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Abstract

There is close interaction between the functions of the liver and heart affecting the
presentation, diagnosis and outcome of acute and chronic cardiac and liver disease.
Conditions affecting both organ systems should be considered when proposing
transplantation as the interaction between cardiac and liver disease has implications
for diagnosis, management, selection for transplantation and ultimately long-term
outcome post-liver transplantation. The combination of cardiac and liver disease is
well recognised in adults but less appreciated in paediatrics. The focus of this review
is to describe conditions affecting both liver and heart and how they affect selection

and management of liver transplantation in the paediatric population.

Glossary (alphabetical order)

ALT  Alanine transaminase

ALP  Alkaline phosphatase

AS Alagille syndrome

ASD  Atrial-septal defect

AST  Aspartate Aminotransferase

BA Biliary atresia

CCM  Cirrhotic cardiomyopathy

CHD Congenital heart disease

CLHT Combined liver-heart transplantation
Cco cardiac output

CcT Computerised tomography
DSMRI Dobutamine stress Magnetic Resonance Imagining
ECG Electrography

FALD Fontan-associated liver disease
FFA  Fumarylacetoacetase

FNH  Fibronodular hyperplasia

GGT Gamma Glutamyl transferase
GSD  Glycogen Storage Disease

HCC Hepatocellular carcinoma

HT Heart transplant

HV Hepatic vein

HVWP Hepatic venous wedge pressure
IVC Inferior vena cava

LT Liver transplantation



LVH
LVIDd
LVMI
MMA
MDT
NTBC
PA
PT
RT
SPLIT
VSD
WD

Left Ventricular hyperplasia

Left ventricular end-diastolic diameter
Left Ventricular Mass Index
Methylmalonic acidemia
Multidisciplinary team

Nitisinone

Propionic acidemia

Prothrombin time

renal transplantation

Studies of Pediatric Liver Transplantation
Ventricular septal defect

Wilson’s Disease



Introduction

Cardiac disease is an accepted co-morbidity in adult patients with end-stage liver
disease [1] and a recognised component of multi-organ disease in children with
congenital disorders or metabolic disease (table 1). As survival improves in paediatric
patients with liver disease, particularly following successful liver transplantation (LT),
cardiac complications are important determinants of morbidity and mortality pre and

post LT, and so cardiac evaluation is an essential part of the transplant work-up [2].

Hepatic disorder | Hepatic features | Cardiac features | Implication for
transplant
Biliary atresia Cholestasis Dextrocardia, Cardiac  surgery
Hepatomegaly ASD, VSD, pre-transplant
Obstructive Cardiomyopathy Transplant may be
jaundice [3] [4] contraindicated if
surgery is not
possible
Alagille’s Cholestasis, Branch pulmonary | Cardiac  catheter
syndrome pruritis artery stenosis, may be required.
Tetralogy of Fallot | Pulmonary artery
stenosis may be
distal and less
amenable to
surgery [5] pre-
transplant
Balloon dilatation
+/-  intravascular
stenting for severe
stenosis
Surgical repair for
Tetralogy of Fallot
Percutaneous
valvuloplasty [6] [7]
Fulminant or | Encephalopathy, Bounding pulses Echocardiogram,
subacute liver | coagulopathy, High cardiac output | Electrocardiogram
failure jaundice
Mitochondrial High lactate, | Cardiomyopathy Transplant
cytopathy, coagulopathy [8] [9] contraindicated
Tyrosinemia type 1 | Coagulopathy, Hypertrophic Transplant curative
jaundice cardiomyopathy
[10]

Table 1. The cardiac and hepatic features of common paediatric liver disease. Atrial
Septal Defect (ASD), Ventricular Septal Defect (VSD)




Conditions affecting both organ systems may be classified into three groups: (1)
Congenital heart disease and the liver (e.g. structural defects); (2) Inherited Metabolic
disease and (3) End-stage liver disease and the heart. We review emerging data in

this field.

1. Congenital heart disease and the liver

Liver disease in children with congenital cardiac disease may arise as the direct result
of cardiac dysfunction (ie.cardiac cirrhosis), or as part of a genetic disorder (eg,
Alagille syndrome). The liver receives around 25% of the cardiac output and is
extremely sensitive to a reduction in flow. In addition, there are no valves between the
hepatic vein (HV) and the inferior vena cava (IVC) so that any elevation in venous
pressure is transmitted directly into the liver sinusoidal bed. It is inevitable that liver
involvement occurs in conditions that significantly reduce cardiac output or oxygen
delivery leading to impaired liver perfusion, or increased systemic venous pressure

predisposing to hepatic congestion and centrilobular necrosis (fig 1).
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Fig. 1: (a) Schematic representation of changes seen in cardiac cirrhosis. Dilated and
congested hepatic venules with centrilobular hemorrhagic necrosis of hepatocytes.
Periphery shows fatty change in hepatocytes. Hepatocytes adjacent to portal triad are

normal. (b) Histological changes seen (right panel) reticulin staining outlining a nodule



with circumferential plate atrophy (nodular regenerative hyperplasia; (upper left panel)
hematoxylin van Gieson demonstrating perisinusoidal fibrosis; (lower left panel)
hematoxylin and eosin, there is vascular congestion and in places red blood cells are
pushed into the space of Disse (arrow) an indicator of venous outflow obstruction

Reduced cardiac output: In the acute setting, cardiovascular collapse due to closure
of the arterial duct in a duct-dependent systemic circulation, results in an acute
ischaemic hepatitis with a rise in hepatic transaminases due to hepatic necrosis,
unless flow is rapidly restored, with prostaglandin infusion [11]. A similar situation
arises after cardiac surgery with a prolonged period of cardiopulmonary bypass or
circulatory arrest if the liver becomes ischaemic [12]. Depending on the duration and

severity, hepatitis, cholestasis, fibrosis, cardiac cirrhosis/hepatopathy and portal

hypertension may develop.

On the other hand, chronic heart failure with reduced systemic blood flow, such as
with a left-to-right intra-cardiac (eg. VSD) or extra-cardiac (eg. patent arterial duct)
shunt, or a pressure gradient across the aortic arch (eg. coarctation of the aorta) may
affect liver function. In children with a chronic right-to-left shunt, cyanosis will reduce
oxygen delivery to the tissues despite normal flow and may result in chronic liver
hypoxaemia [13]. Treatment is directed towards repair of the primary congenital heart
defect to correct the physiological sequelae. Although early cirrhosis likely can
regress, the heavily cross-linked collagen and elastin of late cirrhosis may be resistant

to remodelling.

Increased systemic venous pressure: Any right-sided cardiac lesion that increases
right atrial pressure or volume leads to elevated pressure in the IVC and hepatic

venous congestion. Cardiac hepatopathy is caused by defects downstream of the right



atrium such as pulmonary arterial hypertension (either primary or secondary to left-
sided heart disease), pulmonary stenosis, right ventricular outflow tract obstruction, a
VSD (with left-to-right shunt), right ventricular hypertrophy or failure, or tricuspid
regurgitation (including Ebstein’s anomaly). Patients with hepatic congestion are
usually asymptomatic but have mild unconjugated jaundice and abnormal hepatic
transaminases. Bridging fibrosis or cardiac cirrhosis result from prolonged
haemodynamic abnormalities, leading to impaired hepatic function with coagulopathy,
hypoalbuminemia, and alteration in the metabolism of several cardiovascular drugs,
with unwanted toxicity [14]. The hepatic venous wedge pressure (HVWP) is normal in
contrast to the elevated portal/systemic venous pressure gradient in hepatic cirrhosis
due to chronic liver disease, explaining why varices very rarely develop in the setting

of congestive hepatopathy [11] [15].

Congenital cardiac disease. Children with congenital cardiac disease may have no
obvious signs of liver congestion but many develop jaundice, dependent oedema,
ascites and hepatomegaly. Laboratory investigations reveal a cholestatic picture with
raised Gamma Glutamyl Transferase (GGT), alkaline phosphatase (ALP) and
conjugated bilirubin, while hepatic transaminases (ALT, AST) remain normal. The
degree of cholestasis is directly proportional to the degree of systemic venous
pressure elevation. Cardiac cirrhosis, which resembles micronodular cirrhosis, is
found in up to 50% of patients with congestive heart failure [16]. As fibrosis or cirrhosis
may regress if the initial insult is neutralized [17], [18] [19], it is possible that cardiac
cirrhosis may regress following successful cardiac surgery or a heart transplant (HT),

but as irreversible hepatic cirrhosis greatly increases the risks of HT, it is an absolute



contraindication for HT and a Combined Heart and Liver Transplant (CHLT) is

indicated.

Fontan circulation: Children with a single ventricle heart condition who go on to have
Fontan completion all have chronic hepatic congestion. Often from birth, they undergo
a variety of initial surgical palliations, converging at around 3-4 years of age with a
Fontan procedure [20]. In this operation, the functioning ventricle is used to support
the systemic circulation with passive, non-pulsatile blood flow in series from the caval
veins directly to the lungs. The loss of the ventricular pump to drive pulmonary blood
flow leads to an immediate and sustained rise in systemic venous pressure to
overcome the transpulmonary gradient to the left atrium, usually around 20-25mmHg,
leading to chronic hepatic congestion and associated cardiac cirrhosis [21]. Hepatic
perfusion pressure may also be reduced due to decreased cardiac output, with chronic
hypoxemia secondary to shunting via a Fontan pathway fenestration, if present. The
chronically elevated hepatic venous pressure leads to mechanical transduction of
hepatic stellate cells, transformation into myofibroblasts which produce collagen
deposition in both centrilobular and portal venous patterns. In addition, the chronic
venous pressure elevation on the gut may lead to protein-losing enteropathy,
characterised by loss of serum protein into the intestine and hypoproteinaemia,
leading to peripheral oedema, ascites, pleural effusions and malnutrition further
complicating the liver disease [22].

Hepatomegaly and abnormal liver function have been reported in up to 50% of patients
post Fontan [23] (table 2) but liver synthetic function is initially only mildly affected.
However, most children develop chronic hepatic congestion, with progressive hepatic

fibrosis known as Fontan-associated liver disease (FALD) [24] [25].



Early Late

Hepatic Bilirubin normal Mildly elevated unconjugated
function Transaminases normal or mildly elevated hyperbilirubinemia
Transaminases (esp GGT) elevated

Serum Normal
albumin Can be reduced due to protein losing
enteropathy

Coagulation Normal (unless on warfarin) PT abnormal (deficiency of Protein C,S,
Factors IV \VII,IX and X, Antithrombin Il and
plasminogen)

Full blood Normal Thromobocytopenia (marker of portal

count hypertension)

Table 2: Early and late hepatic laboratory investigations in patients following Fontan
surgery (GGT, gamma-glutamyltransferase; PT, Prothrombin Time)

In addition, survivors of the Fontan procedure may develop liver nodules similar to
those seen in Budd-Chiari syndrome and Fibronodular hyperplasia (FNH) resulting
from arterialisation of hepatic blood supply. Itis important to differentiate these nodules
from hepatocellular carcinoma (HCC). A recent review found 33/2470 patients (1.3%)
developed biopsy proven HCC at a median age of 30 years (IQR 12-53), 22 years (2-
36 years) after Fontan completion [26]. Surgical management of these tumours is
complicated by the high systemic venous pressure required to sustain adequate
preload and cardiac output, which predisposes to bleeding during hepatectomy. Non-
surgical treatments for locoregional control may therefore be preferable such as
transarterial chemoembolization or radiofrequency ablation [27] [28].

In patients who develop either cardiac or liver failure consideration for either LT or HT
transplantation may become necessary. Chronic Liver Disease post-Fontan may be a
contraindication to isolated HT or require CLHT [29]. In a recent study, 7 (41%) of 17
children with a failing Fontan and progressive liver disease underwent successful
CLHT, with no perioperative mortality and minimal short term morbidity [30]. Although

preliminary in its nature this is the first reported evidence for better outcome in children
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with combined liver and heart transplant on failing Fontan. The hepatic and gut
pathology may be reversed by a successful heart transplant as 35% of patients
undergoing HT for a failing Fontan had resolution of protein losing enteropathy or
oesophageal varices [31].

There is no current consensus about how best to evaluate or predict progression of
cardiac and liver disease in these patients. At present cardiac function is established
by echocardiography with or without cardiac catheterisation, while assessment of
synthetic liver function with abdominal ultrasound or computerised tomography (CT)

scans to determine liver vascular anatomy is usual.

Congenital heart disease in other syndromes:

Liver disease and cardiac disease coexist in a number of childhood diseases, notably
Alagille syndrome (AS) and Biliary atresia (BA). Patients with Congenital heart disease
(CHD) and end stage liver disease need careful assessment and management
including timing of cardiac procedures and LT.

Alagille Syndrome (AS). AS is a multi-system autosomal dominant disease due to
defects in the JAG 1 or NOTCH 2 genes occurring at a frequency of approximately
1:30,000, characterised by variable clinical features and penetrance. CHD and liver
disease are the most common clinical manifestation of AS, affecting up to 90% of
patients [32]. Branch pulmonary artery stenosis is the most common cardiovascular
feature and may be associated with Tetralogy of Fallot (Table 1). Cardiovascular
disease is the leading cause of death in AS in infancy, whereas liver disease accounts
for the majority of deaths in later childhood and adolescence. The incidence of
vascular anomalies such as intracerebral anomalies, aortic aneurysms, and rarely

aortic coarctation are now recognised as a significant cause of morbidity and mortality
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[33]. Routine echocardiography should be used to assess cardiac lesions, with a low
threshold for cardiac catheterisation to determine the need for catheter intervention or

surgery, as required (Table 1).

LT is indicated in 21-33% of patients with AS because of impaired quality of life with
metabolic bone disease or growth failure secondary to severe cholestasis,
xanthomatosis, refractory pruritus and rarely progressive liver disease with portal
hypertension. However, eligibility may be hindered by the severity of cardiac disease
because of adverse hemodynamic effects before, during or following transplantation
[34] [32] or the identification of vascular anomalies. LT is associated with significant
intraoperative haemodynamic instability particularly during the reperfusion phase,
which results in reduced mean arterial pressure, increased pulmonary artery pressure,
increased pulmonary artery wedge pressure and increased central venous pressure.
Cardiac arrhythmias may also occur during episodes of instability. Careful patient
selection and management during surgery is essential. Survival after LT in AS may
be as low as 57% [35] with nearly a third of deaths attributed to cardiovascular
complications. In a recent multicentre review, survival was significantly lower for
patients with AS versus children with biliary atresia [36] 87% versus 96% at 1-year,
respectively. No pre-transplant risk factors for decreased survival were identified,
however death in the AS group was associated with vascular, biliary, renal, and CNS
complications in the first 6 months after transplantation and re-transplantation. The
multisystem involvement of AS and the burden of associated comorbidities may
explain this survival difference, although patients were selected at least partly on the
basis of no significant cardiac disease, as evidenced by the lower prevalence of

complex cardiac anomalies in this cohort versus larger series [7].
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Biliary atresia. This is the leading indication for LT in children worldwide [37]. About
20% of patients have syndromic biliary atresia (Biliary Atresia Splenic Malformation
syndrome) with dextrocardia, ventricular or atrial septal defects, polysplenia and
abnormal hepatic vasculature. In infancy, the congenital cardiac disease may
dominate the liver disease, delaying the diagnosis. In one recent review, a patient with
biliary atresia was deemed too unwell from their underlying cardiac disease to undergo
Kasai portoenterostomy, which lead to premature death due to multiple comorbidity,
highlighting the difficult decisions about the timing of cardiac surgery and the Kasai
portoenterostomy [38]. In contrast, repair of the cardiac condition may stabilise the
liver disease and allow a successful Kasai or subsequent liver transplant. When
considering LT in these patients, evaluation of underlying cardiac disease as
described above in table 1 is important.

In addition to congenital cardiac disease, recent studies have suggested that up to
70% of patients with biliary atresia awaiting LT may develop cirrhotic cardiomyopathy
(CCM) with increased left ventricular mass index (LVMI), hyperdynamic contractility,
thickened left ventricular free wall and septum [4] [39]. The severity of LVMI was
predictive of pre, peri and post-transplant outcomes, with a high incidence of morbidity
and mortality. Other authors have demonstrated a prolonged hospital stay but no
increase in mortality in children with CCM and all made a complete recovery post
successful LT [40] [3] and so further evaluation of the significance of CCM in children

is required.
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2. Inherited Metabolic Disease

LT is indicated for a number of metabolic disorders in childhood. These conditions
involve many systems, including cardiac and liver, so that careful evaluation is
necessary to estimate the risks and benefits of transplantation compared to alternative

therapies.

Tyrosinemia type I: Tyrosinemia type 1 is an autosomal recessive disorder of tyrosine
metabolism which is caused by a mutation in the gene for the enzyme
fumarylacetoacetase (FAA). Children affected with this condition present with acute
liver failure in the newborn period or chronic liver disease in later childhood, with
progressive liver failure and a high risk for development of hepatocellular carcinoma
(HCC). Many children with tyrosinemia develop an asymptomatic hypertrophic
cardiomyopathy which resolves following successful LT [10]. Since the introduction of
Nitisinone (NTBC), which controls the metabolic abnormalities and reverses
cardiomyopathy, few children require LT [10] [41] [42] and it is reserved for those who

have failed therapy or if HCC is detected.

Wilson disease: Wilson's disease is an autosomal recessive condition due to a
mutation in the Wilson disease protein (ATP7B) which leads to copper accumulation
in the liver and brain predominantly. The hepatic and neurological manifestations of
Wilson disease (WD) are well described, but cardiac involvement is more variable.
Cardiac arrhythmias, cardiomyopathy and sudden cardiac death are rare
complications but have been reported in children due to myocardial copper
accumulation [43]. Echocardiography is a valuable tool for surveillance of patients with

WD who, as adults, are at increased risk of heart failure and atrial fibrillation [44] [45].
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Therapy includes oral copper chelation therapy or LT for progressive liver failure which

may stabilise both cardiac and liver status.

Primary hyperoxaluria type 1 (PH1): This is a rare autosomal recessive multi-system
disorder due to mutations in the AGXT gene, in which there is over production and
accumulation of calcium oxalate in many tissues. The main clinical features are
progressive renal failure and treatment is with pre-emptive LT or combined renal and
liver transplant. Oxalate is deposited in the myocardium which predisposes to
arrhythmia, heart block, left ventricular hypertrophy (LVH), systolic and diastolic
dysfunction, which may preclude LT due to clinical instability to withstand the
haemodynamic disturbances during LT. [46]. Ideally LT is performed before advanced
renal or cardiac disease has developed but may not be feasible in children with severe
phenotypes and cardiac assessment of how well the heart responds to stress is key.
There are no proven methods of assessing the heart’s response to the potential stress
of transplant. Echocardiography and clinical signs, particularly hypotension during
dialysis inform management. LVH on echocardiography suggests that there may be
haemodynamic issues peri-transplant which may need aggressive management of

intravascular filling intraoperatively.

The success of renal/liver transplantation (RT or LT) depends on establishing effective
clearance of oxalate from tissues often necessitating perioperative dialysis. Effective
RT or LT may improve cardiac function, reduce myocardial oxalate deposits and

reduce mortality from end stage cardiomyopathy [47].
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Glycogen storage disease (GSD): GSD are autosomal recessive disorders caused by
enzyme deficiencies affecting glycogen synthesis, breakdown or glycolysis within
muscles and/or liver cells. Twelve forms are reported, only five affect the liver [48] [49]:
GSD types I, lll, IV, VI and IX [50] [51] [52], of which only types Ill and IV affect both
the heart and liver [53]. Glycogen accumulates in muscles, heart and liver in GSD llla.
Hepatic disease includes hepatomegaly, transaminitis and hepatic fibrosis. Cardiac
involvement includes left ventricular hypertrophy and cardiomyopathy which may
require HT. LT is indicated for end stage liver disease or if HCC is identified [54] and
reverses the hepatic manifestations of the disease, such as glucose instability, but the
outcome on cardiac disease was not determined in this study [55]. There are no
reports of co-existing cardiac disease precluding LT In type IV GSD, but evidence of
progressive cardiac disease despite LT in a single patient who died at 9 months post
LT with cardiac failure and pathological infiltration of amylopectin, despite mild LVH
and a normal echocardiogram pre-transplantation [56], suggesting that
echocardiogram alone may be insufficient to evaluate cardiac disease in this
population and further testing with dynamic studies may be warranted or dobutamine

stress test.

Organic acidemias: These include: Propionic acidemia (PA) and Methylmalonic
acidemia (MMA). Propionic acidemia (PA) is a rare autosomal recessive disorder
resulting in abnormal branched chain amino acid metabolism due to deficiency of the
enzyme propionyl-coenzyme A carboxylase, a critical component of certain amino
acids and lipids. Clinical manifestation is varied and it may present at any time in the
patient’s life with frequent metabolic crises, neurological damage and the development

of cardiomyopathy. Dietary management has been the mainstay of treatment but there
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remains a significant risk of cardiac, ophthalmological, renal and neurological disease
[57] [58] [58] [57]. Cardiac disease includes dilated cardiomyopathy [59] and
electrophysiological changes such as prolonged QT syndrome. LT to restore enzyme
activity for patients with PA is a potential treatment modality as the liver is the main
site of branched chain amino acid metabolism and propionic acid production. If
successful, it reduces the risk of metabolic decompensation, neurologic sequelae,
stabilises cardiomyopathy and conduction defects and improves quality of life. Careful
cardiac evaluation and management is needed as cardiac complications may occur
before or after LT particularly if there is persistent or intermittent acidosis during
metabolic crises [60] [57]. Although PA-associated cardiomyopathy is reversible post
LT [61] long term survival was affected by a high complication rate leading to a 58%
mortality at 5 years in two European centres [60]. 25% of patients in this series had
cardiomyopathy on echocardiogram and had cardiac catheterisation pre-operatively,
which did not preclude LT in any patient [60].

Cardiac disease has also been described in methylmalonic acidemia (MMA) [62].
There are limited data available about the long-term implications of cardiac disease
on LT.. Strict metabolic control appears to improve short-term outcome of cardiac

bypass surgery, although has no effect on long-term survival [63].

Mitochondrial disorders:

This rare group of disorders may present with acute liver failure, multiorgan disease
and Alpers syndrome. There are many clinical phenotypes with different inheritance:-
autosomal recessive, autosomal dominant or transmission through maternal DNA.
The pathological effects are secondary to dysfunction of the electron transport chain

resulting in cellular ATP deficiency, impaired fat oxidation and the generation of toxic
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free radicals. Clinical symptoms are variable depending on the nature of the primary
defect but include the nervous system, liver and heart. Cardiac manifestations include
hypertrophic and dilated cardiomyopathy, arrhythmias, left ventricular myocardial non-
compaction, and heart failure which worsens acutely during a metabolic crisis.
Diagnosis is suggested by a persistently elevated plasma lactate and multi-organ
involvement and confirmed by genetic analysis for the common mutations in POLG,
DGUOK, MPV17 and TRMU [8]. LT is rarely indicated due to the multi system

involvement [64] [9] and thus it is important to establish the diagnosis.

3. Chronic liver disease leading to cardiac disease

Cirrhotic cardiomyopathy (CCM) is defined as impaired cardiac function or
electrophysiology in patients with end stage liver disease without known primary
cardiac disease (table 3). It includes the combination of reduced cardiac contractility
with systolic and diastolic dysfunction and conduction defects and has been
extensively reported in adults with cirrhosis [65] [69] who have a higher mortality after

LT [66] [67] [68] and more recently in some paediatric studies [4].
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Cardiac feature

Extracardiac features

Implication for transplant

Reduced cardiac output due to
systolic and diastolic dysfunction
[69]

Ascites
Renal dysfunction (hypernatremia)
Hepatorenal syndrome [70]

Increased mortality
Inotropic support required
peritransplant

Increased cardiac output due to
reduced systemic vascular
resistance [67]

Inability to maintain CVP
peri-transplant — careful fluid
management necessary

Rhythm abnormality eg.
chronotropic incompetence,
prolonged QT interval [3] [71]

Inability to increase heart
rate further contributes to an
impaired ability to maintain

cardiac output.

Table 3: Features of cirrhotic cardiomyopathy and implications for transplantation.

In advanced cirrhosis, the circulation is hyperdynamic with increased cardiac output
due to arterial vasodilatation leading to reduced systemic vascular resistance. This
reduction in afterload may mask any impairment in systolic function [69]. Systolic
dysfunction may lead to a fall in cardiac output, arterial blood pressure, sodium and
water retention and ascites formation as well as renal dysfunction and adversely affect
long-term survival. Diastolic dysfunction develops due to increased stiffening of the
myocardium from myocardial hypertrophy, fibrosis and subendothelial oedema, and is
associated with ascites, hepatorenal syndrome and reduced survival [70]. It is most
severe in patients with significant hepatic decompensation, who develop myocardial
hypertrophy and contractile dysfunction. Often asymptomatic, it may only manifest in
response to physiological stress, and thus must be considered in both adults and
children assessed for LT.

Chronotropic incompetence characterised by tachycardia is noted in patients with
advanced liver disease. The inability to increase the heart rate in response to stress

means the patient is unable to maintain cardiac output and is a problem in patients
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with hepatorenal syndrome or following large volume ascitic drainage when
hypovolaemia suddenly worsens.

Prolongation of the QT interval on ECG is found in > 60% of adults with advanced
cirrhosis [72]. The pathophysiology of QT prolongation has not been defined but may
be related to baseline sympathetic nervous system hyperactivity. A sudden increase
in activity, during an acute gastrointestinal bleed, for instance may further lengthen the
QT interval with adverse outcomes. [71]. One adult study noted that prolongation of
QT-interval was associated with a 3.66 fold increase in mortality [3], although the QT
interval normalised in 63.8% of patients following LT, suggesting interval prolongation
is directly related to end-stage liver disease and cirrhosis. In most patients, cirrhotic
cardiomyopathy resolves after successful LT [73] [74]. Many drugs used in the peri-
and post-transplant periods will also affect QT interval including tacrolimus,
erythromycin and domperidone which should be considered, and further cardiac
evaluation in the form of an ECG may be required.

CCM has recently been reported in children. A Turkish study evaluated CCM in
children with cirrhotic portal hypertension, non-cirrhotic portal hypertension and in

healthy children. Only 20% of the cirrhotic children had CCM and only one was

symptomatic [68]. In a more comprehensive study, Junge et al evaluated cardiac

changes associated with CCM by echocardiography and 12-lead electrocardiogram in
198 paediatric patients before and 12 months after LT [40]. They found a correlation
with the stage of liver fibrosis and cholestasis before transplantation. Left ventricular
end-diastolic diameter (LVIDd) and left ventricular mass were significantly higher in
children with cirrhosis compared with those with non-cirrhotic liver disease at both
baseline and also at follow-up 12 months later (-0.10 versus 0.98, P <0.001; -1.55

versus -0.42, P=0.001; 78.99 versus 125.64 g/m2, P=0.001). Importantly, all
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observed cardiac changes were reversible one year after LT. LVIDd was strongly
correlated with intensive care unit (ICU) stay (9.6 days versus 17.1 days, respectively,
P =0.002) but not with patient survival pre-LT or post-LT. They concluded that CCM-
associated cardiac changes in paediatric patients with cirrhotic liver disease are
frequent, mild, associated with cholestasis, and reversible after LT but may impact
peri-transplant care and post-transplant hospitalization time. This is in contrast to the
study by Gorgis et al which documented an increased morbidity and mortality in

children with CCM [4].

Management of cardiac and hepatic disease:

Management of liver and cardiac disease requires a multidisciplinary (MDT) approach
(fig. 2) to manage the individual organ disease and to consider whether it affects
selection for transplantation. Specific therapies may be recommended based on the
underlying disease, such as:

(1) Cardiac catheter intervention and/or surgery for children with congenital
cardiac disease although the timing may be crucial eg in relation to Kasai
portoenterostomy or LT in a child with biliary atresia

(2) Specific therapy for liver disease may also resolve cardiac disease e.g copper

chelation in WD, NTBC in tyrosinemia type 1

Haemodynamic alterations during liver transplantation

Anaesthesia has effects on many organ systems, most importantly the respiratory
and cardiovascular systems. In particular, there are significant haemodynamic
changes due to haemorrhage, impaired venous return, from caval manipulation or

clamping and the reperfusion syndrome which can be hugely challenging
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perioperatively. Rapid fluid replacement, electrolyte and acid—base disturbances are
also important factors.

During reperfusion of a liver graft, the cardiac output increases up to 50% above
baseline value, which is often higher than normal in patients with chronic liver disease.
Mean arterial pressure drops due to a fall in systemic vascular resistance and there
may be a concomitant rise in pulmonary vascular resistance [75]. Failure to achieve
an adequate cardiac output due to pre-existing cardiomyopathy, oxalate deposits in
cardiac muscle or to CCM will risk graft failure due to hypoperfusion .

Furthermore, the circulation in chronic liver disease is a high output, low resistance
state and is therefore vulnerable to volume depletion due to impaired vasoconstriction.
Residual congenital heart disease such as a right-to-left shunt leading to evolving
pulmonary hypertension may further complicate transplantation, in which large fluid
shifts are inevitable leading to fluid overload, increased pulmonary vascular pressures

and difficulties managing pulmonary oedema and ventilation.

Selection for transplantation

Careful management and patient selection are essential in liver transplantation for
children with combined cardiac and liver disease, but particularly those with Primary
Hyperoxaluria, organic acidemias and AS.

When considering a patient with both liver and cardiac disease for LT there are a
number of important considerations. These include:

1. Assessment of the severity of cardiac disease

2. Does the cardiac disease require cardiac catheter intervention or surgery
pre/post LT?

3. Does the cardiac disease preclude transplant?
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4. Is any specific therapy required peri-transplant e.g. vasopressors such as
norepinephrine, epinephrine, dopamine or dobutamine.

5. Does the patient need a combined liver/lung/heart transplant?

A recent study from the Studies of Pediatric Liver Transplantation (SPLIT) registry
reported that patients with significant cardiac disease have a relative contraindication
to LT [76] and so assessment for liver transplantation should include a formal cardiac
evaluation to include echocardiogram and electrocardiogram, with ultrasound
assessment of neck vasculature as well as consideration of CT angiography of
abdomen and brain.

The cardiac output (CO) response to dobutamine has been suggested as a way to
identify patients at higher risk of cardiovascular complications during liver
transplantation [65] [77] [78]. A recent study modelled three different simulated
scenarios using data from a 6 year old child with AS undergoing catheter/dobutamine
stress MRI (DSMRI) and concluded that there was impaired coronary flow reserve
which was undetected by DSMRI resulting in myocardial ischemia [79]. It is possible
that using computational data, this novel approach to risk stratification could be useful
to predict morbidity and mortality post-LT in children with congenital cardiac disease
or cirrhotic cardiomyopathy [80] [81].

Cardiac surgery in children with end stage liver disease prior to liver transplantation is
associated with significant mortality [35] a small retrospective study in 5 infants with
end stage liver disease and congenital cardiac defects (VSD, ASD and tetralogy of
Fallot as cardiac diagnoses) demonstrated that it was possible to improve outcomes
with cardiac surgery pre transplant in 4/5 infants [82]. A formal cardiology review is

required to assess the severity of cardiac disease with ECG and echocardiography to
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assess ventricular and valvular function. Pulmonary artery pressure and right

ventricular function should also be evaluated and an assessment made for the need

for cardiac catheterisation or intervention (table 4). Assessment of cardiac reserve pre-

LT may be performed with a dobutamine stress test (to date mainly in adults), and

cardiac catheterisation (table 4).

echocardiogram, high
risk patients (e.g. post-
Fontan, Alagille
syndrome)

Investigation Patient group Associated findings Implication for
transplantation
ECG All patients Arrhythmia, prolonged | May need rhythm
QT interval stabilising medication e.g.
amiodarone, propranolol.
Cardioprotective
medications, (ACE
inhibitors,  beta-blockers)
avoid medications which
could prolong QT interval
(erythromycin,
domperidone, tacrolimus).
Echocardiogram All patients Valvular or septal | Consider cardiac
defects, catheterisation, surgical
cardiomyopathy, repair pre LT
anomalous  vascular
changes
Pulmonary
hypertension
Cardiac All patients with large | Vascular anomalies Assess:
catheterisation septal defects or | 4 chamber pressure | Valve incompetence/
valvular anomalies | measurements, stenosis
detected on Need for intervention
echocardiogram (valvoplasty/
angioplasty/balloon
dilatation)
Severe PH precludes LT
Cardiac stress | Patients with | Assess response to | May preclude transplant if
test haemodynamically increasing workload as | significant cardiomyopathy
Dobutamine;- significant lesions or | would be experienced | or consider combined
Not standard in | cardiomyopathy intraoperatively/post- transplant
children operatively.
CT angiography of | Patients with significant Allows assessment of
abdominal vascular anomaly abdominal vessels,
vessels, chest demonstrated on vascular access

Table 4: Cardiac assessment in patients being considered for liver transplantation

24



Post-transplant outcomes

In general, with careful pre-transplant planning and selection most children undergoing
LT with cardiac disease have a good outcome, although some with CCM, for instance
may have a prolonged Intensive Care (ICU) stay. Successful transplantation reverses
many of the acquired cardiac problems outlined above, particularly cardiomyopathy in
tyrosinemia type 1 and in most children with CCM. Exceptions include those children
with organic acidemias who have a high rate of post-transplant complications including
new onset cardiac failure, particularly if there are metabolic complications or graft
dysfunction [57]. Children with severe cardiac oxalate deposits may also have a
difficult post—transplant course with continued cardiac instability due to the delay in
oxalate removal from the tissues, particularly if they have renal dysfunction as oxalate
is poorly removed by dialysis [83].

Thus even with careful pre-transplant planning, patients with both cardiac and liver
disease may have an increase in morbidity and ICU stay but the long-term outlook is

good with most patients achieving resolution of cardiac complications.

Conclusions

Cardiac and liver disorders are common in the paediatric population. The success of
cardiac surgery for congenital heart disease has improved long term survival in many
of these children, but the implications of cardiac hepatopathy with the development of
focal nodular hyperplasia, cirrhosis and HCC are now becoming apparent, particularly
in children who have survived the Fontan procedure who require combined cardiac
and hepatic follow up.

In addition, congenital cardiac defects may be part of a syndrome affecting both

organs, as in biliary atresia or Alagille’s syndrome. Cardiomyopathy, both dilated and
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hypertrophic is a common finding in metabolic disease and may develop secondary to
tyrosinemia type | and the organic acidemias. Cirrhotic cardiomyopathy has now been
identified in children with significant liver disease and in a cohort with biliary atresia,
which is the most common indication for LT in the paediatric population.

Underlying structural congenital heart disease may delay or preclude listing for LT
unless cardiac surgical repair is feasible pre LT. Cardiac catheterisation may be
necessary to determine whether cardiac function is adequate to withstand the
haemodynamic changes associated with LT and careful pre-LT evaluation is
paramount.

Liver transplantation is contra-indicated in those children with severe cardiac defects
which are not amenable to surgery pre-transplant, or who cannot be supported
haemodynamically during the operation.

This review highlights the need for a careful multi-disciplinary team approach to
assessing the LT candidate with careful consideration around timing of LT and the
need for cardiac evaluation and intervention in order to improve morbidity and

mortality.

26



References

[1]

[2]

3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

Y. Fouad and R. Yehia, "Hepato-cardiac disorders," World Journal of Hepatology, vol.
6, no. 1, pp. 41-54, 2014.

C. Ripoll, R. Yotti, J. Bermejo and R. Banares, "The heart in liver transplantation,"
Journal of Hepatology, vol. 54, no. 4, pp. 810-822, 2001.

C. Arikan, M. Kilic, G. Tumgor, E. Levent, H. Yuksekkaya, R. Yagci and S. Aydogdu,
"Impact of liver transplantation on rate-corrected QT interval and myocardial
function in children with chronic liver disease," Pediatric Transplantation, vol. 13, no.
3, pp. 300-306, 2009.

N. Gorgis, C. Kennedy, F. Lam, K. Thompson, J. Coss-Bu, A. Akcan Arikan, T. Nguyen, K.
Hosek, T. Milch, S. Karpen, D. Penny, J. Goss and M. Desai, "Clinical Consequences of
Cardiomyopathy in Children with Biliary Atresia requiring Liver Transplantation,"
Hepatology, vol. 69, no. 3, pp. 1206-18, 2019.

C. Ovaert, C. Germeau, C. Barrea, S. Moniotte, L. van Obbergh, E. Sokal, R. Reding, J.-
B. Otte and T. Sluysmans, "Elevated right ventricular pressures are not a
contraindication to liver transplantation in Alagille Syndrome," Transplantation, vol.
72, no. 2, pp. 345-347, 2001.

P. Bizouam, A. Ausseur, P. Desseigne, Y. Le Teurnier, B. Nougarede, M. Train and J.
Michaud, "Early and late outcome after elective cardiac surgery in patients with
cirrhosis," Ann Thorac Surg, vol. 67, no. 5, pp. 1334-8, 1999.

D. McElhinney, I. Krantz, L. Bason, D. Piccoli, K. Emerick, N. Spinner and E. Goldmuntz,
"Analysis of cardiovascular phenotype and genotype-phenotype correlation in
individuals with a JAG1 mutation and/or Alagille syndrome," Circulation, vol. 106, pp.
2567-2574, 2002.

S. Rahman, "Gastrointestinal and hepatic manifestations of mitochondrial disorders,"
J Inherit Metab Dis, vol. 36, no. 4, pp. 659-73, 2013.

S. Eom, H. Leeg, S. Lee, H.-C. Kang, J. Lee, H. Kim and Y.-M. Lee, "Cause of death in
children with mitochondrial diseases," Paediatric Neurology, vol. 66, pp. 82-88, 2017.
N. Arora, O. Stumper, J. Wright, D. Kelly and P. Mckiernan, "Cardiomyopathy in
tyrosinemia type | is common but usually benign," Journal of Inherited Metabolic
Diseases, vol. 29, pp. 54-57, 2006.

S. Asrani, N. Asrani, D. Freese, S. Phillips, C. Warnes, J. Heimbach and P. Kamath,
"Congenital heart disease and the liver," Hepatology, vol. 56, no. 3, pp. 1160-1169,
2012.

F. Sabzi and R. Faraji, "Liver function tests following open cardiac surgery," Journal of
Cardiovascular and Thoracic Research, vol. 7, no. 2, pp. 49-54, 2015.

J. Fritz, M. Fallon and S. Kawut, "Pulmonary Vascular Complications of Liver Disease,"
Am J Respir Crit Care Med, vol. 187, no. 2, pp. 133-143, 2013.

27



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

S. Sherlock, "The liver in heart failure; relationof anatomical, functional and
circulatory changes," British Heart Journal, vol. 13, pp. 273-293, 1951.

M. Maleki, F. Vakilian and A. Amin, "Liver diseasesin heart failure," Heart Asia, vol. 3,
no. 1, pp. 143-149, 2011.

A. Burt, "Liver pathology associated with diseases of other organs or systems," in
MacSweens Pathology of the liver, 5th Ed, Philadelphia, Churchill Livingstone, 2007,
pp. 881-932.

J. Naschitz, L. Goldstein, E. Zuckerman, D. Yeshurun and V. Wolfson, "Benign course
of congestive cirrhosis associated with tricuspid regurgitation: Does pulsatility protect
against complications of venous hypertension," J Clin Gastroenetrol, vol. 30, pp. 213-
214, 2000.

I. Wanless, E. Nakashima and M. Sherman, "Regression of human cirrhosis.
Morphologic features and the genesis of incomplete septal cirrhosis.," Arch Pathol
Lab Med, vol. 124, pp. 1599-1607, 2000.

S. Friedman and M. Bansal, "Reversal of hepatic-fibrosis - fact or fantasy,"
Hepatology, vol. 42, no. 2 (Suppl 1), pp. S82-588, 2006.

F. Fontan and E. Baudet, "Surgical repair of tricuspid atresia," Thorax, vol. 26, pp.
240-248, 1971.

S. Camposilvan, O. Milanesi, G. Stellin, A. Pettenazzo, L. Zancan and L. D'Antiga, "Liver
and cardiac function in the long term after Fontan operation," Ann Thorac Surg, vol.
86, no. 1, pp. 177-182, 2008.

M. Itkin, D. Piccoli, G. Nadolski, J. Rychik, A. DeWitt, E. Pinto, J. Rome and Y. Dori,
"Protein-losing enteropathy in patients with congenital heart disease," Journal of the
American College of Cardiology, vol. 69, no. 24, pp. 2929-2937, 2017.

F. Wu, C. Ukomadu, R. Odze, A. Valente, J. J. Mayer and M. Earing, "Liver disease in
the patient with Fontan circulation," Congenital Heart Disease, vol. 6, pp. 190-201,
2011.

D. Goldberg, L. Surrey, A. Glatz, K. Dodds, M. O'Byrne, H. Lin, M. Fogel, J. Rome, E.
Rand, P. Russo and J. Rychik, "Hepatic fibrosis is universal following Fontan operation,
and severity is associated with time from surgry: a liver biopsy and hemodynamic
study," Journal of the American Heart Association, vol. 6, no. 5, p. e004809, 2017.

J. Rychik and D. Goldberg, "Late consequences of the Fontan operation," Circulation,
vol. 130, pp. 1525-1528, 2014.

A. Egbe, J. Poterucha, C. Warnes, H. Connolly, S. Baskar, S. Ginde, P. Clift, B. Kogon,
W. Book, N. Walker, L. Wagenaar, T. Moe, E. Oechslin, W. Kay, M. Norris, T. Gordon-
Walker, J. Dillman, A. Trout, N. Anwar, A. Hoskoppal and G. Veldtman,
"Hepatocellular carcinoma after Fontan operation," Circulation, vol. 138, no. 7, pp.
746-748, 2018.

J. Rychik, G. Veldtman, E. Rand, P. Russo, J. Rome, K. Krok, D. Goldberg, A. Cahill and
R. Wells, "The precarious state of the liver after a Fontan operation: summary of a
multidisciplinary symposium," Pediatr Cardiol, vol. 33, no. 7, pp. 1001-12, 2012.

P. Khairy, S. Fernandes, J. Mayer, J. Triedman, E. Walsh, J. Lock and M. Landzberg,
"Long-term survival, modes of death, and predictors of mortality in patients with
Fontan surgery," Circulation, vol. 117, no. 1, pp. 85-92, 2008.

28



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

S. Greenway, D. Crossland, M. Hudson, S. Martin, R. Myers, T. Prieur, A. Hasan and R.
Kirk, "Fontan-associated liver disease: Implications for heart transplantation," The
Journal of Heart and Lung Transplantation, vol. 35, no. 1, pp. 26-33, 2016.

B. D'Souza, S. Fuller, L. Gleason, N. Hornsby, J. Wald, K. Krok, A. Shaked, L. Goldberg,
A. Pochettino, K. Olthoff and Y. Kim, "Single-center outcomes of combined heart and
liver transplantation in the failing Fontan," Clinical Transplantation, vol. 31, no. 3, p.
e12892, 2017.

D. Bernstein, D. Naftel, C. Chin, L. Addonizio, P. Gamberg, E. Blume, D. Hsu, C. Carter,
J. Kirklin and W. Morrow, "Outcome of listing for cardiac transplantation for failed
Fontan: a multi-institutional study," Circulation, vol. 114, no. 4, pp. 273-80, 2006.

S. Smithson, D. Hall, B. Trachtenberg, A. Bhimaraj, J. Estep, D. Balzer and C. Lin,
"Treatment of cardiovascular complications of Alagille syndrome in clinical
optimization for liver transplantation," International Journal of Cardiology, vol. 176,
pp. €37-40, 2014.

B. Kamath, N. Spinner, K. Emerick, A. Chudley, C. Booth, D. Piccoli and I. Krantz,
"Vascular anomalies in Alagille syndrome: a significant cause of morbidity and
mortality," Circulation, vol. 109, no. 11, pp. 1354-8, 2004.

K. Emerick, E. Rand, I. Krantz, N. Spinner and D. Piccoli, "Features of Alagille
syndrome in 92 patients: frequency and relation to prognosis," Hepatology, vol. 29,
pp. 822-9, 1999.

A. Tzakis, J. Reyes, K. Tepetes, V. Tzoracoleftherakis, S. Todo and T. Starzl, "Liver
transplantation for Alagille's syndrome," Arch Surg, vol. 128, no. 3, pp. 337-9, 1993.

B. Kamath, W. Yin, H. Miller, R. Anand, E. Anand, E. Alonso and J. Bucuvalas,
"Outcomes of liver transplantation for patients with alagille syndrome: The studies of
pediatric liver transplantation experience," Liver Transplantation, vol. 18, no. 8, pp.
940-948, 2012.

N. Ruth and D. Kelly, "A review of the long-term outlook of children and young
people post liver transplant," Clinical Investigation, vol. 4, no. 3, pp. 235-245, 2014.

S. Harpavat, J. Garcia-Prats and B. Shneider, "Newborn bilirubin screening for biliary
atresia," New England Journal of Medicine, vol. 375, pp. 605-6, 2016.

M. Desai, S. Zainuer, C. Kennedy, D. Kearney, J. Goss and S. Karpen, "Cardiac
structural and functional alterations in infants and childrend with biliary atresia,
listed for liver transplantation," Gastroenterol, vol. 141, no. 4, pp. 1264-72, 2011.
N. Junge, C. Junge, J. Schroder, E. Pfister, C. Leiskau, D. Hohmann, P. Beerbaum and
U. Baumann, "Pediatric cirrhotic cardiomyopathy: Impact on liver transplant
outcomes," Liver Transplantation, vol. 24, no. 6, pp. 820-830, 2018.

N. Andre, B. Roquelare, V. Jubin and C. Ovaert, "Successful treatment of severe
cardiomyopathy with NTBC in a child with tyrosinemia type I," Journal of Inherited
Metabolic Diseases, vol. 28, pp. 103-106, 2005.

S. Mohamed, M. Kambal, N. Al-Jurayyan, A. Al-Nemri, A. Babiker, R. Hasanato and A.
Al-Jarallah, "Tyrosinemia type 1: a rare and forgotten cause of reversible
hypertrophic cardiomyopathy in infancy," BMC Res Notes, vol. 6, p. 362, 2013.

C. Ripoll, R. Yotti, J. Bermejo and R. Banares, "The heart in liver transplantation,"
Journal of Hepatology, vol. 54, pp. 810-22, 2010.

29



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

C. Karakurt, S. Celik, A. Selimoglu, I. Varol, H. Karabiber and S. Yologlu, "Strain and
strain rate echocardiography in children with Wilson's disease," Cardiovasc J Afr, vol.
27, no. 5, pp. 307-314, 2016.

D. Grandis, G. Nah, I. Whitman, E. Vittinghoff, T. Dewland, J. Olgin and G. Marcus,
"Wilson's Disease and Cardiac Myopathy," American Journal of Cardiology, vol. 20,
no. 11, pp. 2056-2060, 2017.

F. Mookadam, J. Smith, P. Jiamsripong, S. Moustafa, C. Monico, J. Lieske and D.
Milliner, "Cardiac abnormalities in primary hyperoxaluria," Circulation Journal, vol.
74, no. 11, pp. 2403-9, 2010.

O. Detry, P. Honore, A. DeRoover, M. Trimeche, J.-C. Demoulin, M. Beaujean, M.
Moonen, J.-P. Godon, J. Boniver, N. Jacquet and M. Meurisse, "Reversal of oxalosis
cardiomyopathy after combined liver and kidney transplantation," Transplantation
International, vol. 15, pp. 50-52, 2002.

H. Ozen, "Glycogen storage diseases: New perspectives," World Journal of
Gastroenterology, vol. 13, no. 18, pp. 2541-2553, 2007.

W. Stone and A. Adil, "Glycogen Storage Disease," in StatPearls (internet), Treasure
Island, Florida, StatPearls Publishing, 2018, p.
https://www.ncbi.nlm.nih.gov/books/NBK459277/.

D. Matern, T. Starzl, W. Arnaout, J. Bynon, A. Dhawan, J. Emond, E. Haagsma, G. Hug,
A. Lachaux, G. Smit and Y.-T. Chen, "Liver transplantation for glycogen storage
disease types |, lll and IV," European Journal of Pediatrics, vol. 158, no. Suppl 2, pp.
S43-548, 1999.

A. Dagli and D. Weinstein, "Glycogen Storage Disease Type VI," Gene Reviews
[Internet] University of Washington, Seattle, 2009.

N. Beauchamp, A. Dalton, U. Ramaswami, H. Ninikoski, K. Mention, P. Kenny, K.
Kolho, J. Raiman, J. Walter, E. Treacy, S. Tanner and M. Sharrard, "Glycogen storage
disease trype IX: High variability in clinical phenotype," Mol Genet Metab, vol. 92, no.
1-2, pp. 88-99, 2007.

J. Shen, Y. Bao, H. Liu, P. Lee, J. Leonard and Y. Chen, "Mutations in Exon 3 of the
glycogen debranching enzyme gene are associated with Glycogen STorage Disease
Type Il that is differentially expressed in liver and muscle," J Clin Invest, vol. 98, no. 2,
pp. 352-357, 1996.

E. Haagsma, G. Smit, K. Niezen-Koning, A. Gouw, L. Meerman and M. Sloof, "Type lllb
glycogen storage disease associated with end stage cirrhosis and hepatocellular
carcinoma," Hepatology, vol. 25, pp. 537-540, 1997.

D. Matern, T. Starzl, W. Arnaout, J. Barnard, J. Bynon, A. Dhawan, J. Emond, E.
Haagsma, G. Hug, A. Lachaux, G. Smit and Y. Chen, "Liver transplantation for glycogen
storage diseases types |, lll and IV," Eur J Pediatr, vol. 158, no. Suppl 2, pp. S43-8,
1999.

E. Sokal, F. Van Hoof, D. Alberti, J. de Ville de Goyet, T. de Barsy and J. Otte,
"Progressive cardiac failure following orthotopic liver transplantation for type IV
glycogenosis," European Journal of Pediatrics, vol. 151, pp. 200-203, 1992.

J. Fraser and C. Venditti, "Methylmalonic and propionic acidemias: clinical
management update,” Curr Opin Pediatr, vol. 28, no. 6, pp. 682-93, 2016.

30



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

S. Grunert, S. Mullerleille, L. De Silva, M. Barth, M. Walter, K. Walter, T. Meissner, M.
Lindner, R. Ensenauer, R. Santer, O. Bodamer, M. Baumgartner, M. Brunner-Krainz, D.
Karall, C. Haase, I. Knerr, T. Marquardt, J. Hennermann, R. Steinfeld and Beblo,
"Propionic acidemia: Clinical course and outcome in 55 pediatric and adolescent
patients," Orphanet J Rare Dis, vol. 10, no. 8:6, pp. doi: 10.1186/1750-1172-8-6,
2013.

A. Bhan and C. Brody, "Propionic acidemia: a rare cause of cardiomyopathy," Congest
Heart Fail, vol. 7, no. 4, pp. 218-9, 2001.

F. Charbit-Henrion, F. Lacaille, P. McKiernan, M. Girard, P. de Lonlay, V.
Valayannopoulos, C. Ottolenghi, A. Chakrapani, M. Preece, K. Sharif, C. Chardot, P.
Hubert and L. Dupic, "Early and Late Complications After Liver Transplantation for
Propionic Acidemia in Children: A Two Centers Study," AJT, vol. 15, pp. 786-791,
2015.

C. Arriza, A. De Gottardi, E. Foglia, M. Baumgartner, M. Gautschi and J. Nuoffer,
"Reversal of cardiomyopathy in propionic acidemia after liver transplantation: a 10-
year follow-up," Transpl Int, vol. 28, no. 12, pp. 1447-50, 2015.

C. Prada, F. Al Jasmi, E. Kirk, M. Hopp, O. Jones, N. Leslie and T. Burrow, "Cardiac
disease in methylmalonic acidemia," J Paediatr, vol. 159, no. 5, pp. 862-4, 2011.

R. Wang, R. Chang, A. Sowa, A. Chang and J. Abdenur, "Prevention of metabolic
decompensation in an infant with mutase deficient methylmalonic aciduria
undergoing cardiopulmonary bypass," World J Paediatr, vol. 10, no. 1, pp. 83-5, 2014.

M. Barends, L. Vershuren, E. Morava, V. Nesbitt, D. Turnbull and R. McFarland,
"Causes of death in adults with mitochondrial disease," JIMD Reports, vol. 26, pp.
103-113, 2016.

G. Fede, G. Privitera, T. Tomaselli, L. Spadaro and F. Purrello, "Cardiovascular
dysfunction in patients with liver cirrhosis," Annals of Gastroenterology, vol. 28, no.
1, pp. 31-40, 2015.

A. Voiosu, |. Daha, T. Voiosu, B. Mateescu, G. Dan, C. Baicus, M. Voiosu and M.
Diculescu, "Prevalence and impact on survival of hepatopulmonary syndrome and
cirrhotic cadiomyopathy in a cohort of cirrhotic patients," Liver Int, vol. 35, no. 12, pp.
2547-55, 2015.

F. Darstein, C. Konig, M. Hoppe-Lotichius, D. Grimm, J. Knapstein, J. Mittler, A.
Zimmermann, G. Otto, H. Lang, P. Galle and T. Zimmermann, "Preoperative left
ventricular hypertrophy is associated wth reduced patient survival after liver
transplantation," Clin Transplant, vol. 28, no. 2, pp. 236-42, 2014.

C. Celtik, O. Durmaz, N. Oner, T. Yavuz, S. Gokce, A. Aydogan, K. Nisli, H. Emiroglu, R.
Omeroglu and S. Sokucu, "Investigation of cardiomyopathy in children with cirrhotic
and non-cirrhotic portal hypertension," J Paediatr Gastroenterol Nutr, vol. 60, no. 2,
pp. 177-81, 2015.

S. Moller and J. Henriksen , "Cardiovascular complications of cirrhosis," Gut, vol. 57,
pp. 268-278, 2008.

F. Wong, A. Vilamil, M. Merli, G. Romero, P. Angeli, P. Caraceni, C. Steib, S. Baik, G.
Spinzi, L. Colombato and F. Salerno, "Prevalence of diastolic dysfunction in cirrhosis
and its clinical significance," Hepatology, vol. 54 (supp 1), pp. A475-476, 2011.

31



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

F. Trevisani, M. Merli, F. Savelli, V. Valeriano, A. Zambruni, O. Riggio, P. Caraceni, M.
Domenicali and M. Bernadi, "QT interval in patients with non-cirrhotic portal
hypertension and in cirrhotic patients with transjugular intrahepatic portosystemic
shunt," Journal of Hepatology, vol. 38, pp. 461-467, 2003.

M. Bernadi, S. Calandra, A. Colantoni, F. Trevisani, M. Raimondo, G. Sica, F. Schepis,
M. Mandini, P. Simoni, M. Contin and G. Raimondo, "Q-T interval prolongation in
cirrhosis: prevalence, relationship with severity, and etiology of the disease and
possible pathogenetic factors," Hepatology, vol. 27, pp. 28-34, 1998.

R. Mohamed, P. Forsey, M. Davies and J. Neuberger, "Effect of liver transplantation
on QT interval prolongation and autonomic dysfunction in end-stage liver disease,"
Hepatology, vol. 23, pp. 1128-1134, 1996.

A. Adigun, A. Pinto, D. Flockhart, J. Gorski, L. Li, S. Hall and N. Chalasani, "Effect of
cirrhosis and liver transplantation on the gender differenece in QT interval,"
American Journal of Cardiology, vol. 95, pp. 691-694, 2005.

S. Aggarwal, Y. Kang, J. Freeman, F. J. Fortunato and M. Pinsky, "Postperfusion

syndrome: hypotension after reperfusion of the transplanted liver," J Crit Care, vol. 8,

no. 3, pp. 154-60, 1993.

V. Ng, A. Fecteau, R. Shepherd, J. Magee, J. Bucuvalas, E. Alonso, S. McDiarmid, G.
Cohen and R. Anand, "Outcomes of 5-year survivors of Pediatric Liver
Transplantation: Report on 461 Children from a North American Multicenter
Registry," Pediatrics, vol. 122, pp. 1128-36, 2008.

L. Sehgal, P. Srivastava, C. Pandey and A. Jha, "Preoperative cardiovascular
investigations in liver transplant candidate: an update," Indian J Anaesth, vol. 60, no
1, pp. 12-18, 2016.

M. Kim, S. Baik, C. Won, H. Park, H. Jeon, H. Hong, J. Kim, H. Kim, S. Kwon, J. Kim, B.
Yoo and S. Lee, "Dobutamine stress echocardiography for evaluating cirrhotic

cardiomyopathy in liver cirrhosis," Korean J Hepatol, vol. 16, no. 4, pp. 376-382, 2010.

M. Viera, C. Arthurs, T. Hussain, R. Razavi and C. Figueroa, "Patient-specific modeling

of right coronary circulation vulnerability post-liver transplant in Alagille's syndrome,’

PLOS one, vol. 13, no. 11, p. e0205829, 2018.

M. Viera, T. Hussain and C. Figueroa, "Computational Modelling in congenital heart
disease: a clinician perspective," J Cardiol Ther, vol. 2, no. 6, 2015.

N. Xiao, J. Humphrey and C. Figueroa, "Multi-scale computational model of three-

dimensional hemodynamics within a deformable full-body arterial network," Journa
of Computational Physics, vol. 244, pp. 22-40, 2013.

/

J. Odim, J. Wu, H. Laks, A. Banerji and S. Drant, "Cardiac Surgery in Children with End-

Stage Liver Disese Awaiting liver Transplantation," Ann thorac Surg, vol. 81, pp. 697-
700, 2006.

S. Ellis, S. Hulton, P. McKiernan, J. de Ville de Goyet and D. Kelly, "Combined liver-
kidney transplantation for primary hyperoxaluria type 1 in young children," Nephrol
Dial Transplant, vol. 16, pp. 348-354, 2001.

M. Crespo-Leiro, O. Robles, M. Paniagua, R. Marzoa, C. Naya, X. Flores, F. Suarez, M.
Gomez, Z. Grille, J. Cuenca, A. Castro-Beiras and F. Arnal, "Reversal of cardiac

32



[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

cirrhosis following orthotopic heart transplantation," American Journal of
Transplantation, vol. 8, pp. 1336-1339, 2008.

A. Di Sessa, G. Umano, E. del Giudice and N. Santoro, "From the liver to the heart:
Cardiac dysfunction in obese children with non-alcoholic fatty iver disease," World
Journal of Hepatology, vol. 9, no. 2, pp. 69-73, 2017.

C. Rokitansky and W. Swaine, A manual of Pathological Anatomy, Blanchard 7 Lea,
1855.

A. Santanna, J. Fouron and F. Alvarez, "Neonatal cholestasis associated with fetal
arrhythmia," Journal of Paediatrics, vol. 146, pp. 277-80, 2005.

A. Matsumori, Y. Matoba and S. Sasayama, "Dilated cardiomyopathy associated with
hepatitis C virus infection," Circulation, vol. 92, pp. 2519-2525, 1995.

A. Martin, S. Webber, F. Fricker, R. Jaffe, G. Demmler, D. Kearny, Y.-H. Zhang, J.
Bodurtha, B. Gelb, J. Ni, J. Bricker and J. Towbin, "Acute myocarditis: rapid diagnosis
by PCR in children," Circulation, vol. 90, pp. 330-339, 1994.

Q. Anstree, A. Mantovani, H. Tilg and G. Targher, "Risk of cardiomyopathy and cardiac
arrhythmias in patients with non alcoholic fatty liver disease," Nature Reviews
Gastroenterology & Hepatology, vol. 15, pp. 425-439, 2018.

F. Farrell, M. Nguyen, S. Woodley, J. Imperial, R. Garcia-Kennedy, K. Man, C. Esquivel
and E. Keeffe, "Outcome of liver transplantation in patients with hemochromatosis,"
Hepatology, vol. 20, no. 2, pp. 404-410, 1994.

M. McGovern, N. Lippa, E. Bagiella, E. Schuchman, R. Desnick and M. Wasserstein,
"Morbidity and mortality in type B Niemann-Pick disease," Genetic Medicine, vol. 15,
no. 8, pp. 618-23, 2013.

W. Dichtl, W. Vogel, K. Dunst, W. Grander, H. Alber, M. Frick, H. Antretter, G. Laufer,
O. Pachinger and G. Polzl, "Cardiac hepatopathy before and after heart
transplantation," Transpl Int, vol. 18, no. 6, pp. 697-702, 2005.

A. DeWolf, V. Scott, T. Gasior and Y. Kang, "Pulmonary hypertension and liver
transplantation," Anesthesiology, vol. 78, p. 213, 1993.

D. Plevak, M. Krowka, S. Rettke, W. Dunn and P. Southorn, "Successful liver
transplantation in patiens with mild to moderate pulmonary hypertension,"
Transplant Proc, vol. 25, p. 1840, 1993.

M. Ramsay, B. Simpson, A. Nguyen, K. Ramsay, C. East and G. Klintmalm, "Severe
pulmonary hypertension associated wuth end stage liver disease: a preliminary
report," Hepatology, vol. 25, p. 524, 1997.

M. Ramsay, "Portopulmonary hypertension and right heart failure in patients with
cirrhosis," Current Opinion in Anaesthesiology, vol. 23, no. 2, pp. 145-150, 2010.

M. Ashfaq, S. Chinnakotla, L. Rogers, K. Ausloos, S. Saadeh, G. Klintmalm, M. Ramsay
and G. Davis, "The impact of treatment of portopulmonary hypertension on survival
following liver transplantation," American Journal of Transplantation, vol. 7, no. 5,
pp. 1258-1264, 2007.

E. Schiffer, P. Majno, G. Mentha , E. Giostra, H. Burri, C. Klopfenstein, M. Beaussier, P.
Morel, A. Hadengue and C. Pastor, "Hepatopulmonary syndrome increases the
postoperative mortality rate following liver transplantation: a prospective studi in 90
patients," American Journal of Transplantatio, vol. 6, no. 6, pp. 1430-1437, 2006.

33



[100] S. Warner, P. McKiernan, J. Hartley, E. Ong, I. van Mourik, G. Gupte, M. Abdel-Hady,
P. Muiesan, M. Perera, D. Mirza, K. Sharif, D. Kelly and S. Beath, "Hepatopulmonary
syndrome in children - a 20 year review of presenting symptoms, clinical progression
and transplant outcome," Liver Transplantation, p. https://doi.org/10.1002/1t.25296,
2018.

[101] V. Atti, N. Anderson and M. Day, "Coxsackie myocarditis and hepatitis with
reactivated Epstein-Bar virus (EBV): a case report," The American Journal of Case
Reports, vol. 18, pp. 166-169, 2017.

[102] A. Matsumori, C. Yutani, Y. Ikeda, S. Kawai and S. Sasayama, "Hepatitis C virus from
the hearts of patients with myocarditis and cardiomyopathy," Laboratory
Investigation, vol. 80, pp. 1137-1142, 2000.

[103] C. Beisel, C. Weiler-Normann, A. Teufel and W. Ansgar, "Association of autoimmune
hepatitis and systemic lupus erythematodes: a case series and review of the
literature," World Journal of Gastroenterology, vol. 20, no. 35, pp. 12662-12667,
2014.

[104] I. Mackay, "Hepatic diseases and systemic lupus erythematosus," in Systemic Lupus
Erythematosus 3rd Ed, San Diego, Academic Press, 1999, pp. 747-763.

[105] F. Alvarez, P. Berg, F. Bianchi, L. Bianchi, A. Burroughs, E. Cancado, R. Chapman, W.
Cooksley, A. Czaja and V. Desmet, "International Autoimmune Hepatitis Group
Report: a review ofcriteria for diagnosis of autoimmune hepatitis," Journal of
Hepatology, vol. 31, pp. 929-938, 1999.

[106] M. Hochberg, "Updating the American College of Rheumatology revised criteria for
the classification of systemic lupus erythematosis," Arthritis Rheum, vol. 40, p. 1725,
1997.

[107] E. Hennes, M. Zeniya, A. Czaja, A. Pares, G. Dalekos, E. Krawitt, P. Bittencourt, G.
Porta, K. Boberg and H. Hofer, "Simplified criteria for the diagnosis of autoimmune
hepatitis," Hepatology, vol. 48, pp. 169-176, 2008.

[108] S. Beath, "The Liver and Other Organs," in Diseases of the liver and biliary system in
children, Chichester, West Sussex, UK, Blackwell Publishing, 2017, p. 374.

[109] M. Cesari, A. Frigo, M. Tonon and P. Angeli, "Cardiovascular predictors of death in
patients with cirrhosis," Hepatology, vol. 68, no. 1, pp. 215-223, 2018.

[110] S. Nandwana, B. Olaiya, K. Cox, A. Sahu and P. Mittal, "Abdominal Imaging
Surveillance in Adult Patients After Fontan Procedure: Risk of Chronic Liver Disease
and Hepatocellular Carcinoma," Curr Probl Diagn Radiol, vol. 47, no. 1, pp. 19-22,
2018.

[111] S. Kwon, L. Scovel, M. Yeh, D. Dorsey, G. Dembo, E. Krieger, R. Bakthavatsalam, J.
Park, K. Riggle, K. Riehle and R. Yeung, "Surgical management of hepatocellular
carcinoma after Fontan procedure," Journal of Gastrointestinal Oncology, vol. 6, no.
3, pp. €55-60, 2015.

[112] E. L. T. Regsitry, 2013. [Online]. Available: www.eltr.org. [Accessed October 2018].

[113] S. Raevens, M. De Pauw, A. Geerts, F. Beerevoet, X. Rogiers, R. Troisi, H. Van
Vlierberghe and I. Colle, "Prevalence and outcome of diastolic dysfunction in liver
transplantation recipients," Acta Cardiol, vol. 69, no. 3, pp. 273-80, 2014.

34



[114] A. Fattouh, M. El-Shabrawi, E. Mahmoud and W. Ahmed, "Evaluation of cardiac
functions of cirrhotic children using serum brain natriuretic peptide and tissue
doppler imaging," Ann Pediatr Cardiol, vol. 9, no. 1, pp. 22-8, 2016.

[115] A. Tsakis, J. Reyes, K. Tepetes, V. Tzoracoleftherakis, S. Todo and T. Starzl, "Liver
Transplantation for Alagille's Syndrome," Arch Surg, vol. 128, pp. 337-9, 1993.

[116] E. Rand, "Cirrhotic Cardiomyopathy in children with biliary atresia: A new objective
parameter to predict morbidity and mortality on the wait list - and beyond!,"
Hepatology, vol. 69, no. 3, pp. 940-942, 2019.

[117] Y. Choi, W. Lee, J. Cheon, W. Kim, I. Kim, J. Park and K. Yeon, "CT findings in unilateral
hepatopulmonary syndrome after the Fontan operation," Pediatr Radiol, vol. 39, no.
4, pp. 336-42, 2009.

35



