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neither corrective nor palliative surgical procedures are 
available are transplant candidates, as well as patients 
with end-stage heart failure and cardiomyopathies.

The first clinical heart transplant was accomplished in 
an adult by Barnard in Cape Town, South Africa, in 1967 
[3]. 3 days later, Kantrowitz attempted the first pedi-
atric heart transplant in the United States. The opera-
tion was performed without a heart-lung machine, only 
in deep hypothermia (17  °C). The 19-day-old child with 
severe Ebstein malformation died 6  h after the opera-
tion in severe metabolic and respiratory acidosis [4]. 
In Germany, the first heart transplant on an adult with 
congenital heart disease was carried out by Sebening in 
Munich in 1968. Despite a technically successful opera-
tion, the patient died 27 h after transplant due to an acute 
occlusion of the right coronary artery [5]. Scheld’s group 
performed neonatal and pediatric heart transplants in 

Introduction
Congenital heart defects (CHD) are the most com-
mon malformations in humans − 0.8% of live births 
are affected in Europe [1]. There are currently around 
300,000 CHD patients in Germany, and 95% of them 
will persist into adulthood [1]. Despite great improve-
ments in surgical techniques and peri-/postoperative 
care, these patients are still suffering from chronic illness. 
Heart transplantation can be indicated in both the early 
or long-term course [2]. Especially patients for whom 
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Abstract
Background  Pediatric cardiac transplantation remains a surgical challenge as a variety of cardiac and vessel 
malformation are present in patients with congenital heart disease (CHD). Despite limited availability and 
acceptability of donor hearts, the number of heart transplantations remains on a stable level with improved survival 
and quality of life.

Observation  As treatment options for CHD continue to improve and the chances of survival increase, more adult 
CHD patients are listed for transplantation. This review focuses on the clinical challenges and modified techniques of 
pediatric heart transplantations.

Conclusion  Not only knowledge of the exact anatomy, but above all careful planning, interdisciplinary cooperation 
and surgical experience are prerequisites for surgical success.
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Giessen [6]. The first neonate who had a transplant is 
currently still alive [7, 8].

Since 1982, more than 14,000 heart transplants have 
been performed in pediatric patients worldwide [8], 
which corresponds to around 10% of all heart transplants 
[9]. About 50% of pediatric patients received heart trans-
plants due to CHD [8], while this proportion is 2.2% in 
the adult comparison group [10, 11]. In this study, we 
focus on the complex surgical techniques of heart trans-
plantation in children and young adults and present our 
own experiences with this special group of transplant 
candidates.

We investigated not only the perioperative outcome, 
but also paid special attention to their long-term survival. 
All CHD patients who underwent transplantation in our 
institution since 1990 were included. Our local ethics 
committee approved this study, written informed con-
sent was obtained from all participating patients.

Baseline as well as intra- and postoperative variables 
are summarized in Table 1.

Preoperative characteristics of CHD patients before 
transplant
Depending on the natural courses of different underlying 
CHD pathologies, most potential transplant candidates 
are between the ages of 20 and 40, with the most com-
mon congenital malformation of TGAs [12].

90% of CHD patients have endured multiple prior car-
diac surgeries [13, 14]. These prior procedures and related 
interventions, including tissue allograft or patch implan-
tation, ventricular assist devices support, and (multiple) 
blood transfusions, were associated with increased sen-
sitization susceptibility [15, 16]. Besides, due to multiple 
organ dysfunctions, patients with single ventricle and 
palliated with Fontan are at high risk for early mortality 
while on the waiting list [17]. With the development of 
interventional cardiology and cardiac surgery, more than 
90% of CHD patients are alive at 16 years of age, lead-
ing to a growing adulthood population of CHD patients 
[18]. Heart failure in the long-run is the leading death 
cause in this population. CHD patients who are refrac-
tory to medical therapy remain a challenge for clinicians, 
and cardiac transplantation may be considered as the last 
treatment option [19].

Patient selection and preparation
Heart transplantation in CHD patients poses a surgical 
challenge, especially after multiple previous heart opera-
tions and anatomical anomalies of the heart and blood 
vessels. Meticulous planning, interdisciplinary collabora-
tion, and extensive surgical experience are pre-requisites 
to establish stable circulatory systems in recipients [20, 
21].

Table 1  Demographic, intra-operative, post-operative, follow-up 
data
Variables Median 

(Range) 
/ n (%)

Demographic data
Age (years) 7.75 

(0.11-42)
Male gender 9 (45%)
Weight (kg) 19.1 

(3–77)
Length (cm) 11.2 

(49–188)
Main diagnosis
Aortic valvular disease 4 (20%)
Ebstein’s anomaly 1 (5%)
VSD, PH 1 (5%)
Single ventricle defects 4 (20%)
TOF 1 (5%)
TGA 4 (20%)
BWG 3 (15%)
DORV 1 (5%)
DCM, mitral regurgitation 1 (5%)
Preoperative VAD-support 6 (30%)
Intra-operative data
Donor heart ischemic time (minutes) 240 

(123–
359)

Bypass time (minutes) 214 
(98–427)

Cross-clamp time (minutes) 80 
(41–186)

Surgery time (minutes) 325 
(225–
659)

Reconstruction procedure 7 (35%)
Postoperative data
Postoperative cardiac re-operations* 9 (45%)
Postoperative neurologic event 5 (25%)
Postoperative sepsis 4 (20%)
Postoperative bleeding 4 (20%)
Postoperative SIRS 2 (10%)
Postoperative renal failure 3 (15%)
Postoperative hepatic dysfunction 3 (15%)
Right ventricular failure 0
Hight-output failure 0
Low-output failure 2 (10%)
30-day mortality 4 (20%)
AI/AS: aortic insufficiency/stenosis; ASD: atrial septal defect; AVC/R: aortic valve 
commissurotomy/reconstruction; BWG: Bland-White-Garland syndrome; (cc/
d)-TGA: (congenitally-corrected/dextro)-transposition of great arteries; CHD: 
congenital heart disease; DCM: dilatative cardiomyopathy; DORV: double outlet 
right ventricle; ECLS: extracorporeal life support; EFE: endocardial fibroelastosis; 
HLHS: hypoplastic left heart syndrome; LVAD: left ventricular assist device; m: 
months, MCS: mechanical circulatory support; MI: mitral insufficiency; PDA: 
persistent ductus arteriosus; PH: pulmonary hypertension; PM: pacemaker; 
PVA: pulmonary valve atresia; SV: single ventricle; TI: tricuspid insufficiency; 
TOF: Tetralogy of Fallot; VSD: ventricular septal defect; y: years
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Potential recipients must be selected carefully, with 
the same strict criteria for non-CHD recipients. Particu-
larly in patients with HLHS, staged surgical palliation has 
achieved outstanding successes in the last 20 years, and 
thus the number of heart transplants is decreasing more 
and more due to this indication [22]. The heart transplan-
tation in CHD patients is usually complicated by multiple 
previous operations, cardiac defects, abnormal situs, and 
collateral circulation, which should be precisely recorded 
before the heart transplantation. Schematic illustrations 
of the initial anatomical situation were helpful to plan 
the transplantation technique and prepare the opera-
tion optimally. Preoperative determination of the pulmo-
nary vascular resistance was also essential, as well as the 
knowledge about intracardiac shunts and collateral circu-
lation [23].

International guidelines help with patient selection and 
recommend both non-invasive (regular echocardiogra-
phy, MR or CT etc.) invasive diagnostics prior to listing 
for transplantation. Cardiac output can be assessed by 
spiroergometry (maximal oxygen uptake (peak VO2) ≤ 12 
ml O2/kg bw/min). Cardiac catheterization with calcu-
lation of pulmonary arterial resistance can be used for 
hemodynamic assessment. Fixed pulmonary hyperten-
sion (PVR ≥ 8 WU x m2 and resistance ratio Rp/Rs > 0.5, 
transpulmonary gradient > 15 mmHg) need to be consid-
ered a contraindication for transplantation [24].

Circulatory support in patients with CHD
When transplant programs were introduced worldwide, 
no circulatory assist devices were available for children. 
Later, mechanical circulatory support (MCS) was limited 
to Novacor and Medos ventricular assist devices before 
the Berlin Heart® device was launched. In 2010, our 
working group reported about a neonate who needed cir-
culatory support with an Excor System (Berlin Heart®) for 
452 days before successful transplantation [25]. Increas-
ing life expectancy due to improved ventricular assist 
devices implies that many CHD patients are supported 
with a VAD system before heart transplantation.

Both adult and pediatric CHD patients are at a high 
risk of waiting list mortality or delisting because of clini-
cal deterioration [12, 26]. Early transplantation and MCS 
should be encouraged; however, median waiting time 
is around 8 months [12]. Though VAD has been widely 
used for end-stage heart failure and bridge-to-transplan-
tation or destination therapy, VAD application in CHD 
patients is not extensively used [27]. Complex cardiac 
anatomies, abnormal physiology, multiple prior cardiac 
surgeries, and comorbidities, hinder VAD application. 
Since the device is used for morphological left ventricles, 
its application in CHD patients with single ventricles, 
morphological systemic right ventricle, or failing Fontan 
with increased pulmonary is limited [28]. Despite these 

challenges, VADs in pediatric and adult CHD popula-
tions are increasing due to the shortage of donor’s hearts 
and an increasing number of patients in heart failure [29, 
30].

According to the pediatric report of the European 
Registry for Patients with Mechanical Circulatory Sup-
port, 461 patiens required VAD support (446 LVAD/
BiVAD; 10 RVAD; 2 TAH; 3 unknown) between 2001 and 
2020. MCS provided long-term support and was used 
as bridge-to-transplant (n = 291) or possible bridge-to-
transplant (n = 117). Mainly the Berlin Heart Excor sys-
tem was implanted (n = 246; 53.4%) [31].

Previous studies found that VAD therapy can prolong 
survival in high-risk CHD patients who would either 
die or be delisted due to clinical deterioration [32]. For 
post-transplant outcomes, VAD support before trans-
plantation is reported to be associated with longer post-
transplant hospital and ICU length of stay and increased 
probability of transfusion in adult CHD patients. None-
theless, the 30-day mortality (10.8% vs. 13.5%, p = 0.62) 
and overall survival (log-rank p = = 0.57) was similar 
between adult CHD patients with and without VAD 
support before transplantation [33]. Another study also 
showed comparable post-transplant outcomes in pediat-
ric and adult CHD patients with and without VAD sup-
port [25]. CHD patients who receive VAD support have a 
poor medical status, which implies that VAD support can 
mitigate certain risk factors before transplantation.

Extracorporeal life support (ECLS) use after cardiac 
surgery is often initiated to stabilize oxygenation. Con-
cerning the survival of infant CHD patients on the wait-
ing list, ECLS support remains inferior to VAD [14]. 
Figure 1.

Recent studies indicated that CHD patients with VAD 
support have longer waiting list times and are less likely 
to have a transplant [32, 33]. CHD patients with VAD 
support lose their urgent priority status unless complica-
tions or progressive heart failure occur.

In a CHD neonate supported with VAD and listed 
with a high urgency status for transplantation in our 
cohort, the long waiting time of 452 days was also a piece 
of definite evidence [25]. These findings suggest that 
VAD should be considered a treatment option for CHD 
patients before heart transplantation, and a dedicated 
heart transplant guideline is advocated for CHD patients.

Management of cardiopulmonary bypass in 
transplant patients with CHD
Heart transplantation has been widely performed, and 
the operating procedures have been standardized, even 
in complex anatomical abnormalities and after multiple 
previous cardiac surgeries. However, re-sternotomy is a 
challenge when extensive adhesions and cardiomegaly 
increase hemorrhage risk. If a substernal great vessel and 
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conduit adhesions exist, precautionary cardiopulmonary 
bypass (CPB) via the peripheral vessels may be consid-
ered prior to sternotomy to manage emergency situations 
[34]. However, the peripheral vessels have a very small 
lumen in pediatric patients and may be narrow or dis-
torted due to previous surgery or catheterization, which 
can be troublesome. Vessels therefore often have to be 
patched. Usually, vessel patency needs to be evaluated by 
echocardiography and additional contrast CT scan.

Physiological and technical challenges related to 
patient pathology
Standard surgical procedures for orthotopic heart trans-
plantation include bicaval, biatrial, and total anasto-
moses techniques. These methods need adjustments in 
most patients requiring transplantation for CHD due to 
abnormal vessel anatomies and distortions. The com-
mon adjusted procedures have been described in patients 
diagnosed with hypoplastic left heart syndrome (HLHS), 
Fontan circulation, fetal Marfan syndrome, after Mustard 
procedure and situs inversus. For satisfactory implanta-
tion of the donor’s heart and reconstruction, it is advis-
able to harvest extended portions of the great vessels and 
thus facilitate complex anastomoses or reconstructions. 
Extended donor cardiectomy can avoid prosthetic mate-
rial use, which may increase bleeding and infection risks. 
Using the total orthotopic technique, a mismatch in size 
can be tolerated.

The special features of different pathologies are dis-
cussed in detail below.

Ischemic and dilated cardiomyopathy
On patients with ischemic or dilated cardiomyopathy, if 
there are no other malformations, heart transplantation 
can principally be performed using the classical or modi-
fied (biatrial) Shumway technique [35, 36]. However, 
direct anastomoses of the pulmonary veins and inferior 
and superior venae cavae (IVC, SVC, bicaval technique) 
are nowadays state-of-the-art as less rhythm disturbances 
occur and the geometry of the recipients’ hearts remains 
physiological. Even slightly bigger hearts are suitable for 
transplantation [37].

Hypoplastic Left Heart Syndrome (HLHS) and Fontan 
Circulation
In the past decade, palliative therapy via a series of three 
surgeries has improved clinical outcomes in patients 
with HLHS [38–41]. Patients usually end up with a Fon-
tan circulation and all its potential risks. Multifactorial 
causes are involved in the subsequent failure of Fontan 
circulation.

The common characteristic of HLHS is a hypoplas-
tic development of left-sided cardiac structures. During 
transplantation, cardiopulmonary bypass (CPB) needs 
to be established via ductus arteriosus and right atrium 
(RA) (Fig.  1a). During deep hypothermia, the donor’s 

Fig. 1  (a) Heart-lung machine connection for HLHS; (b) Anastomosis in heart transplantation for HLHS.
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heart can be transplanted, and the aortic arch and PA 
reconstructed (Fig. 1b).

We would like to underline the special challenges 
occurring with Fontan patients as we describe the pro-
cedure for a 20-year-old woman, originally born with a 
single ventricle (morphological right-ventricular type), 
persistent left SVC, and normally positioned arteries. 
PA banding and Blalock-Taussig shunt were applied at 
the age of five. A superior bidirectional cavo-pulmonary 
anastomosis was established two years later, and a patch 
was sewn in the RA to drain the IVC into the PA via 
the coronary sinus (Fig. 2a). At the age of 20, the young 
woman suffered from massive ascites (waist circumfer-
ence: 83 cm) with enteropathy protein loss (Fig. 3).

As optimal venous drainage is essential for a successful 
surgery, CPB was established with one arterial cannula in 

the aorta and three venous cannulas in the IVC, right and 
left SVC (Fig. 2b).

The surgical procedure was performed stepwise: First, 
right and left atrium were resected, the posterior wall of 
the left atrium and coronary sinus were left in-situ. Sec-
ond, the anastomosis between the right PA and right 
SVC was separated, and an anastomosis between the 
recipient’s and donor’s atrium was performed (bicaval 
technique). Then, after removing the previously inserted 
patch in the RA, the donor’s IVC was anastomosed 
with the recipient’s IVC and the coronary sinus. Third, 
the donor PA was anastomosed with the recipient’s PA 
bifurcation, and the donor aorta was connected with 
the ascending aorta before X-clamp removal. Fourth, 
the anastomosis between the left persistent vena cava 
and the coronary sinus was created on the beating heart. 
The recipient’s vascular openings after removing the 

Fig. 3  CT scan illustrating massive ascites due to enteropathy protein loss in a patient with Fontan circulation

 

Fig. 2  (a) Fontan circulation; (b) Situs after explantation; (c) Anastomoses for Fontan circulation
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cavopulmonary anastomoses and small obliterated vena 
anonyma were then sutured over (Fig. 2c).

If there is a lack of transplantable material, the donor’s 
heart must be removed with the brachiocephalic vein to 
ensure continuity between the left persisting SVC and 
the right SVC. If the donor’s brachiocephalic veins are 
too small, both donor’s and recipient’s brachiocephalic 
veins can be incised and anastomosed. Alternatively, a 
bovine jugular vein segment, such as Contegra®-graft can 
be used.

Neonatal marfan syndrome
Patients with neonatal Marfan syndrome have an 
extremely poor prognosis since heart valves insufficien-
cies lead to rapidly progressing heart failure. Heart-
related vessels are often dilated (Fig. 4a).

Usually, patients undergo several operations [42–44] 
before they are listed for transplantation. The earlier the 
patients have a transplant the better their prognosis. It is 
crucial to transplant the adjoining large vessels. There-
fore, the recipient’s heart and dilated parts of vessels 
should be resected in such a way (Fig. 4b) that the aortic 
arch and PA can be reconstructed with the donor’s ves-
sels (Fig. 4c) [46].

Status post mustard procedure
Until the early 1990’s, Mustard procedure as an atrial-
level repair was the preferred surgical strategy for 
patients with a transposition of the great arteries until 
the arterial switch operation became the gold standard. 
Nowadays, there are still some patients after Mustard 
procedure who need transplantation as they suffer from 
severe systemic (right) ventricular failure and secondary 
pulmonary hypertension.

Situs inversus
Situs inversus describes a condition with a mirror-image 
reversal of the organs in the chest and abdominal cavity. 
It is often associated with CHD, mainly with transposi-
tions of the great vessels. If patients with situs inversus 
suffer from end-stage heart failure, heart transplant can 
be the only curative treatment option, even after multiple 
previous operations [45, 46]. When removing the donor’s 
heart, adjacent vessels should be harvested as much as 
possible, especially SVC, brachiocephalic vein, aorta, and 
PA [45]. Heart transplantation is a great surgical chal-
lenge in situs inversus, aiming to rebuild a right-sided 
venous system with the left atrium and aorta in the mid-
dle. The remaining part of the recipient’s RA on the left 
needs to be separated and mobilized (Fig. 5a) to build a 
tunnel with the surrounding pericardium (Fig. 5b). Deep 
hypothermia and cardiac arrest can facilitate this anasto-
mosis technique with a better operation field view after 
removing the lower venous cannula. The left SVC has to 
be anastomosed with the brachiocephalic vein (Fig.  5c). 
The pericardium must be incised to the left as far as the 
phrenic nerve to create enough space for the left ventricle 
[45, 46].

Malignant cardiac tumors
Malignant cardiac tumors can also be an indication for 
heart transplantation. Two patients of this group have 
had a transplant in our center. They are not included in 
our analysis as their underlying diseases are not congeni-
tal heart defects in the classical sense [47].

Outcomes and prognosis
Pediatric heart transplantation accounts for about 14% 
of total heart transplantations. The indication is chang-
ing with the development of palliative surgeries for CHD. 

Fig. 4  (a) Recipient situs in Marfan syndrome; (b) Situs after explantation; (c) Anastomoses for Marfan syndrome
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Most frequent indication for listing remains progres-
sive heart failure after prior surgeries (especially fail-
ing Fontan circulation) [48]. Published data reported a 
median post-transplanted survival of more than 15 years 
in pediatric patients who survived the first year after 
transplantation [49]. In detail, it showed median surviv-
als of 22.3 years, 18.4 years, 14.4 years, and 13.1 years for 
patients < 1 year, 1 to 5 years, 6 to 10 years, and 11 to 17 
years of age at transplantation, respectively [49]. There-
fore, re-transplantation for these pediatric populations is 
more frequently expected and ultimately considered [50].

The perioperative mortality risk is exceptionally high. 
Based on the severe shortage of heart donors, giving 
these recipients scarce donor hearts calls the technique 
into question. Looking back at the early results, it is hard 
to tell how many patients died while they were listed for 
transplantation but it was a noteworthy number.

The Muenster University experience
The first neonatal heart transplant at Muenster Uni-
versity Hospital took place in 1991. During the last 3 
decades, 460 more heart transplantations were per-
formed. 4.6% of these patients (n = 20, 9 males and 11 
females) suffered from CHD with heterogeneous diag-
noses. Mean age at the time of transplantation was 16.2 
years, the youngest patient was 39 days, and the oldest 42 
years old. Most of the CHD patients (60%) were children. 
Only three patients (15%) had no previous heart opera-
tion. 15 (75%) patients had a biventricular outflow tract, 
and five patients (25%) had a univentricular outflow tract. 

Seven patients (35%) underwent concurrent reconstruc-
tion procedures because of accompanied malforma-
tions, six (30%) received ventricular assist devices before 
transplantation.

Due to the complex cardiac malformations and fre-
quent previous surgeries, four patients died within 30 
days after heart transplantation. Especially, the shift from 
Fontan circulation to a biventricular circulation was a 
challenge and thus associated with a high early mortal-
ity rate. 2 out of 3 Fontan patients died due to lung and/
or multiorgan failure. 16 patients (80%) were finally dis-
charged post transplant. 45% of the transplanted patients 
needed re-do procedures but no patient needed to be 
re-transplanted within the last 20 years. 3 Patients devel-
oped hemorrhagic shock due to hemothorax early after 
transplant and re-exploration to assess for bleeding was 
required. 1 patient suffered from diaphragmatic paresis 
that needed surgical treatment and 2 others underwent 
secondary chest closure.

Even the first small children who were transplanted in 
1988 [6] were still alive with their first donor hearts when 
the follow-up ended in April 2022.

Our results showed an acceptable early mortality com-
pared to other working groups, while compared to con-
ventional transplantation, early mortality was relatively 
high. However, given this historical patient population 
and the surgical and intensive care capabilities of that 
time, the outcome of the earlier days was remarkable.

Fig. 5  (a) Heart-lung machine connection for situs inversus and resection of left SVC; (b) Reconstruction of system venous drainage; (c) Anastomoses 
for situs inversus
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Discussion
Heart transplantation is a bail-out strategy for patients 
who cannot profit from any other medical/surgical 
therapy. Despite many advances in surgical procedures 
and perioperative management, early mortality after 
transplantation remains higher in CHD patients than 
in patients with non-CHD heart disease. Simultane-
ously, a comparable survival and even superior benefit 
can be observed in CHD patients compared with non-
CHD patients [51]. Though the number of transplants in 
adult patients with CHD remains low, there is a steadily 
increasing trend in recent years [52]. Due to the short-
age of donor hearts for children and improved survival 
with corrective and palliative interventions, the number 
of heart transplants for pediatric CHD has decreased [22, 
53].

Cardiac transplantations during childhood have immu-
nological benefits, especially during the first 30 days of 
life. Because of the immature immune system in the pedi-
atric population, the ABO-incompatible transplantation 
remarkably reduces the waiting list time and expands the 
potential donor pool for pediatric patients. Besides, an 
international multicenter study with 58 ABO-incompat-
ible heart transplantations revealed a satisfied long-term 
prognosis with freedom from death or re-transplantation 
of 100%, 96%, 69% at 1, 5, 10 years, respectively [54]. Re-
transplantations represent approximately 5% of all pedi-
atric heart transplantations. However, long-term survival 
after second transplantation is significantly lower in 
comparison to primary transplantation [50]. MCS use in 
pediatrics is encouraged for its benefits.

Many factors contribute to the early mortality after 
heart transplantation in CHD patients - including failing 
Fontan pathophysiology, prolonged ischemia time due 
to the complex anatomy, increased pulmonary pressure, 
and older recipient age [55]. Nevertheless, many stud-
ies found a similarly good or even better long-term sur-
vival than “conventional” transplantation when patients 
survived the early stage [51, 56]. Good long-term results 
can only be achieved through intensive interdisciplinary 
cooperation between cardiologists, grown-up congenital 
heart specialists, and surgeons.

In the current study, we gave a comprehensive descrip-
tion of heart transplantation surgery in different CHD 
scenarios. Besides, consistent with previous studies [22, 
51], our single-center data and follow-up results dem-
onstrated that the early mortality is significant, but the 
long-term prognosis was satisfactory in CHD patients. 
We highlight the particularity of these patients and the 
anatomical and physiological impact on heart transplant 
surgeries.

In summary, considering the severity of illness in 
CHD patients, higher early mortality but comparable 
long-term survival show that heart transplantation is an 

effective treatment option. Though heart transplantation 
procedures have been standardized, adjustments of com-
plex anastomoses or reconstruction are very common 
due to CHD patients’ special characteristics. Cardiovas-
cular imaging, such as catheterization, computer tomog-
raphy scan, or magnetic resonance imaging, should be 
performed in patients with complex congenital anatomy. 
3D printed anatomical heart models should be encour-
aged because of their direct intuitive exhibition.

As for the donor heart shortage, VAD should be con-
sidered a treatment option, and a dedicated heart trans-
plant guideline is advocated for CHD patients supported 
with VAD.

Authors’ contributions
SM: data acquisition, writingHT: data acquisitionHGK: revisionTDTT: 
revisionHHS: supervision, conceptualizationSM: revisionAH: supervision, 
writing.

Funding
The authors received no funding.
Open Access funding enabled and organized by Projekt DEAL.

Data Availability
The data that support the findings of this study are available from the 
corresponding author, AH, upon reasonable request.

Declarations

Ethical approval
Informed consent was waived because of the retrospective nature of the 
study and the analysis used anonymous data.

Competing interests
The authors declare that they have no conflicts of interest.

Received: 29 December 2022 / Accepted: 15 November 2023

References
1.	 Bauer U, Niggemeyer E, Vigl M. Angeborene Herzfehler - Epidemiologie, 

Langzeitverlauf Und Lebensqualität. Med Welt. 2006;57(4):171–5.
2.	 Greutmann M, Prêtre R, Furrer L, Bauersfeld U, Turina M, Noll G, et al. Heart 

transplantation in adolescent and adult patients with congenital Heart 
Disease: a case-control study. Transpl Proc. 2009;41(9):3821–6.

3.	 Barnard CN. The operation. A human cardiac transplant: an interim report of a 
successful operation performed at Groote Schuur Hospital, Cape Town. S Afr 
Med J. 1967;41(48):1271–4.

4.	 Kantrowitz A, Haller JD, Joos H, Cerruti MM, Carstensen HE. Transplantation of 
the heart in an infant and an adult. Am J Cardiol. 1968;22(6):782–90.

5.	 Sebening F, Klinner W, Meisner H, Schmidt-Habelmann P, Struck E, Spelsberg 
F, et al. Bericht über die transplantation eines menschlichen Herzens. DMW-
Deutsche Medizinische Wochenschrift. 1969;94(17):883–9.

6.	 Hehrlein FW, Netz H, Moosdorf R, Dapper F, Scheld HH, Bauer J, et al. Pediatric 
heart transplantation for congenital Heart Disease and cardiomyopathy. Ann 
Thorac Surg. 1991;52(1):112–7.

7.	 Scheld HH, Netz H, Bertram U. Problematik Der Herztransplantation Im Klein-
kind- Und Neugeborenenalter. Z Herz Gefäßchir. 1989;3:59–61.

8.	 Scheld HH, Netz H, Moosdorf R, Bertram U, Bauer J, Stertmann WA, Fitz 
H, Becker HE. Herztransplantation Im Alter unter 2 Jahren. Med Welt. 
1989;40:66–9.

9.	 Rossano JW, Singh TP, Cherikh WS, Chambers DC, Harhay MO, Hayes D Jr., et 
al. The international thoracic Organ Transplant Registry of the International 



Page 9 of 10Martens et al. Journal of Cardiothoracic Surgery          (2023) 18:342 

Society for Heart and Lung Transplantation: twenty-second pediatric heart 
transplantation report – 2019; focus theme: Donor and recipient size match. J 
Heart Lung Transplant. 2019;38(10):1028–41.

10.	 Canter CE, Shaddy RE, Bernstein D, Hsu DT, Chrisant MR, Kirklin JK, et al. 
Indications for heart transplantation in pediatric Heart Disease: a scientific 
statement from the American Heart Association Council on Cardiovascular 
Disease in the Young; the councils on Clinical Cardiology, Cardiovascular 
nursing, and Cardiovascular Surgery and anesthesia; and the quality of 
Care and Outcomes Research Interdisciplinary Working Group. Circulation. 
2007;115(5):658–76.

11.	 Burchill LJ, Edwards LB, Dipchand AI, Stehlik J, Ross HJ. Impact of adult con-
genital Heart Disease on survival and mortality after heart transplantation. J 
Heart Lung Transplant. 2014;33(11):1157–63.

12.	 Becher PM, Schrage B, Weimann J, Smits J, Magnussen C, Reichenspurner H, 
et al. Clinical characteristics and outcomes of patients with adult congeni-
tal Heart Disease listed for heart and heart–lung transplantation in the 
Eurotransplant region. J Heart Lung Transplant. 2020;39(11):1238–49.

13.	 Burch M, Taylor A, Mehew J, Dominguez T, Crossland D, Lewis C, et al. Prioritis-
ing transplantation for adult congenital Heart Disease, UK national data. Int J 
Cardiol. 2020;307:36–40.

14.	 Conway J, Cantor R, Koehl D, Spicer R, Gupta D, McCulloch M, et al. Survival 
after Heart Transplant Listing for infants on mechanical circulatory support. J 
Am Heart Assoc. 2020;9(21):e011890.

15.	 Urban M, Gazdic T, Slimackova E, Pirk J, Szarszoi O, Maly J, et al. Alloimmu-
nosensitization in left ventricular assist device recipients and impact on 
posttransplantation outcome. ASAIO J. 2012;58(6):554–61.

16.	 Welters MJ, Oei FB, Witvliet MD, Vaessen LM, Cromme-Dijkhuis AH, Bogers 
AJ, et al. A broad and strong humoral immune response to donor HLA after 
implantation of cryopreserved human heart valve allografts. Hum Immunol. 
2002;63(11):1019–25.

17.	 Hernandez GA, Lemor A, Clark D, Blumer V, Burstein D, Byrne R, et al. Heart 
transplantation and in-hospital outcomes in adult congenital Heart Disease 
patients with Fontan: a decade nationwide analysis from 2004 to 2014. J Card 
Surg. 2020;35(3):603–8.

18.	 Wren C, O’Sullivan JJ. Survival with congenital Heart Disease and need for 
follow up in adult life. Heart. 2001;85(4):438–43.

19.	 Elde S, Woo YJ. Transplantation outcomes in adults with congenital Heart 
Disease have Room to grow. Can J Cardiol. 2020;36(8):1186–8.

20.	 Hetzer R, Weng Y, Delmo Walter EM. State of the art in paediatric heart trans-
plantation: the Berlin experience. Eur J Cardiothorac Surg. 2013;43(2):258–67.

21.	 Mori M, Vega D, Book W, Kogon BE. Heart transplantation in adults with 
congenital Heart Disease: 100% survival with Operations performed by a 
surgeon specializing in congenital Heart Disease in an adult hospital. Ann 
Thorac Surg. 2015;99(6):2173–8.

22.	 Hsu DT, Lamour JM. Changing indications for pediatric heart transplantation: 
complex congenital Heart Disease. Circulation. 2015;131(1):91–9.

23.	 Gazit AZ, Canter CE. Impact of pulmonary vascular resistances in heart trans-
plantation for congenital Heart Disease. Curr Cardiol Rev. 2011;7(2):59–66.

24.	 Mehra MR, Kobashigawa J, Starling R, Russell S, Uber PA, Parameshwar J, et al. 
Listing criteria for heart transplantation: International Society for Heart and 
Lung Transplantation guidelines for the care of cardiac transplant candidates 
– 2006. J Heart Lung Transplant. 2006;25(9):1024–42.

25.	 Schneider SR, Scheld HH, Hoffmeier A, Drees G, Rukosujew A, Stege D, et 
al. Limitations of high urgency listing–ventricular assist device support in a 
neonate for 452 days. Thorac Cardiovasc Surg. 2010;58(Suppl 2):194–7.

26.	 Almond CSD, Thiagarajan RR, Piercey GE, Gauvreau K, Blume ED, Bastardi HJ, 
et al. Waiting list mortality among children listed for heart transplantation in 
the United States. Circulation. 2009;119(5):717–27.

27.	 Santamaria RL, Jeewa A, Cedars A, Buchholz H, Conway J. Mechanical circula-
tory support in pediatric and adult congenital Heart Disease. Can J Cardiol. 
2020;36(2):223–33.

28.	 Miller JR, Eghtesady P. Ventricular assist device use in congenital Heart Dis-
ease with a comparison to heart transplant. J Comp Eff Res. 2014;3(5):533–46.

29.	 VanderPluym CJ, Cedars A, Eghtesady P, Maxwell BG, Gelow JM, Burchill LJ, 
et al. Outcomes following implantation of mechanical circulatory support in 
adults with congenital Heart Disease: an analysis of the Interagency Registry 
for mechanically assisted circulatory support (INTERMACS). J Heart Lung 
Transplant. 2018;37(1):89–99.

30.	 Villa CR, Khan MS, Zafar F, Morales DL, Lorts A. United States trends in 
pediatric ventricular assist implantation as bridge to transplantation. ASAIO J. 
2017;63(4):470–5.

31.	 de By TMMH, Schweiger M, Hussain H, Amodeo A, Martens T, Bogers AJJC, et 
al. The European Registry for patients with mechanical circulatory support 
(EUROMACS): third Paediatric (Paedi-EUROMACS) report. Eur J Cardiothorac 
Surg. 2022. https://doi.org/10.1093/ejcts/ezac355.

32.	 Cedars A, Tecson KM, Zaidi AN, Lorts A, McCullough PA. Impact of durable 
ventricular assist device support on outcomes of patients with congenital 
Heart Disease Waiting for Heart Transplant. ASAIO J. 2020;66(5):513–9.

33.	 Maxwell BG, Wong JK, Sheikh AY, Lee PH, Lobato RL. Heart transplantation 
with or without prior mechanical circulatory support in adults with congeni-
tal Heart Disease. Eur J Cardiothorac Surg. 2014;45(5):842–6.

34.	 Carrel T, Neth J, Mohacsi P, Gallino A, Turina MI. Perioperative risk and long-
term results of heart transplantation after previous cardiac operations. Ann 
Thorac Surg. 1997;63(4):1133–7.

35.	 DiBardino DJ. The history and development of cardiac transplantation. Tex 
Heart Inst J. 1999;26(3):198–205.

36.	 Lower RR, Stofer RC, Shumway NE. Homovital transplantation of the heart. J 
Thorac Cardiovasc Surg. 1961;41:196–204.

37.	 Webb WR, Howard HS, Neely WA, Wax S, Hagaman D. Practical methods of 
homologous cardiac transplantation. J Thorac Surg. 1959;37(3):361–6.

38.	 Khairy P, Fernandes SM, Mayer JE Jr., Triedman JK, Walsh EP, Lock JE, et al. 
Long-term survival, modes of death, and predictors of mortality in patients 
with Fontan Surgery. Circulation. 2008;117(1):85–92.

39.	 Mondésert B, Marcotte F, Mongeon FP, Dore A, Mercier LA, Ibrahim R, et al. 
Fontan circulation: success or failure? Can J Cardiol. 2013;29(7):811–20.

40.	 Ono M, Boethig D, Goerler H, Lange M, Westhoff-Bleck M, Breymann T. Clinical 
outcome of patients 20 years after Fontan operation–effect of fenestration 
on late morbidity. Eur J Cardiothorac Surg. 2006;30(6):923–9.

41.	 Ono M, Cleuziou J, Kasnar-Samprec J, Burri M, Hepp V, Vogt M, et al. Conver-
sion to total cavopulmonary connection improves functional Status even 
in older patients with failing Fontan circulation. Thorac Cardiovasc Surg. 
2015;63(5):380–7.

42.	 Hetzer R, Siegel G, Delmo Walter EM. Cardiomyopathy in Marfan Syndrome. 
Eur J Cardiothorac Surg. 2016;49(2):561–7. discussion 567-8.

43.	 Knosalla C, Weng YG, Hammerschmidt R, Pasic M, Schmitt-Knosalla I, Grauhan 
O, et al. Orthotopic heart transplantation in patients with Marfan Syndrome. 
Ann Thorac Surg. 2007;83(5):1691–5.

44.	 Krasemann T, Kotthoff S, Kehl HG, Debus V, Tjan TD, Schmid C, et al. Cardiac 
transplantation in neonatal Marfan Syndrome -- a life-saving approach. 
Thorac Cardiovasc Surg. 2005;53(Suppl 2):146–8.

45.	 Chang YL, Wei J, Chang CY, Chuang YC, Sue SH. Cardiac transplantation in 
situs inversus: two cases reports. Transpl Proc. 2008;40(8):2848–51.

46.	 Doty DB, Renlund DG, Caputo GR, Burton NA, Jones KW. Cardiac transplanta-
tion in situs inversus. J Thorac Cardiovasc Surg. 1990;99(3):493–9.

47.	 Hoffmeier A, Sindermann JR, Scheld HH, Martens S. Cardiac tumors – diagno-
sis and surgical treatment. Dtsch Arztebl Int. 2014;111(12):205–11.

48.	 Bryant R 3rd, Rizwan R, Villa CR, Zafar F, Wells D, Chin C, et al. Transplant out-
comes for congenital Heart Disease patients Bridged with a ventricular assist 
device. Ann Thorac Surg. 2018;106(2):588–94.

49.	 Rossano JW, Cherikh WS, Chambers DC, Goldfarb S, Khush K, Kucherya-
vaya AY, et al. The Registry of the International Society for Heart and Lung 
Transplantation: Twentieth Pediatric Heart Transplantation Report-2017; focus 
theme: allograft ischemic time. J Heart Lung Transplant. 2017;36(10):1060–9.

50.	 Conway J, Manlhiot C, Kirk R, Edwards LB, McCrindle BW, Dipchand AI. Mortal-
ity and morbidity after retransplantation after primary heart transplant in 
childhood: an analysis from the registry of the International Society for Heart 
and Lung Transplantation. J Heart Lung Transplant. 2014;33(3):241–51.

51.	 Doumouras BS, Alba AC, Foroutan F, Burchill LJ, Dipchand AI, Ross HJ. Out-
comes in adult congenital Heart Disease patients undergoing heart trans-
plantation: a systematic review and meta-analysis. J Heart Lung Transplant. 
2016;35(11):1337–47.

52.	 Reardon L, Lin J. Advanced Heart Failure and transplant in congenital Heart 
Disease. Heart. 2021;107(3):245–53.

53.	 Benden C, Edwards LB, Kucheryavaya AY, Christie JD, Dipchand AI, Dobbels F, 
et al. The Registry of the International Society for Heart and Lung Transplan-
tation: Sixteenth Official Pediatric Lung and Heart-Lung Transplantation 
Report–2013; focus theme: age. J Heart Lung Transplant. 2013;32(10):989–97.

54.	 Urschel S, Larsen IM, Kirk R, Flett J, Burch M, Shaw N, et al. ABO-incompatible 
heart transplantation in early childhood: an international multicenter study 
of clinical experiences and limits. J Heart Lung Transplant. 2013;32(3):285–92.

55.	 Lamour JM, Kanter KR, Naftel DC, Chrisant MR, Morrow WR, Clemson BS, et 
al. The effect of age, diagnosis, and previous Surgery in children and adults 

https://doi.org/10.1093/ejcts/ezac355


Page 10 of 10Martens et al. Journal of Cardiothoracic Surgery          (2023) 18:342 

undergoing heart transplantation for congenital Heart Disease. J Am Coll 
Cardiol. 2009;54(2):160–5.

56.	 Khush KK, Cherikh WS, Chambers DC, Goldfarb S, Hayes D Jr., Kucherya-
vaya AY, et al. The international thoracic Organ Transplant Registry of the 
International Society for Heart and Lung Transplantation: thirty-fifth adult 
heart transplantation Report-2018; focus theme: Multiorgan Transplantation. 
J Heart Lung Transplant. 2018;37(10):1155–68.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Heart transplantation surgery in children and young adults with congenital heart disease
	﻿Abstract
	﻿Introduction
	﻿Preoperative characteristics of CHD patients before transplant
	﻿Patient selection and preparation
	﻿Circulatory support in patients with CHD
	﻿Management of cardiopulmonary bypass in transplant patients with CHD
	﻿Physiological and technical challenges related to patient pathology
	﻿Ischemic and dilated cardiomyopathy
	﻿Hypoplastic Left Heart Syndrome (HLHS) and Fontan Circulation
	﻿Neonatal marfan syndrome
	﻿Status post mustard procedure
	﻿Situs inversus
	﻿Malignant cardiac tumors

	﻿Outcomes and prognosis
	﻿The Muenster University experience
	﻿Discussion
	﻿References


