
Abstract
In 1953, the pioneer of human orthotopic liver trans
plantation (LT), Thomas E Starzl, was the first to attempt 
an orthotopic liver transplant into a 3 years old patient 
suffering from biliary atresia. Thus, the first LT in humans 
was attempted in a disease, which, up until today, 
remains the main indication for pediatric LT (pLT). During 
the last sixty years, refinements in diagnostics and surgical 
technique, the introduction of new immunosuppressive 
medications and improvements in perioperative pediatric 
care have established LT as routine procedure for 
childhood acute and chronic liver failure as well as 
inherited liver diseases. In contrast to adult recipients, 
pLT differs greatly in indications for LT, allocation practice, 
surgical technique, immunosuppression and post
operative lifelong aftercare. Many aspects are focus of 
ongoing preclinical and clinical research. The present 
review gives an overview of current developments and 
the clinical outcome of pLT, with a focus on alternatives 
to fullsize deceaseddonor organ transplantation.
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Core tip: As of today, pediatric liver transplantation 
(pLT) has become a safe and routine procedure for 
the treatment of childhood acute and chronic liver 
failure as well as inherited liver diseases. In contrast 
to adult recipients, pLT differs greatly in indications 
for LT, allocation practice, surgical technique, immuno
suppression and postoperative lifelong aftercare. 
Longterm survival after pLT implies lifelong aftercare 
in an interdisciplinary team. The present review gives an 
insight into current indications for pLT, outcome after 
livingdonor and deceaseddonor organ transplantation 
and of ongoing clinical and preclinical developments to 
improve longterm outcome. 
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INTRODUCTION
In 1953, the pioneer of human orthotopic liver trans
plantation (LT), Thomas E Starzl, was the first to 
attempt an orthotopic liver transplant into a 3 years old 
patient suffering from biliary atresia[1]. LT is the only 
curative treatment option for patients with irrevocable 
acute or chronic liver failure and, in the last six decades, 
has developed from an experimental approach with very 
high mortality to an almost routine procedure with good 
short and longterm survival rates. In the early years, 
longterm survival rates after pediatric LT (pLT) were 
11%39%[24] and, since then, have improved to up to 
90% with longterm graft survival rates of > 80% (Figure 
1)[5,6]. Due to continuing improvements of surgical 
and interventional techniques as well as perioperative 
neonatal and pediatric intensive care medicine, the 
average age of pediatric transplant recipients has 
steadily declined, with a continuous increase of patients 
transplanted within the first year of life. As of today, 
approximately 27% of pLT are performed in recipients 
younger than 12 mo (Figure 2). Patients in this young 
age, which in former years could not be transplanted 
(and mostly died before reaching the size and age of 
transplantability), today show a longterm survival of 
almost 90%, which is comparable to older children 
(Figure 3). At the same time, longterm survival after 
pLT implies lifelong aftercare in an interdisciplinary 
team to ensure a life with as little as possible secondary 
morbidity. The present review gives an insight into 
current indications for pLT, outcome after livingdonor 
and deceaseddonor organ transplantation and of 
ongoing clinical and preclinical developments to improve 
longterm outcome after pLT.

INDICATIONS FOR PLT
Indications for LT in pediatric patients are manifold and 
can be classified into cholestatic disorders, metabolic 
liver diseases causing liver cirrhosis, metabolic liver 
diseases without liver cirrhosis, acute liver failure, acute 
and chronic hepatitis, and liver tumors (Table 1). With 
approximately 40%, the main indication for pLT is biliary 
atresia. Thus, the indications for pLT are significantly 
different to indications in adult LT recipients.

In former years, pLT was only performed in curative 
intent. Today, pLT is also performed, if life expectancy 
and/or quality of life can be significantly improved. In 
patients diagnosed with metabolic liver diseases not 
resulting in liver cirrhosis, the indication for LT has to be 
carefully evaluated. LT should be performed if the disease 

can either be cured or extrahepatic manifestations can be 
significantly improved. A contraindication in this setting 
would be advanced stage of irreversible extrahepatic 
manifestations. 

LISTING OF PATIENTS AND ORGAN 
ALLOCATION
Listing of patients
In patients with chronic liver disease, listing for LT should 
be performed in case of (1) reduced liver synthesis 
function (e.g., decreased cholinesterase, decreased factor 
Ⅴ); (2) portal hypertension with or without gastroin
testinal bleeding, severe hypersplenism, and/or refractory 
ascites; (3) failure to thrive despite adequate nutritional 
therapy; (4) recurrent cholangitis; (5) development of 
hepatorenal/hepatopulmonary syndrome; (6) recurrent 
or persistent hepatic encephalopathy; (7) significantly 
reduced quality of life; and/or (8) early in metabolic 
liver diseases resulting in lifethreatening conditions[7]. 
Pre and perioperative morbidity and nutritional status 
significantly correlate with long-term survival, morbidity 
as well as physical and cognitive function after pLT[813]. 
Therefore, accurately timed listing and meticulous 
pediatric management before and after pLT is crucial for 
longterm outcome.

In pediatric patients with acute liver failure, listing 
criteria, as in adults, focus more on acute metabolic and 
synthetic liver function, including the following criteria: 
hepatic encephalopathy (> grade 2), factor Ⅴ < 20% 
without adequate increase after sufficient substitution, 
hyperbilirubinemia (> 17.5 mg/dL), phosphate level 
above upper reference and/or significant renal failure[7]. 

Organ allocation
Due to shortage of deceaseddonor organs, different 
allocation solutions are intensively discussed and perma
nently adapted. In adult LT, a model for the sickest first 
policy, the Model of End Stage Liver Disease (MELD), 
was implemented in the allocation procedure within 
the United Network for Organ Sharing (UNOS) in 
2002 and within the Eurotransplant (ET) network in 
2007[14,15]. The MELD allocation system is not applicable 
to all patient groups, especially not to those who have 
progressive liver disease but no significant impairment 
of liver or renal function (e.g., patients with liver tumor, 
some metabolic and/or inherited diseases as well as 
patients with primary sclerosing cholangitis). For these 
patients a special allocation system by an exceptional 
MELD (eMELD) calculation has been implemented[16].

Center based allocation is in use especially in 
countries with few transplant centers, e.g., in Australia, 
United Kingdom, and Austria. Moreover, it is used in 
parallel to the MELD system for extended criteria donor 
organs. The advantage of the centerbased allocation is 
that the physicians can match the organ to the patient 
and therefore enable transplantation in patients not 
well represented by the MELD allocation system. Yet, 
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this system is prone to a more subjective decision 
making when allocating an organ and must be assessed 
critically.

Due to special characteristics in infants and children, 
especially concerning the inability to develop high 
serum creatinine values as a marker of severe liver and 
overall disease, the MELD allocation system can not be 
applied for this patient group[17,18]. Therefore a special 
liver allocation system for patients younger than 12 
years of age was developed within the UNOS network, 
not including creatinine as a major component. The so 
called Pediatric Model for End Stage Liver Disease (PELD) 
is calculated from serum albumin, bilirubin, INR, age 
at listing and failure to thrive (based on height, weight 
and gender) and was implemented for pediatric liver 
allocation within the UNOS network in 2002[1820]. Based 
on multivariate analyses of the Studies of Pediatric 
LT (SPLIT) database, the PELD score predicts the 

probability of death or hospitalization to the intensive 
care unit within 3 mo of listing for LT[19]. 

When the MELD system was introduced in the ET 
network in 2007, allocation via PELD was not implemented 
for pediatric liver transplant patients. Alternatively, 
the socalled matchMELD was introduced, a system 
comparable to the eMELD granted to defined subgroups 
of adult recipients not adequately represented by the 
MELD system. The initial matchMELD at the time of 
listing is set at a calculated 3momortality of 35% for 
children younger than 12 years of age and 15% for 
children aged 12 to 16 years. Every three months (90 
d), the matchMELD increases according to a calculated 
increase in 3momortality of 15% (children < 12 years) 
or 10% (children aged 12 to 16 years). Furthermore, 
organs derived from small adults or pediatric donors 
(< 46 kg body weight) are allocated with priority to 
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Table 1  Diseases indicating pediatric liver transplantation 
(modified after[7])

Cholestatic disorders Extrahepatic biliary atresia
Intrahepatic biliary hypoplasia 

(Alagille disease, other)
Progressive familial intrahepatic cholestasis

Sclerosing cholangitis 
(primary, neonatal, secondary)

Nutritive-toxic cirrhosis
Caroli disease

Cholangiodysplasia
Congenital liver fibrosis

Langerhans cell histiocytosis
Acute liver failure
Metabolic, with cirrhosis Alpha 1-antitrypsin deficiency

Wilson's disease
Tyrosinemia
Galactosemia

Neonatal hemochromatosis
Cystic fibrosis

Glycogenosis type Ⅳ
Metabolic bile acid dysfunction

Niemann-Pick's disease
Gaucher's disease

Metabolic, without cirrhosis Hyperoxaluria
Crigler-Najjar syndrome

Urea cycle disorders
Familial hypercholesteremia type ⅡA

Glycogenosis type ⅠA
Hemophilia type A, type B

Protein C deficiency
Wolman's disease
Organic acidemia

Hepatitis Hepatitis B
Hepatitis C

Hepatitis non-ABC
Autoimmune hepatitis

Neonatal hepatitis
Liver tumors Hepatoblastoma

Hepatocellular carcinoma
Fibrolamellar carcinoma
Hemangioendothelioma

Various Budd-Chiari syndrome
Cryptogenic liver cirrhosis
Infantile copper overload

Transplant year
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Figure 1  Development of graft survival after pediatric liver transplantation 
from 1985 until 2013 (collaborative transplant study data). CTS: Collaborative 
transplant study; LT: Liver transplants.
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Figure 2  Age distribution of pediatric liver transplantation recipients from 
1985 until 2013 (collaborative transplant study data). CTS: Collaborative 
transplant study; LT: Liver transplants.
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technique of reducedsize LT in children[26,27]. In 1988, 
Rudolf Pichlmayr performed the first split LT offering one 
cadaveric liver to two recipients[28]. However, pediatric 
deceased donors as well as organs suitable for splitLT 
remain rare. Figure 4 demonstrates the age of deceased 
liver donors within the ET network in 2013. Numbers 
of pLT performed significantly exceed the number of 
available pediatric organ donors[21]. 

Surgical techniques: Full-size vs split LT
The technique of full size LT in children is equivalent to 
adult LT (piggy back or conventional technique). Partial 
liver grafts can be obtained either by splitting a cadaveric 
donor organ or by livingdonor liver donation. For liver 
splitting, the anatomical determination of the eight liver 
segments first described by Couinaud[29,30] in 1957 is 
essential. Two standard splitting procedures exist: the 
anatomical splitting (dividing the liver at Cantlie’s line) 
and splitting along the falciform ligament[31]. Splitting 
of the left lateral segment is technically easier to perform 
than the true right/left lobe split procedure. Furthermore, 
the left lateral segment is the smallest part of the liver 
compared to the extended right, the anatomical left or 
the right liver lobe and is preferentially used in pLT. In 
small infants, even the left lateral segment of the liver 
often is too large and techniques to cut down left lateral 
lobes may be used to prevent graftsize mismatching 
and the socalled “largeforsize” syndrome[32]. Due to 
size mismatch (large graft in small recipient), primary 
closure of the abdominal wall after pLT is often not 
possible and should not be enforced in order to prevent 
compromising graft perfusion by external pressure. 
In these cases, abdominal wall closure is performed 
in stages during the first week posttransplant after 
continuous recovery of the graft from reperfusion injury 
and edema or accomplished by using mesh grafts[33]. 

Auxilliary transplantation
A special surgical technique is auxilliary LT [auxilliary 
partial orthotopic LT (APOLT)] with implantation of a 
partial graft without fully removing the native liver. 

pediatric recipients[21,22]. High urgency allocation is 
generally only possible in case of acute liver failure or for 
retransplantation due to graft impairment within 14 d of 
transplantation.

However, due to a significant mismatch in available 
pediatric donor organs compared to organs needed 
for pLT (Figure 4), alternative techniques to increase 
the donor pool must be applied. Here, livingdonor
LT (LDLT) is of particular interest in pLT. In many East
Asian countries deceaseddonor liver transplant (DDLT) 
is rarely performed due to religious and other reasons, 
which has led to a broad establishment of LDLT in 
these countries[2325] and might serve as an example for 
Western countries to expand the donor pool especially 
in pLT.

SCARCITY OF DONOR ORGANS AND 
POTENTIAL SOLUTIONS
Scarcity of donor organs
Before the technique of liver splitting was established, 
pediatric patients were dependent on donors with 
similar age or size. In the early 1980’s, Christoph 
Broelsch and Henri Bismuth were the first applying the 

Figure 3  Outcome after pediatric liver transplantation in relation to the recipients age. A: Patient survival; B: Graft survival (collaborative transplant study data). 
CTS: Collaborative transplant study; LT: Liver transplants.
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Figure 4  Donor age within the Eurotransplant network in 2013.
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Gubernatis et al[34] reported the first successful case in a 
patient with acute liver failure. She recovered, her native 
liver regenerated and immunosuppressive treatment 
could be withdrawn[34]. APOLT can be successfully 
performed in children with acute fulminant liver failure 
or in children with metabolic liver diseases without 
primary hepatocellular dysfunction or cirrhosis[7,35]. The 
rationale to perform APOLT in patients with metabolic 
diseases is to provide sufficient liver mass containing the 
missing enzyme to correct metabolic function. In case 
of graft failure, the patient’s native liver is still present 
to secure general liver function. Furthermore these 
patients preserve the option for later genetic therapy if 
this can be provided to correct metabolic function in the 
future[35]. If APOLT is performed in acute fulminant liver 
failure, e.g., due to severe hepatic necrosis (viral/toxic), 
the immunosuppressive therapy can be ceased in case 
the native liver recovers, resulting in an atrophy of the 
transplanted liver[36]. Yet it must be mentioned that 
APOLT is technically highly demanding and associated 
with a higher rate of complications.

Donation after circulatory death 
Complementary to splitting organs obtained from donors 
after brain death, organ donation after circulatory 
death (DCD) has been shown to increase the organ 
donor pool. DCD can be performed either as “controlled 
donation”, i.e., planned withdrawal of medical support 
(ventilation, inotropic support) in the context of catas
trophic illness[37], or as “uncontrolled donation” in 
patients with uncontrolled, outofhospital circulatory 
arrest. Although multiple ethical concerns are connected 
with donation after circulatory arrest[38,39], the World 
Health Organization encourages implementation of 
DCD worldwide[40]. DCD is currently performed in the 
United States, in 10 of 27 European nations, in Canada, 

Australia, Japan, China, the Far East and selected South 
American nations[41].

DCD LT after meticulous donor selection has reached 
outcomes only mildly inferior to LT after brain death[42], 
with increased rates of ischemic cholangiopathy and 
mildly reduced graft survival due to prolonged warm 
ischemia time[4345]. Absolute numbers of LT performed 
after DCD are limited. Within UNOS, pLT after DCD 
has been performed in 45 cases, compared to 8120 
pLT after brain death liver donations from 19962012. 
However, numbers are increasing with 12 transplanted 
livers (adult and pediatric recipients) from 70 recovered 
DCD donors in 1996 compared to 2789 transplanted 
livers from 8297 recovered DCD donors in 2012 within 
UNOS[41].

Living-donor liver donation
After successful implementation of splitliver LT in pLT, 
this technique lead to the first LDLT. In 1989, the first 
series of LDLT in pediatric recipients were performed in 
Chicago[46]. As of today, LDLT is an established procedure 
and the main form of LT due to scarcity of deceased 
donor organs in most EastAsian countries[23]. In western 
countries and especially in the UNOS area, use of living
donor organs for LT is less frequent and within UNOS 
constantly < 5% of LT over the last years[47]. Within the 
ET network, rates of LDLT in pLT are steadily increasing. 
Analyses of the collaborative transplant study (CTS) 
database show LDLT rates in pLT of 33% (Figure 5). 
Retrospective analyses have shown favorable or equal 
results as compared to pLT after DDLT[4856]. CTS database 
analyses show a similar longterm patient survival of 
pLT after LDLT vs DDLT (5year patient survival 83.7% 
after LDLT and 81% after DDLT, P = 0.062) (Figure 
6A). However, longterm graft survival is significantly 
better after LDLT vs DDLT (5year graft survival 78.2% 
in LDLT vs 71.4% in DDLT, P < 0.001) (Figure 6B). The 
advantages of LDLT are the use of an optimal healthy 
donor, minimal ischemic time, elective surgery and 
timing of transplantation according to the recipients’ 
need, which is particularly relevant for pediatric patients, 
as during a waiting time for pLT, the underlying disease 
can cause significant somatic and psychosocial long
term morbidity in the developing pediatric organism. 

It has been shown that longtermoutcome after 
pLT significantly correlates with the severity of morbidity 
at pLT[11]. LDLT offers the possibility and advantage of 
optimal timing of the transplant procedure before severe 
morbidity develops. Therefore the main advantage 
of LDLT is the immediate organ availability for the 
patient in need. Recipients of living donor livers have 
a shorter waiting time than recipients of organs from 
deceased donors. Thus, waiting time mortality can 
be reduced. However, living donation is not without 
risk for the healthy donor and LDLT is surgically more 
demanding than whole organ transplantation. For the 
donor, major complications (exceeding Clavien grade Ⅱ) 
were described in up to 44% after rightlobe LDLT and 
mortality risk was up to 0.8%[5759]. Right lobe donors 
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undergo operating procedures of longer duration, have 
significant longer hospital stay and require more blood 
transfusions[60,61]. However, for pLT, in most cases leftlobe 
liver donation is performed and the complication rates 
after full left lobe or left lateral lobectomy are significantly 
lower[6264]. Overall biliary complications are one of the 
major concerns in LDLT donors. In order to decrease 
morbidity and mortality after liver donation, a thorough 
evaluation of the potential donor is essential to detect 
and exclude potential increased medical risk factors for 
the otherwise healthy donor. Furthermore, complications 
decrease as surgeon and center experience grows. 

OUTCOME AFTER PLT
Age of recipients, patient and graft survival
Analyses of 2192 pLT within UNOS between 1995 and 
2006 (1832 DDLT, thereof 1183 whole organs, 261 split 
organs, 388 reduced size organs; 360 LDLT) showed, 
that only 33.9% of patients younger than 1 year of age 
received a full organ, with increasing numbers in older 
recipients (49.1% in patients 15 years of age; 65.3% 
in patients 512 years of age, 79.4% in patients older 
than 12 years[65]). Operating time, ischemia time and 
anhepatic time were significantly longer in reduced size 
or split organs, but with no clinically relevant significance.

Acute graft rejections are observed in 30%50% 
during the first year after pLT, but become rare in the 
longterm outcome. In contrast to adult LT and to trans
plantation of other organs, acute rejections in pLT do not 
correlate with longterm outcome or longterm chronic 
rejection[7,11]. 

Analyses of the SPLIT database have shown a 
longterm patient survival after pLT of almost 90%[65], 
which is in line with CTS database analyses (Figure 3). 
Mortality in patients > 1 year after pLT is below 5%[66] 
and mainly caused by posttransplant lymphoproliferative 
disease (PTLD), recurrent malignancy, sepsis and 
multiorgan failure. Loss of graft function is observed 
in 20%30% after pLT, with < 5% graft loss > 1 year 

after pLT[66]. In multivariate analyses, predictors of graft 
loss have been shown to be DDLT split graft, reduced 
size DDLT graft, fulminant liver failure as indication for 
pLT, donor age < 5 mo and prolonged warm ischemia 
time[65].

Acute complications: Comparison of DDLT, LDLT, and 
split DDLT
Main reasons for patient mortality are early postoperative 
complications, primary nonfunction and infections. 
Reasons for repeated surgical interventions after pLT are 
complications caused by anatomicaltechnical aspects. 
Overall rates of complications are observed in 45.1% 
after full organ pLT, vs 51.9% in LDLT pLT, vs 66.7% in 
DDLT split organ pLT. Repeated surgery within the first 
3 mo after pLT is performed in 29.5% after full organ 
pLT vs 41.9% after LDLT pLT and 47.1% after DDLT 
split pLT. Biliary complications have been observed in 
7.5% after full-organ DDLT pLT, which was significantly 
lower than after DDLT split organ pLT (18.8%) or LDLT 
pLT (17.5%)[65]. In overall vascular complications and 
arterial thrombosis, no significant difference was seen 
between full organ DDLT, split organ DDLT, and LDLT. 
Portal vein thrombosis has been shown to be significantly 
lower in fullorgan pLT (3.6%) vs split DDLT (14.6%) 
or LDLT (11.1%). Although overall complications, 
biliary complications and portal vein thrombosis happen 
significantly more often after LDLT vs DDLT, there is no 
significant difference in 30-d post-LT mortality after full-
organ pLT (3%) vs LDLT (3.6%), but significantly less 
in both techniques compared to DDLT split organ pLT 
(6.9%)[65]. 

Long-term transplant-related complications
Graft fibrosis has been described in 60% of patients 
at 10 years after pLT and has been shown to correlate 
significantly with (1) partial organ graft; (2) young 
age of recipient; (3) increased donor/recipient age 
mismatch; and (4) prolonged cold ischemia time[67]. 
Additionally, graft fibrosis seems to be associated with 

Figure 6  Outcome after living vs deceased donor pediatric liver transplantation. A: Patient survival; B: Graft survival (collaborative transplant study data). CTS: 
Collaborative transplant study; LT: Liver transplants.
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high de novo donor specific antibodies[67,68]. Comparing 
graft fibrosis after LDLT vs DDLT, no significant difference 
has been described.

Acute rejections are responsible for 10% of late organ 
losses[66]. Another 10% of late organ losses are caused 
by arterial thrombosis and biliary complications[7].

Chronic rejection, even if rare in absolute numbers, 
develops in 5%10% of patients and is responsible 
for 30% of late graft failures[69]. Positive predictors for 
late graft failure are (1) pLT for malignant disease; 
(2) pLT for acute liver failure; (3) repeated surgery 
within the first 30 d after pLT (other than scheduled 
2nd look surgery); (4) > 5 hospital admissions during 
the first year after pLT; and (5) steroid-resistant acute 
rejections[66].

Long-term morbidity and quality of life
In addition to direct transplantrelated complications, 
longterm morbidity and quality of life is a main focus in 
ongoing research in pLT. Major longterm complications 
after pLT are reduction of kidney function (17%32% of 
patients after pLT[70,71], arterial hypertension (15%30% 
of patients after LT)[72,73] and development of secondary 
neoplasias, particularly PTLD (5%10% of patients after 
LT)[74,75].

Kidney function can be reduced as a consequence of 
longterm immunosuppression, but may also be caused 
by the underlying disease (e.g., Alagille’s disease). 
Furthermore, longterm influence on kidney function 
of many chronic liver diseases before LT is unknown. 
Therefore development of kidney protective new immuno
suppressive regiments (see below) and close postpLT 
aftercare including translation of care into adulthood are 
crucial for longterm morbidity and quality of life.

PTLD is seen in up to 15% of patients after pLT 
and mortality rates of 30%, in single reports of up to 
50% have been described[76,77]. Main riskfactors for 
the development of PTLD are EpsteinBarr virusnaïve 
recipients, high total immuosuppressive load and the 
intensity of active viral load[78]. In addition to optimal 
antiviral therapy, the choice of the immunosuppressive 
regimen can significantly influence the risk of PTLD and 
is an ongoing focus of preclinical and clinical research.

Of special importance in pediatric organ trans
plantation is the problem of achieving a successful transi
tion into adult care. Medication nonadherence as one 
of the main problems has been described in 17%53%
adolescents after LT[79]. Nonadherence to medical 
regimens post transplantation increases rates of compli
cations, graft rejection, health care utilization and 
mortality. Therefore targeting problems of nonadherence 
should be the main focus in strategies to improve the 
transition process[80]. 

IMMUNOSUPPRESSION
Equal to patients after LT from a deceased donor, patients 
after living liver donation require immunosuppression 

to avoid immediate as well as longterm rejection of 
the transplanted organ. Therefore all patients, adults 
and children, are treated according to standardized 
immunosuppression protocols consisting of protocols for 
the early posttransplant period and protocols for long
term maintanance therapy. 

As in adult LT, the introduction of calcineurin inhi
bitors (CNI) in the early 1980s gave way to longterm 
survival also for pediatric transplant recipients and until 
today remain the backbone of immunosuppression 
protocols[81,82]. The early posttransplant phase is the time 
of highest risk for immunologic reactions between graft 
and host and therefore the highest immunosuppression 
is required during this period. Most protocols comprise of 
induction therapy, dominated by interleukin2 receptor 
antibodies especially in the pediatric transplant population 
(Basiliximab® and Daclizumab®), combined with corti
costeroids and calcineurin inhibitors (cyclosporine A and 
tacrolimus) as maintenance therapy[8388].

In contrast to adults, the use of other mono or 
polyclonal antibodies [e.g., monoclonal antiCD3 anti
body preparations (OKT3) and rabbit or equine anti
thymocyte globulin] for induction therapy has not been 
adopted by the pediatric transplantation community 
because of concern of undesired short  and uncertain 
longterm effects of such potent drugs on the developing 
organism and immune system[89]. 

Over the past years many studies could show that an 
overall minimization of immunosuppression is possible, 
especially in pediatric liver transplant patients, which may 
be of significant advantage for long-term quality of life. 
Especially in pediatric recipients, it is of great concern 
to compose the immunosuppressant drugs according 
to the individual need to minimize longterm undesired 
side effects[9093]. The main goal of drug minimization 
is reduction of negative side effects, especially on the 
growing organism, and avoiding longterm morbidity 
while preserving graft function. The most significant 
sideeffects of different immunosuppressants are 
nephrotoxicity, diabetes, development of hypertension, 
hyperlipidemia, impairment of growth, neurologic altera
tions, hypertrichosis and bone marrow suppression. Yet, 
up to date we are missing appropriate tools to determine 
the optimal level of immunosuppression due to great 
differences between individuals as well as within the same 
individual over time.

Regarding these aspects and based on increasing 
data to safety aspects in the use of different immuno
suppressant drugs in the adult population, multiple 
combination treatments, such as mycophenolate
mofetil and mammalian target of rapamycin inhibitors 
(Sirolimus and Everolimus), with and without CNIs 
have been introduced for maintenance therapy also in 
pediatric solid organ transplant patients and are topic 
of ongoing studies[94101]. By this strategy the single 
immunosuppressive drugs may be decreased to levels 
that do not cause significant clinical side-effects but are 
sufficient to avoid rejection.
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IMMUNE TOLERANCE 
AND WITHDRAWAL OF 
IMMUNOSUPPRESSION IN PLT 
RECIPIENTS
Up to date, lifelong immunosuppression is suggested 
after solid organ transplantation, but more and more data 
is evolving that especially patients who are transplanted 
early in life or receive a parental living liver donation may 
develop a certain extent of immune tolerance towards 
the transplanted graft. Single center experiences in 
which patients were withdrawn from immunosuppression 
because of medical reasons (e.g., PTLD or renal 
insufficiency) or had selfwithdrawn their medication 
due to noncompliance suggest that approximately 
20% of liver transplant patients become operationally 
tolerant towards the graft[102107]. Yet, up to date there 
are no reliable markers to determine, which patient has 
developed tolerance and which patient should remain 
on immunosuppressive drugs. Clinical experience shows 
that graft rejection may occur even years after weaning 
of immunosuppression and a focus of ongoing research 
is the definition of robust markers for distinguishing 
tolerant from nontolerant liver transplant patients[107,108]. 

Another, more aggressive approach to induce 
immune tolerance in solid organ transplantation is to 
combine solid organ transplantation with hematopoietic 
stem cell transplantation from the same donor[109111].

In our opinion future immunosuppressive strategies 
in pLT have to imply 3 main goals: (1) minimization 
as well as individualization of immunosuppression to 
reduce longterm negative side effects; (2) preservation 
of longterm allograft function; and (3) development 
of strategies to monitor and induce tolerance as well as 
differentiate between operationally tolerant and non
tolerant patients. 

CONCLUSION
pLT is a routine and safe procedure to treat acute 
or chronic liver failure or selected metabolic liver 

diseases in children. Short and longterm survival 
are significantly better in pLT compared to LT in adult 
recipients (Figure 7) and patient survival curves plateau 
at 4 years after pLT. A main problem of pLT, especially 
within the ET network, is the scarcity of pediatric donor 
organs or organs suitable for splitting after DDLT. Here, 
LDLT is a valid solution and should further be promoted. 
In conspect with the comparable longterm patient 
survival after LDLT and increased graft survival after 
LDLT vs DDLT pLT, results discussed in this review on 
outcome after pLT lead us to the following conclusions: 
(1) In pediatric LT, LDLT is a safe procedure with long
term outcomes equal to or even better than DDLT; (2) 
In small infants, where fullorgan LT is not an option due 
to donor/recipient size mismatch, LDLT enables LT in 
patients which in former times could not be transplanted 
due to the scarcity of deceased donor livers suitable for 
splitting; (3) LDLT enables pLT at a recipientcontrolled 
time, when perioperative morbidity can be minimized 
and longterm negative effects of the underlying 
disease may be prevented; (4) Immunosuppression 
after LDLT can often be significantly reduced in pediatric 
recipients and further research in immunosuppressive 
therapies may in future minimize immunosuppression
related morbidity and PTLD and, in some cases, may 
induce immune tolerance; (5) Microsurgical techniques 
and interdisciplinary management of pLT recipient need 
to be further improved to reduce acute complications 
due to biliary or portal vein complications and to further 
increase longterm patient and graft survival; (6) In 
line with the latter argument, pLT should be exclusively 
performed in highly specialized centers, where several 
disciplines (pediatric transplant surgery, pediatric and 
adolescent medicine, pediatric intensive care medicine, 
interventional radiology and anesthesiology trained 
in pediatric treatment) closely interact and are on call 
24/7/365; and (7) Meticulous donor selection and donor 
safety must continue to have highest priority in LDLT.
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Figure 7  Outcome of liver transplantation in pediatric vs adult recipients. A: Patient survival; B: Graft survival (collaborative transplant study data). CTS: Collaborative 
transplant study; LT: Liver transplants.
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CTS data.
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