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Biliary Atresia

Biliary atresia (BA) is a rare disease characterized by the obstruction and obliteration of 
the biliary tract leading to cholestasis in infants (figure 1). The cholestasis, if untreated, 
causes progressive liver fibrosis, followed by cirrhosis and eventually end-stage liver 
disease (ESLD) requiring orthotopic liver transplantation (OLT) for survival. BA is the most 
common indication for pediatric OLT (1, 2). The reported incidence of BA varies in the 
literature from 5/100,000 to 32/100,000 live births (3). BA symptoms become manifest 
during the neonatal period as persistent jaundice, failure to thrive, and uncolored stools. 
Untreated BA is uniformly fatal with a reported median survival of just eight months (4, 5). 

Treatment of BA is aimed at restoring bile flow, thereby alleviating cholestasis and 
preventing or at least decelerating the liver fibrosis. To achieve this, swift surgical interven-
tion is required in which the fibrotic extra-hepatic biliary remnant is excised and a Roux 
loop is anastomosed to the portal area of the liver (figure 2). This procedure is called the 
Kasai portoenterostomy (KPE), named after the Japanese surgeon who first described the 
procedure in 1959 (6). Though a KPE can successfully restore bile flow initially, BA can 
still cause progressive intra-hepatic bile duct obstruction and the sequelae of cholestasis, 

 
Figure 1 | Schematic illustration of classification of biliary atresia types 1-3.  (72)
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cirrhosis and liver failure. 70% to 80% of children who undergo a successful KPE charac-
terized by clearance of the pre-surgical jaundice, will still develop end-stage liver failure 
and require an OLT for survival before reaching adulthood (7, 8). A small minority of BA 
patients do not undergo a KPE (e.g. for technical reasons or advanced liver failure) but 
rather a primary OLT. 

Etiology and pathophysiology of biliary atresia

The etiology of BA is, unfortunately, still unresolved (2). Research has made it increas-
ingly clear that BA is not a single entity with one underlying cause (2). Multiple factors 
contributing to the obstruction and eventual obliteration of the biliary tree have been 
suggested, among which perinatal viral infections targeting cholangiocytes, toxin-
related, (auto)immunological, maternal, and genetic factors (9-12). Of these suggested 
culprits, perinatal viral infections and toxins are the prime suspects. Perinatal hepatobili-
ary infections are thought to cause secondary inflammatory or autoimmune-mediated 
bile duct injury. A recent study identified, for the first time, a naturally occurring toxin 
called biliatresone. This toxin was suspected to contribute to non-random outbreaks of 
BA in sheep and cows. Biliatresone, isolated from plants collected in Australia, has been 

 

Figure 2 | The Kasai portoenterostomy aimed at restoration of bile flow and alleviation of cho-
lestasis. 
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shown to cause the selective destruction of the biliary tract in exposed zebrafish larvae in 
in vivo experiments (13, 14). 

The activation of the Hedgehog (Hh) signaling pathway has been hypothesized to 
play a pathogenic role in the development of liver fibrosis in biliary atresia. The Hh signal-
ing pathway promotes and regulates multiple cellular processes such as proliferation, 
apoptosis, migration and differentiation (3). Hh signaling is initiated after Hh ligands, such 
as Sonic Hedgehog (Shh) or Indian Hedgehog (Ihh), bind to their receptor Patched (Ptc) 
(15). While Hh signaling is virtually absent in the normal liver, the Hh pathway has been 
shown to be involved in the development of fibrosis after cholestatic liver injury (16, 17). 
The Hh signaling pathway is one of the assumed promoters of epithelial to mesenchymal 
transition (EMT) during the development of liver fibrosis (18).

EMT, a process in which cholangiocytes lose their epithelial phenotype and acquire 
more mesenchymal characteristics (19) (figure 3), plays an important role in tissue con-
struction during embryogenesis, and has recently been demonstrated in liver fibrosis in 
chronic liver injury (16, 20). During EMT the morphological transition from an epithelial to 
mesenchymal phenotype the cholangiocytes lose their epithelial markers (i.e. CK7, CK19 
and E-Cadherin) and acquire mesenchymal and fibroblast markers (i.e. α-SMA, Collagen 
type I, S100) (21, 22). Recent studies have suggested that activation of the Hh pathway 
and EMT might play a role in the development of the biliary pathology and liver fibrosis 
in BA (15). However, a recent review of the available literature concluded that it remains 
debatable whether cholangiocytes actually undergo EMT (23). If Hh signaling and EMT 
would play a pathogenic contribution to BA -induced fibrosis it could be possible to 
develop targeted therapies to mitigate the deleterious effects. 

 

Figure 3 | Epithelial to mesenchymal transition (EMT) in which cells lose their epithelial pheno-
type and acquire more mesenchymal characteristics
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Animal models of BA

Examining the early pathogenesis in humans is difficult as liver fibrosis is mostly already 
present at time of diagnosis. Also the rapid course of BA makes swift diagnosis and 
early surgical intervention imperative for the long-term prognosis. This makes it virtually 
impossible to investigate BA at onset and establish the pathology involved in humans. 
Multiple animal models have been suggested for studying the pathogenesis of BA. The 
models can broadly be divided into two groups: prenatal (e.g. common bile duct ligation 
in fetal lambs) and postnatal (e.g. common bile duct ligation, injection of sclerosants in 
mice, rats and pigs, and neonatal infection models) (24-28).  

The postnatal murine model of BA using the rhesus rotavirus (RRV) was introduced in 
1993 and has become popular ever since (29). In the RRV murine model neonatal mice 
are infected with RRV at two days of age. The viral infection by RRV targets cholangiocytes 
and induces an inflammatory response leading to bile duct injury (30, 31). In half of the 
RRV infected mice cholestasis occurs (figure 4) as does fibrosis and bile duct proliferation, 
which is comparable to findings in human BA patients (29). However, several studies us-
ing this RRV murine model of BA suggested that neither liver fibrosis nor cirrhosis actually 
occurs (32, 33). On the other hand, a recent study reported increased periportal fibrosis 
with limited bridging fibrosis in RRV mice at 21 days of age (34). The survival rate of these 
mice was 35% and, remarkably, up to one half of these older pups recovered from the 
disease. This observation suggested that RRV infection caused only a temporary obstruc-
tion of the bile ducts in the surviving pups without actually causing severe liver injury (34) 
which is in clear contrast to the unequivocally progressive nature in human BA patients. 

 
Figure 4 | Two 14 day old Balb/c mice, left, healthy control, right, jaundiced with oily fur after 
RRV infection. (from Petersen and Davenport, Orphanet Journal of Rare Diseases 2013 (2))
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Several previous studies using the RRV murine model of BA also suggested that there 
were no features of liver fibrosis or cirrhosis observed or its presence or absence were not 
explicitly described (31-33, 35). This seems in contrast to the human situation in which 
liver fibrosis is usually already present at the time of diagnosis. Thus, whether (ongoing) 
liver fibrosis after bile duct injury and obstruction occurs in the RRV murine model of BA 
remains a matter of debate and needs to be further investigated to confirm or reject the 
usefulness of this model. 

Predicting liver fibrosis and clinical course of BA

The presence and rate of progression of liver fibrosis have been implied in the prognosis 
of BA with respect to survival with native liver. A greater level of fibrosis prior to KPE 
represents advanced disease and is associated with decreased survival with native liver 
in BA patients (36, 37). To date, assessment of liver fibrosis through liver biopsy remains 
the gold standard. Liver biopsies do have limitations, however: it is an invasive technique 
with a reported mortality rate of 1/1000 – 1/10000, there can be sampling errors, and the 
numerous fibrosis scoring systems are subjected to interobserver variability (38-40). 

Of the plethora of surrogate markers suggested in the literature, aspartate transami-
nase to platelet ratio index (APRI), calculated from two readily available laboratory results 
(aspartate aminotransferase level and platelet count), has been shown to predict the 
degree of fibrosis and cirrhosis in chronic liver diseases in adults (41, 42). Unfortunately, 
there is little data on the value of APRI in children for its correlation with (progression of ) 
fibrosis. 

Long term outcomes

Success in treatment of BA, either by KPE or OLT, is traditionally reported in terms of bio-
logical and clinical markers (i.e. improved liver function, decreased serum bile salt levels 
and survival). Markedly improved KPE and OLT techniques and better post-OLT medica-
tion regimes has led to BA becoming more a chronic condition. Ten- and 20-years overall 
survival rates of 66-89% and 43-78%, respectively, have been reported (43-46). BA patients 
(with or without OLT) do, however, face the possibility and probability of complications, 
which may require hospitalization, especially when deterioration of liver function occurs. 
Theoretically, this constant risk of complications and deterioration may lead to symptoms 
of anxiety/depression and could negatively impact the quality of life (QOL) and health 
status (HS, also known as Health Related QOL, HS) in BA patients. Gaining insight into QOL, 
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HS and related levels of anxiety/depression as perceived by BA patients at adult age is 
becoming increasingly important and relevant.

HS is defined as the effect of disease on physical, emotional, and social functioning as 
reported by the patient (47) and can be measured using standardized and validated ques-
tionnaires as RAND-36 or the Short Form 36. QOL is defined by the World Health Organiza-
tion (WHO) as an “individuals’ perception of their position in life in the context of the culture 
and value systems in which they live and in relation to their goals, expectations, standards and 
concerns. It is a broad ranging concept, incorporating in a complex way individuals’ physical 
health, psychological state, level of independence, social relationships, personal beliefs and 
their relationships to salient features of the environment” (48). QOL can be measured using 
the “World Health Organization Quality of Life assessment instrument” (WHOQOL-100)  
(48). HS questionnaires measure the objective functional limitations as a result of disease 
whilst QOL questionnaires also reflect to what extent a patient is subjectively bothered 
by these limitations in daily life (49). Thus, HS is not equivalent to QOL and, therefore, not 
considered interchangeable (49-52).

The HS of patients with chronic liver disease or with a transplanted liver has been 
studied rather extensively (53-57). However, most patient groups in these studies were 
heterogeneous with respect to underlying disease and most studies were performed in 
either children or middle-aged adults (58, 59). BA patients are commonly underrepre-
sented in these studies. Two studies measured specifically the HS of BA patients (60, 61). 
In Japanese pediatric BA patients, HS was found to be marginally lower compared with 
healthy peers but not in pediatric BA patients from the United Kingdom. The second 
study reported a lower HS in both transplanted and non-transplanted children with BA. 

Course of life (COL, i.e. achievement of developmental milestones) of adolescents 
and young adults having grown up with a chronic disease (e.g. end stage renal disease; 
inflammatory bowel disease) or childhood cancer is delayed (62). They reach fewer devel-
opmental milestones or achieve these milestones later compared to peers (62). The COL 
of young adults after pediatric OLT could also be hampered but little is known about the 
effect of such a major life event. Increased anxiety/depression and sleep disorders have 
previously been reported in children after OLT (63-65) and might have a negative impact 
on their COL.

Gaining insight in the COL and in factors associated with the COL is important since 
impediments in the COL during childhood could limit participation in social and profes-
sional activities in adulthood (66, 67). Recent studies showed that younger children, those 
with a shorter duration of illness and children who are physically more developed prior 
to OLT have a better prognosis regarding mental development (68-71). Theoretically, OLT 
at young age might be associated with less of an impediment in COL when compared 
to OLT at higher age. In those liver patients who are not yet been transplanted the liver 
disease may continue to affect their lives. No previous studies have been conducted to 
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measure the COL of those patients who have survived into adulthood after a pediatric 
liver transplantation. Identifying factors associated with a delayed COL will potentially 
help to develop preventive measures or tools to stimulate children after OLT to develop 
in more similar ways to their peers and participate fully in society as adults

Aim of the thesis

To further investigate the pathophysiology of liver fibrosis in biliary atresia and provide 
new insights into the quality of life of young adult biliary atresia patients

Outline

Whether (ongoing) liver fibrosis after bile duct injury and obstruction occurs in the 
rhesus rotavirus (RRV) murine model of biliary atresia (BA) remains a matter of debate 
and needs to be established to confirm the usefulness of this model. In chapter 2 the 
fibro-proliferative response to cholestasis in the RRV murine model of BA is investigated. 
The aim is to study the RRV murine model of BA in relation to the human disease: is it a 
suitable model?

One of the proposed responses the bile duct injury leading to liver fibrosis is the activa-
tion of the Hedgehog (Hh) signaling pathway and epithelial to mesenchymal transition 
(EMT). Whether EMT actually has a role in BA remains controversial. In chapter 3 the 
presence of Hh and EMT in cholangiocytes during the rapid liver fibrosis associated with 
BA is analyzed using the RRV murine model of BA and human liver biopsies obtained 
during Kasai portoenterostomy (KPE).

Early detection and treatment of progressive liver fibrosis is essential for survival in BA 
as more severe fibrosis prior to KPE is associated with decreased survival with native liver 
in BA patients. Liver biopsy remains the gold standard for the assessment and monitoring 
of liver fibrosis but is invasive and has known limitations and complications. In chapter 
4 we investigated if aspartate transaminase to platelet ratio index (APRI), a surrogate/
noninvasive marker for liver fibrosis in adults with chronic liver disease, correlates with 
the severity of liver fibrosis and whether APRI can be used to predict the clinical course 
of BA in children. APRI scores of patients at time of KPE were calculated retrospectively 
and used to determine if there was a correlation between APRI and either histological 
grade of fibrosis or outcome. Can APRI be used as a non-invasive surrogate marker for 
liver fibrosis in BA?

Success in treatment of BA, either by KPE or orthotopic liver transplantation (OLT), is 
traditionally reported in terms of biological and clinical markers: improved liver function, 
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decreased serum bile salt levels and survival. Due to enhanced KPE and OLT techniques 
and better post-OLT medication, BA has become more of a chronic condition with long-
term survival into adulthood. Gaining insight into QOL, HS and related levels of anxiety/
depression as perceived by the adult population surviving BA is, therefore, becoming 
increasingly important and relevant. In chapters 5 and 6 we describe the long term 
objective limitations (health status, HS) experienced by BA patients who have survived 
into adulthood with or without their native livers and also to what extent these patients 
are subjectively bothered by these limitations in daily life (quality of life, QOL) compared 
to healthy peers.  

In general, the course of life (i.e. achievement of developmental milestones, COL) of 
adolescents and young adults having grown up with a chronic disease or childhood 
cancer is delayed. Fewer developmental milestones are reached or achieved later when 
compared to healthy peers. Little is known about the effect of a major life events such as 
OLT in childhood on the COL. In chapter 7 the course of life of young adults after an OLT 
in childhood is reported for the first time. Furthermore, factors related to a less favorable 
COL are identified. 

In the final chapter (chapter 8) the main findings are summarized and put into per-
spective in a general discussion. 
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