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Abstract

Liver transplantation (LT) remains the gold standard treatment for end stage liver
disease in the pediatric population. For liver based metabolic disorders (LBMDs),
the decision for LT is predicated on a different set of paradigms. With improved
outcomes post-transplantation, LT is no longer merely life saving, but has the
potential to also significantly improve quality of life. This review summarizes the
clinical presentation, medical treatment and indications for LT for some of the
common LBMDs. We also provide a practical update on the dilemmas and contro-
versies surrounding the indications for transplantation, surgical considerations
and prognosis and long terms outcomes for pediatric LT in LBMDs. Important
progress has been made in understanding these diseases in recent years and with
that we outline some of the new therapies that have emerged.

Key Words: Pediatric metabolic liver disease; Liver transplantation; Liver based metabolic
disorders; Inherited; Cell therapy; Gene therapy
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Core Tip: The decision for liver transplantation (LT) in liver based metabolic disorders
(LBMDs) is not straightforward. As outcomes from pediatric LT continue to improve,
transplantation is no longer merely life saving, but also potentially significantly
improves the child’s quality of life. We herein discuss the clinical presentation,
medical and surgical treatment for some of the common LBMDs. We provide a
practical update on the indications, dilemmas and controversies for LT and the long-
term outcomes for children with LBMDs.
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INTRODUCTION

Liver transplantation (LT) remains the standard of care for children with end-stage
liver disease. With advances in the perioperative transplant management, the
outcomes after pediatric LT continue to improve-with better survival rates[1] and
quality of life measures[2].

Indications for pediatric LT can be broadly divided in to three main groups
(Figure 1). (1) Cholestatic diseases, such as biliary atresia and other conditions leading
to biliary cirrhosis are the most common indications for LT in the pediatric population
[3]; (2) Inherited metabolic liver diseases constitutes a wider group of diseases, in
which inborn errors of liver metabolism lead to severe intra- or extra-hepatic manifest-
ations. Within this group of conditions, LT results in a cure in some, whilst others have
an improved quality of life after transplantation, without necessarily being cured from
their primary illness; and (3) The third group is more varied, with indications of acute
liver failure, tumors and re-transplantations.

Some of the more common liver based metabolic disorders (LBMDs) are
exemplified below.

LBMDS CURED BY LT

Crigler-Najjar syndrome type 1

Crigler-Najjar syndrome (CNS) type 1 is secondary to a total deficiency of the uridine
diphosphoglucuronate glucuronosyltransferase activity[4]. This results in a severe
indirect hyperbilirubinaemia from birth, with an otherwise normal liver biochemistry.
It is an extremely rare familial disease affecting one per 600000-1000000 live births
worldwide. It has an autosomal recessive inheritance pattern and is caused by biallelic
mutations of the UGT1A1 gene[5].

Natural history and medical treatment: The build up of unconjugated bilirubin, which
deposits in the brain, eventually leads to kernicterus, which is irreversible in most
cases. Exchange transfusion in the neonatal period and plasmapheresis in older
children, may be indicated for acute episodes of severe hyperbilirubinaemia.

Intensive phototherapy is the mainstay of treatment for CNS type 1, particularly in
the newborn period. It is less effective in older children and adults due to skin
thickness, pigmentation and lower body surface are to body mass[6].

Other treatments include bilirubin-binding agents such as orlistat-a lipase inhibitor
which works better in tandem with calcium phosphate. Both of these agents help in
the excretion of bilirubin through the gut[7,8]. Other pharmacological agents with
limited evidence for efficacy include enzyme-inducing agents (phenobarbital),
choleretics (ursodiol) and heme-oxygenase inhibitors (tin-protoporphyrin and zinc-
protoporphyrin).

LT: At present, the only definitive treatment for CNS type 1 is LT. The two main types
of LT include orthotopic LT (OLT) and auxiliary partial OLT (APOLT). The host liver
is replaced with a whole or partial liver graft in OLT, whilst in APOLT only part of the
native liver is removed and replaced with the graft. APOLT has the theoretical
advantage for future novel therapies directed at native hepatocytes, such as gene
replacement and genome editing[4].

The transplant provides the child with a normal liver with normal UGT1A1
enzymatic activity, thereby completely normalizing bilirubin levels and providing the
child with a normal quality of life. LT is advisable before neurological damage occurs
[9]. As the outcomes of transplantation in infants are now similar to children,
transplantation is indicated in the first few years of life to prevent prolonged
impairment to the child and family.

Future research implications: In recent years, allogenic hepatocyte transplantation has
become an attractive alternative to LT[10]. Normal hepatocytes are transplanted via the
portal vein or peritoneal space. Encouraging results have been observed with a
reduction in bilirubin levels and reduced need for phototherapy[11]. Issues still exist
around the longevity of the transplanted cells-which decreases after a few months,
limited supply and cell quality. Mesenchymal stem cell therapy has shown some

promise in animal models and may provide a new alternative treatment in the future
[12].
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Figure 1 Indications for liver transplantation.
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Ex vivo and in vivo gene therapy is another new avenue for treatment of CNS type 1.
Different approaches including infusing autologous liver or induced pluripotent stem
cells into the liver and in vivo gene replacement using a vector delivery system have
been proposed, but there remain little safety and efficacy data[4].

Urea cycle disorders

Urea cycle disorders (UCDs) are a group of disorders secondary to defects of urea
synthesis and related metabolic pathways. UCDs result from a deficiency in either one
of the six enzymes [n-acetylglutamine synthetase (NAGS), carbamoylphosphate
synthetase I (CPS1), ornithine transcarbamylase (OTC), argininosuccinate synthase,
argininosuccinate lyase (ASL), and arginase 1] or two mitochondrial transporters of
the urea cycle pathway or metabolites of the amino acids related to the urea cycle[13].
The liver is central to these metabolic pathways, and plays a key role in removing
waste from protein catabolism. The defect in the pathway leads to life threatening
hyperammonaemia[l4]. It is the most common IEM based in the liver with an
incidence of 1 in 30000-46000 Live births. All UCDs are inherited in an autosomal
recessive manner apart from OTC deficiency, which is inherited in an X-linked
manner.

Natural history and medical treatment: Clinical findings are secondary to hyperam-
monaemia including seizures, coma, cerebral edema and death, with long-term
neurodevelopmental implications in survivors. The severity of symptoms can be
variable, with some presenting with fatal hyperammonaemia in infancy to
asymptomatic adults. In the neonatal period, symptoms occur within hours to days
after birth. Initially, neonates with UCD may present with non-specific features such
as poor feeding, vomiting, lethargy and tachypnea, but quickly progress to coma and
death secondary to hyperammonaemia. NAGS, CPS1 and OTC deficiencies, have the
poorest outcomes with neonatal onset of hyperammonaemia and death within the first
year of life[15]. Some children may have a delayed presentation with less severe
features such as mild gastrointestinal or neurological symptoms. The long-term
outcome is dependent on the number of episodes of hyperammonaemia (due to non-
adherence, infections and lack of compliance to diet).

The medical management of UCDs requires multidisciplinary input and is complex.
The treatment strategy for acute hyperammonaemia is three-fold[16]: (1) Reduce blood
ammonia levels through hemodialysis or hemofiltration; (2) Reversal of the catabolic
state through caloric and arginine supplementation; and (3) Elimination of excess
nitrogen pharmacologically (e.g. benzoate and phenylbutyrate)

October 27,2021 | Volume13 | Issue10 |
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In the long term, a diet restrictive of protein, alongside supplementation with
essential amino acids is key. Medications to increase waste nitrogen excretion are also
important[17]. Despite aggressive and prompt medical treatment, not all episodes of
acute hyperammonaemia can be avoided, and the risk of neurological damage
remains.

LT: LT offers a practical cure for UCDs as the metabolic defect is predominantly or
exclusively within the liver. A long waiting list duration is associated with long-term
risk of cognitive delay[18]. As such LT should be considered in children with UCD to
prevent progressive neurologic injury and improve cognitive outcomes. Post-
transplantation, patients are allowed a normal diet without taking nitrogen scavengers
[19]. LT should be offered early to patients with severe UCDs, poorly controlled with
medical interventions to prevent long term neurological damage. Living related
transplantation offers the advantage of optimal timing after confirmation of the donor

phenotype[20].

Future research implications: Allogenic hepatocyte transplantation has been shown to
have a sustained partial correction of the metabolic defect in OTC and ASL deficiency
patients[21,22]. Another promising treatment for UCD is gene therapy and has seen
many years of preclinical evaluation, but concerns still remain around the safety of the
application[23].

Maple syrup urine disease

Maple syrup urine disease (MSUD) is an autosomal recessive disease, secondary to
mutations in six gene loci where branched-chain alpha-ketoacid dehydrogenase
complex is encoded. This results in the inability of the body to fully breakdown the
essential amino acids valine, leucine and isoleucine. It has an estimated incidence of 1
in 185000 live births[24].

Natural history and medical treatment: There are five distinct clinical phenotypes of
MSUD, without clear correlation of genotype-phenotype. Classic MSUD manifests in
the neonatal period with delayed development, feeding difficulties, failure to thrive,
opisthotonus, “bicycling” movements and maple syrup odor[25]. Metabolites
accumulate and are excreted in the urine, sweat and ear cerumen, leading to the sweet
odor of maple syrup. If left untreated, irreversible neurological damage and metabolic
crisis occurs.

The most common medical treatment for patients with MSUD is dietary restriction
of the affected amino acids, with supplementation[26]. Despite aggressive treatment,
many patients will still experience episodes of metabolic decompensation during acute
illness or stress, with risk of developing cerebral edema. Acute metabolic
decompensation management includes effectively treating the underlying stressor,
restricting protein intake, ample caloric support, supplementation with cofactors,
elimination of toxic metabolites and correcting metabolic abnormalities[27].

LT: In patients with recurrent metabolic crises and high risk of cerebral edema, despite
optimal medical treatment, LT should be considered[28]. LT is curative and
significantly improves quality of life in children with MSUD. Patients can immediately
cease protein-restricted diet and are safe from catabolic crisis[28]. Preexisting neuro-
disability does not get reversed but LT offers neurological function stability and risk of
cerebral edema is greatly reduced[29].

Domino transplantation where the explanted liver is used for another recipient
without the underlying disease, has been used successfully in MSUD[30-32]. The new
liver provides the metabolic protection in the MSUD patient, whilst the domino
recipient has a normal systemic metabolism of branched amino acids and can counter
the effects of an MSUD liver. This helps with organ allocation and diminishes the
impact of the original transplant in the overall pool of organs[33].

Future research implications: Sodium phenylbutyrate (NaPBA) is commonly used for
treatment in patients with UCD. In a cohort of 533 patients with UCD, Burrage et al[34]
showed a reduction in branched chain amino acids and suggested follow up studies to
investigate it’s utility in MSUD[34]. Studies are currently ongoing to assess its efficacy
in MSUD patients.

Animal studies have shown encouraging therapeutic results using hepatocyte
transplantation with partial metabolic correction of MSUD in a murine model[35].
Whilst promising, this intervention still warrants further clinical investigation.
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Wilson disease

Wilson disease (WD) is secondary to mutations of the gene ATP7B on chromosome 13,
which codes for the transmembrane ATP7B transporter, involved in the transport of
copper, incorporation of copper to the protein caeruloplasmin and excretion of
excessive copper into bile. Excess copper in the liver leads to liver destruction,
diffusion in to blood and eventually deposition in the other organs[36].It is an
autosomal recessive condition with a prevalence of 1 in 30000 people. An age-
phenotypic presentation has been observed with hepatic presentations seen in the
younger age groups (< 10 years: 83%, 10-18 years: 52%, > 18 years: 24%), whilst a
neuropsychiatric presentation was more common in the older age groups (> 18 years:
74%, 10-18 years: 48%, < 10 years: 17%). The median age of presentation is 13.2 years
(range 3-74 years), but children are rarely symptomatic before the age of 5 years[37].

Natural history and medical treatment: The clinical features in the pediatric
population depend mainly on the predominant organ involved (liver and brain). The
deposition of copper in various site of the body leads to the plethora of clinical
presentations.

The majority of children present with liver disease, ranging from an asymptomatic
rise in transaminases, acute hepatitis, acute liver failure, acute on chronic liver failure,
chronic hepatitis, cirrhosis, fatty liver disease or malignancy[38]. It is important to
remember that the finding of another cause of liver dysfunction such as acute viral
hepatitis or non-alcoholic steatohepatitis, does not necessarily rule out Wilson’s
disease[39].

Up to 25% of children and adolescents present with acute or decompensated liver
failure[40]. The presentation is similar to that of acute hepatitis, but the condition leads
to rapid deterioration, with a high mortality. Symptoms include severe jaundice,
Coombs- negative hemolytic anemia, deranged coagulation, ascites, encephalopathy
and renal failure. Children present with very high serum bilirubin, rise in liver
enzymes, low serum alkaline phosphatase and defective synthetic functions.

By the time children present with neurological symptoms, most already have liver
disease, although may not be overtly symptomatic. Subtle signs may start from a
young age such as deterioration of school performance or handwriting and dysarthria.
Neurological signs tend to be wide-ranging and variable. Behavioral and psycho-
logical changes are very common in WD and make up for roughly one-third of
presenting symptoms.

Medical therapy is mainly focused around the copper chelation. Main drugs
currently in use include D penicillamine, trientine, zinc and ammonium tetrathiomo-
lybdate. Treatment should be commenced as soon as the child is diagnosed, as
untreated WD can be fatal. In patients with acute liver failure or advanced liver
disease, LT is the only effective therapy.

LT: The liver disease is cured by LT and extra-hepatic symptoms generally improve
after LT, particularly neurological signs. LT is the only option for patients with acute
liver failure with encephalopathy secondary to WD. In children with liver dysfunction
without encephalopathy, but are unresponsive to medical treatment, the indications
are less clear. The Wilson Index is helpful in identifying children with decompensated
liver failure, with a 93% sensitivity and 98% specificity[41].

Future research implications: Animal models have shown that restoration of 30%-50%
of metabolic function may protect the rest of liver cells. This raises the possibility of
gene therapy and hepatocyte transplantation as a potential therapeutic option in
children with WD[42]. For patients with acute liver failure secondary to WD,
hepatocyte transplantation may be used as transient support until chelation treatment
shows its effect or as a definitive cure through repopulation of the liver by healthy
donor cells as seen in animal models of WD[43].

LBMDS IMPROVED BY LT

Methylmalonic acidemia and propionic acidemia

Methylmalonic acidemia (MMA) and propionic acidemia (PA) are the commonest
forms of organic acidemias resulting from defective catabolism of the amino acids[44].
MMA is an autosomal recessive disorder secondary to the complete or partial
deficiency of methylmalonyl-CoA mutase. MMA is also caused by several inborn
errors of cobalamin or B12 metabolism. It is rare with an incidence of 1 in 80000 live
births[45]. PA is also an autosomal recessive disorder due to a defect in the enzyme
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propionil-CoA carboxylase[46].

Natural history and medical treatment: The presentation can be divided in to three
categories: (1) Neonatal presentation with signs of sleepiness, encephalopathy, coma,
hypotonia and hepatomegaly; (2) Infantile form with recurrent metabolic crisis and
neurological changes; and (3) Chronic presentation with developmental delay, failure
to thrive and recurrent infections[44]. Neurological signs include epilepsy, develop-
mental delay and dystonia resulting from lesions in the basal ganglia. Methylmalonate
is also nephrotoxic and can lead to progressive renal disease and end-stage renal
failure by adolescence. Investigations in these patients show ketoacidosis, hyperam-
monaemia and hyperglycinemia. Urine organic acids will reveal propionyl-CoA
derivative or methylmalonate.

Each metabolic crisis requires correction and maintenance therapy is dependent on
dietary restriction of protein (low protein and high caloric diet with continuous
overnight feeding), supplementation with amino acids, carnitine, metronidazole
(reduce production of prioprionate in the gut) and cobalamine[47]. Intensive clinical
management with aggressive treatment with dialysis and haemofiltration is often
needed to minimize neurological sequelae. Despite early detection and maximal
medical therapy, many children develop significant neurological, renal and cardiac
complications.

LT: LT provides the deficient enzyme in MMA, but the overall biochemical defect is
not entirely corrected as the enzyme is expressed in most cells in the body.
Neurological and renal function may deteriorate further after LT in some MMA
patients[48]. Kidney transplantation has had long-term success in reducing MMA
levels and avoiding metabolic crisis in moderate forms of the disease[49]. In more
severe forms, combined liver and kidney transplantation may reduce frequency of
metabolic crises, severity of illness and probably decreases risk of further neurological
deterioration, but does not abolish it entirely[45]. With that in mind, the indications for
liver and/or kidney transplantation are still unclear in MMA.

The idea behind transplantation is to provide the deficient enzyme through the graft
and correct renal failure if present. It is important to remember that transplantation
does not cure MMA but may reduce the frequency of crisis and improve the child’s
quality of life. Pre-transplant assessment should include a thorough neurological
assessment as transplantation does potentially have the risk of further neurological
deterioration. Dietary restriction of protein should be continued as a precaution
against future metabolic decompensation and late complications after transplantation
[45].

In PA, LT also only partially corrects the metabolic defect[50]. However, the
improvement seen appears to be more significant in PA compared to MMA-diet can
usually be normalized, no further metabolic crises and neurocognitive function
remains as it is pre-transplantation[51]. LT should be indicated in patients with
recurrent metabolic crises despite optimal medical therapy, with a view of preventing
further neurological deterioration and cardiac complications[50].

Future therapies: The role of new and novel treatments such as genetic modification,
hepatocyte transplantation and chronic medical therapies remains uncertain[52].

Glycogen storage diseases

Glycogen storage diseases (GSD) constitutes a group of mainly autosomal recessive
metabolic disorders, caused by the accumulation of either an abnormal amount or type
of glycogen. It has an incidence of 1 in 20000 to 40000 live births. Various enzymes of
glycogen metabolism are potentially involved, with 12 types of GSD recognized -
seven of which have an enzymatic defect in the liver. Types I, III, IV, VI and IX are
associated with severe liver disease[53-55].

Natural history and medical treatment: Typically, it presents with fasting hypoglyce-
mia, hepatomegaly and growth retardation. In the GSD type I, hepatocellular
adenomas with risk of transformation to hepatocellular carcinoma has been found[55,
56], particularly in those with pre-existing adenomatous nodules. In GSD type III,
some patients may progress to liver cirrhosis, whilst some develop hepatocellular
carcinomal[54]. GSD IV patients have a variable phenotype and some develop liver
cirrhosis and hepatocellular carcinoma early on. Extrahepatic manifestations such as
renal dysfunction in GSD type 1, myopathy in GSD type III and IV may also be
present. It is important to distinguish between subtypes for optimal management.
Diagnosis is through enzyme assays in the liver other tissues and mutation analysis.
Presence of PAS-positive glycogen staining in liver biopsy samples is useful in
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confirming the diagnosis.

Treatment for liver GSD includes dietary changes and medical treatment when
symptoms are not corrected by diet. In GSD type I, continuous overnight enteral drip-
feeding is used to avoid fasting hypoglycemia and regular oral cornstarch intake is
used for prolonged glucose release and have significantly improved metabolic control
[57]. Other pharmacotherapy may be needed such as allopurinol for hyperuricaemia,
angiotensin converting enzyme inhibitors for proteinuria and granulocyte-colony
stimulating factor for neutropenia in GSD type Ib[58]. In patients with GSD types III,
VI and IX, a high protein diet alongside uncooked cornstarch is standard therapy.
Whilst metabolic control is generally successful with medical therapy, long-term
complications still occur[15]. Adherence is also a common issue in children and
adolescents and may not be tolerated in many, results in a higher rate of complic-
ations.

LT: In patients with very poor metabolic control despite optimal medical therapy,
those with multiple recurrent adenomas with increasing size, progressive liver
cirrhosis and/ or hepatic failure, LT should be considered. In children with GSD type
IV, LT is generally the best option for treatment, particularly in those that develop
liver cirrhosis[59]. Children with GSD are also living longer and despite medical
treatment, many develop long-term complications. With the outcomes of LT
improving, including better biochemical and clinical parameters, LT offers the
potential to be both preventative and curative for patients with GSD.

Indications for LT in GSD can be summarized as: (1) Correction of LBMD when
medical therapy is unsuccessful or impairs quality of life; (2) Cirrhosis and complic-
ations; and (3) Liver tumors such as adenoma and hepatocellular carcinoma.

LT corrects the enzymatic defect, but the extrahepatic manifestations often
complicate post-transplantation management[59].

Future therapies: There has been limited experience with hepatocyte transplantation,
but initial reports are positive[60,61]. Gene therapy has been developed in animal
models, but there remains insufficient data for clinical trials[62].

Phenylketonuria

Phenylketonuria (PKU) is a rare autosomal recessive condition secondary to mutations
in the phenylalanine hydroxylase gene (PAH). This results in a deficiency of PAH, an
enzyme in the liver that converts phenylalanine (Phe) to tyrosine. The incidence is
roughly 1 in 10000 and does vary by ethnic group, being higher in Caucasians.

Natural history and medical treatment: The lack of this enzyme results in abnormally
high levels of phenylalanine in the brain, causing intellectual problems, developmental
delay and psychiatric issues. Universal newborn screening in most developed nations
has led to early detection and significantly reduced the number of children with
intellectual disability secondary to PKU. Despite ongoing and early treatment of
patients with PKU, majority of patients will still have a lower intellectual ability
compared to family members and suffer from mental health issues[63,64].

Medical therapy consists of restriction of phenylalanine intake and supplementation
with phenylalanine-free amino acid mixtures to ensure adequate protein intake[65].
The diet needed is extremely restrictive and include mainly fruits, vegetables and low
protein modified foods such as bread, rice and pasta[66]. Dietary treatment, when
maintained in childhood and well into adulthood has been shown to result in
markedly improved outcomes at a cognitive and psychiatric level for patients.
However, adherence to this strict regime is not ideal, particularly in adolescents and in
adulthood.

Dietary modification has evolved with the introduction of glycomacropeptides
(GMP), which are proteins contained in “whey”. These contain very little
phenylalanine, which makes them suitable for replacing amino acid substitutes.
Compliance has been shown to be improved with GMP compared to traditional amino
acid foods[67]. The medication sapropterin, a form of tetrahydrobiopterin cofactor of
phenylalanine hydroxylase has a success rate of up to 55% in PKU patients[68].
Patients with milder form of disease are more likely to respond to this drug. Another
recent pharmaceutical drug known as peglyated phenylalanine ammonia lyase or
pegvaliase, an enzyme substitute therapy has been assessed in Phase 2 and Phase 3
clinical trials[69]. Over 24 mo, patients showed a 69% decrease in Phe levels from
baseline but almost all patients had mild to severe adverse events[70].
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LT: Whole liver LT is not thought to be acceptable in majority of patients and
physicians due to the availability of non-surgical treatment options.

Future therapies: Gene therapy has been shown to be successful in mouse models but
no studies have reported trials in patients yet[71]. A variation of gene therapy is gene-
editing techniques (Crispr/Cas9 or TALENS) to repair common mutations or insert
active gene into “safe” areas of the gene. The development of an expressive synthetic
RNA for the PAH gene is in development, but not with human subjects[72].

Cell-based therapies including hepatocyte and stem cell transplantation have been
considered viable alternatives[73]. One patient has received hepatocyte transplantation
with temporary improvement in Phe levels[74].

DILEMMAS AND CONTROVERSIES

The decision for transplantation in LBMDs remains a complex one. Whilst the
distinctions between each group of LBMDs is relatively arbitrary and may overlap, the
indication for LT is one that must be carefully considered.

In a disease process such as biliary atresia, the risk-benefit decision for LT may be
relatively simple. In a child with failed portoenterostomy, with progressive liver
disease and poor survival beyond 36 mo of life, LT offers long-term survival of over
80% in biliary atresia patients[75]. Therefore the risk/benefit decision is based on
quantitative improved survival outcomes.

Indications for LT for LBMDs however, are based on a different set of paradigms.
Some LBMDs result in progressive liver disease, leading to cirrhosis and liver failure,
therefore making LT a life-saving procedure, whilst some LBMDs do not cause liver
injury, but the toxic intermediary metabolites have significant extra-hepatic effects.

LT remains the mainstay of treatment for LBMDs causing life-threatening illness
such as the neonatal form of the UCD OTC deficiency, primary hyperoxaluria and
CNS type 1[6,76,77]. The enzymatic defects in these conditions are well documented
and present with severe clinical phenotypes manifesting in life-threatening complic-
ations. LT offers a replacement for the hepatic enzymes, therefore providing a life-
saving metabolic cure.

With improvement in the outcomes and reduced risks associated with LT, LT has
become an attractive treatment strategy for a significant number of other LBMDs with
a considerably more complicated phenotype and risk/benefit profile. The utility of LT
as a life improving vs life saving treatment modality raises a number of important
questions. This paradigm shift of improving quality of life as opposed to saving lives
has dramatically changed the plethora of diseases for which LT may be considered
appropriate therapy. The blurring of lines between standard medical therapy and
more aggressive surgical intervention, increasingly poses complex decisions for the
transplant community[78].

Furthermore, LBMDs are relatively rare, and a detailed understanding in to the
natural progression/history is still lacking. There is also a diverse genotype and
phenotype correlation for many of these rare disorders. The risk/benefit consideration
is made even more complicated for a given individual as the inherent risks of a
condition are not always well-defined.

SURGICAL CONSIDERATIONS

As more children receive transplants for LBMDs, organ allocation is an important
consideration. In the United States, the Pediatric end-stage liver disease score and
Model for End Stage Liver Disease score are used to prioritize candidates for LT. These
scoring systems are centered mainly on worsening biochemical parameters which
progress with advancing liver failure. In many LBMDs, there is typically no evidence
of progressive liver disease and as such predicting risk of which candidate is most
likely to benefit for LT can be challenging. As we expand the indication for LT for
metabolic conditions, the issue of organ allocation must also be addressed.

The issue of scarcity of donor organs has led to optimization of the available grafts
through various surgical techniques such as reduction of an adult donor graft in
children, particularly through split liver grafts[79], auxiliary transplantation and the
use of heterozygous donors.
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Auxiliary transplantation[80]-where the whole or partial left lobe of a living or
deceased donor is transplanted in an orthotopic site whilst preserving the right lobe of
the recipient[81] is increasingly being used (Figure 2). Whilst technically challenging,
advantages are two fold; (1) It allows the native liver to continue functioning normally,
aside from the enzymatic defect, serving as a safety net should the graft fail; and (2) It
may serve as a bridge to gene therapy, a new and novel developing area of metabolic
medicine. Despite the initial discouraging results with higher mortality and morbidity,
more recent studies[82,83] from experienced centers have shown comparable
outcomes to whole LT and successful weaning of immunosuppression with native
liver regeneration[84]. Study by Sze et al[85], showed that of the 96 paediatric LT
patients with LBMDs, 14 (13%) children had auxiliary transplantation. Of these, 11
children had noncirrhotic LBMDs (CNS type 1, OTC, familial hypercholesterolism,
proprionic acidemia). Long term patient and graft survival was not statistically
different to standard orthotopic LT at 1 and 10-years post-transplantation[85].
Cautious selection of patients for auxiliary transplantation is vital as LBMDs that lead
to cirrhosis or produce abnormal enzymes or proteins such as primary hyperoxaluria
should not be treated with auxiliary transplantation as the underlying abnormality
results in disease progression[86].

Living related living transplant using relatives as donors has emerged as a solution
to the scarcity of donor organs. In Japan, where there are no deceased donors, living
related donor LT for metabolic disorders is a key option[87]. As described above, most
metabolic disorders have an autosomal recessive inheritance pattern. Parents, who are
obligate carriers of the recipient’s disorders, become potentially heterozygous donors.
Kasahara et al[20], conducted an extensive review from a Japanese multicenter registry
of living related LT[20]. Among the patients transplanted for metabolic conditions,
95% of donors were parents who were carriers of the recipients” disorders. Indications
for transplantation were WD in 30%, UCD in 29%, MMA in 10% and GSD 7.7%[88].
The outcome reported after using heterozygous donors was excellent with better long-
term survival rate, especially in WD and UCD. Other studies have also demonstrated
the safety of heterozygous donors for LT in LBMDs with excellent metabolic correction
[89,90].

As previously discussed, LT for organic acidurias is not curative, but may improve
quality of life. Combined liver and kidney transplantation can be considered in
patients with MMA and PA with frequent metabolic decompensation episodes in spite
of rigorous medical therapy, based on highly individualized criteria[47]. The
experience with combined liver and kidney transplantation in this cohort of patients
remains limited. In MMA patients specifically, it has become an effective treatment
modality with favorable graft survival and short-term outcomes, and good survival
rates[45,91,92]. Combined liver and kidney transplantation does not cure the disease,
but leads to partial correction of the metabolic derangement and improvement in
clinical features. Medical therapy is generally continued, although less stringent than
pre-transplantation, in order to lower the risk of renal and neurological worsening
[47]. Choice of immunosuppressive therapy that is renal-sparing is encouraged and
neurological side effects from medication need to be carefully monitored[93].

OUTCOMES AND PROGNOSIS

With LBMDs constituting roughly 15%-25% of LT in the pediatric population, it is
important to consider the outcomes of these children. Single and multicenter studies
have suggested that their outcomes are comparable if not better than those
transplanted for decompensated cirrhosis or other forms of chronic liver disease with
excellent survival rate of > 82% at 10 years[85,94] (Figure 3) (Graph data from King's
College Hospital, 2009).

Some studies, however, have shown that chronic rejection is a common problem in
LT for LBMDs, often leading to re-transplantation[85,95]. Re-transplantation is
associated with higher morbidity and mortality. Inmunosuppression regimes are
important in maintaining long-term allograft health, but may also contribute to
potentially serious complications over time.

Optimization of immunosuppression can be challenging and is not standardized[85,
96]. In children receiving LT for LBMDs, the optimal use of immunosuppressive
agents is to achieve a balance between minimizing risks of allograft rejection and
secondary toxicity[97]. Renal impairment specifically is frequently seen in these
children. Thus, choosing an immunosuppressive agent with minimal nephrotoxic
potential is important. The use of basiliximab, a chimeric anti-IL2 receptor antibody,
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Figure 2 Auxiliary liver transplantation for select liver based metabolic disorders.
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Figure 3 Patient survival for pediatric liver transplantation for metabolic disorders (data from King’s College Hospital, London).

has been shown to be an effective renal-sparing agent with delayed entry and lower
early target trough levels of calcineurin inhibitors (CNI) in children with renal
impairment[98]. Mycophenolate mofetil (MMF) is also a CNI sparing agent, useful in
children with CNI toxicity. Induction with monoclonal antibodies such as Basilixumab
as an induction, followed by the use of MMF may be a helpful renal-sparing strategy

in children with renal dysfunction.
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The overall prognosis for children receiving transplantation for LBMDs must
account for both allograft and extrahepatic complications. Meaningful survival in all
pediatric LT recipients should be a state of complete physical, mental and social
wellbeing[99]. Long-term management of children transplanted for LBMDs must
include aspects such as growth and nutrition, neurological outcomes and psychosocial
well-being.

CONCLUSION

Pediatric LT has come leaps and bounds in the treatment of children with LBMDs.
Where it has been previously viewed only as life-saving for some LBMDs, there is
good reason to consider a shift in the utility of LT beyond metabolic rescue. It remains
the gold standard for children with end stage liver disease. The success rate in most
LBMDs is promising but the clinician plays a vital role in determining which patients
are most suited for LT. The care pre- and post-transplantation is especially important.
Pre-transplantation, identifying the most appropriate candidate for transplant will
involve assessment of the severity of the primary disease, neurological status, and
comorbidities which may affect transplant survival and ensuring that all alternative
treatment modalities have be explored. It is important to remember that good
metabolic control including ongoing dietary management and medical therapy
supplements often results in better post-transplantation outcomes. A multidisciplinary
network of professionals is key in the management of these children post LT, to ensure
all aspects including growth and development, psychosocial well-being and nutrition
are considered.
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