4%) survived
for at least 1 year, and 244 of 252 patients (96.8%)
survived for at least 30 days after transplantation.
In our experience, despite long waiting times, vari-
able and sometimes extensive allosensitization, and
numerous prior cardiac surgical procedures, the
short- and intermediate-term outcomes for ACHD
patients undergoing heart transplantation appear to
be no worse than in the general population.

Special Considerations

Single Ventricle Physiology

Fontan and Baudet [19] initially reported the Fontan
procedure to completely separate the systemic and
pulmonary circulations in a patient with tricuspid
atresia in 1971. Since then, it has undergone evo-
lution from atriopulmonary connection, modified

Table 2 Contraindications for Heart Transplantation for Adult Congenital Heart Disease (ACHD).

Absolute contraindications

Relative contraindications

Systemic illness with life expectancy <2 years
Active or recent malignancy in last 5 years

AIDS

Active SLE, sarcoidosis, or amyloidosis with
multisystem involvement

Irreversible renal or liver dysfunction
Obstructive lung disease with FEV | <1.0

Age >70 years, active infection, active peptic ulcer disease
Severe diabetes with poor control (HbA,  fraction >7.5%)
and/or end-organ damage

Morbid obesity (BMI >35 kg/m?) or cachexia

(BMI <18 kg/m?)

Renal or liver dysfunction

Irreversible neurological or neuromuscular disorder
Psychosocial factors, smoking or drug use

ACHD related: complex anatomy with other factors,
multiple severe congenital anomalies, severe metabolic
disease, neurocognitive impairment limiting adherence
after transplantation

BMI, body mass index; HbA  , hemoglobin A ; FEV , forced expiratory volume in 1 second after full inspiration, units are

liters (L); SLE systemic lupus erythematosus.
Adapted from Burchill [13].
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classic Fontan procedure, and intracardiac lateral
tunnel to the currently performed extracardiac
Fontan procedure to improve the flow dynamics
and decrease the long-term morbidities. The Fontan
procedure is now performed as the final-stage pal-
liation in patients who cannot have a biventricular
repair, as it helps reduce hypoxia and eliminates
cyanosis. Despite the tremendous success of this
life-saving procedure, it continues to be associ-
ated with long-term morbidities. The Fontan physi-
ology is usually associated with mean systemic
venous pressure greater than 10 mmHg and mean
pulmonary arterial pressure less than 15 mmHg.
Fontan physiology is associated with a wide vari-
ety of complications, and most of them are related
to systemic venous hypertension. In the current era,
the perioperative mortality with the Fontan pro-
cedure is less than 2%. The Fontan procedure has
been demonstrated to have rates of freedom from
all-cause death and heart transplantation of 90%
at 10 years, 83% at 20 years, and 70% at 25 years
[20]. The Fontan procedure can be associated with
sudden death, most likely secondary to arrhythmias.
Otherwise, the presence of intracardiac thrombus
and the lack of antiplatelet/anticoagulant therapy
were identified to be independent risk factors for
thromboembolic death. Protein-losing enteropathy,
single morphologic right ventricle and elevated right
atrial pressure are independent risk factors for death
associated with heart failure [20]. The frequency of
systolic and diastolic ventricular dysfunction after
the Fontan procedure is 27% and 72%, respectively,
on the basis of a multicenter study by the Pediatric
Heart Network [21]. There has been increasing evi-
dence of improvement in functional capacity, global
and diastolic ventricular function, and myocardial
performance index with use of sildenafil in adult
patients with heart failure [22]. There are a multi-
tude of other chronic problems associated with the
Fontan procedure, including growth failure, cyano-
sis, liver dysfunction, coagulation abnormalities,
protein-losing enteropathy, plastic bronchitis, and
arrhythmias [23]. Fontan physiology in the long
term has a likelihood of failure most commonly due
to increasing venous pressures and progressively
decreasing cardiac output. This causes a decline
in functional capacity at a rate of 2.6% per year
after adolescence, with some exceptions [24-26].
Liver dysfunction is commonly seen because of

congestive hepatopathy in the setting of chronic
passive congestion, which can lead to fibrosis and
cirrhosis. There is a complex interplay of multi-
ple factors in the Fontan circulation, which require
very frequent monitoring by an ACHD cardiolo-
gist to improve the long-term outcomes. As more
and more patients undergo this procedure, a higher
number are bound to need heart transplantation in
the future.

Pulmonary Hypertension

Elevated PVR is seen commonly in ACHD patients
[27]. In a study by Krishnamurthy et al. [27], of 983
ACHD patients, 22% had evidence of pulmonary
hypertension as evidenced by elevated transpul-
monary gradient [27]. In patients with pulmonary
hypertension, there is higher waiting list mortality;
however, the long-term outcomes appear to be sim-
ilar. With advancements in oral pulmonary hyper-
tension medications, targeted therapy can be used
with repeated hemodynamic assessment before the
candidacy for transplantation is determined. Rarely,
heart-lung transplantation may be considered in
ACHD patients with pulmonary hypertension and
no response to therapy.

Other Factors

Patients with ACHD have undergone multiple pre-
vious surgical procedures, which increase the com-
plexity of the transplant procedure itself because
of a higher risk of bleeding. Patients with chronic
cyanosis and univentricular palliation are espe-
cially prone to the formation of arteriovenous and
venovenous collaterals. Patients with ACHD have
a higher incidence of primary graft failure, stroke,
multiorgan failure, and hemorrhage in the postop-
erative period [9, 28]. In our experience, the median
number of surgical procedures before transplanta-
tion is three.

With increasing number of freestanding children’s
hospitals, patients with ACHD may have a difficult
time finding an optimal balance for their care [3].
Goldberg et al. [29] suggest improved survival in
ACHD patients if the transplantation is performed
at a high-volume center, especially at centers that
perform pediatric transplants. Further, Mori at al.
[30] document that heart transplantation in ACHD
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patients has improved survival when performed by a
congenital cardiothoracic surgeon. In our institution,
a congenital cardiothoracic surgeon performs trans-
plantation in all patients with ACHD. In our opin-
ion, patients with ACHD are different from the usual
adult heart transplant patients and therefore they need
a multidisciplinary approach for optimal care.

Patients with ACHD have higher chances of hav-
ing preformed HLA antibodies. This is for multiple
reasons, including previous surgical procedures, car-
diopulmonary bypass, pregnancy, and exposure to
multiple blood transfusions. Additionally, homograft
material used in previous palliative surgical proce-
dures can be antigenic and lead to allosensitization.
Depending on the quantity and strength of the anti-
bodies, some patients may require desensitization
therapies with agents such as rituximab and/or bort-
ezomib, as well as plasmapheresis. However, none of
these therapies are an accepted strategy or a univer-
sally effective therapy. Subsequently, after transplan-
tation and donor tissue exposure there is a likelihood
of formation of de novo donor-specific HLA antibod-
ies. The presence of presensitization increases the
risk of the need for organ transplantation. Multiple
studies have evaluated the effect of presensitization
on graft survival, antibody-mediated rejection, and
development of coronary vasculopathy.

Patients with ACHD have a history of multiple
surgical procedures and procedures for palliation of
their CHD. Because of the complexity of these pro-
cedures, there may be a delay in the normal devel-
opmental milestones. These patients are at high risk
of chronic lifelong disability, which can essentially
cause a delayed adulthood with increased need
for ancillary services/therapies. Therefore ACHD
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