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Introduction

The field of pediatric heart transplantation (HTx) has 
progressed significantly since Dr. Adrian Kantrowitz 
transplanted the heart of a brain dead infant into another 
infant in 1967 (1). Based on the most recent data, there are 
now approximately 100 centers performing over 500 pediatric 
heart transplants yearly worldwide (2). Orthotopic HTx has 
become an acceptable treatment strategy and the standard 
of care for end-stage heart disease in children, whether 
secondary to underlying congenital heart disease (CHD) or 
cardiomyopathy. 

The United Network for Organ Sharing (UNOS) and the 
International Society for Heart and Lung Transplantation 
(ISHLT) maintain multicenter databases and collaboratives 
which have helped forge medical and surgical progress. In 
addition, the Pediatric Heart Transplant Study (PHTS) 

was founded in 1991 and is dedicated to the advancement 
of the science and treatment of children during listing 
for and following HTx. The purposes of the PHTS are 
to establish and maintain an international, prospective, 
event driven database for HTx, to use the database to 
encourage and stimulate basic and clinical research in the 
field of pediatric HTx and to promote new therapeutic 
strategies. The PHTS is unique in that its data entry is 
event-driven both pre- and post-transplantation, so events 
such as annual follow-up, development of cardiac allograft 
vasculopathy (CAV), and rejection are captured in addition 
to transplantation and death. Through the data provided by 
these organizations and single-center studies, the field of 
pediatric heart transplant has and will continue to advance.

Since the initial transplantation performed by Dr. 
Kantrowitz, advances in surgical technique, understanding 
of rejection and immunology, immunosuppressive 
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medications, and treatment for rejection have led to 
improved outcomes. In addition, improved palliation for 
complex CHD has helped define those patients who should 
be considered for pediatric HTx. This article reviews 
the indications for orthotopic HTx and outcomes in the 
pediatric population. 

Indications

Past guidelines for pediatric HTx have been broadly 
defined (3,4). Since these guidelines, there have been 
improvements in surgical palliation for hypoplastic left 
heart syndrome (HLHS) (5,6), improved understanding of 
certain diseases such as restrictive cardiomyopathy (RCM) 
(7,8), extrapolation of heart failure management from adult 
literature to the pediatric population (9-12), and increasing 
retransplantation (2)—all of which have led to the need for 
guideline revision. In addition, adult heart failure has been 
defined into four stages (13): (I) stage A (at risk); (II) stage 
B (pre-clinical, asymptomatic); (III) stage C (past/present 
history of heart failure with symptoms); and (IV) stage D 
(end-stage heart failure). This staging system has been 
incorporated into published guidelines for the treatment 
of pediatric heart failure (14). The American Heart 
Association commissioned a working group to reassess the 
indications for pediatric HTx, and the recommendations 
were published in 2007 (15). These indications are largely 
based on level C evidence indicating expert clinical 
opinion (Table 1). Repeat transplantation occurs rarely in 
pediatric populations and, as expected, is associated with 
a worse outcome as compared to primary transplantation. 
Indications for repeat transplantation are outlined in Table 2 
and all recommendations are based on level B evidence (data 
derived from nonrandomized studies).

The improved outcomes in surgical correction and 
palliation in children with CHD have led to an increasing 
population of adults with CHD who may develop 
complications and indications for HTx. This population 
often warrants increased evaluation of organ systems, 
including pulmonary function, liver function/cirrhosis, 
and renal function, given the long-standing effects of 
palliated CHD on the various organ systems. The published 
guidelines previously mentioned specifically address the 
indications and contraindications in this population (15). 

The guidelines also outline recommendations where 
the risk outweighs the benefit and would be considered 
contraindications to transplantation and retransplantation (15).  
For example, the efficacy of transplant has not been 

established in those patients with a history of (I) infection 
with hepatitis B or C, or human immunodeficiency virus; 
(II) recent illicit drug or tobacco, or alcohol abuse; and (III) 
poor psychosocial support and medical non-compliance. 
Similarly, multisystem organ failure or a progressive and 
irreversible multisystem disease process precludes HTx. 
Finally, primary transplant for CHD in which palliative 
surgery is feasible is not recommended. As for repeat 
transplantation, there are two main concerns emphasized: 
(I) retransplantation should not be performed during 
an ongoing acute allograft rejection episode even in the 
presence of graft vasculopathy; and (II) retransplantation is 
not efficacious when performed during the first 6 months 
after the primary transplant.

There are several notable revisions in these guidelines. 
For example, RCM is an indication for HTx when associated 
with reactive pulmonary hypertension. Additionally, due to 
a limited pediatric donor pool, primary HTx for CHD is 
not recommended unless there are additional confounding 
variables such as ventricular dysfunction, significant 
valvar insufficiency, or severe coronary anomalies. These 
recommendations also acknowledge the mortality and 
morbidity associated with pulmonary hypertension, severe 
valvar insufficiency not amenable to surgery, and protein 
losing enteropathy in previously repaired or palliated CHD 
thus translating into indications for HTx.

In addition to the guidelines, certain diagnoses 
account for the majority of pediatric HTx, including 
cardiomyopathies and CHD, most notably HLHS and 
pulmonary atresia with intact ventricular septum. However, 
other indications for transplant may include refractory 
arrhythmias and malignancies.

Special considerations/populations

Allosensitization
Allosensitization or highly-sensitized patients are usually 
defined as having an elevated panel reactive antibody 
>10%. While human leukocyte antigen (HLA) sensitization 
is uncommon in patients with cardiomyopathy, it can 
frequently be seen in patients with CHD who have had 
prior surgeries. It is accepted that the use of cryopreserved 
allograft material induces an immune response with the 
development of both class I and II anti-HLA antibodies 
and elevated panel reactive antibodies (16,17). In addition 
to allograft exposure, blood transfusions, mechanical 
circulatory support, pregnancy, and prior HTx have also 
been shown to be risk factors for developing anti-HLA 
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antibodies. Studies have shown that transplantation in 
the setting of allosensitization carries increased risk and 
mortality (18-21). Given this increased risk, some centers 
may choose not to offer HTx to patients with elevated panel 
reactive antibody or may result in increased waitlist times. 

Alternatively, desensitization (decreasing the circulating 
anti-HLA antibodies) or prospective/virtual crossmatching 
may be alternatives to improve outcomes in the setting 
of allosensitization. Many studies have reported methods 
to desensitize patients, including administration of 

Table 2 Indications for cardiac retransplantation in pediatrics (15)

Indications Level of evidence

Class I

In children with abnormal ventricular function and at least moderate graft vasculopathy B

Class IIA

Indicated in children with normal ventricular function and at least moderate graft vasculopathy B

Table 1 Indications for heart transplantation in pediatrics (15)

Indications Level of evidence

Class I

Stage D heart failure associated with systemic ventricular dysfunction in pediatric patients with 

cardiomyopathies or previously repaired/palliated CHD

B

Stage C heart failure associated with severe limitation of exercise and activity. If measurable, such patients 

would have a peak maximum oxygen consumption <50% predicted for age and sex 

C

Stage C heart failure associated with systemic ventricular dysfunction in patients with cardiomyopathies or 

previously repaired/palliated CHD when heart failure is associated with significant growth failure attributable 

to the heart disease 

B

Stage C heart failure in pediatric heart disease with associated near sudden death and/or life-threatening 

arrhythmias untreatable with medications or an implantable defibrillator 

C

Stage C heart failure in pediatric restrictive cardiomyopathy disease associated with reactive pulmonary 

hypertension

C

Class IIA

Stage C heart failure in pediatric heart disease associated with reactive pulmonary hypertension and 

a potential risk of developing fixed, irreversible elevation of pulmonary vascular resistance that could 

preclude orthotopic heart transplantation in the future

C

Certain anatomic and physiological conditions likely to worsen the natural history of CHD in infant patients 

with a functional single ventricle, which can lead to use of heart transplantation as primary therapy, 

including: (i) severe stenosis (stenoses) or atresia in proximal coronary arteries; (ii) moderate to severe 

stenosis and/or insufficiency of the AV and/or systemic semilunar valve(s); and (iii) severe ventricular 

dysfunction

C

Several anatomic and physiological conditions likely to worsen the natural history of previously repaired 

or palliated CHD in pediatric patients with stage C heart failure that may lead to consideration for heart 

transplantation without severe systemic ventricular dysfunction, including (i) pulmonary hypertension 

and a potential risk of developing fixed, irreversible elevation of pulmonary vascular resistance that could 

preclude orthotopic heart transplantation in the future; (ii) severe aortic or systemic AV valve insufficiency 

that is not considered amenable to surgical correction; (iii) severe arterial oxygen desaturation (cyanosis) 

that is not considered amenable to surgical correction; and (iv) persistent protein-losing enteropathy 

despite optimal medical/surgical therapy

C

CHD, congenital heart disease; AV, atrioventricular.
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IVIG, plasmapheresis, and use of cyclophosphamide 
or mycophenolate mofetil (22-25). In addition, newer 
medications, including rituximab (a monoclonal antibody 
to CD20) and bortezomib (a proteasome inhibitor directed 
against plasma cells) have been shown to reduce circulating 
antibodies (26-29). As opposed to desensitization, 
prospective crossmatching aims to avoid the potential 
reaction between the donor and recipient. Unfortunately, 
prospective crossmatching can be time consuming and 
requires the presence of both recipient serum and donor 
cells to perform a direct assessment of the donor-recipient 
crossmatch. This can be limited by geographical proximity. 
Alternatively, many advocate for the use of a virtual 
crossmatch in which the recipient anti-HLA antibody 
profile is compared to the donor HLA typing to predict a 
possible crossmatch alleviating the geographic restrictions 
placed by the direct, prospective crossmatch (30-32). 

ABO-incompatible transplantation
Infants currently have the longest waiting time for HTx (33). 
As such, ABO-incompatible HTx has become increasingly 
more frequent as a means to decrease potential waiting time. 
Currently, UNOS guidelines permit ABO-incompatible 
HTx in children <1 year of age with any isohemagglutinin 
titer and for infants between 1 and 2 years of age with 
isohemagglutinin titers ≤1:4. ABO-incompatible eligible 
infant listing has increased from 0% prior to 2002 to 
53% is 2007 (34). Unfortunately, when Almond et al. 
compared ABO-incompatible listed infants to those listed 
exclusively for ABO-compatible transplantation, there was 
no difference in waitlist mortality (34). Infants with blood 
type O were more likely to undergo transplantation by  
30 days from listing when listed for ABO-incompatible heart 
transplant, but this did not hold true for infants listed with either 
A or B blood types (34). When comparing ABO-incompatible  
l isted infants to those l isted for ABO-compatible 
transplantation, studies have demonstrated they are more 
likely to require extracorporeal membrane oxygenation 
(ECMO), mechanical ventilation, and have renal failure, 
suggesting this listing strategy is still employed in a more 
ill population which may account for the similar waitlist 
mortality between the two groups (34,35). 

Regardless of the listing strategy, ABO-incompatible 
heart transplant recipients have similar outcomes to those 
undergoing ABO-compatible transplantation. Review of the 
PHTS data demonstrated similar 1-year survival between 
ABO-incompatible and ABO-compatible infant heart 
transplants, 82% vs. 84%, respectively (35). Comparable 

results in short-term survival, long-term survival, rejection, 
and CAV have been borne out by review of the UNOS 
registry and by Dipchand et al. (36,37). In addition to 
infants and young children, Urschel et al. demonstrated that 
ABO-incompatible HTx can also be performed in older 
children (up to 90 months in their cohort) and with higher 
isohemagglutinin titers (up to 1:64 in their cohort) (38).  
Further studies demonstrating safety and equivalent 
outcomes could open this opportunity to a much larger 
population of children.

Fetal listing
Fetal listing for HTx has been proposed as a means to 
increase the potential window for transplantation. While 
there are no specific indications for fetal listing, it has 
historically been utilized when considering primary HTx for 
left-sided obstructive lesions, such as HLHS. Current UNOS 
guidelines allow for fetal listing between 32 and 36 weeks 
gestation after thorough fetal evaluation for viability has been 
completed, and if the fetus does not undergo transplantation 
prior to delivery, the waitlist time restarts after delivery 
as to not disadvantage those listed after birth (39).  
Fetal listing is currently a rare entity with PHTS registry 
data indicating showing fetal listing in 46 of the 4,365 (1%)  
patients between 1993 and 2009 (40). However, there 
is clearly institutional variation as Pollock-BarZiv et al.  
reported 26 fetal listings of 269 total listings between 
1990 and 2006 (this institution is a participating center in 
the PHTS and is included in the previously mentioned 
PHTS data) (41). The recent PHTS data demonstrated 
similar overall waiting times between the fetal and neonatal 
listing group, but it is worth noting that the patients 
listed prenatally had a shorter postnatal waiting time (40). 
Interestingly, in the cohort reported by Pollock-BarZiv 
et al., two of the fetal listing patients were delivered via 
cesarean section when a donor became available, and seven 
of the 26 fetal listings were delisted after delivery (41). 
The latter statistic poses an intriguing question of whether 
physicians can truly predict who will require HTx as a fetus, 
and whether the option of fetal listing by UNOS should 
persist, as it is currently being considered for elimination.

Outcomes

General outcomes

With collective experience over each era, pediatric HTx 
outcomes continue to improve. The most recent data from 
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the ISHLT, including patients from 1982 through June 2011, 
demonstrates the median survival is 19.7 years for infants, 
16.8 years for children ages 1-5 years, 14.5 years for children 
ages 6-10 years, and 12.4 years for children 11-17 years  
of age at the time of transplantation (Figure 1A) (2). The 
highest mortality rate remains the during the first year  
post-transplant, and when accounting for conditional 
survival during the first year, the median survivals increase 
to 20.6 years for children ages 1-5 years, 16.7 for children 
ages 6-10 years, and 16.1 years for children 11-17 years 
of age (Figure 1B) (2). The decreasing median survival in 
older age groups is likely multifactorial and related to several 
factors including, the relative immature immune system in 
the infants and lack of preformed antibodies, sensitization 
in the older children due to surgical repair and palliation 
for CHD, and risk-taking behaviors such as medication  
non-compliance in older children. Additional factors are 
discussed below. Recent analysis of the PHTS registry 
demonstrated an overall survival of 83% at 5 years after 
transplantation in the most recent era [2005-2009] (42). 
While these outcome data are limited to 5 years of follow-up,  
a significant increase in survival was noted at 5 years post-
transplant between the most recent era and those transplanted 
between 2000 and 2004, 83% vs. 76%, respectively (42). This 
study also assessed many variables that affect outcomes, many 
of which are outlined in this review. 

Donor variables have also been shown to affect pediatric 
heart transplant outcomes. Factors previously thought to 
negatively impact post-transplant survival, such as donor cause 
of death, need for inotropic support, and cardiopulmonary 
resuscitation, have been recently shown to have no significant 

impact on outcomes (43). Gender mismatch between the 
donor and recipient has also been shown not to affect the 
post-transplant survival (44). However, recent analysis of 
the PHTS registry did demonstrate that longer ischemic 
times (>300 min) adversely impacted survival at 1 year but 
not overall survival, and the effect of ischemic time was a 
greater factor for patients >10 years of age (43). While the 
donor ischemic time is dependent upon donor variables, 
e.g., proximity to the recipient, it can also be dependent 
upon recipient variables, including complex CHD and the 
number of prior sternotomies.

Despite improved post-transplantation outcomes and 
advances in cardiovascular support for those awaiting 
transplantation, a relative shortage of organs persists, and 
waitlist mortality remains an important topic. Analysis of the 
United States Scientific Registry of Transplant Recipients 
(SRTR) has shown a waitlist mortality of 17% for pediatric 
HTx (45), and others have shown that waitlist mortality is 
as high as 23% by 6 months after listing in the highest risk 
group—infants (33). In addition, several factors have been 
found to be associated with increased waitlist mortality, 
including the need for ECMO or mechanical ventilation, 
status 1A listing, diagnosis of CHD (with or without prior 
surgery), the need for dialysis, weight <3 kilograms, and 
non-white race (33,45,46). In 2006, changes were made to 
the organ allocation system resulting in broader regional 
sharing, and this has been shown to decrease the risk of 
waitlist mortality or becoming too ill to transplant by 17% 
in the adult population but has not been studied in pediatric 
HTx (47). Despite multiple studies demonstrating risk 
factors for waitlist mortality in pediatric patients, the current 

Figure 1 (A) Median patient survival for pediatric heart transplant recipients, birth—17 years of age; (B) median patient survival for pediatric 
heart transplant recipients conditional on survival to 1 year post-transplant, birth—17 years of age. (ISHLT Registry.)
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allocation algorithm for pediatric HTx remains imperfect 
and does not distinguish between a single high-dose  
inotrope and more aggressive means of support, such as 
mechanical circulatory support or mechanical ventilation. 
However, there is ongoing debate regarding the current 
allocation system with potential changes to more closely 
mirror the adult allocation algorithm looming in the future. 
Ideally, revising the allocation system to reflect the risk 
factors above would result in improved waitlist mortality for 
children awaiting HTx, but follow-up and review would be 
necessary if these changes manifest.

Specific diseases and their outcomes

Cardiomyopathy
Cardiomyopathy is the most common indication for pediatric 
HTx, ranging from 41% of patients <1 year of age to 65% of 
patients between 11 and 17 years of age (2), and has become 
an increasing indication for pediatric HTx over the past 
three decades (2,48). This group is comprised of dilated 
cardiomyopathy (DCM), hypertrophic cardiomyopathy 
(HCM), and RCM. Some patients may also manifest a 
mixed phenotype with characteristics of both RCM and 
DCM or HCM. 
Dilated cardiomyopathy (DCM)
The incidence of DCM is 0.58 cases per 100,000 children and 
accounts for over 50% of cardiomyopathies in the U.S (49).  
Based on the Pediatric Cardiomyopathy Registry (PCMR) 
data, the majority of pediatric DCM cases (66%) are 
idiopathic but may be due to myocarditis, neuromuscular 

disease, or genetic causes (50). Neuromuscular disorders 
and metabolic  disorders  may have decreased l i fe 
expectancies or survival rates lower than their freedom from 
transplantation which must be factored when assessing for 
HTx. The freedom from death or transplantation at 1 and  
5 years after DCM diagnosis was 69% and 54%, respectively, 
and risk factors for death or transplantation included age  
>6 years or congestive heart failure at presentation and lower 
left ventricular echocardiographic fractional shortening (50). 
However, myocarditis as an etiology for DCM was associated 
with decreased risk compared to idiopathic DCM (50). 

Analysis of the PHTS registry demonstrated relatively 
low waitlist mortality (11%) for patients with DCM 
listed for transplantation, but factors including history of 
mechanical ventilation and presence of arrhythmias did 
increase the risk of death while awaiting transplantation (51). 
In addition, a recent study utilizing both PCMR and PHTS 
registries found that older age at diagnosis, in addition to 
ventilator use, was an additional risk factor for death on the 
waitlist (52). Singh et al. demonstrated excellent short-term 
post-transplant survival for patients with DCM with 30-day  
and 1-year survivals of 98% and 94%, respectively (53). 
Based on the most recent PHTS data, 74% of pediatric 
patients with DCM listed for HTx ultimately underwent 
transplant, and their 10-year post-transplant survival was 
72% (Figure 2) (51). Risk factors associated with death post-
transplantation included black race, older age, mechanical 
ventilation at transplant, longer ischemic time, and earlier 
era of transplantation (51). The outcomes for patients with 
DCM post-transplant were noted to better than those for 
other forms of pediatric cardiomyopathy (51,54,55). 
Hypertrophic cardiomyopathy (HCM)
The incidence of HCM is 0.47 cases per 100,000 children 
and accounts for 42% of pediatric cardiomyopathy (49).  
HCM may be idiopathic, familial,  associated with 
neuromuscular disorders, or associated with certain 
syndromes such as Noonan’s-spectrum syndromes (e.g., 
Noonan’s syndrome, LEOPARD syndrome, Costello 
syndrome) and Beckwith-Weidemann syndrome. While it is 
well-accepted that these patients are at risk for arrhythmias 
and sudden cardiac death, a recent study demonstrated 
that heart failure deaths were at least as common as sudden 
cardiac death in pediatric HCM patients (56). HCM is an 
infrequent etiology for pediatric HTx, accounting for 5-6% 
of transplantations (54,57). While it makes up a minority 
of pediatric HTx, several risk factors have been identified 
those at increased risk for death or transplantation, including 
age <1 year old, low weight, lower left ventricular fractional 

Years after transplant

H
azard (deaths/year)

100

80

60

40

20

0

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

0        1       2       3        4       5       6        7       8       9       10

1/12
1/2
1
5
10

97%
96%
92%
82%
72%

Years % survival

%
 S

ur
vi

va
l

PHTS: Jan 1993 - Dec 2006
Cardiomyopathy patients transplanted
Dilated patients, n=817, deaths=145

Event: death after transplant

Figure 2 Survival and hazard curves for death after heart 
transplant for patients with dilated cardiomyopathy included in the 
Pediatric Heart Transplant Study Registry (PHTS Registry).



1086 Thrush and Hoffman. Pediatric heart transplantation review

© Pioneer Bioscience Publishing Company. All rights reserved. J Thorac Dis 2014;6(8):1080-1096www.jthoracdis.com

shortening, or higher end-diastolic left ventricular posterior 
wall or septal thickness at the time of diagnosis (58,59). In 
children with HCM, abnormal blood pressure response to 
exercise has also shown to be predictive of poor outcomes (56).  
In a recent large retrospective study from the PCMR, 
which included 1,085 children with HCM, rates of death 
or HTx were highest in those populations with inborn 
errors of metabolism (57% at 2 years from diagnosis) and 
with mixed phenotypes (45% at 2 years for HCM/DCM 
and 38% at 2 years for HCM/RCM) (58). This is further 
supported by a recent study that demonstrated restrictive 
physiology (defined by echocardiographic parameters) 
in the presence of HCM conferred a 3.5-fold increased 
risk of hospitalization and 5.7-fold increased risk of death 
or transplantation (60). The risk of death or HTx also 
increases with the presence of increasing number of risk 
factors (58). 

The waitlist mortality for patients with HCM is higher 
compared to those with DCM (14% vs. 11%), and identified 
risk factors for waitlist mortality in this cohort include 
UNOS status 1 and younger age (51,54). Waitlist mortality 
has been shown to be consistently higher in infants with 
HCM compared to other age groups with HCM (54,61). 
The 10-year survival post-transplant for patients with HCM 
in the PHTS registry is 47% which is significantly less than 
both the DCM cohort and the non-cardiomyopathy cohort 
in the registry, 72% and 63% respectively (51,54).
Restrictive cardiomyopathy (RCM)
RCM is the rarest form of pediatric cardiomyopathy and 
is characterized by “normal or decreased volume of both 
ventricles associated with biatrial enlargement, normal left 
ventricular wall thickness and atrioventricular valves, impaired 
ventricular filling with restrictive physiology, and normal 
(or near normal) systolic function.” (62). The incidence 
of RCM is 0.03-0.04 cases per 100,000 children (49,63) 
and accounts for 4.5% of pediatric cardiomyopathies (64).  
Analysis of the PCMR database demonstrated approximately 
1/3 of patients with RCM had a mixed phenotype (RCM/
HCM) (64). Historically, pediatric patients with RCM have 
been shown to have a poor prognosis with a mortality rate of 
63% at 3 years from diagnosis (65) and 75% at 6 years from 
diagnosis (66). Syncope and evidence of ischemia are poor 
prognostic signs (67). This poor prognosis, along with the 
risk of progressive, irreversible pulmonary hypertension, 
thromboembolic events, sudden death, and the limited 
medical treatment options, has led to some centers 
listing for HTx at the time of diagnosis. This has skewed 
the assessment of the natural history of the disease, but 

recent review of the PCMR demonstrated the cumulative 
incidence of death was 20% at 5 years from diagnosis in 
the pure RCM group and 28% at 5 years from diagnosis 
in the RCM/HCM group (64). In addition, the cumulative 
incidence of HTx was 58% at 5 years from diagnosis in the 
pure RCM group and 30% at five years from diagnosis in 
the RCM/HCM group (64). Given the potential risks in 
this population, close observation is warranted and early 
listing for HTx should be considered.

Patients with RCM listed for HTx had 10% waitlist 
mortality, and identified risk factors for waitlist mortality 
were similar to the other cardiomyopathy cohorts and 
include younger age, ventilator dependence, UNOS status 1,  
ECMO, ventricular assist device, intra-aortic balloon pump, 
and inotrope use (55). The 10-year survival outcome for 
patients with RCM was better than those patients with 
HCM, but not as good as those with DCM, 63% vs. 47% 
vs. 72% respectively (51,54,55). Risk factors for death  
post-transplant included earlier era of transplant in the early 
phase and older age (10 vs. 5 years) and black race are in the 
constant phase (55). 

Congenital heart disease (CHD)
As previously discussed, advances in surgical technique and 
outcomes continue to redefine the population of CHD 
patients undergoing HTx. This population includes infants 
with both unrepaired and palliated complex CHD and 
adults with palliated CHD who either have failed palliations 
or ventricular dysfunction. While ISHLT data continue 
to show cardiomyopathy is the most frequent indication 
for pediatric heart transplant worldwide (2), large-volume 
center data in the United States demonstrates increasing 
incidence of transplantation for CHD. Voeller et al.  
reported 57% (173/307) of their HTxs were for CHD, 
and of those, 80% had single-ventricle anatomy (48). In 
addition, for their most recent cohort [2002-2009], the 
most common indication for HTx in patients with CHD 
was failed single-ventricle palliation (48). 

This is particularly relevant in patients with HLHS with 
several studies demonstrating improved outcomes in staged 
palliations for a disease that was previously considered 
frequently for primary transplantation (5,6,68). These 
improved outcomes have resulted in (I) decreased utilization 
of primary transplant as a treatment for HLHS (69,70); 
(II) utilization of transplantation at most institutions for 
patients with HLHS and complications such as significantly 
depressed right ventricular function or significant tricuspid 
valve regurgitation; and (III) an increase in the number 
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of patients with HLHS with prior surgical interventions 
proceeding to HTx as many of these patients have had 
some form of prior palliation. In addition, the success 
with HLHS has led to utilization of HTx in other 
univentricular conditions such as pulmonary atresia with 
intact ventricular septum associated with right-ventricular 
dependent coronary circulation and ostial stenosis/atresia 
as well as complex heterotaxy syndromes (71-74). While 
most institutions proceed with palliation as an initial first 
step for complex CHD with univentricular physiology, 
Auerbach et al. demonstrated a better graft survival 
(median graft survival 18 years compared to 8 years) and 
decreased incidence of acute rejection in those patients with 
univentricular hearts that had not undergone prior surgical 
procedures (75). Despite this, many patients will require 
some form of palliation, especially neonates, in order to 
bridge to HTx given current wait times. 

In addition to risk of transplant early in life, these patients 
are also at risk for transplantation following the superior 
cavopulmonary anastomosis (Glenn procedure) or following 
total cavopulmonary anastomosis (Fontan procedure). Of 
particular interest in recent years is the “failed-Fontan” 
patient. A failed-Fontan can manifest as systolic ventricular 
dysfunction, alterations in the structure and function of the 
pulmonary vascular bed, significant atrioventricular valve 
insufficiency, arrhythmia, plastic bronchitis, or protein-
losing enteropathy (PLE) (76-80). Fontan conversion with 
arrhythmia surgery has been utilized in select patients (81-83).  
While the staged palliation approach, including the Fontan 
procedure, have increased transplant-free survival, it can 
increase risk for future transplant given the potential of 
allosensitization which has portended a worse outcome (84).  
In addition, UNOS status 1 at listing, ventilator support, and 
a time interval of less than 6 months from the initial Fontan 
palliation have been shown to be risk factors for death after 
listing for transplant in the failed-Fontan population (70). 
For those patients who develop plastic bronchitis, transplant 
may be considered given the risk for life-threatening 
events. While literature is limited, recent review of the 
PHTS data demonstrated these patients may have an 
increased short-term mortality (70% survival at 30 days)  
but comparable long-term outcomes by 5 years post-
transplantation (85). For those with PLE, HTx has provided 
complete resolution of PLE (86-88). Unfortunately, PLE 
may recur in this patient population group suggesting they 
may be more sensitive to complications such as restrictive 
physiology in the setting of CAV, but repeat transplantation 
has also been shown to be potentially curative (89). 

Post-transplantation complications

Rejection

Rejection remains one of the main post-transplant 
complications limiting long-term graft survival, and it can 
occur at any point after placement of the graft. Data from 
the PHTS has shown that incidence and prevalence of 
rejection has decreased over time (study period January 
1993-December 2005), but the incidence of rejection with 
hemodynamic compromise and mortality from rejection 
have remained stable (90). In the most recent era (July 
2008-June 2012), 22% of children will experience rejection 
during the first year post-transplant, and this is decreased 
from 34% from the preceding era (July 2004 - June 2008) 
(Figure 3) (2). Data from the PHTS show demonstrate 
64% of patients were free of rejection in the first year (36% 
of patients experiencing rejection) and a 5-year freedom 
from rejection of 52% (Figure 4) (42). This difference is 
likely related to the difference in how rejection is classified 
between the two databases. In addition, treated rejection 
during the first year post-transplantation has been shown 
to significantly decrease long-term survival (88% vs. 80% 
patient survival at 5 years post-transplant) (2). Additional 
data from the PHTS have shown that late rejection, 
occurring >1 year after transplant, has decreased in the 
recent era, but there has been no decrease in the association 
between late rejection and CAV and mortality (91). Older 
age, African-American race, and elevated PRA have been 
shown repeatedly to be risk factors for rejection (92-95), 
and early rejection has been shown to be a risk factor for 
late rejection (91). Not surprisingly, non-adherence has also 
been shown to be a risk factor for late-rejection (96). 

Interestingly, while the use of induction immunosuppression 
following HTx has increased, there has been no significant 
change in the amount of rejection. According to the most 
recent data from the ISHLT, 58% of children receiving 
a heart transplant between January 2001 and June 2012 
received some form of induction immunosuppression, 
with approximately two-thirds of those receiving a 
polyclonal antilymphocyte or antithymocyte globulin 
and approximately one-third receiving an IL-2 receptor 
antagonist. This has increased from the data reported in 
2003, where approximately 40% of children received some 
form of induction (97). In the most recent ISHLT Registry 
report, there were no differences in the percentages of 
patients experiencing rejection comparing induction, 
whether being a polyclonal or IL-2 receptor antagonist, to 
those who did not receive induction immunosuppression (2). 
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Maintenance immunosuppression has also impacted 
the incidence of rejection. In the most recent ISHT 
Registry report, tacrolimus has been shown to be associated 
with a lower incidence of rejection (when assessing 
for both any episode of rejection and for only treated 
episodes of rejection) compared to cyclosporine, whether 
with or without induction immunosuppression (2). A 
similar picture is seen when comparing tacrolimus and 
cyclosporine combined with either mycophenolic acid or 

mycophenolate mofetil, but no difference was noted when 
comparing tacrolimus to cyclosporine when combined with 
azathioprine (2). 

Infections

Infection remains an important cause of morbidity 
and mortality and accounts for approximately 12% of 
deaths during the first year following transplantation (2).  
Immunosuppression to prevent rejection renders the 
host potentially susceptible to infection, particularly 
opportunistic infections. These infections can occur across 
all ages, but one single-center study demonstrated that 
infants were more likely to experience more severe and 
chronic infections (98). In current practice, most patients 
receive antibiotic prophylaxis, including both bacterial and 
viral [cytomegalovirus (CMV)] prophylaxis at least for a 
period of time. 

Common bacterial infections include Staphylococcus 
species, Pseudomonas species, and Enterobacter cloacae, which 
are commonly encountered in the early post-transplant 
period and may be nosocomial (99,100). Streptococcus 
pneumoniae becomes a more common source of pulmonary 
and hematologic infection 1 year after transplantation 
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(101,102). Unfortunately, various studies have shown that 
pediatric transplant recipients mount a lower response to 
pneumococcal vaccination (103,104).

CMV is the most common viral infection and has a peak 
hazard occurring 6-8 weeks after transplantation (99). While 
CMV can cause disease directly, it has also been show to 
play a role in acute rejection, graft vasculopathy, and post-
transplant lymphoproliferative disease (PTLD) (105-107). 
Those patients who are CMV seronegative and receive a 
seropositive donor organ are the highest risk of developing 
infection. As such, prophylactic antiviral treatment, including 
ganciclovir, valganciclovir, or acyclovir, is recommended for 
3 months in the high-risk recipient and 1-3 months for all 
other recipients (108). Other common viral infections include 
Epstein-Barr virus (EBV), herpes simplex virus (HSV), varicella 
zoster virus (VZV), and influenza viruses. EBV is a human 
herpes virus that causes a spectrum of disease, ranging from 
mononucleosis to PTLD, which will be discussed later (109). 
HSV typically affects the skin and oral mucosa but can involve 
other organs such as the lungs. This can be related to primary 
infection or reactivation after transplantation. Varicella infection 
post-transplantation has been shown to be nearly equally 
divided between both primary infection and reactivation (110).  
Acyclovir treatment is indicated for treatment of varicella 
infection, and administration of varicella zoster immunoglobulin 
within 48 hours of exposure is indicated for prevention.

Fungal infections are relatively uncommon following 
pediatric HTx. Based on PHTS registry data, fungal 
infections account for 6.8% of post-transplant infections (111).  
Most of these infections are attributable to Candida 
species followed by Aspergillus, while Pneumocystis jiroveci 
accounted for 13% of all fungal infections (111). The 
PHTS registry demonstrated P. jiroveci infection occurred 
in 1% of pediatric heart transplant recipients (112). Risk 
factors identified for fungal infections after multivariate 
analysis included previous surgery and mechanical support 
at the time of transplantation (111). Based on PHTS data, 
invasive fungal infections carry a mortality rate of 49% with 
all deaths occurring within the first 6 months following 
transplantation (111). Pneumocystis jiroveci has been shown 
to have a decreased mortality compared to other fungal 
infections (112). Current guidelines recommend prophylaxis 
against P. jiroveci with trimethoprim/sulfamethoxazole for 
3-24 months (108). 

Cardiac allograft vasculopathy (CAV)

CAV remains one of the leading causes of mortality and 

allograft loss in late survivors following pediatric HTx 
affecting 34% of patients by 10 years post-transplantation (2).  
Utilizing the UNOS registry, Kobayashi et al. demonstrated 
the incidence of CAV at 10 and 15 years post-transplantation 
was 25% and 54%, respectively (113). CAV typically 
manifests as a loss of distal coronary vasculature via intimal 
and medial proliferation and results in diastolic dysfunction 
and graft failure. The most recent ISHLT registry data show 
no difference in freedom from CAV based on the use of 
induction immunosuppression or the choice of calcineurin 
inhibitor (2). Identified risk factors for the development of 
CAV include ages 1-18 years at the time of transplant (but 
not infants), re-transplantation, recipient African-American 
race, and donor cigarette use (113). Currently, the gold 
standard for diagnosis of CAV is coronary angiography, 
although studies utilizing intravascular ultrasound and 
rotational angiography have been published (114-117). 
Cardiac magnetic resonance imaging and computed 
tomography have yet to be validated in children. Current 
medical management for CAV is limited. The introduction 
of m-TOR inhibitors, rapamycin and everolimus, have 
shown promise in slowing the progression of CAV and 
potentially preventing the development of CAV compared 
to azathioprine, but azathioprine has been predominantly 
replaced by mycophenolic acid/mycophenolate mofetil in 
current practice (118,119). However, given these studies, 
it is not unusual to either replace mycophenolate mofetil 
with an m-TOR inhibitor or add an m-TOR inhibitor to 
the medical regimen. In addition to m-TOR inhibitors, 
statins, particularly pravastatin, have also been shown to 
be beneficial in the treatment and potential prevention 
of CAV and safe for use in pediatrics (120-123). For the 
patient with a focal, proximal stenosis, percutaneous 
coronary stent placement may be indicated and has been 
shown to be safe in a pediatric population (124). For 
severe disease or progressive disease, treatment is limited 
to retransplantation. Following the diagnosis of CAV, the 
1- and 3-year graft survivals are 66-77% and 52-60%, 
respectively, across the studied age groups (2). 

Malignancy and PTLD

Malignancy remains a relatively uncommon complication 
post-transplant. The incidence of malignancy in the ISHTL 
registry at 5 and 10 years following transplantation is 5% 
and 9.5%, respectively, with PTLD making up the vast 
majority (2). The incidence is similar in the PHTS registry 
with 6% and 10% of patients developing PTLD at 5 and  
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10 years (125). PTLD can manifest in variable forms 
ranging from benign lymphoid hyperplasia to aggressive 
lymphoma. PTLD is typically an abnormal proliferation 
of B cells, and it is most often related to EBV (up to 87% 
of cases), but this need not be the case (109). PTLD most 
commonly arises from the gastrointestinal tract or lungs, 
but can manifest anywhere lymphoid tissue exists (109). 
In some studies, the use of induction immunosuppression 
has not been found to correlate with the development of 
PTLD (2,126) while the use and duration of induction 
immunosuppression has been shown to be risk factor 
in other studies (127-129). However, donor-recipient 
EBV mismatch and EBV viral load have been shown to 
be risk factors for the development of PTLD (128,129). 
Treatment for PTLD is dependent upon the histology, 
i.e., monomorphic or polymorphic. Initial treatment has 
historically included reduced immunosuppression, including 
potential discontinuation of anti-metabolites and significant 
reduction in calcineurin inhibitor. Immunosuppression 
reduction alone has been shown to lead to long-term disease 
remission in 40-86% of cases of PTLD in pediatric patients 
(130-132). Unfortunately, reduction of immunosuppression 
may lead to potential rejection as demonstrated in a PHTS 
study in which 61% of patients developed acute cellular 
rejection in the first 6 months following diagnosis of 
PTLD (109). Thus, other therapies have been investigated 
and employed especially in those patients in whom the 
risk of lowering immunosuppression outweighs the 
potential benefit. Rituximab, a chimeric mouse/human 
monoclonal antibody against CD20, has been shown to 
be effective in the treatment of PTLD (133,134). In some 
cases, particularly monomorphic PTLD, chemotherapy is 
warranted. Despite treatment, survival after diagnosis of 
PTLD is poor 75% of patients surviving 1 year and 67% of 
patients surviving 5 years (109). 

Renal disease

Renal  dys funct ion i s  typica l ly  a  consequence of 
nephrotoxicity secondary to calcineurin inhibitors. At  
10 years post-transplantation, severe renal dysfunction, defined 
as either creatinine >2.5 mg/dL, dialysis, or renal transplant, 
is seen in 4% of patients transplanted as infants, 5% of 
patients transplanted between 1 and 5 years of age, 16% of 
patients transplanted between 6 and 10 years of age, and 14% 
of patients transplanted between 11 and 17 years of age (2).  
However, analysis of the PHTS data found that 71% of 
patients 5 years post-transplant and 57% of patients 10 years 

post-transplant had renal dysfunction defined as an estimated 
GFR <60 mL/min/1.73 m2 (135). Based on the ISHLT 
registry, there is no difference between the use of tacrolimus 
or cyclosporine in the development of severe renal 
dysfunction (2). Risk factors for development of late renal 
dysfunction include earlier era of HTx, African-American 
race, and rejection with hemodynamic compromise in the 
first year post-transplant, but renal function at the time 
of transplant was not found to be a risk factor (135). In 
the PHTS cohort, 1.4% of patients progressed to require 
chronic dialysis or renal transplantation (135). 

Retransplantation

Given the complications above, all patients undergoing HTx 
will need to be considered for retransplantation. For the last 
decade, retransplantation has accounted from approximately  
25-30% of pediatric heart transplants reported to the ISHLT (2).  
Retransplantation is more common in the older pediatric 
population with <1% of infants undergoing retransplantation, 
whereas retransplantation accounts for 9% of transplants 
in children 11-17 years of age based on the most recent 
ISHLT data (2). CAV and graft failure remain the most 
common causes of death (2), and CAV was the most 
common indication for retransplantation when reviewing 
both UNOS and PHTS data (136,137). Both of the 
aforementioned studies have demonstrated inferior survival 
compared to primary transplantation at all-time points. 
In particular, the 1-year survival for both studies is ~80%, 
and the PHTS data demonstrated a 5-year survival of 60% 
while the UNOS data found a 53% survival at 5 years 
(136,137). Also, both studies found that a shorter time frame 
from primary transplantation was a risk factor of decreased 
survival after retransplantation (136,137). Mahle et al. also 
found that mechanical ventilation prior to retransplantation 
was a risk factor for decreased survival (136). Given the 
limited organ supply, it is worth considering these factors 
when evaluating children for repeat transplantation. 

Conclusions

Pediatric HTx has continued to evolve since first performed 
in 1967. With advances in surgical strategies and medical 
therapies, the outcomes for pediatric heart transplant 
recipients have continually improved. While significant 
post-transplant complications remain, including rejection, 
infection, malignancy, and CAV, heart transplant remains a 
therapeutic option to improve both the quality and quantity 
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of life for pediatric patients. With continued research from 
individual institutions and large registries, including the 
ISHLT and PHTS, collective experience and understanding 
of pediatric heart transplant will translate to practice 
evolution which will ultimately decrease morbidity and 
enhance patient and graft survival.
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