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To Curiosity and Kindness
“It hardly warrants pointing out, furthermore, that no one
will get anywhere unless they do what they do best,
and everyone, in their secret, secret heart,
knows what they do best.”
Stephen Fry
“The Fry Chronicles”, 2010

ABSTRACT
Background: Biliary atresia (BA) is a rare cholangiopathy of infancy.
Without treatment, inflammation and obstruction of the biliary tracts leads to
liver cirrhosis and death within the first 2 years of life. BA is treated with
portoenterostomy (PE), in which an exit for bile from the liver is created by
attaching a jejunal loop to the porta hepatis. If PE fails, the next treatment
option is liver transplantation (LT). Since the development of LT programs in
the late 1980s, the long-term outcome for BA has improved. Patients with BA
may survive until adulthood with their native livers (NL).
The aims: The long-term effects of BA on the general health of patients in
childhood and adolescence are not well-known. The aims of this study were to
assess three aspects of BA patients’ health: growth, bone health and the
neurocognitive and motor developmental outcome.
Methods: To investigate the early childhood growth of BA patients, the
growth data as well as the dosage of post-surgical corticosteroid treatment
were evaluated for a cohort of 28 BA patients diagnosed in Finland between
1987–2017 alive with their NL. To analyze bone health, a cohort of 49 patients
diagnosed between 2000–2017 who had survived at least ≥ 1 year of age was
evaluated. Medical records were reviewed for histories and diagnoses of
rickets and fractures and for dual-energy X-ray absorptiometry (DXA)
measurements. A prospective cross-sectional cohort of 39 patients aged 1–20
years followed up at the Helsinki University Children’s Hospital during 2019
were studied to determine their neurocognitive and motor developmental
outcomes. Participants in this prospective study underwent age-appropriate
neurocognitive and motor test assessments.
Results: BA patients were born shorter than the national reference
population with a median height of −0.6 (interquartile range [IQR] −1.3 to
−0.1 standard deviation scores [SDS], p<0.001). The height gain of BA
patients decelerated during the first 3 months and accelerated between 3 to 6
months of age. Between 2–6 years-of-age, height gain was stable. A high (>50
mg/kg of prednisolone) cumulative corticosteroid dosage caused a 0.18 (β
−0.18, SE 0.04, p<0.001) SDS lower height per treatment week compared to
low dosage. Fourteen percent of BA patients were diagnosed with rickets based
on radiographic findings. The majority (75%) of fractures in BA patients
occurred in infancy in patients with rickets. The number of fractures in
children with BA in later childhood and in adolescence did not differ from
normal population. DXA measurements showed normal bone mineral content
(BMC) and areal bone mineral density (aBMD) between 5 to 10 years of age in
NL and LT patients. The mean total intelligent quotient (IQ) of BA patients
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was 91 (SD ±15), lower than in the normal population (100±15, p<0.01). Out
of 30 patients tested, 43.3% were either at risk or fulfilled criteria for motor
impairment. Guardians reported elevated rates of functional problems
affecting everyday life of BA patients in 5/8 domains assessed with a validated
questionnaire.
Conclusions: Post-PE corticosteroids have a measurable impact on height
gain post-PE. This effect does not continue after 6 months of age. BA patients
have a clearly heightened risk for metabolic bone disease in the form of rickets
in infancy. BA patients with NL and LT have BMC and aBMD measurements
within the normal range during later childhood. Total IQ and motor
developmental outcome among BA patients are compromised and early
structured evaluation to identify individuals in need of additional support
could enhance everyday functionality.
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TIIVISTELMÄ
Tausta: Sappitieatresia (SA) on harvinainen imeväisiän sappiteiden sairaus.
Ilman hoitoa sappiteiden ahtautuminen ja tulehdus johtavat maksakirroosiin
ja kuolemaan ennen 2 vuoden ikää. SA:n ensimmäinen hoitomuoto on
portoenterostomia, jossa jejunaalisen ohutsuolen lenkistä rakennetaan uusi
maksanulkoinen sappitie maksanporttiin. Jos sapenkulku ei palaudu, hoitona
on maksansiirto. Maksansiirto-ohjelmien kehittymisen jälkeen 1980-luvun
lopulta alkaen sappitieatresiapotilaiden ennuste on parantunut. Potilaat
voivat selvitä aikuisuuteen ilman maksansiirtoa.
Tavoitteet: SA:n vaikutukset terveyteen lapsuus- ja nuoruusiän aikana
tunnetaan toistaiseksi huonosti. Tutkimuksen tarkoituksena oli arvioida SApotilaiden terveyttä kolmella eri osa-alueella: kasvun, luustonterveyden sekä
neurokognitiivisen ja motorisen kehityksen alueilla.
Metodit: Kasvua arvioitiin 28 potilaan aineistossa. Aineistoon kerättiin
Suomessa vuosien 1987–2017 välillä diagnosoitujen omalla maksallaan
elävien SA-potilaiden varhaislapsuuden kasvutiedot sekä tiedot
portoenterostomian jälkeisestä kortisoniannoksesta. Luustonterveyttä
tutkittiin 49 potilaan aineistossa. Aineiston potilaat oli diagnosoitu vuosien
2000–2017 välillä ja he olivat selviytyneet vähintään 1 vuoden ikään.
Sairauskertomusmerkinnöistä kerättiin tieto mahdollisista riisitauti- ja
luunmurtumadiagnooseista.
Luustontiheysmittaukset
arvioitiin.
Neurokognitiivista ja motorista kehitystä tutkittiin 39 potilaan aineistossa.
Tutkimukseen pyydettiin mukaan iältään 1–20-vuotiaita SA-potilaita, jotka
olivat Uuden lastensairaalan seurannassa vuonna 2019. Osallistujille tehtiin
iänmukaiset neurokognitiiviset ja motoriset testit.
Tulokset: SA-potilaat syntyivät lyhyempinä kuin suomalainen taustaväestö.
Potilaiden mediaani syntymäpituus oli −0.6 (kvartiiliväli [−1.3 to −0.1]
keskihajontaa, p <0.001) suhteessa taustaväestöön. Pituuskasvu hidastui
ensimmäisen kolmen elinkuukauden aikana ja nopeutui kolmannen ja
kuudennen elinkuukauden välillä. Pituuskasvu oli tasaista kahden ja kuuden
ikävuoden välillä. Suuriannoksinen
(>50 mg/kg prednisolonia)
kumulatiivinen
kortikosteroidiannos
hidasti
pituuskasvua
0.18
keskihajontaa/hoitoviikko verrattuna matalaan annokseen (β −0.18, SE 0.04,
p <0.001). SA-potilaista 14% todettiin röntgenlöydösten perusteella riisitauti.
Valtaosa, 75%, luunmurtumista todettiin imeväisiässä riisitautia sairastavilla
potilailla. Myöhemmin lapsuudessa ja nuoruudessa luunmurtumien määrä ei
eronnut normaaliväestöstä. Sekä luuston mineraalipitoisuus että
luustontiheys olivat normaalit sekä omalla että siirtomaksalla elävillä lapsilla
5 ja 10 ikävuoden välillä. SA-potilaiden keskimääräinen älykkyysosamäärä 91
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(keskihajonta ± 15) oli testinormistoa matalampi (100±15, p <0.01).
Motorisen kehityksen poikkeamaan viittaavan tai sille diagnostisen
testituloksen sai 43.3% testin suorittaneista 30 potilaasta. Huoltajat
raportoivat tausta-aineistoa useammin arjessa havaittavia toiminnallisia
ongelmia 5/8 osa-alueella, joita arvioitiin validoidulla kyselyllä.
Johtopäätökset: Portoenterostomian jälkeinen kortikosteroidihoito
hidastaa pituuskasvua. Tämä vaikutus ei jatku yli 6 kuukauden ikään.
Sappitiatresiapotilailla on selvästi korostunut riski metaboliseen
luustosairauteen
riisitaudin
muodossa
imeväisiässä.
Myöhemmin
lapsuudessa sekä luuston mineraalipitoisuus että luustontiheys ovat
normaalit. Potilaiden keskimääräinen älykkyysosamäärä on taustaväestöä
matalampi ja motorisen kehityksen poikkeavuutta todetaan selvästi
taustaväestöä useammalla potilaalla. Sappitieatresiapotilaiden kognition ja
motoriikan varhainen arviointi strukturoiduilla tutkimusmetodeilla voisi
auttaa tunnistamaan lisätukea tarvitsevat yksilöt ja tätä kautta parantaa arjen
toiminnallisuutta.
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1

INTRODUCTION

Biliary atresia (BA) is an inflammatory cholangiopathy manifesting in infancy.
Inflammation in the biliary tree leads to obstruction of extrahepatic and
intrahepatic biliary tracts and without surgical treatment, this leads to liver
fibrosis, liver failure and ultimately to death within the first two years of life
[Lakshminarayanan and Davenport 2016]. BA is considered a rare disease
with the reported incidence varying between 1:3000 – 1:20 000 globally [Y.C.
Lin et al 2011, Livesey et al 2009, Fanna et al 2019]. In Finland, the incidence
is 1:19 000 live births [Hukkinen et al 2018], which translates to
approximately 3 infants/year born with BA with an average number of 56 287
live births/year between 2000–2019 in our country [Statistics Finland’s
PxWeb database: Births].
The first treatment option for BA is portoenterostomy (PE), in which porta
hepatis is transected at liver capsule level and a jejunal loop is anastomosed to
the surface. Ideally, infants with BA are diagnosed early in infancy and PE is
performed within the first three months of life. Infants who clear their
jaundice (total bilirubin level < 34 Pmol/L) within 3 moths post-PE, have a
higher overall and NL survival rate compared to those who clear their jaundice
later [Shneider et al 2006]. In case PE fails to re-establish the bile flow from
intrahepatic bile tracts to small intestine, leading to prolonged cholestasis and
deteriorating liver function, patients are treated with liver transplantation
(LT). BA remains the most common diagnosis behind LT in early childhood.
LT programs for children have been developed since the 1980s [Fanna et al
2019, Otte et al 1994]. After the establishment of these programs for children
in high-volume centres, the survival rate of BA patients has improved
immensely. Nowadays, approximately 80–90% of patients with BA survive
until the age of 20, and 26–49% of them with their NL [Nio 2017, Fanna et al
2019]. These improved survival rates have led to an increased need for further
knowledge regarding the long-term effects that BA and its complications have
on general health.
The aim of the present investigation was to evaluate three aspects
mirroring the health of BA patients in childhood and adolescence. The first
study assessed growth of BA patients alive with their NL during infancy and in
early childhood. The first study also aimed to characterize the possible growth
effect of post-PE corticosteroid treatment. The second study evaluated the
bone health of BA patients and clinical risk factors associated with poor bone
health. The third study described the neurocognitive and motor outcome of BA
patients and sought to identify disease-related, possibly treatable, or
preventable risk factors for neurocognitive impairment.
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2 REVIEW OF THE LITERATURE
2.1 HISTORY
2.1.1 FIRST DESCRIPTIONS OF BILIARY ATRESIA IN MEDICAL
LITERATURE
“The jaundice of infants is a disease attendant with great danger, especially if
it appears very soon after birth, and the stools evince, a defiency of bile; for we
have then reason to apprehend some incurable state of the biliary apparatus”
wrote Professor John Burns from the Department of Surgery, University of
Glasgow, in his textbook “Principals of Midwifery, Including the Disease of
Women and Children” in 1811 [Burns 1811]. This description, which captivates
the essential first clinical presentation of BA, is probably the first reference to
the disease written in English. Later, pediatrician Charles West (1816–1892),
founder of the first children’s hospital in England (Great Ormond Street in
1852) described the course of illness in his notes: “Case 18 – fatal jaundice,
absence of gallbladder, etc. On November 8,1855, I saw a female child aged 13
weeks; the only child of healthy parents. It was born full term, though small,
apparently healthy. At 3 days however, it began to get yellow and at the end of
3 weeks was very yellow. Her motions at no time after the second day appeared
natural on examination, but were white, like cream, and her urine was very
high coloured [Mowat 1996]”. In 1891, in his thesis entitled “On Congenital
Obliteration of the Bile Ducts (Clinical and Pathological)”, pediatrician John
Thomson from Edinburgh, Scotland, reviewed published cases as well as his
own patients (n=50), giving a highly detailed description of the clinical
features of BA. As for the cause of BA, Thomson argued that the pathological
features revealed in postmortems were caused by “an arrest or defect of
development (of biliary tracts)” in combination with “an inflammatory or
other lesion of the ducts themselves”. “It seems quite possible that a congenital
malformation might exist which, although not entirely obliterating the lumen
of the duct, might occasion so much irritation from interference with the free
outflow of bile as to cause a chronic and progressive catarrh [Thomson 1892]”.
Arvo Ylppö, a giant of Finnish pediatrics, performed his first scientific
studies at the beginning of the 20th century at Kaiserin Auguste Victoria-Haus
in Berlin, Germany. As part of his studies on neonatal jaundice, in 1913, Ylppö
published
a
paper
entitled
“Zwei
Fälle
von
kongenitalem
Gallengangsverschluß. Fett-und Bilirubin-Stoffwechselversuche bei einem
derselben” where he described two patients with congenital aplasia of biliary
tracts [Ylppö 1913]. Both patients died in infancy, aged 7.5 months and 2
months.
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In the Finnish scientific medical paper, “Aikakauskirja Duodecim”,
published by the Finnish Medical Society Duodecim since 1885, the first
mention of the term “sappitieatresia” (biliary atresia) can be found in an
editorial written by Matti Lempinen in 1973 entitled “Maksansiirrot ja
maksaperfuusiot”, that reviews the state of LT programs in foreign centers.
Lempinen mentions that (original text in Finnish) “almost half of liver
transplantations have been done to children with biliary atresia [Lempinen
1973]”.

2.1.2 EVOLUTION OF SURGICAL TECHNIQUES
William Ladd, a pediatric surgeon from Harvard Medical School in Boston,
USA, in 1928 reported the first successful surgical treatment of “obstructive
jaundice” [Ladd 1928]. In 1940, Ladd and Gross reported follow up results for
a series of 45 babies surgically explored and diagnosed with BA in the surgical
clinic at the Children’s hospital in Harvard. Out of these 45 babies, 9 were
considered to have an “operable” atresia (defined as either obstruction of
common bile duct with luminal patency above or obstruction at the lower end
of common hepatic duct with luminal patency above) and 8 of these patients
were operated with the attachment of either hepatic duct, common bile duct
or gallbladder to the duodenum or stomach [Ladd and Gross 1940]. In 1940,
5 out of 8 patients were alive and “in excellent health” between ages 5 to 13
years [Ladd and Gross 1940]. In the subsequent analysis of 145 BA patients at
their hospital, Gross reported that 12 (44%) out of 27 diagnosed with
“operable” BA became jaundice free [Mowat 1996].
With these cautiously positive results, the idea of building a continuity from
the patent part of biliary tracts to intestinal canal was established. However,
as Ladd and Gross noted, and consistent with what is known about the
anatomical types of BA even today, “congenital obliteration of the bile ducts
usually involves the entire extrahepatic system so there is no means for escape
of bile from liver” [Ladd and Gross 1940]. Without any surgical treatment
available, prognosis for the vast majority of BA patients was grim. Ladd stated:
“It is of course apparent that if there is a malformation of the bile ducts which
prevents bile from entering the intestinal canal, the condition is incompatible
with life” [Ladd 1935].
Across the Pacific Ocean, in Sendai, Japan, in 1955, surgeons Katsura and
Kasai came across the total obliteration of extrahepatic biliary tracts in an
explorative laparotomy of a 72-day old patient with BA and decided to make
an incision over porta hepatis and attach duodenum to the site [Ohi 1988].
Postoperatively, jaundice cleared. In the next patient, Katsura attached an
unopened duodenum over the porta hepatis. The patient died but in autopsy,
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Kasai observed an internal biliary fistula between the intrahepatic bile ducts
and the duodenum [Ohi 1988]. In histological studies, Kasai made the key
observation of presence of small but patent bile ducts at the porta hepatis in
patients with the “uncorrectable” type of BA [Kasai et al 1968]. Kasai
concluded that for PE to succeed, anastomosis to the duodenum must be made
to a site with patent microscopic intrahepatic biliary tracts still available [Kasai
et al 1968]. Kasai reported his data and operative technique in Japanese in
1957, in German in 1963 and in English in 1968 [Kasai et al 1957, Kasai et al
1963, Kasai et al 1968]. By 1985, surgeons in Sendai reported that 66% of BA
patients who underwent PE cleared their jaundice but only 52 out of 214
infants treated between 1953 and 1983 had survived longer than 5 years [Ohi
et al 1985]. During the 1970s in Europe and in the USA, the technique
described by Kasai gained ground slowly. PE was not viewed as a curative
treatment, since the success of the procedure varied and the progress of
fibrosis even after a successful operation meant that most patients were still
going to die in childhood [Hays 1979, Howard and Davenport 1997]. Ten-year
survival rate after PE ranged between 28–48% in studies published between
1990–1997 [Laurent et al 1990, Ohi et al 1990, Caccia et al 1991, Howard 1995,
Howard and Davenport 1997]. Only the development of immunosuppressive
agents and LT programs towards the 1980s offered an alternative treatment
possibility for BA patients.

2.1.3

EVOLUTION OF LIVER TRANSPLANTATION PROGRAMS

After several technically successful kidney transplantations between 1936 and
1954 with most of the recipients succumbing shortly after transplantation due
to acute rejection, the first 8 kidney transplant recipients to survive longer
with the help of immunosuppressive medical therapy were reported by Starzl
from Colorado, the USA, in 1963 [Linden 2009, Starzl 1963b]. The use of
combination therapy of azathioprine – developed in 1962 and reported in a
clinical trial by Murray et al – and prednisolone improved the survival period
of organ transplant recipients from days to months [Starzl et al 1963b, Murray
et al 1963]. However, prior to the discovery of cyclosporine as an
immunosuppressive agent in 1977 and its subsequent introduction to clinical
use, one-year graft survival rate did not exceed 50% [Linden 2009]. Since the
introduction of cyclosporine, 1-year graft survival rates rose to 89% for kidney
recipients and to 70% for liver transplant recipients in the early 1980s [Linden
2009]. In the early 1990s, tacrolimus proved efficient in converting
cyclosporine-refractory rejection in human liver recipients. With tacrolimusbased immunosuppression regimens, 5-year graft survival rate improved from
70% to 90% and patient survival rate from 70% to 80% for LTs compared to
cyclosporine era [Fung et al 1996, Wiesner 1998].
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The first 3 human LTs were attempted and reported by Starzl in Colorado
in 1963, with all of the recipients dying within the first month after LT. The
first patient was a 3-year-old boy diagnosed with BA with a very advanced state
of liver insufficiency, who died intraoperatively because of massive
coagulopathy and bleeding related to the state of the donor liver [Starzl et al
1963a]. Between 1963–1977, 141 patients underwent LT at the University of
Colorado: only 46 (33%) of them survived over 1 year post-LT [Starzl et al
1979]. Since then, with the development of LT programs, advances in surgical
techniques involved, increased knowledge regarding adjuvant medical therapy
and established surveillance protocols for medical adverse effects and chronic
rejection for LTs, patient survival rates have greatly improved. Current 10-year
patient survival rates post-LT in Europe and in Northern America have been
reported to be 62% and 60.5% for adults and 77% and 80% for children,
respectively [Adam et al 2018, Kwong et al 2021, Burdelski 2018, V.L. Ng et al
2012].
The first Scandinavian LT took place in Helsinki in 1982. By 1987, 15
patients had received LT in Helsinki [Höckerstedt 1987]. The first pediatric
patient – diagnosed with BA – underwent LT in 1987 [Leijala et al 1989]. By
1995, 41 Finnish children had undergone LT and 80% of them were reported
to be alive [Jalanko et al 1995]. Currently, the 10-year survival rate for patients
with BA post-LT in Finland is 91% [Hukkinen et al 2018]. Finland has been
part of Scandiatransplant (the Nordic organ exchange organization) since its
establishment in February 1969. Since June 2010, according to Finnish law,
all deceased who fit the criteria for organ donation are viewed as organ
donators unless it is known that they objected, or there is a good reason to
assume that they would have objected, to donating their organs while alive
[Finlex, Luku 4, 9§, 2010a].
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2.2 CLASSIFICATIONS OF BILIARY ATRESIA
Based on the observed phenotypes, BA patients are classified into four
different subgroups. BA may manifest as an isolated diagnosis (70–80%), as a
part of syndromic constellation (biliary atresia splenic malformation [BASM]
5–15%), as a cystic variant with dilatations of biliary tree (5–10%) or as
cytomegalovirus (CMV) associated BA (5–10%) [Bezerra et al 2018].

2.2.1 ISOLATED BILIARY ATRESIA
The vast majority of BA patients belong to the isolated BA group.
Morphologically, isolated BA – as well as other forms of BA – are divided into
subtypes according to the level of obstruction of the extrahepatic biliary tree.
In type I (5%) the obstruction occurs at the level of the common bile duct, in
type II (2–3%) at the level of the common hepatic duct, and in type III (>90%)
at the level of the porta hepatis, with only microscopically observable biliary
ductules present [Ohi et al 1987, Superina et al 2011]. The main anatomic types
are shown in Figure 1. According to the classification developed by Ohi,
anatomic finding can be further described with morphological variations of the
distal common bile duct and proximal extrahepatic ducts [Ohi et al 1987].
Letters ranging from a to d are used for distal common bile duct and Greek
letters α, β, γ, μ, v and o for proximal extrahepatic ducts. “a” stands for patent,
“b” for fibrous, “c” for aplastic and “d” for miscellaneous distal common bile
duct. As for the morphological findings of proximal extrahepatic ducts, α, β, γ,
μ, v and o represent dilated, hypoplastic, bile lake, fibrous, fibrous mass and
aplasia, respectively [Ohi et al 1987, Superina et al 2011].
Anatomic type of BA has been shown to have an effect on the NL survival
and overall survival post-PE. A study from Northern America comprising 136
BA patients who underwent surgical drainage procedure reported a greater
risk of LT or death for patients with Ohi main type II or III compared to I.
There was also, an increased risk for LT or death associated with Ohi subtypes
b, c and d compared to type a [Superina et al 2011]. An earlier study from
Northern America with 266 patients also observed higher risk of LT or death
for patients with an anatomic variant with obliterated distal common bile duct
compared to those diagnosed with luminal patency of distal common bile duct
[Altman et al 1997]. A French series assessing the macroscopic anatomic
findings of 455 BA patients found higher NL and overall survival rates for
patients with atresia limited to the common bile duct and for patients with
patency of gallbladder and common bile duct compared to patients with
complete extrahepatic atresia [Chardot et al 1999b].
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Figure 1.

2.2.2

The three anatomic main types of biliary atresia as described by Ohi et al [Ohi et al
1987]. A. Type I (approximately 5%): obstruction at the level of the common bile
duct, B. Type II (2–3%): obstruction at the level of the common hepatic duct and C.
Type III (>90%): obstruction at the porta hepatis. Illustrations by pediatric surgeon
Sofia Belov.

BILIARY ATRESIA SPLENIC MALFORMATION

The defining anatomic feature in BASM is BA coupled with a macroscopic
splenic abnormality: asplenia (11%), double spleen (12%) or polysplenia (77%)
[Davenport el al 2006]. Other structural abnormalities very frequently
associated with BASM include situs inversus of abdominal organs (20–42%),
intra-abdominal vascular abnormalities (39–61%), congenital cardiac
abnormalities (43–59%) and intestinal malrotation (42–61%) [Davenport et
al 2006, Berauer et al 2019, Guttman et al 2011, Schwarz et al 2013]. The
observed cardiac abnormalities vary greatly in clinical significance with a
single study from the United Kingdom reporting that 16% of patients with
BASM required cardiac surgery in infancy [Davenport et al 2006].
The current data concerning impact of BASM on outcome are varied. A
single USA-based multicenter study reported that only 18% of BASM patients
were alive with NL at 2 years of age [Shneider et al 2006]. Two large
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retrospective studies from Europe have reported worse outcome for BASM
compared to isolated BA with 10-year NL survival for BASM patients reported
to be 15.4% and 32% [Fanna et al 2019, Davenport et al 2006]. Contrary to
these observations, recent studies from Japan and Canada did not observe NL
or overall survival rate differences between the two groups [Guttman et al
2011, Nio et al 2015].
Apart from BASM, there is also another subgroup of BA patients (estimated
5–10%) who are diagnosed with congenital cardiovascular, genitourinary and
gastrointestinal malformations of varying severity that are not related to
laterality. If there is no splenic abnormality present, this phenotype is termed
BA with congenital anomalies, but the terminology used at present is not
established and varies according to research groups. Based on this, Canadian
authors suggested that the acronym BASM would be modified to “biliary
atresia structural malformation” to cover all BA patients with associated
congenital malformations [Schwarz et al 2013, Guttman et al 2011].

2.2.3

CYSTIC BILIARY ATRESIA

In cystic biliary atresia, there is a cystic finding in the biliary tree that is
otherwise obliterated [Lobeck et al 2017]. Cystic biliary atresia can be
diagnosed antenatally with ultrasound (US). Differential diagnosis postnatally
to cystic choledochal malformation may be achieved by US or by magnetic
resonance cholangiopancreatography where the finding of dilated intrahepatic
bile tracts favors choledochal malformation [Kim et al 1998, Zhou et al 2012].
Cystic biliary atresia has a good prognosis with the largest series of 29 patients
reporting 69% clearance of jaundice (COJ) rate post-PE and a 10-year
estimated overall survival of 95% [Caponcelli et al 2008].

2.2.4 CYTOMEGALOVIRUS ASSOCIATED BILIARY ATRESIA
Studies from Sweden, Brazil, China and South Africa have demonstrated
serological traces of CMV-infection in 29–74% of BA patients at diagnosis
[Fischler et al 1998, De Tommaso et al 2005, D. Zhao et al 2021, Moore et al
2012]. Regarding clinical characteristics at diagnosis, a recent multi-center
large-scale study comprising 705 cholestatic infants from China reported older
age at admission (mean difference of 10 days), higher rate of splenomegaly and
higher plasma transaminases and alkaline phosphatase levels in BA patients
with concurrent CMV-infection compared to those without [R. Zhao et al
2021]. In an earlier study from China, Shen et al reported a lower rate of COJ
(36% vs 80%) for BA patients with CMV-infection versus those considered
infection-free [C. Shen et al 2008]. In a study conducted in the UK, Zani et al
(2015) observed a grave difference in COJ rates post-PE (15% vs 52.2%)
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between BA patients who tested positive for CMV immunoglobulin M (CMVIgM) and those who tested negative. They also reported higher overall
mortality and shorter NL survival among BA patients with CMV-IgM positivity
[Zani et al 2015]. In contrast, a study from Sweden reported no difference
between mortality of NL survival rates between BA patients stratified
according to CMV IgM positivity at diagnosis [Fischler et al 2009].

2.3 ETIOLOGY OF BILIARY ATRESIA
Although BA has been recognized as a rare, severe disease of infancy for at
least two centuries, the exact pathogenesis and etiology of BA remain elusive.
In principle, the hypothesis formulated by Dr Thomson in 1891 still stands,
and it is possible that BA turns out to be “an arrest or defect of biliary tracts”
in combination with “an inflammation or other lesion of the ducts themselves”.
Currently, there is no conclusive evidence to determinate whether BA is a
congenital malformation starting during fetal development of the biliary
system or whether it’s an inflammatory or immunological consequence of an
environmental trigger that takes place during late pregnancy or postnatally
with some of the reported genetic variations adding to the vulnerability of fetus
or infant. With the help of modern day biochemical and genetic laboratory
methods, progress has been made in different areas suspected to be involved
in the pathogenesis. The current hypothesis of the etiology of BA is that the
disease might not have one primary cause, but that the observed phenotypes,
although similar in many morphological and clinical aspects, might be caused
by different triggers and the disease has a multifactorial etiology [Bezerra et al
2018].

2.3.1 INNATE FACTORS

2.3.1.1 Genetics
Early genetic studies in the 1990s implied a possible role for a human leucocyte
antigen profile in BA. Unfortunately, the published data conflict with studies
in most Caucasian populations reporting no association with BA and studies
in Egyptian and Japanese populations reporting an association [Jurado et al
1997, Donaldson et al 2002, Mack et al 2013, Silveira et al 1993, Al-Kader et al
2002, Yuasa et al 2005]. Similarly, more recent studies assessing singlenucleotide polymorphisms (SNPs) of genes related to growth factors (VEGFA,
GPCI), gene expression (USF2) and immune response (ICAM1, ITGB2, CD14,
MIF) have yielded discordant results [H.C. Lee et al 2010, Liu et al 2017, F. Liu
et al 2018, Ke et al 2016, Y.H. Huang et al 2008, L. Chen et al 2020, Arikan et
al 2008, Vejchapipat et al 2005, R. Zhao et al 2013, Shih et al 2005, Z. Lin et
al 2018, Arikan et al 2006, Sadek et al 2017].
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Thus far, five loci with six different candidate genes have been identified as
potential risk factors for BA in genome-wide association studies (GWAS) in
diverse subpopulations [Table 1]. A possible locus related to BA was first
reported at 10q24.2 in Han Chinese population in a GWAS in 2010 [GarciaBarceló et al 2010, Girard and Panasyuk 2019]. Two genes at this locus, ADD3
and XPNPEP1, were identified as candidate genes involved in the development
of BA. ADD3 is expressed in the liver as well as in the biliary epithelia and
encodes a protein involved in the collection of spectrin-actin network at cellcell contact sites in epithelial tissues and erythrocytes. XPNPEP1 encodes
soluble aminopeptidase P, an enzyme participating in metabolism of
substance P and bradykinin. Substance P participates in bile secretion and
biliary dynamics while bradykinin is involved in regulation of capillary
permeability as well as vasodilation. Subsequently, high frequency of
polymorphisms of ADD3-gene in association with BA has been reported in
Thai [Laochareonsuk et al 2018], Chinese [G. Cheng et al 2013, Zeng et al 2014,
Wang et al 2018], and Caucasian children [Tsai et al 2014, Y. Chen et al 2018],
and polymorphism of XPNPEP1 in Thai children [Kaewkiattiyot et al 2011].
In Caucasian population, GWAS found a possible association to BA at locus
2q37.3 [Leyva-Vega et al 2010]. In a later study, the same Northern American
group suggested heterozygous deletion of GPC1 as a risk factor for BA [Cui et
al 2013]. Glypican 1, a proteoglycan encoded by GPC1, mediates inflammation
and adjusts intercellular signaling. In zebrafish, knockdown of GPC1 produced
smaller gallbladders and less complex intrahepatic bile ducts compared to
controls [Cui et al 2013]. In 2016, a study with Chinese patients reported
decreased risk of BA associated with GPC1-gene SNPs [Ke et al 2016]. Another
GWAS study also conducted among Caucasian patients suggested a
susceptibility locus at 14q21.3 [Ningappa et al 2015]. Authors proposed a role
for ARF6 gene in the development of human BA as they demonstrated that
ARF6 knockdown zebrafish developed sparse intrahepatic biliary ducts
[Ningappa et al 2015].
In their GWAS in 2018, Chen et al reported that they could not replicate
the association of ARF6 SNPs and BA in their dataset [Y. Chen et al 2018].
Chen et al identified a susceptibility locus at 2p16.1 in their study with
Caucasian patients and suggested EFEMP1 as a candidate gene for BA and
possibly also for other cholestatic liver diseases [Y. Chen et al 2018]. EFEMP1
encodes fibulin-3, an extracellular matrix protein involved in extracellular
matrix remodeling, organogenesis and tissue regeneration. To date, there are
no other studies available evaluating the role of EFEMP1 SNPs in BA.
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Table 1.

Genome-wide association studies and results of subsequent studies assessing
the role of proposed gene candidates for biliary atresia.

Loci

Population

Variation

Gene
candidate

Results of
subsequent
studies to
date

Reference for
genome-wide
association
study

10q24.2

Han Chinese

noncoding SNP

ADD3,
XPNPEP1

supporting

Garcia-Barceló
et al 2010

2q37.3

Caucasian

heterozygous
deletion

GPC1

inconclusive

Leyva-Vega et
al 2010

14q21.3

Caucasian

noncoding SNP

ARF6

inconclusive

Ningappa et al
2015

2p16.1

Caucasian

noncoding SNP

EFEMP1

not available

Y. Chen et al
2018

7p12.3

Caucasian

biallelic and
heterozygous
variants

PKD1L1

not available

Berauer et al
2019

Not
identified

Caucasian

not identified

66 potentially
harmful
variants in 66
individual
genes

Rajagopalan et
al 2020

Modified from: Girard and Panasyuk. Genetics in biliary atresia. Curr Opinion Gastroenterol
2019;35:73-81. SNP; single-nucleotide polymorphism

Berauer and colleagues conducted GWAS on 67 BASM patients of
predominantly Caucasian descent [Berauer et al 2019]. Authors suggested a
role for the biallelic and heterozygous variants of the PKD1L1 gene observed
among 8 of the patients for development of BASM. The PKD1L1 gene was
proposed as a potential candidate gene because of its central involvement in
establishing normal left to right patterning during the embryonic stage in fish,
mice and humans. Presently, there is no other data available on the role of
PKD1L1 in BASM. Recently, a sixth GWAS conducted in a Caucasian
population with 101 isolated cases of BA failed to identify any distinct potential
candidate genes instead reporting 66 potentially harmful de novo variants in
66 different genes [Rajagopalan et al 2020].
Taken together, these data imply that there might be a role for some of the
observed polymorphisms to add to the risk of development of BA in specific
subpopulations but that the presence of a genetic variant is not in itself nearly
enough to lead to BA phenotype. In two of the six GWAS studies, the patient
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samples studied included both isolated and syndromic BA patients, hinting
towards the possibility that the susceptibility genes identified (GPC1,
EFEMP1) could be universally involved in the pathogenesis of biliary tract
obstruction [Leyva-Vega et al 2010, Y. Chen et al 2018]. Study cohorts of
Garcia-Barceló et al (2010) and Rajagopalan et al (2020) comprised isolated
BA patients while Berauer et al (2019) studied patients diagnosed with BASM.
A GWAS study by Ningappa et al (2015) did not specify the BA phenotypes of
the 63 patients included in their study.
Considering the current state of lack of evidence for a specific genetic
profile responsible for BA, epigenetic modification has been proposed to have
an impact [Girard and Panasyuk 2019]. The possibility that a post zygotic
somatic mutation leads to either multi organ or liver restricted mosaicism in
BA was proposed in 2017 [Fabre et al 2017].

2.3.1.2 Developmental immaturity
The occurrence of BA is limited to newborns, suggesting to a distinctive and
age-limited vulnerability of the fetus and/or neonate to an ongoing injury and
imbalanced repair of the biliary tree after an insult [Bezerra et al 2018]. The
intrahepatic and extrahepatic biliary systems evolve separately from two
different regions of the ventral endoderm. Extrahepatic bile ducts start to
develop from the caudal part of an extrusion of ventral endoderm at about 26
days of gestation and form a continuing structure including the gallbladder,
pancreas, and common bile duct. This structure is essentially complete around
the seventh week of gestation [Lemaigre 2020]. The original hepatic
diverticulum stays connected to liver lobes and evolves into the hepatic ducts.
Morphogenesis of intrahepatic bile ducts starts around 45 days of gestation.
Initiating from the cranial part of the extrusion of ventral endoderm,
intrahepatic bile tracts start to develop from the ductal plate, detectable in
humans at around 5–7 weeks of gestation [Lemaigre 2020]. Intrahepatic bile
ducts develop along the portal vein branches, starting from the liver hilum and
advancing towards liver periphery from around 8 weeks of gestation [Roskams
and Desmet 2008]. According to mouse studies modeling development of BA,
porta hepatis is the likely junction of intra- and extrahepatic systems [Bezerra
et al 2018]. The exact process of this connection is currently unknown. In
normal circumstances, bile flow will appear in the developing intestine at
around 11–12 weeks of gestation [Crawford 2002].
The separate developmental timeframes of intra- and extrahepatic biliary
systems and the fact that BA as a disease only manifests in infants seems to
point towards a developmental susceptibility period for BA.
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2.3.1.3 Role of immune dysregulation
Regardless of the initial agent causing injury to fetal or neonatal
cholangiocytes, the insult launches a response in the underlying immune
system. The use of a rhesus rotavirus type A (RRV) mouse model, which is by
far the most common animal model employed in the study of BA, has
facilitated the investigation of the immune system responses underlying the
pathogenesis of BA [Petersen and Davenport 2013]. Althought the RRVmouse model mimics many crucial features of human BA, including peribiliary
inflammation and obstruction of the extra- and intrahepatic biliary tracts, a
major limitation of the model is the high early mortality rate of infected mice
which limits the possibility of long-term assessment of the inflammatory
process. Furthermore, unlike humans, mice do not develop severe liver
fibrosis [Petersen and Davenport 2013, Ortiz-Perez et al 2020]. In the RRV
mouse model, the viral attack triggers an antiviral response mediated through
type I interferon release from cholangiocytes, macrophages and dendritic cells
(DCs) [Ortiz-Perez et al 2020]. The released interferons trigger production of
anti-viral protective proteins in the surrounding cells and facilitate biliary
apoptosis in the infected cells. Cholangiocytes, macrophages and DCs produce
chemokines and cytokines, that, in turn, enhance the recruitment and
activation of inflammatory cells. Interleukin-8 (IL-8) recruits neutrophils,
basophils, monocytes and T cells [Harada and Nakanuma 2010, Isse et al
2007]. Interleukin-5, mostly produced by DCs, attracts and adjusts the activity
of natural killer (NK), natural killer T and gamma-delta cells. In
cholangiocytes, NK cells and CD8+T cells induce cell death both contactdependently and through the release of cytolytic proteins [Shiwakumar et al
2007, Shiwakumar et al 2009]. With ongoing inflammation, DCs and
macrophages interact with CD4+T cells facilitating their activation and
differentiation to a specialized phenotype. The cytokine microenvironment in
infants diagnosed with BA is usually proinflammatory, with activation of
effector cells causing tissue damage, guiding differentiation towards type 1
helper T (Th1) cells [Mack 2015]. If the infant is incapable of producing a Th1
inflammatory response, the microenvironment present guides polarization
towards type 2 helper T (Th2) cells. Interestingly, polarization towards Th2 in
mice has been demonstrated to lead anatomically to the cystic variant of BA
[Li et al 2011].
Depletion of NK cells, blockage of the NK cell surface receptor Natural
killer group 2d and depletion of CD8+ T cells have all been shown to decrease
cholangiocyte death and prevent the obstruction of the extrahepatic biliary
tree in RRV-infected murine models [Shiwakumar et al 2007, Shiwakumar et
al 2009]. Blockage of interleukin-15 signaling or depletion of plasmacytoid
DCs has also been demonstrated to lead to intact biliary epithelium in a mouse
model [Saxena et al 2011]. The transfer of regulatory T cells (Tregs) to mice
prior to infection with RRV has been shown to prevent the obstruction of
extrahepatic bile ducts [Tucker et al 2013]. The number and function of
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circulating Tregs has also been observed to be impaired in infants with BA
[Brindley et al 2012]. With these preliminary data available, the possible role
of Tregs in the pathogenesis of BA is inconclusive.
Recently, Wang et al [J. Wang et al 2020] characterized liver immune
response in BA patients with the help of single-cell ribonucleic acid profiling.
They reported highly elevated levels of cytotoxic T helper 1 (Th1) and cytotoxic
T helper 17 (Th17) cells in liver biopsies from BA patients with data implying
to enhanced Th17 to Th1 trans-differentiation. They also reported marked
impairments in inflammation and chemotaxis properties in the myeloid cells
of BA patients. Remarkably, and contrary to previous knowledge [Holt and
Jones 2000], Wang et al observed on-going hepatic B cell lymphopoiesis in
liver biopsies of both BA patients and healthy controls. According to their data,
hepatic B cell lymphopoiesis continues at least until 4 months of age, with
decreased immunoglobulin M (IgM) and increased immunoglobulin G (IgG)
specific autoantibodies to cytosolic and nuclear self-antigens in infants with
BA. While IgM autoantibodies protect against microbial threats, IgG
autoantibodies can cause tissue damage and lead to autoimmune disease.
After a successful trial of B-cell depletion in jaundiced mice leading to
improvements in both weight and liver histology, Wang et al proceeded to test
B-cell depletion in humans. They administered a single dose of rituximab to
four BA patients, demonstrating that B-cell depletion led to decreased levels
of IgG autoantibodies, prevented the expansion of cytotoxic T cells, increased
the inflammatory potential of macrophages and improved scavenger and
regenerative functions of Kupffer cells in humans. If the groundbreaking
findings of the study are replicated and confirmed, B-cell-modifying therapies
could offer a completely new treatment for BA, as suggested by the authors.

2.3.2 ENVIRONMENTAL FACTORS

2.3.2.1 Infectious agents
The idea of a viral trigger behind BA was first introduced by Benjamin Landing
in 1974 [Landing 1974]. Subsequently, numerous studies have reported the
presence of various viral agents in livers or biliary remnants of BA patients,
while others have produced indirect proof of viral contact in serological
studies. The viral agents detected in association with BA include
cytomegalovirus (CMV), Epstein-Barr-virus, human herpesvirus 6, human
papilloma virus, rotavirus and reovirus [Fjaer et al 2005, Domiati-Saad et al
2000, Drut et al 1998, Riepenhoff-Talty et al 1996].
Regarding the relationship between incidence of infection and that of BA,
Tiao et al (2008) reported an elevated incidence of BA during a dengue fever
epidemic [Tiao et al 2008]. A nation-wide registry study from the Netherlands
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found weak correlation between the month of conception for isolated BA and
confirmed number of cases of dengue virus, hepatitis E, Norovirus, Chlamydia
trachomatis and untyped parainfluenza virus on population level [Nomden et
al 2021]. The study also observed weak, although significant correlation
between the recorded number of cases of various infectious agents
(adenovirus, Chlamydia trachomatis, Coxiella, hepatitis E, influenza A and B,
rhinovirus, Rickettsia and Sapovirus) and the incidence of isolated BA births
[Nomden et al 2021].
Cytomegalovirus
To date, CMV is the most studied of the candidate viruses for BA. CMV has
been shown to be capable of infecting biliary epithelia [Martelius et al 1998].
The seroprevalence of CMV in different populations is estimated to be between
60–100% [Zuhair et al 2019]. Intraperitoneal CMV-injection during
pregnancy in guinea pig dams caused BA simulating inflammatory injury
observable in liver tissue samples in the pups while guinea pig pups infected
neonatally with CMV demonstrated considerably fewer abnormalities [W.
Wang et al 2011]. Conversely, studies among human BA patients have reported
varied prevalence of serological traces of CMV at diagnosis. Studies assessing
prevalence of recent or ongoing CMV-infection in BA patients have used
different techniques with some studies reporting immunoglobulin results
[Moore et al 2012], others using polymerase chain reaction or
immunocytochemical assessment of a liver or serum sample [Domiati-Saad et
al 2000, Rauschenfels et al 2009, Jevon and Dimmick 2009], or a varied
combination of these methods [M.H. Chang et al 1992, Fischler et al 1998, De
Tommaso et al 2005, Fjaer et al 2005, C. Shen et al 2008, Soomro et al 2011,
Yaghobi et al 2011, Xu et al 2012, Zani et al 2015]. Furthermore, the results of
these studies have been contradictory with regard to establishing a connection
between CMV-infection and BA phenotype. Shen et al reported a higher CMVinfection rate in neonates with BA compared to mothers [C. Shen et al 2008],
which might be considered to point towards patients acquiring virus
perinatally. Interestingly, in their study, Zani et al reported a higher degree of
fibrosis and inflammation and lower level of lobular cholestasis in CMV IgMpositive BA patients’ liver samples compared to controls. However, they were
unable to produce any immunohistochemical evidence of the CMV virus in
liver or biliary tissue samples [Zani et al 2015].
Based on the data available, it seems possible that CMV might have a role
in the pathogenesis of BA and/or even contribute to prognosis, but the exact
role of CMV needs to be further investigated before conclusions can be drawn.
Rotavirus
Rotavirus is a the most common pathogen behind severe gastroenteritis
among young children globally [Troeger et al 2018]. Like CMV, rotavirus can
infect cholangiocytes and has been shown to cause BA-like disease in murine
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models [Petersen et al 1998, Mack et al 2005]. Few studies have examined the
prevalence of rotavirus infection in infants with BA [Rauschenfels et al 2009,
Clemente et al 2015]. Riepenhoff-Talty and colleagues reported 9/18 of liver
samples of BA patients to be positive for rotavirus C compared to 0/12 in
control group samples, where study subjects ages varied between 21 to 230
days [Riepenhoff-Talty et al 1996]. In their retrospective polymerase chain
reaction-based study assessing incidence of hepatotropic viruses in liver
samples of 74 infants diagnosed with BA, Raucshenfels and colleagues
reported 0/64 samples positive for rotavirus [Rauschenfels et al 2009].
Clemente et al (2005) observed equal elevation of rotavirus IgM levels in sera
samples of both infants diagnosed with BA (n=40) and other cholestatic
infants (n=40) 2–6 months after initial testing at diagnosis [Clemente e al
2005]. After the introduction of rotavirus vaccine in late 2006 in their country,
researchers from Taiwan reported a decreased rate of BA in 2007–2009
(1.23/10 000 live births) compared to 2004–2006 (1.79/10 000 live births)
[Y.C. Lin et al 2011]. Interestingly, while a nation-wide study (study period
2006–2015) from Korea showed no change in the incidence of BA before and
after introduction of rotavirus vaccine, they observed an increased risk for BA
in children who were infected with rotavirus prior to 30 days of age [Lee et al
2019]. A large nationwide registry-study from the United States observed
marked decrease in the incidence of rotavirus infection but a simultaneous
increase in the prevalence of BA after the implementation of a rotavirus
vaccine in 2006 [Danial et al 2019].
Reovirus
In 1968, Papadimitriou described how reovirus type 3 caused marked
inflammation on the epithelial cells of common bile duct, resulting in reduced
lumen, duct obstruction with cellular debris and ultimately to death in a mouse
model [Papadimitriou 1968]. Later, Richardson and colleagues analyzed
patients diagnosed with cholestatic liver diseases of infancy (the three diseased
groups were BA, neonatal hepatitis and cholestasis of other origin) and
observed high prevalence of positive antireovirus 3 IgM levels in all cholestatic
patient groups compared to normal controls [Richardson et al 1994]. In the
studies conducted among BA patients aged younger than 6 months, results
have shown between 0–55% prevalence for traces of reovirus RNA in liver or
bile duct tissue samples [Steele et al 1995, Tyler et al 1998, Saito et al 2004,
Rauschenfels et al 2009].
Considering the accumulated data on both rotavirus and reovirus cases, the
observed connection of viral contact and subsequent development of BA in
infants seems to be an accidental finding rather than indicative of a causative
biological mechanism.
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2.3.2.2 Environmental toxin
BA phenotype among lambs on a large scale was reported on four different
occasions between 1964 and 2013 in Burrinjuck, Australia after the ewes had
been exposed to an unknown environmental toxin during particularly severe
droughts [Harper et al 1990, Davenport 2016]. The environmental change
during the ewes’ pregnancies before disease outbreak was the weeds growing
in their grazing areas, leading to a boom of red crumbweed (Dysphania
glomulifera). A research group from the University of Pennsylvania (USA)
imported Dysphania plants from the area where the affected livestock had
grazed in Australia [Lorent et al 2015]. They used a zebrafish bioassay to
identify the toxin responsible for the disease outbreak. The authors named this
previously unknown plant-based toxin capable of causing selective
extrahepatic biliary tree destruction in zebrafish “biliatresone”. They further
demonstrated reduction in primary cilia of the extrahepatic cholangiocytes in
neonatal mouse treated with biliatresone [Lorent et al 2015]. Later studies
have confirmed the toxicity of biliatresone in mouse models and provided new
information regarding exact mechanisms of action [Du et al 2020, Y. Yang et
al 2020]. Presently, there is no known equivalent to biliatresone in human
diet, but future studies could theoretically identify structurally similar
molecules with the same capabilities.

29

2.4 EPIDEMIOLOGY
2.4.1 INCIDENCE
Regardless of geographic area, BA is a rare disease. There is noticeable
variation in the incidence globally. The highest incidence, 1:3000 live births,
has been reported from French Polynesia [Vic et al 1994, Chardot et al 1999a].
The reported incidence is approximately 1:7000 live births in Taiwan [Y.C. Lin
et al 2011, Chiu et al 2013], 1:9500 in Korea [Lee et al 2017], 1:10 000 in Japan
[Nio et al 2003, Wada et al 2007], 1:5000 among the Māori population and
1:16 000 among European descents in New Zealand [Evans et al 2018], 1:19
000 in Canada [Schreiber et al 2007], 1:22 000 in the United States [Hopkins
et al 2017], and between 1:14 000 to 1:20 000 in Europe [Fischler et al 2002,
Livesey et al 2009, Fanna et al 2019, Nomden et al 2021]. The incidence in
Finland is 1:19 000 [Hukkinen et al 2018]. In most published studies, there is
a slight female predominance, between 51–57%, in BA cases [Chardot et al
1999, Nio et al 2003, Schreiber et al 2007, Livesey et al 2009, Chiu et al 2013,
Lee et al 2017, Hopkins et al 2017, Pakarinen et al 2018, Nomden et al 2021],
with few studies reporting male predominance between 53–60% [Fischler et
al 2002, Evans et al 2018].
A registry-based study with a 10-year time interval from Sweden [Fischler
et al 2002] reported an incidence of 1:2500 live births for preterm infants born
between 22–32 gestational weeks, while another registry-based study from
Taiwan observed an incidence of 1:4200 live births for preterm children born
before 37 gestational weeks [Chiu et al 2013]. In a third registry-based study
with a 15-year time interval from the Netherlands, incidence of BA among
preterm infants was reported to be 1:9400 live births in all preterm infants
(defined as being born <37 gestational weeks), 1:3900 in preterm infants born
between 28–31 gestational weeks and 1:12 000 in preterm infants born
between 32–36 gestational weeks [van Wessel et al 2017].

2.4.2 VARIATIONS RELATED TO POPULATION DENSITY
A number of studies have assessed the difference in incidence between rural
and urban living environments. A study from Texas (USA), conducted within
a geographic area that demonstrated clear differences in population density,
observed a higher incidence of BA in rural settings with a lower population
density [Strickland and Shannon 1982]. A French study between 1986–1996
observed no correlation between regional population density and the
incidence of BA [Chardot et al 1999a]. A study from the Netherlands from
1987–2018 reported higher incidence of isolated BA in the least densely
populated areas compared to the most densely populated [Nomden et al 2021].
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The previously mentioned registry-based study from Sweden also observed the
highest incidence of BA in rural living environments [Fischler et al 2002]. The
reasons behind this observed variation in incidence according to population
density in ethnically diverse populations on different continents are unknown.
Nomden et al (2021) speculated that this could be related to less diverse gut
microbiota in lower population density areas due to fewer contacts between
people [Nomden et al 2021]. However, studies of the “hygiene hypothesis”
have repeatedly shown that exposure to farming animals have a negative
impact – thought to be mediated through more diverse microbiota – on the
incidence of allergic diseases in childhood [Ege et al 2011, Nance et al 2020].
The influence of exposure to domestic or farming animals in rural areas during
pregnancy has not been studied regarding BA. Obviously, the possibility that
some other common environmental factor present in rural areas – other than
lower viral infection rates – predisposes to the development of BA cannot be
ruled out.

2.4.3 SEASONAL VARIATION
The suspected involvement of a viral agent in the pathogenesis of BA has led
to studies assessing seasonal variation of incidence. A study from Georgia
(USA) found the highest incidence of births with BA clustering in winter
months [Yoon et al 1997]. Another study from the USA, conducted in the state
of New York, reported seasonal variety with internally conflicting results as the
incidence of BA among births peaked in March for the New York City and in
October for the New York State area [Caton et al 2004]. A study from Texas
(USA) observed significantly higher incidence of BA than expected in the fall
(August–October), while a more recent study from Korea reported peak
incidence during the summer months [Strickland and Shannon 1982, Lee et al
2017]. Conversely, studies from Europe and Japan have repeatedly reported
no seasonal variety among BA births [Chardot et al 1999a, Fischler 2002,
Wada et al 2007, Livesey et al 2009, Nomden et al 2021].

2.5 DIAGNOSIS
2.5.1 SYMPTOMS AND SCREENING
Infants with BA present with prolonged jaundice, whitish or very light yellow,
acholic stools and dark urine [Balistreri et al 2014]. Apart from jaundice, BA
patients without associated anomalies appear healthy during the first months
of life. Because of the obstruction of extrahepatic bile ducts, jaundice persists
as bilirubin accumulates in tissues and in blood. For the same reason, stools
are pale and void of color [Figure 2]. Urine turns dark because the elevated
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amount of water-soluble conjugated bilirubin is partly extracted through the
kidneys. If the diagnosis is delayed, the obstruction in extrahepatic bile ducts
continues, causing malabsorption of lipids and accumulation of bilirubin,
eventually leading to clinical features consistent with advanced liver disease
with stunted growth, enlargement of liver and spleen, esophageal varices and
ascites [Balistreri et al 2014]. Rarely, the first presentation of biliary atresia
has been described to be intracranial hemorrhage because of vitamin K
deficiency related coagulopathy owing to malabsorption of fat-soluble
vitamins [Okada et al 2005]. In Finland, this is a highly uncommon
presentation of BA, as since the 1950s all neonates have received an
intramuscular dose of vitamin K immediately after birth [Suomen
Lastenlääkäriyhdistys Ry, 2002]. A collaboration study from Denmark and the
Netherlands reported that 43% of breastfed BA patients who had received oral
vitamin K presented with intracranial hemorrhage compared to 0% of those
who had received a single intramuscular vitamin K dose at birth [van Hasselt
et al 2008].
In 2004, Taiwan was the first country to introduce a universal stool cardbased home screening program for BA [S.M. Chen et al 2006, Hsiao et al
2008]. In 2008, Taiwanese researchers reported improved early recognition,
referral of suspected BA cases, as well as a larger proportion of patients
undergoing PE under 60 days of age since implementation of a screening
program [Hsiao et al 2008]. Japan and Switzerland have also introduced
nationwide stool card-based screening programs, while regional screening
programs are established in parts of Canada, China and Germany [Gu et al
2020, Borgeat et al 2018, Morinville et al 2016, Kong et al 2016, Woolfson et
al 2018, J. Zheng et al 2020, Madadi-Sanjani et al 2019]. Follow-up studies
have reported shortened diagnostic delays as well as better long-term
outcomes for infants with BA after the implementation of these programs [Gu
et al 2015, M. Lee et al 2016].
In 2003, researchers from the United Kingdom reported results of a
screening study for cholestatic liver diseases in a 2-year regional cohort in
Birmingham comprising 27 654 infants under the age of 28 days. The study
design was based on liquid capillary blood samples, routinely collected for
screening of congenital hypothyroidism and phenylketonuria [Powell et al
2003]. Conjugated bilirubin value was considered abnormal if over 18 μmol/L
and conjugated bilirubin fraction over 20% of total bilirubin. In 107 of the
screened samples, the values were over the preset cut-off limits, with 11 infants
later confirmed to have a cholestatic liver disease. This program yielded 100%
sensitivity and 99.6% specificity for screening [Powell et al 2003].
Subsequently, researchers from Texas (USA) retrospectively studied 34
confirmed BA patients’ direct or conjugated bilirubin measurements collected
before 4 days of age and found that 100% of samples showed values over the
upper limit of normal already within 4 days after birth, with values increasing
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over time. The earliest sample in this study was collected 1 hour after birth
[Harpavat et al 2011]. Next, in a prospective cross-sectional study design with
124 385 infants, the Texas group assessed the results of a 2-step screening
strategy that first measured direct or conjugated bilirubin from a heel stick
sample within the first 60 hours of life and infants with elevated values were
scheduled for a second measurement at 2 weeks of age [Harpavat et al 2020].
Their screening program had a specificity of 99.9% (95% CI, 99.9–99.9%),
sensitivity of 100% (95% CI, 56.1–100%), but a positive predictive value of only
5.9% (95% CI, 2.6–12.2%). The authors further reported that the screening
program resulted in significantly earlier age at portoenterostomy for BA
patients compared to the pre-screen era (36 days vs 56 days) [Harpavat et al
2020]. Currently, there are no other reports available concerning effectiveness
of blood-based newborn screening programs for BA in other centers.
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Figure 2.

The current stool card used for home screening of biliary atresia nationally in Japan.
In Japan, this stool color card is distributed to all pregnant women. Parents are
instructed to inspect and compare their child’s stool to the seven digital photographs
in the card at three different time points: at 14 days, at 30 days and at least once
between 1–4 months of age. Reproduced from Gu YH, Zhao JQ, Kong YY, Yang HH,
Diao M, Li L, Nomachi S, Tezuka M, Hanai J, Matsui A. Repeatability and reliability
of home-based stool color card screening for biliary atresia based on results in China
and Japan. Tohoku J Exp Med 2020; 252:365-372.
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2.5.2 DIFFERENTIAL DIAGNOSTICS FOR CHOLESTATIC INFANTS
Jaundice, usually caused by unconjugated hyperbilirubinemia and resolving
either spontaneously or with phototherapy, occurs in approximately 15% of
breast-fed infants [Feldman and Sokol 2019]. Persisting jaundice over 2 weeks
of age should lead to suspicion of cholestasis, which is known to affect
approximately 1:2500 infants [Rima et al 2017]. Cholestasis is usually defined
as serum conjugated bilirubin level >17 Pmol/L (=1 mg/dL) [Rima et al 2017].
The diagnostic process for a cholestatic infant has been described as “a
daunting task” because of the deceptively similar clinical presentation and the
abundance of underlying diagnoses [Miethke and Balisteri 2008]. There are
over 100 individual known causes of cholestasis in infancy, more than during
later human life [Gottesman et al 2015, Rima et al 2017, Feldman and Sokol
2019, Table 2]. BA is the most common identifiable cause of neonatal
cholestasis, accounting for an estimated 25–40%. The second largest group,
estimated to present 25% of cases, encompasses individually rare genetic
disorders [Table 2]. Idiopathic neonatal cholestasis is still the diagnosis for
approximately 25% of cases [Rima et al 2017, Gottesman et al 2015].
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Table 2.

Differential diagnoses for cholestasis in infancy

Group of diseases
Extrahepatic bile duct abnormalities
Biliary atresia
Choledochal cysts
Choledocholithiasis
Common bile duct stones
Spontaneous perforation of bile ducts
Inspissated bile syndrome
Neonatal sclerosing cholestasis
Tumor
Genetic and metabolic disorders
Aageanae’s syndrome
Alpha-1-antitrypsin deficiency
Alagille syndrome
Arthrogryposis-renal dysfunctioncholestasis syndrome
Bile acid synthesis defects
Bile acid conjugation defects
Congenital hepatic fibrosis
Cystic fibrosis
Dubin-Johnson syndrome
Inborn errors of lipid metabolism
Galactosemia
Glycosylation disorders
Mitochondrial disorders
Neonatal ichthyosis sclerosing cholangitis
syndrome
Progressive familial intrahepatic
cholestasis (PFIC) types 1-3
Tight junction protein 2 mutations
Transient neonatal cholestasis
Tyrosinemia type 1
Trisomies (13,18,21)
Urea cycle defects
Idiopathic neonatal cholestasis
Neonatal infections
Adenovirus
Bacterial sepsis
Congenital syphilis
Coxsackie-virus
Cytomegalovirus
Echovirus
Escherichia coli
Hepatitis B
Herpes viruses
HIV
Listeria monocytogenes
Toxoplasmosis
Parvovirus
Reovirus type 3
Rubella
Tuberculosis
Parenteral nutrition
Perinatal hypoxia/ischemia
Vascular causes
Budd-chiari syndrome
Extrahepatic portal vein obstruction
Congenital portosystemic venous shunts
Hypopituitarism/hypothyroidism
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Estimated portion
25–40%

25%

25%
11%

6%
4%
Unknown

2%

2.5.3 DIAGNOSTIC WORK-UP

2.5.3.1 Clinical and laboratory markers
Over the past decades, multiple large studies have tried and failed in
formulating an accurate diagnostic tool to differentiate BA from other
cholestatic diseases based on clinical and laboratory values [Mowat et al 1976,
Maggiore et al 1991, Jancelewicz et al 2015, Shneider et al 2017]. Although
studies have observed that BA patients have a greater chance of hepatomegaly
at diagnosis, are fairly rarely born prematurely, tend to have higher gammaglutamyl transpeptidase levels at diagnosis, and more frequently present with
acholic stools, these markers are not, even in combination, nearly enough to
reliably differentiate between etiologies [Shneider et al 2017].
Matrix metalloproteinase-7 (MMP-7) is a protease involved in the
remodeling of extracellular matrix. MMP-7 has been shown to be upregulated
in BA patients’ livers post-PE [C.C. Huang et al 2005, Hsieh et al 2005, Kerola
et al 2016]. Emerging data has shown promising results for high levels of
serum MMP-7 to discriminate BA patients from other cholestatic infants.
Researchers from Wuhan, China, examined a cohort of 189 (75 BA, 60 non-BA
cholestasis, 54 controls) infants and observed an average 10-fold increase in
the serum levels of MMP-7 in infants with BA compared to non-BA cholestasis
patients at presentation. With a cutoff value of 52.85 ng/mL, serum MMP-7
had 98.67% (95% CI, 92.79–99.97) sensitivity, 95% (95% CI, 86.08–98.96)
specificity and negative predictive value of 98.28% for identifying BA in their
study [L. Yang et al 2018]. Another study from Taiwan with 100 cholestatic
infants also found significantly higher serum MMP-7 concentrations in BA
patients compared to other causes [J. F. Wu et al 2019]. With a cutoff value of
1.43 ng/mL they reported 97.30% sensitivity, 83.20% specificity and a positive
predictive value of 76.07% for BA. In a third study, also conducted among
Chinese patients, Jiang et al reported sensitivity of 95.19%, specificity of
93.07% and positive predictive value of 97.27% using a cutoff value of 10.37
ng/mL for serum MMP-7 for differentiating BA in their cohort of 288
cholestatic infants [Jiang et al 2019]. Based on these data, although MMP-7
shows promise as a reliable serum marker for BA, the high variety of optimal
cut-off values among studies implies further evaluation is needed before
established clinical use of this marker is possible.
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2.5.3.2 Imaging studies
Radiographic imaging and echocardiogram
During the evaluation process of a cholestatic infant, chest radiograph is
recommended for initial detection of signs of lung or heart problems.
Additionally, spine radiograph is useful for the evaluation of possible spine
abnormalities [Rima et al 2017, Kamath et al 2018]. Echocardiogram provides
information regarding cardiac abnormalities, which can be seen for instance
in Alagille syndrome and as part of BASM syndrome.
Prenatal and neonatal ultrasound examinations
In prenatal ultrasound examination, BA patients have illustrated cysts in the
liver hilum, heterotaxia syndrome, irregular gallbladder walls or nonvisualization of the gallbladder [Napolitano et al 2021]. None of these markers
are specific to BA. The most common perinatal diagnosis behind fetal isolated
non-visualization of the gallbladder is isolated gallbladder agenesis [O. Shen
et al 2011]. Prenatal differential diagnosis of extrahepatic biliary duct cyst
includes cystic variant of BA as well as isolated choledochal cyst [Cong et al
2015, Koukoura et al 2019].
After the diagnosis of persistent cholestasis in a neonate over 2 weeks of
age, US is a common first imaging modality. According to a recent metaanalysis by Napolitano et al, published studies encompassing 1906 infants
with an age-range of 3–360 days have reported the following US findings in
association with BA: the triangular cord sign, gallbladder abnormalities, cysts,
absence of common bile duct visibility, abnormalities of hepatic subcapsular
arterial flow, hepatic artery enlargement and polysplenia syndrome
[Napolitano et al 2021]. Triangular cord sign, first described by Choi in 1996,
consists of obliterated ductal remnant and refers to the thickness of the
anterior wall of the anterior branch of the right portal vein in a longitudinal
scan [Choi et al 1996, H. J. Lee et al 2003]. Triangular cord sign is usually
reported a positive if > 3–4 mm. Gallbladder abnormalities reported in
association with BA include absence of visibility of gallbladder lumen, small
gallbladder (< 15–19 mm), abnormal shape and wall of the gallbladder and full
gallbladder after feeding. With regard to BA diagnosis, Napolitano et al found
the triangular cord sign had the highest diagnostic odds ratio of 40.2 (95% CI,
20.8–70.8) among US findings with a sensitivity of 0.68 (95% CI, 0.57–0.78)
and specificity of 0.95 (95% CI, 0.92–0.97). Observed gallbladder abnormality
also performed fairly well with a diagnostic odds ratio of 16.5 (95% CI, 8.1–
30.1), sensitivity of 0.79 (95% CI, 0.70–0.86) and specificity of 0.81 (0.73–
0.86) [Napolitano et al 2021].
Magnetic resonance cholangiopancreatography (MRCP)
In their meta-analysis, Wang and colleagues assessed the diagnostic
usefulness of MRCP with regard to BA based on 5 separate studies [L. Wang
et al 2018]. The analyzed studies included between 23–190 BA patients. The
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largest cohort by Liu et al reported high sensitivity of 99% and disappointing
specificity of 36% [Liu et al 2014], the authors did not recommend the use of
MRCP as the sole diagnostic tool. In their meta-analysis of combined data,
Wang et al found a sensitivity of 96% (95% CI, 92–98) and specificity of 58%
(95% CI, 51–65) for MRCP [L. Wang et al 2018].
Endoscopic retrograde cholangiopancreatography (ERCP)
There are a few larger studies available on the performability, diagnostic
accuracy and safety of ERCP among cholestatic infants. A prospective study of
140 infants (mean age: 60 days), reported procedure failure in 13% of cases, a
sensitivity of 92% and specificity of 73% for BA with ERCP [Petersen et al
2009]. This study observed no severe complications. Another retrospective
study with 104 cholestatic infants reported 91% success rate in the cannulation
of the papilla, a sensitivity of 86% and a specificity of 94% for BA and no severe
adverse effects [Keil et al 2010]. A study from Oslo (Norway) found a
sensitivity of 95% and a specificity of 89% for ERCP for BA in a cohort of 38
cholestatic neonates [Åvitsland and Aabakken 2021]. Considering the safety of
ERCP among infants, in their multicenter study from Germany and the
Netherlands, Goetz et al reported 0/126 of children under the age of 1 year
developed post-ERCP pancreatitis, the median age for the cohort was 64 days
[Goetz et al 2020]. A Japanese retrospective study reported 1 case of duodenal
perforation in 235 ERCP studies conducted in children (mean age 4 years,
range from 8 days to 20 years) [Saito et al 2014].
Hepatobiliary scintigraphy (HIDA)
A comprehensive meta-analysis combining data from 81 separate studies
assessing the accuracy of HIDA to differentiate BA from other cholestatic
etiologies calculated a combined sensitivity of 98.7% (range 98.1–99.2%) and
a specificity of 70.4% (range 68.5–72.2%) [Kianifar et al 2013]. Specificity of
HIDA is restricted as infants with idiopathic neonatal cholestasis, sparse
interlobular bile ducts and parenteral nutrition-related cholestasis may fail to
excreta radionucleotide [Gilmour et al 1997].
Intraoperative cholangiography
Intraoperative cholangiography (in combination with the histological
evaluation of the duct remnant) is considered to be the gold standard for
diagnosis of BA in infants [Rima et al 2017]. Intraoperative cholangiography
is an invasive examination and requires general anesthesia. The idea behind
the use of less invasive study methods is to try to distinguish patients who
require no operative evaluation of extrahepatic bile duct patency. Given that
none of the imaging studies assessed before are – even when combined with
liver biopsy – both 100% sensitive and 100% specific, a certain number of
patients will likely undergo an “unnecessary” cholangiography regardless of
the preoperative evaluation strategy used.
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2.5.3.3 Liver biopsy
The histopathological findings consistent with biliary obstruction are bile
plugs, portal or perilobular fibrosis, portal tract edema and bile duct
proliferation. The hepatic lobular architecture remains relatively intact. Russo
et al conducted a study of 891 blinded interpretations of 97 histologic liver
samples among 9 pathologists. They reported relatively wide range of
interobserver variability, with percentage of agreement on histopathological
features on infant liver samples varying between 39% to 93% [Russo et al
2011]. The diagnostic accuracy for BA specifically was 87.8%. In their
systematic meta-analysis evaluating data of the value of pre-operative liver
biopsy in diagnosing BA from 22 studies with total of 1713 patients, Lee et al
reported pooled accuracy of 91.7%, a sensitivity of 91.2% and a specificity of
93% [J. Y. Lee et al 2016].

2.6 TREATMENT
2.6.1 PORTOENTEROSTOMY
Portoenterostomy (PE), according to the method developed by Morio Kasai
over 50 years ago, is the main treatment option for BA infants [Kasai et a
1959]. In PE, a Roux loop of the jejunum is attached to the porta hepatis in
order to construct a de novo exit for bile flow. Portoenterostomy is performed
without delay after BA diagnosis, with most centers reporting an average age
between 60 to 70 days at PE [Nio 2017, Pakarinen et al 2018, Fanna et al 2019].
In selected cases, when there is substantial diagnostic delay and
decompensated liver function, most centers proceed to primary LT but the
exact age when PE is no longer beneficial is debatable [Davenport et al 2004,
Fanna et al 2019, Uto et al 2019, Superina 2017]. Conventionally, PE is
performed via laparotomy. Laparoscopic technique was first introduced in
2002 but remains controversial as several retrospective and prospective
studies have reported inferior clearance of jaundice rates and shorter survival
with NL for patients operated laparoscopically versus openly [Esteves et al
2002, Ure et al 2011, K. K. Wong et al 2008, Hussain et al 2017]. A recent
multicenter study from Japan reported equal clearance of jaundice rate and
survival with NL at 1-year post-portoenterostomy with both techniques
[Murase et al 2018]. PE revision is infrequently used as repeated abdominal
surgery introduces more adhesions and may lead to more challenging LT
circumstances. Researchers from Cincinnati, the USA, retrospectively
assessed the outcome of 24 BA patients who underwent PE revision in their
hospital between 1983–2008 [Bondoc et al 2012]. The most common
indication for revision of PE was recurrent jaundice. Bondoc et al reported that
11/24 (45%) of BA patients who underwent revision experienced continuing
biliary drainage for a mean of 92.1 (range, 7–231) months. For the 11 patients
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who had undergone revision PE and were later transplanted, the LT operation
time was longer compared to those without a prior revision operation. Overall
survival rates at 10 years were comparable between the groups (89% for the
revised group and 87% for patients transplanted after primary PE without
revision) [Bondoc et al 2012]. The authors concluded that PE revision could
be a viable option for a carefully selected group of patients who experience
recurrence of jaundice after an initial good clearance [Bondoc et al 2012].
Nakamura and colleagues reported that 14/22 (63.6%) of BA patients that had
undergone revised PE after recurrence of jaundice became anicteric after
revision [Nakamura et al 2016]. Six of these patients remained anicteric after
a mean follow-up of 16.7 (range: 10.0–31.1) years.

2.6.2

ADJUVANT MEDICAL POST-OPERATIVE MANAGEMENT

Common medical post-operative management of BA patients after PE includes
post-operative corticosteroid treatment, post-operative antibiotics to prevent
cholangitis, use of choleretics to enhance bilirubin extraction and high-energy
diet in combination with fat-soluble vitamin supplementation to compensate
for malabsorption of fat in the small intestine.

2.6.2.1 Post-operative corticosteroid treatment
The first studies on the use of post-PE corticosteroid treatment were published
in the 1980s, with varied treatment protocols regarding dosage and treatment
length [Karrer and Lilly 1985, Ohi et al 1985]. Treatment with corticosteroids
was based on an idea of improving bile flow by stimulation of Na+K+ATPase
enzyme which in turn enhances bile salt-independent bile flow, and by
ameliorating post-PE cholangitis, which was viewed as an inflammatory
process. Karrer and Lilly reported decreased serum bilirubin levels in 16 BA
patients treated with a 4–7 days corticosteroid regimen [Karrer and Lilly
1985]. In 1997, Muraji and Higashimoto reported a cohort of 14 patients, of
which 13 were treated with highly variable lengths and amounts of post-PE
corticosteroids. Out of 13 treated patients, 9 were reported to have survived
with their NL between 5 months to 5 years after PE [Muraji and Higashimoto
1997].
Subsequently, several large-scale studies have evaluated the role of postPE corticosteroids. In 2007, researchers from the UK assessed the effect of
corticosteroids on COJ rate post-portoenterostomy and native liver survival at
6- and 12-months post-portoenterostomy in a randomized, double blind,
placebo-controlled trial involving 71 BA patients [Davenport et al 2007]. The
corticosteroid-regimen used produced a cumulative dosage of 37 mg/kg of oral
prednisolone over a 3-week period for the treatment arm. The study found no
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significant differences in either COJ rates or NL survival rates at 6- and 12months post-PE between the two groups [Davenport et al 2007]. Later, an
open-label study by the same UK group, including 153 infants younger than 70
days-of-age at PE, assessed the effect of 3 different corticosteroid-regimens
(named HIGH-dose [n= 44], LOW-dose [n=18] and NO [n=91] steroid groups
by the authors) on COJ rates and liver function tests at 1, 6 and 12 months
post-operatively [Davenport et al 2013]. The HIGH-dose steroid group
received 75 mg/kg and the LOW-dose steroid group 37 mg/kg cumulative
dosage of prednisolone orally, while the NO steroid group received placebo.
This study demonstrated a statistically significant difference in COJ rates at 6
months post-PE when comparing groups by steroid-status (NO steroids vs
steroids used). The percentages of patients who cleared their jaundice by 6
months post-PE were 52% for the NO steroid, 67% for the LOW-dose and 66%
for the HIGH-dose group. The study also reported significantly lower total
bilirubin level at both 1- and 6-months post-PE for HIGH-dose steroid group
compared to NO steroid group [Davenport et al 2013].
In 2014, researchers from Northern America published the results of a
multicenter, double-blind prospective study named START-trial conducted
between 2005–2011 with a cohort of 140 patients [Bezerra et al 2014]. The two
patient groups received either a high dosage of post-PE corticosteroid
(cumulative dosage of 116 mg/kg of prednisolone in 13 weeks’ time) or placebo.
The primary outcome assessed between the groups was the percentage of
patients with total serum bilirubin level < 1.5 mg/dL (converts to 26 Pmol/L)
and with their NL at 6 months post-PE. Secondary outcomes were survival
with NL at 2 years of age and differences in serious adverse events which were
systematically recorded. This study, using high dosage of cumulative
corticosteroids, did not find significant difference on the primary outcome
between the treated and placebo groups. At 2 years of age, the groups were
highly comparable with 58.7% of treatment and 59.4% of placebo arms
patients surviving with their NL. Although the steroid-treated group
experienced its first severe adverse effects earlier than the placebo group, the
rates of adverse effects did not differ between the groups [Bezerra et al 2014].
In a follow-up study assessing growth outcome among the START-trial
participants, the Northern American group observed impaired growth (in
standardized measurements for both height and weight) compared to normal
population in both groups during the first 12 months of age, with the steroidtreated group continuing to display impaired height gain until 24 months of
age and placebo-treated group until 18 months of age [Alonso et al 2018]. They
also reported significantly lower Z-scores for height at 1, 2 and 3 months postPE for the steroid treated arm compared to the placebo arm. Perhaps
unsurprisingly, in patients who had unsuccessful PE and were also treated
with steroids, the growth failure was most eminent [Alonso et al 2018].
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According to a recent survey among European centers treating BA patients,
11/19 centers use post-PE corticosteroids regimens with varied treatment
protocols [Z. H. Wong and Davenport 2019]. A study characterizing Chinese
treatment practices reported that 37/41 (91%) of centers use post-surgical
corticosteroids, also with highly varied dosages and treatment lengths [Q.
Zheng et al 2020].

2.6.2.2 Post-operative antibiotics and antiviral therapy
To prevent post-operative cholangitis, which is thought to arise from the
jejunal Roux loop attached to porta hepatis and is observed in 50–90% of
patients, antibiotics are used [E.T. Wu et al 2001, Ernest van Heurn et al 2003,
J. Y. Lee et al 2014]. Cholangitis is associated with shorter NL survival [Koga
et al 2013]. Studies concerning the optimal antibiotics as well as potential
treatment length are very scarce. Bu et al (2003) evaluated the efficiency of
two different antibiotics regimens (trimethoprim-sulfamethoxazole [n=9],
neomycin [n=10]) in preventing recurrent cholangitis in patients aged
between 0–2 years who had suffered one cholangitis post-PE. They reported
decreased cholangitis recurrence rate for both antibiotics groups compared to
a historical cohort of 18 patients not receiving prophylactic antibiotics and no
difference in efficiency between the two prevention regimens [Bu et al 2003].
In a retrospective analysis evaluating outcome for BA patients between 1987–
2008, Dutch researchers observed no difference in post-PE cholangitis rates
between patients treated (n=124) or not treated (n=80) with prophylactic
antibiotics. However, there was a statistical association between 4-year
transplant-free survival and the use of antibiotics [de Vries et al 2012].
A study from the UK recently assessed the impact of antiviral therapy
against CMV in BA patients who were cytomegalovirus-IgM positive at
diagnosis [Parolini et al 2019b]. The retrospective analysis with altogether 36
patients (8 of which were treated with either intravenous ganciclovir and/or
oral valganciclovir) reported higher COJ rate (75% vs 21%) at 6 months postPE in favor of those treated with antiviral medication. Actuarial overall
survival did not differ between the two groups, with median follow-up of 2.0
(interquartile range 1.6–2.4) years for the treated and 4.6 (interquartile range
1.8–8.2) for the untreated group. The very limited number of patients in this
study is an obvious drawback.

2.6.2.3 Choleretics
Ursodeoxycholic acid (UDCA) is hydrophilic bile acid and the main bile acid
in black bears’ bile. UDCA accounts for around 3% of total bile acids in human
bile [Paumgartner and Beuers 2002]. The three main mechanisms behind the
observed beneficial effects in cholestatic liver diseases, according to
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experimental models, are protection of cholangiocytes from cytotoxicity of
hydrophobic bile acids, stimulation of hepatobiliary secretion and protection
of hepatocytes against bile acid–induced apoptosis [Paumgartner and Beuers
2002]. UDCA has been used for treatment of adult cholestatic liver diseases,
such as primary biliary cirrhosis, since the 1990s [Poupon et al 1991]. There is
a limited pool of data available on the impact of UDCA in BA. Researchers from
Japan measured the effect of UDCA (in combination with oral taurine
supplementation) on serum linoleic acid and arachidonic acid concentrations
in 8 jaundice-free and 8 jaundiced BA patients [Yamashiro et al 1994]. The
study reported significantly increased linoleic acid concentrations rising from
previously decreased levels to normal after 6 months medication for the
jaundice-free group, but no change in the suppressed arachidonic acid
concentrations in either of the groups [Yamashiro et al 1994]. A French
prospective study with 16 BA patients with successful COJ post-PE
discontinued UDCA medication after median treatment time of 2.6 (range 1.5–
7.0) years, reintroducing medication if clinical status or liver function tests
deteriorated [Willot et al 2008]. In 13 out of 16 patients, UDCA medication
was resumed. One patient became jaundiced 3 months after UDCA was paused
while worsening liver function test results for 12 other patients led to the
reintroduction of UDCA. For these 13 patients, UDCA was continued 3–36
months after the initial treatment cessation. The authors concluded that the
beneficial effects of UDCA on liver function continue several years after PE
[Willot et al 2008]. According to clinical practice surveys, 19/19 European and
40/41 Chinese centers treating BA use UDCA post-PE [Z.H. Wong and
Davenport 2019, Q. Zheng et al 2020].
Phenobarbital has previously been used as a choleretic agent in BA
[Feranchak et al 2014]. However, as phenobarbital is known to impact drug
metabolism, is associated with the high prevalence of impaired bone health
among patients with epilepsy, has a negative impact on cognitive development
when used in early childhood and has been linked to depression and suicidal
behavior in long-term use, it’s use has steadily declined in the treatment of BA
[McNamara et al 2017, Camfield et al 1979, Farwell et al 1990, Olesen et al
2010].

2.6.2.4 Nutrition and vitamin supplementation
The nutritional needs of an infant with BA after PE include energy-enriched
milk, supplementation of fat-soluble vitamins, and sufficient supply of
essential fatty acids and protein to sustain normal growth and neurological
development [Nightingale and Ng 2009]. The targeted daily energy supply of
a BA patient is 130–150% of the estimated daily energy need for infant of the
same age and weight. Even after successful PE, infants with BA are at risk of
growth delay and nutritional deficits due to several partly interactive
mechanisms [DeRusso et al 2007]. Resting-energy expenditure has been
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shown to be 29% higher than normal in infants diagnosed with BA who have
impaired liver function [Pierro et al 1989]. Recovering from disease-related
insults, such as surgery or cholangitis, requires energy. In an advanced state
of liver insufficiency, respiratory effort may be increased because of
splenomegaly and ascites. Bile acid concentration in the small intestine is
markedly decreased in cholestasis, which leads to impaired absorption of fat,
the main energy source in infancy [Nightingale and Ng 2009]. Decreased
micelle formation also diminishes the absorption of fat-soluble vitamins A, D,
E and K and the essential fatty acids (linoleic and linolenic acid). As the
medium-chain triglycerides are more water-soluble than long-chain
triglycerides, their digestion and absorption is less affected in cholestasis and
their supplementation can be used to enrich milk. Long-chain triglycerides are
still needed in the diet to provide essential fatty acids, but the optimal ratio of
medium- and long-chain triglycerides in diet in cholestasis is unknown.
Dietary recommendations advocate between 30–70% of total dietary fat to be
supplied in medium-chain triglyceride form [Baker et al 2007, Nightingale and
Ng 2009]. After PE, serum levels of fat-soluble vitamins A, D, E and K have
been shown to be depressed [Venkat et al 2014]. In infancy, as well as later in
childhood, the nutritional needs of a BA patient should be regularly assessed
in close co-operation with a dietitian to assure adequate supply depending also
on disease progression, which may vary considerably from a favorable
outcome with quick COJ to rapid development of cirrhosis and end-state liver
disease. Compromised nutritional status before LT has been shown to increase
the post-LT complication rate and mortality in children [Utterson et al 2005].

2.6.3 LIVER TRANSPLANTATION
LT programs for children have been developed since the 1980s [Otte et al
1994]. BA is the most common diagnosis leading to LT in childhood. Between
50–75% of BA patients will need a LT before 20 years of age, and around 50%
of those LTs will be conducted before 2 years of age, owing to unsuccessful PE
[Schreiber et al 2007, Davenport et al 2011, Nio 2017, Fanna et al 2019].
Around 30% of all BA patients undergo transplantation in childhood after an
initially successful PE with COJ. Indications for transplantation in BA include
failure to thrive, repeated bacterial cholangitis, severe pruritus, advanced state
of portal hypertension, hepatopulmonary or hepatorenal syndrome and,
although rarely, also hepatic malignancy [Sundaram et al 2017]. Ideally,
patients are put on a waiting list for LT while the overall condition allows for
an elective procedure. The timing of listing is not necessarily a straightforward decision, given that LT also carries a morbidity and mortality risk.
In the USA, deceased donor liver grafts are nationally allocated according
to score by the model for end-state liver disease (MELD) for recipients over
the age of 12 years, while the pediatric end-state liver disease (PELD) score
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applies to recipients younger than 12 years [Organ Procurement and
Transplantation Network 2021]. A retrospective analysis comparing the
observed and expected 90-days pretransplant mortality of 4298 patients
under the age of 18 years wait-listed for the first time for a LT between 2002–
2014 in the USA reported that while higher PELD scores accurately associated
with higher risk of mortality, PELD score underestimated the actual
probability of death by 17% [C.H. Chang et al 2018]. In this longitudinal study,
BA was diagnosed for 64.7% of patients, while 55% of the whole study cohort
were under 1 year of age at listing [C.H. Chang et al 2018]. A Scandinavian
multi-center study assessing the survival of pediatric BA patients compared to
that of patients with other chronic liver diseases over 20 years study period
found that BA patients had a higher mortality risk based on wait-listing status,
which was explained by younger age and lower weight at listing [Malenicka et
al 2017]. The study further reported that with the same PELD score, the risk
of death after listing was significantly higher for BA patients compared to those
with other chronic liver diseases [Malenicka et al 2017]. Instead of a MELD or
PELD-based graft allocation, Scandinavian countries participating in the
Nordic organ exchange organization Scandiatransplant apply a waiting-time
based policy with reprioritization assessments conducted independently by
the treating centers based on disease progression [Fosby et al 2015, Malenicka
et al 2017].
Recent large-scale cohort studies from Northern America, Europe, Japan
and Scandinavia have assessed the current waitlist mortality rates for pediatric
BA patients. The mortality rates were: 5.2% in a Northern American cohort
with 2704 patients under the age of 12 years, 7.9% in a European cohort
(utilizing data from the Eurotransplant registry) with 711 patients waitlisted
before 5 years of age, 3% in a Japanese cohort with 132 patients under the age
of 18 years, and 15% in a Scandinavian cohort with 194 patients under the age
of 18 years [Ziogas et al 2021, van der Doef et al 2018, Kasahara et al 2019,
Malenicka et al 2017].
Globally, Japan has the highest reported NL survival rates, with 49% of
patients surviving over 20 years with their NL [Nio 2017]. In Japan, 2057 BA
patients under the age of 18 years underwent LT between 1992–2017. Only 12
of these patients received a graft from a deceased donor while the absolute
majority of donors were living relatives, most often parents [Umeshita et al
2019]. A cross-sectional study of 1911 first-time pediatric LT recipients in
Northern America reported that 17.6% of study patients received a living
donor graft [Elisofon et al 2019]. According to the European Liver Transplant
Registry data, between 1991–2016, altogether 3171 pediatric liver transplant
recipients received a living donor graft in Europe, compared to the estimated
total of 18 000 pediatric liver LTs conducted in the area [Adam et al 2018]. In
Finland, living donor liver grafts have thus far not been used.
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The reported actuarial one-, five- and ten-year patient survival rates after
LT for BA are: 92%, 84–92% and 80–90% [Schreiber et al 2007, Kasahara et
al 2017, Pakarinen et al 2018, Fanna et al 2019].

2.6.3.1 Immunosuppression regimens
Currently, there is no international evidence-based guideline available for
optimal immunosuppression treatment after pediatric LT. A recent
International Liver Transplantation Society Consensus statement
recommends the use of tacrolimus as the primary calcineurin inhibitor
immunosuppressant in children after LT [Charlton et al 2018]. The statement
lends cautious support for post-LT antibody induction therapy in children
viewed to have high immunological risk. For maintenance, tacrolimus is
preferred with withdrawal of corticosteroids therapy recommended after the
first year post-LT, if possible, with regard to the risk of rejection [Charlton et
al 2018]. Regarding clinical practice, a study from the Northern America
reported that the post-LT initial immunosuppressive regimen for 1477 BA
patients who underwent LT after 2002 included antibody induction for 32.1%,
corticosteroids for 91.3%, tacrolimus for 92.2%, cyclosporine for 6.3%,
mycophenolate mofetil for 31.7%, azathioprine for 4.3%, sirolimus for 1.9%
and everolimus for 0.7% of patients [Taylor et al 2020]. A Chinese study
comprising 45 BA patients transplanted between 2006–2012 reported a
regimen that included corticosteroids and tacrolimus for the majority of
patients while some received adjuvant mycophenolate mofetil for 3–6 months
post-LT [Sun et al 2013].

2.6.3.2 Complications related to liver transplantation
After LT, the risk of graft failure and death is highest during the first year after
LT [Utterson et al 2005, Taylor et al 2020]. A recent cross-sectional Northern
American study reported that the most common cause of death after LT for BA
was bacterial infection or sepsis, accounting for 21.7%, while the second most
common cause was multiorgan failure, responsible for 15.9% of all post-LT
deaths [Taylor et al 2020]. Short-term complications post-LT, occurring
within 30 days after LT, include vascular complications such as hepatic artery
and portal vein thrombosis, acute rejection, biliary complications and
infection [Hackl et al 2015]. Long-term complications leading to late graft lost
consist of acute rejection, chronic rejection, graft fibrosis, arterial thrombosis
and biliary complications.
The data concerning post-LT complications specifically for BA patients are
scarce. Taiwanese researchers observed an incidence of 23% for vascular and
6.9% for biliary complications in a cohort comprising of 117 BA patients [H.L
Chen et al 2008]. Researchers from Singapore reported an overall incidence
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of 19.7% for vascular complications following LT for 81 pediatric LT recipients
[Mali et al 2012]. In a large Northern American cohort study with 2192
patients evaluating the impact of different liver graft types on post-LT
complication rates in pediatric patients, the observed overall acute
complication rate for the whole cohort within 30 days of LT was 52%
[Diamond et al 2007]. The three complication subgroups with the highest
frequency of events were pulmonary, vascular and biliary, observed in 14.3%,
14.3% and 12.0% of patients, respectively [Diamond et al 2007]. Another
Northern American study with 872 patients detailing late graft lost and
mortality of pediatric LT receivers reported a 3.9% mortality rate after 1-year
post-LT [Soltys et al 2004]. In this study, post-transplant lymphoproliferative
disease, recurrent malignancy, multi-organ failure and sepsis accounted for
61.8% of all causes behind late mortality.

2.7 COMPLICATIONS OF BILIARY ATRESIA
Besides initially unsuccessful PE (defined as absence of COJ within 6 months
post-PE), the clinical complications of BA include repeated bacterial
cholangitis, severe pruritus, failure to thrive, complications of portal
hypertension (PH), pulmonary vascular disorders and hepatic malignancy.

2.7.1 RECURRENT BACTERIAL CHOLANGITIS
As discussed earlier, the observed incidence of post-PE cholangitis varies
between 50–90% in different cohorts, even while prophylactic antibiotics are
a common practice [Ernest van Heurn et al 2003, J. Y. Lee et al 2014, Ginström
et al 2019]. Multiple cholangitides are seen in 37–55% of patients post-PE [K.
Cheng et al 2020, J. Liu et al 2019]. Presence of bile lakes, bile containing
cystic intrahepatic lesions, is associated with higher frequency of cholangitis
in BA patients post-PE [Ginström et al 2019]. Recurrent cholangitis has also
been linked to the escalation of liver fibrosis in BA patients [Lünzmann and
Schweizer 1999]. Cholangitis is associated with shorter NL survival and
recurrent cholangitis carries a 3-fold elevated risk for early failure after PE
[Qiao et al 2015, Chung et al 2015]. Recurrent cholangitis may be considered
an indication for LT even with a relatively preserved liver function when it is
caused by multiresistent bacteria or leads to multiple episodes of sepsis.

2.7.2 PRURITUS AND FAILURE TO THRIVE
Pruritus is a well-known complication of cholestatic liver diseases, affecting
up to 80% of patients in primary biliary cholangitis in adults and in Alagille’s
syndrome in children [Kremer et al 2011, Kamath et al 2018]. The exact
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mechanisms causing cholestasis related pruritus are presently unknown. The
perception of itching develops through complex interactive mechanisms
between pruritogens, receptors and neuronal pathways [De Vloo and Nevens
2019]. The current hypothesis concerning itching is that in cholestatic liver
disease, pruritogenic molecules are formed in liver and/or gut, are further
secreted to bile, accumulate in circulation and apart from possible peripheral
mechanism also centrally affect the endogenous opioid and serotoninergic
systems [de Vloo and Nevens 2019, Beuers et al 2014].
Bile acids, endogenous opioids and lysophoshatidic acid have all been
studied as the primary pruritogenic candidate behind cholestatic pruritus. Bile
acids are elevated in cholestasis, but there is no correlation between serum bile
salt levels and the intensity of itching [Freedman et al 1981]. In chronic liver
disease, levels of endogenous opioids are elevated, and opioid antagonist
therapy alleviates pruritus [Beuers et al 2014, Mansour-Ghanaei et al 2006].
However, there is no correlation between serum opioid levels and perceived
itching [Spivey et al 1994]. Serum concentrations of a neuronal activator called
lysophosphatidic acid have been shown to be elevated in cholestatic adult
patients experiencing pruritus [Kremer et al 2010]. Furthermore, serum
concentrations and activity level of the enzyme autotaxin, which is responsible
for production of lysophosphatidic acid from lysophosphatidylcholine, have
also been observed to be increased in patients with cholestatic pruritus
[Kremer et al 2012].
Interestingly, a study conducted with 45 children (22 healthy controls and
23 patients diagnosed with cholestatic liver diseases), reported serum
autotaxin activity was increased in children with pruritus and serum autotaxin
activity also correlated with itch intensity [Kremer et al 2016]. Contrary to this,
a Northern American study assessing 37 children diagnosed with Alagille
syndrome observed no correlations between structures scores of physician- or
caregiver evaluated itching symptoms and serum autotoxin, total bilirubin,
and bile acid levels [Kamath et al 2020]. Although pruritus is a relatively
common phenomenon in cholestatic liver disease also in childhood, its
incidence among BA patients is currently unknown. As the exact pathogenesis
of pruritus in cholestasis is unknown, pruritus in BA patients is treated with
medications derived from adult studies, such as UDCA, opioid-antagonist
naltrexone, rifampicin and antihistamines [Sundaram et al 2016].
“Failure to thrive” refers to patients developing significant malabsorption,
malnutrition and growth failure as a result of unsuccessful PE, and impaired
absorption and digestion of dietary protein and fat [Beath et al 1993, DeRusso
et al 2007]. These infants also demonstrate fat-soluble vitamin and zincdeficiencies [Feranchak et al 2014]. In severe malnutrition, metabolic bone
disease may also occur resulting in repeated low-energy bone fractures and
clinically evident rickets [Ohshima et al 1990].
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2.7.3 PORTAL HYPERTENSION
Even after successful PE with evidence of constant bile flow, the fibroobstructive inflammatory process continues, and BA patients eventually
develop hepatic fibrosis, leading to PH, with variable delays. Esophageal or
gastric varices and splenomegaly are common clinical manifestations of PH
[Miga et al 2001]. In 2012, a Northern American cross-sectional cohort study
with 163 BA participants between ages 1–25 (mean age for the cohort was 9.2)
years alive with their NL aimed to develop a clinical definition for portal
hypertension among BA patients [Shneider et al 2012]. Researchers defined
definitive PH as 1. a history of a complication of PH (esophageal or gastric
variceal bleeds, hepatopulmonary syndrome or ascites) or 2. clinical findings
consistent with PH (both enlargement of spleen over 2 cm below the costal
margin and thrombocytopenia, platelets count <150 000/mL). PH was
considered “possible” if only one clinical sign was present in the absence of
complication of PH. Using these definitions, the study reported that 49% of
study subjects filled the criteria for definite PH while 17% had a “possible” PH
[Shneider et al 2012]. Dutch researchers assessed the long-term outcome of
100 BA patients that had survived over 2 years of age with NL [Witt et al 2018].
They reported that the indication for LT in 20/37 patients ultimately
transplanted before 20 years of age were either portal hypertension (n=18) or
hepatopulmonary syndrome (n=2) [Witt et al 2018]. A Finnish study cohort
with 39 patients alive with NL with median follow-up time of 8.3 (interquartile
range 2.5–10.8) years observed 54% of patients had developed PH [Hukkinen
et al 2019]. Cohort studies from Japan, France and Hong Kong, evaluating the
long-term outcome for patients who have reach adulthood with their NL, have
reported 49–70% of adult patients to be diagnosed with PH [Shinkai et al
2009, Lykavieris et al 2005, C. W. Y Wong et al 2018]. As esophageal varices
constitute a major risk for spontaneous bleeding in BA, regular screening for
signs of portal hypertension is warranted [Wanty et al 2013].

2.7.4 PULMONARY VASCULARY DISORDERS
Rare long-term complications of BA include hepatopulmonary syndrome
(HPS) and portopulmonary hypertension (PPH) [Karrer et al 2017]. Clinical
symptoms of HPS are hypoxia and fatigue. In patients with PH,
intrapulmonary vascular dilatations may develop, causing pulmonary
arteriovenous shunting leading to arterial hypoxia. Diagnosis of HPS can be
made through the observation of increased right to left intrapulmonary
shunting in saline-contrast-enhanced echocardiography or by means of lung
perfusion scanning with technetium-99m-labeled macroaggregated albumin
[Sundaram et al 2016]. PPH develops as a result of pulmonary arterial
construction leading to increased pulmonary artery pressure and can be
diagnosed by cardiac catherization demonstrating increased mean pulmonary
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artery pressure [Sundaram et al 2016, Karrer et al 2017]. Most patients with
PPH are asymptomatic [Ueno et al 2017]. Clinical findings consistent with
PPH are systolic murmur, jugular venous distension and edema [Karrer et al
2017]. The literature evaluating HPS and PPH in BA patients is limited.
In a Japanese cohort with 88 BA patients (66 with NL) with a median
follow-up time of 11.6 (range 0.8–26.0) years, HPS was detected in 12% and
PPH in 18% of patients alive with their NL at the median age of onset of HPS
and PPH, respectively [Ueno et al 2017]. In a prospective study assessing a
cohort of 301 children diagnosed with chronic liver disease (24 of which had
liver cirrhosis), the authors observed HPS in 8% of cirrhotic patients [Noli et
al 2008]. For HPS, liver transplantation provides an efficient treatment and
should be considered when HPS is detected. PPH may be treated with
medications directed at lowering pulmonal artery pressure prior to LT as postLT outcome has been shown to be poor in adult population if the pulmonary
arterial pressure is highly elevated [Krowka et al 2000].

2.7.5

HEPATIC MALIGNANCY

Chronic liver disease constitutes a known risk-factor for hepatic malignancy.
Hepatocellular carcinoma has been reported in BA patients. Most of the
published articles consist of case reports, with the youngest reported cases in
the modern treatment era occurring at 8–10 months of age, in infancy
[Tatekawa et al 2001, Iida et al 2009, J.M. Kim et al 2012]. One larger
retrospective study from the UK assessed the incidence of hepatocellular
carcinoma among children diagnosed with BA [Hadžić et al 2011]. This study
with 387 BA patients diagnosed between 1990–2008 revealed 3 (0.8%)
patients subsequently developed hepatocellular carcinoma at a median age of
2.1 (range 1.8–4.9) years [Hadžić et al 2011]. Another study from Italy
depicting long-term outcome for BA patients revealed that one (0.6%) patient
out of 174 treated between 1975–1996 was diagnosed with hepatocellular
carcinoma at the age of 7 [Parolini et al 2019a].
Hepatoblastoma, the most common hepatic malignancy in children, was
diagnosed in 2% (2/102) of NL explants from transplanted BA patients
retrospectively analyzed in Canada [Amir et al 2016]. As the reported
incidence of hepatoblastoma in children in the general population was 1.5:1
000 000, the authors suggested that the co-incidence in BA is far higher than
mathematically expected [Amir et al 2016]. Cholangiocarcinoma has also been
reported as a case report in a 11-year-old girl with BA and end-state liver
disease [Kulkarni and Beatty Jr 1977]. For early detection of these rare
comorbidities, surveillance of BA patients with serum alfa-fetoprotein
measurements and abdominal US examinations is recommended [Sundaram
et al 2017]. Treatment is mainly surgical resection with possible adjuvant
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tailored chemotherapy [K. Ng and Mogul 2018]. Both hepatoblastoma and
hepatocellular carcinoma in children are also treated with liver
transplantation [K. Ng and Mogul 2018].

2.8 LONG-TERM OUTCOME OF BILIARY ATRESIA
2.8.1 OVERALL AND NATIVE LIVER SURVIVAL
Since the establishment of LT programs globally for children in the late 1980s,
the overall survival rate of BA patients has greatly improved. Nine large
cohorts from different geographic areas (Italy, France, the Netherlands, the
UK, Nordic countries [Scandinavia], Canada, Hong Kong, Japan, Taiwan) with
number of patients ranging between 141–3160 have assessed the long-term
outcome and survival of BA patients [Parolini et al 2019a, Fanna et al 2019, de
Vries et al 2012, Davenport et al 2011, Pakarinen et al 2018, Schreiber et al
2007, C.W.Y. Wong et al 2018, Nio 2017, Hung et al 2006]. Observed 5-, 10and 20-year NL survival rates are 35–55% [Hung et al 2006, Parolini et al
2019a, Fanna et al 2019, Davenport et al 2011, Pakarinen et al 2018], 26–47%
[Hung et al 2006, Schreiber et al 2007, Fanna et al 2019, Parolini et al 2019a,
Davenport et al 2011, Pakarinen et al 2018] and 18–26% [Parolini et al 2019a,
Jain et al 2019, Fanna et al 2019], respectively. Two studies from Asia have
reported much higher long-term NL survival rates, with researchers from
Hong Kong reporting 51% 20-year NL survival rate in a cohort of 141 BA
patients and Japanese biliary atresia registry with 3160 patients treated
between 1989–2015 reporting 49% NL survival rate at 20 years post-PE
[C.W.Y. Wong et al 2018, Nio 2017]. Reported overall survival rates in most
studies at 5- 10- and 20 years are between 82–90%, 75–89% and 78–89%,
respectively [Schreiber et al 2007, Fanna et al 2019, Davenport et al 2011,
Pakarinen et al 2018]. The impact that access to LT has on survival is
demonstrated by a Taiwanese study reporting an overall survival rate of 42%
at 5 years and 40% at 10 years, with only 19 out of 141 BA patients diagnosed
between 1976–2000 undergoing LT [Hung et al 2006]. In Finland, the current
NL and overall survival rates are 70.2% and 93.7% at 5 years and 65.2% and
93.7% at 10 years, respectively [Hukkinen et al 2018]. Native liver and overall
survival outcomes reported in large cohorts at 5-, 10- and 20- years are
summarized in Table 3.
The most important factor predicting longer survival with NL is early
clearance of jaundice. Reported COJ rates after PE vary between 34–64%, with
the highest rates (58–64%) gained in Japan, Taiwan and the Nordic countries
[Parolini et al 2019a, Fanna et al 2019, de Vries et al 2012, Davenport et al
2011, Pakarinen et al 2018, Nio 2017, Hung et al 2006]. Younger age at PE and
anatomic type I or II of BA have been shown to associate with better COJ rates,
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while the data concerning biliary atresia splenic malformation and NL survival
is contradictory, as discussed earlier [Fanna et al 2019, Schreiber et al 2007,
Pakarinen et al 2018].
Table 3.

Summary results of large cohort studies evaluating the long-term native liver and
overall survival of biliary atresia patients at 5-, 10- and 20-years.

Geographic
area, study
period,
number of
patients

5-year native
liver/overall
survival

10-year
native
liver/overall
survival

20-year
native
liver/overall
survival

Reference for
the original
study

Italy
1975–1996
174
France
1986–2015
1428
The United
Kingdom
1999–2009
443
The Nordic
Countries
2005–2016
154
Taiwan
1976–2000
141
Hong Kong
1980–2015
141
Japan
1989–2015
3160
Canada
1985–2002
349

41%/—

32%/—

18%/—

Parolini et al
2019a

41%/82%

35%/80%

26%/78%

Fanna et al 2019

46%/90%

40%/89%

—/—

Davenport et al
2011

55%/88%

47%/87%

—/—

Pakarinen et al
2018

35%/42%

31%/40%

—/—

Hung et al 2006

—/—

—/—

51%/—

C.W.Y. Wong et
al 2018

—/—

—/—

49%/89%

Nio 2017

—/—

26%/75%

—/—

Schreiber et al
2007

A Northern American cohort with 104 infants who underwent PE reported
an 84% 2-year NL survival rate for patients with serum total bilirubin level
< 2 mg/dL (34 μmol/L) at 3 months post-PE compared to 16% of those with
serum total bilirubin level > 6mg/dL (102 μmol/L) [Shneider et al 2006]. The
positive impact of COJ on longer NL survival has also been demonstrated in
other national cohorts [Davenport et al 2011, Lampela et al 2012]. Researchers
from China recently reported in a retrospective cohort of 139 BA patients for
which COJ at 4 weeks post-PE demonstrated good predictive value for 5-year
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survival with NL [Wang et al 2019]. A Canadian cohort with 349 BA patients
observed a 4-year NL survival rate of 49% for patients who underwent PE < 30
days of age compared to 36% for patients operated between 31–90 days of age
[Schreiber et al 2007]. A French national series that included 1340 PE
operated patients reported a 37.9% 25-year NL survival rate for infants who
were operated during their first month of life compared to a 22.2% rate for
infants who were operated during their third month of life [Fanna et al 2019].
Anatomic BA types I and II associated with higher rate of COJ in a cohort of
148 BA patients treated with PE in the Nordic countries between 2005–2016
[Pakarinen et al 2018]. In their national cohort, French researchers reported
an elevated rate of COJ associated with BA types with common hepatic bile
duct or partial common bile duct patency, compared to complete extrahepatic
atresia [Fanna et al 2019].

2.8.2 HEALTH IN CHILDHOOD AND IN ADOLESCENCE
As between 25–50% of BA patients nowadays survive until 20 years of age with
their NL, there is a growing need to characterize the long-term health of this
population during childhood and adolescence. The outcome for pediatric LT
patients has been investigated intensively, while the outcome for NL survivors
is not equally well known. Aspects of long-term health that have been studied
among BA patients include growth, liver and bone health, as well as
neurocognitive and motor outcome.

2.8.2.1 Growth
There is limited data available concerning growth of BA patients. A small study
with 32 BA patients alive with their NL with mean age of 36 months reported
moderately depressed mean Z-scores for height and weight but normal
weight-for-height z-score [Sokol and Stall 1990]. The authors suspected
enlargement of fibrotic liver and spleen explained the normal weight-forheight Z-score and lead to underestimation of malnutrition in their cohort
[Sokol and Stall 1990]. A French study with 64 patients alive with NL for at
least 10 years, reported that 38 had normal serum total bilirubin values and
35 of them demonstrated normal growth [Valayer 1996]. Researchers from the
UK assessed outcome for BA patients who were alive with NL, had normal
serum total bilirubin values, experienced no surgical complications and had
normal serum transaminase levels during long-term follow up [Hadžić et al
2003]. With these criteria, they found 11% (28/244) of BA patients treated
during a 12 years’ time-period and observed normal height and weight Zscores at median age of 13.4 (range 10.2–22.2) years for them. A larger crosssectional Northern American cohort with 219 patients alive with NL ≥ 5 years
with a median age of 9.7 (range 5.1–17.9) years observed normal median
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weight and height Z-scores as well as normal mean Z-scores for mid-arm
circumference, triceps skinfold thickness and subscapular skinfold thickness
for the study subjects [V.L Ng et al 2014]. Before LT, pediatric patients with
chronic liver disease may experience severe growth impairment which is only
partly corrected by transplantation and a majority of LT recipients remain
shorter compared to expected height [Scheenstra et al 2008, Loeb et al 2018].

2.8.2.2 Liver health
Even after successful PE, liver fibrosis proceeds with varied velocity [Kerola et
al 2017, Hukkinen et al 2018]. After a successful PE, inflammation in the portal
tract alleviates while the active ductular reaction continues [Kerola et al 2017].
In liver fibrogenesis, hepatic stellate cells and portal fibroblasts are activated
[Friedman 2008]. This activation leads to production of cytoskeletal protein
α-smooth muscle actin and collagen, which in turn increase the accumulation
of extracellular matrix. A study examining liver biopsies at PE and at follow up
from 28 BA patients (median age at follow up 3.0, range 2.1–6.7 years) who
had cleared their jaundice showed overexpression of α-smooth muscle actin
for 100% of subjects at PE and for 64% at follow up [Kerola et al 2017]. The
overexpression of periductal α-smooth muscle actin associated with more
advanced stage of liver fibrosis and higher serum levels of bilirubin, bile acids
and alanine aminotransferase at follow up [Kerola et al 2017]. Although the
understanding of the molecular mechanisms behind the observed continuing
cholangiopathy and fibrosis in BA has grown, the question as to why the
prognosis is varied even after successful PE remains open.
The previously mentioned Northern American study with 219 subjects
assessing the long-term health of BA patients alive with their NL defined
“ideal” clinical outcome regarding liver function as: a. normal liver
biochemical test values; b. absence of ascites, hepatopulmonary syndrome,
variceal bleeding and fractures during whole life; c. age-adjusted weight and
height Z-scores above –2 SD; and d. absence of need of additional medications
for an underlying liver disease [V.L Ng et al 2014]. The study reported that
only 3.9% (5/129) of study subjects with complete data on all areas available
fulfilled these preset ideal outcome criteria.

2.8.2.3 Bone health
Metabolic bone disease is a known complication of cholestatic liver diseases in
adulthood. The exact mechanisms behind cholestatic liver disease associated
metabolic bone disease are not yet fully understood [Guanabens and Parés
2018]. The main mechanism involved seems to be impaired osteoblast
function which leads to low bone formation rate and to osteoporosis.
Osteoblast function may be impaired because of cholestatic agents such as bile
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acids and bilirubin or because of decreased levels of trophic agents
[Guanabens and Parés 2018]. In an advanced state of cholestatic liver disease,
the decreased activation and circulation of vitamin D and its metabolites, as
well as increased degradation of active forms of vitamin D, further advances
impairments in bone metabolism. Vitamin K is also an active metabolic agent,
and its role in normal circumstances is to support bone formation and
suppress bone resorption [Ehnert et al 2019, Palermo et al 2017].
Effects of metabolic bone disease in the form of decreased bone mineral
density and elevated levels of bone fractures have also been described in
children with BA. In 1975, Japanese researchers assessed the bone health of
38 BA patients and found 8 with varied structural bone abnormalities
[Katayama et al 1975]. The 8 patients ages varied between 3 months to 7 years
and 10 months, and 5/8 had died at the time the article was published. The
authors reported no timeline for data collection of their cohort. The reported
structural changes in bones varied from femoral or humeral metaphysic
irregularities consistent with radiological signs of rickets to low-energy
fractures in the rib cage and femur. All patients had impaired liver function at
the time the radiological evidence of metabolic bone disease was recorded. The
study also mentioned that 30/38 of patients had generalized bone
demineralization visible in radiographs but this was deemed too subjective an
observation to warrant further scrutiny [Katayama et al 1975]. Another study
from the same era, also from Japan, reported 59% (23/39) of patients with
unrepaired BA had rickets based on radiographic signs observed in wrist x-ray
images [Kobayashi et al 1974]. In the same study, 27% (4/15) of patients with
repaired BA were also diagnosed with rickets. Patients ages at rickets diagnosis
varied between 1 to 4 months.
More recently, the development of dual-energy X-ray absorptiometry
(DXA) has enabled assessments of bone mineral content (BMC) and areal
bone mineral density (aBMD). A study conducted in Thailand examined a
cohort of 42 BA patients (20 were jaundiced and 22 were nonjaundiced,
average ages for the groups 2.98 and 4.98 years, respectively) with lumbar
spine (LS; L1-L4) DXA measurements and defined osteoporosis as aBMD ≥
2.5 standard deviations (SD) below mean value of age- and sex-matched values
[Chongsrisawat et al 2001]. This study observed 80% (16/20) of jaundiced BA
patients fulfilled criteria for osteoporosis while only 13.6% (3/22) of
nonjaundiced patients did. A study from the USA with 16 BA patients alive
with their NL aged 1–18 years compared LS and whole-body BMC of BA
patients to 178 healthy control subjects [Kramer at el 2009]. This analysis
reported LS BMC was on average 12% and whole-body BMC 9% lower in BA
patients compared to the healthy controls. Taiwanese researchers studied a
cohort of 29 BA patients aged between 5–18 years who were alive with their
native livers [M.H. Chen et al 2017]. They defined osteoporosis as aBMD ≥ 2.5
SDS below average values and osteopenia as aBMD between < 2.5 and > 1 SD
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below average values at any of the measured areas, anterior-posterior lumbar
spine (L1-L4) or bilateral femoral necks [M.H. Chen et al 2017]. With these
definitions, the study reported 69% (20/29) of BA patients had osteopenia or
osteoporosis in at least one of the measured sites. LS evaluations showed 1/29
and 6/29 had osteoporosis or osteopenia, respectively. The results of studies
assessing the bone health of BA patients are summarized in Table 4.
Considering the definition of osteoporosis in children, the current criteria
established by the International Society for Clinical Densitometry requires
that two clinical findings apply: both BMC or aBMD Z-score d –2.0 in DXA
measurement from a reliable measurement site in children and adolescents
(LS or whole-body-less-head) and the presence of a clinically significant
fracture history [Shuhart et al 2019]. A vertebral compression fracture, two or
more long bone fractures by the age of 10 years, or three or more long bone
fractures at any age up to 19 years of age constitute a clinically significant
fracture history.

57

Table 4.

Results of studies evaluating the bone health of biliary atresia (BA) patients.

Study
population,
number of
patients
38

Study
methods

Study
population’s
age range

Main results

Reference for
the original
study

bone
radiographs

3 months to 7
years, 10
months for
patients
diagnosed with
rickets

Katayama et al
1975

39 with
unrepaired BA,
15 with repaired
BA

wrist
radiographs

1 to 4 months
for patients
diagnosed with
rickets

42; 20 jaundiced
and 22 nonjaundiced

DXA
measurements
of LS

16 patients alive
with NL, 178
healthy controls

DXA
measurements
of LS and wholebody

average age for
the jaundiced
group 2.98
years; 4.98 for
the nonjaundiced group
1–18 years

29 patients alive
with NL

DXA
measurements
of LS and
bilateral femoral
necks

Metaphysic
irregularities in
femur or
humerus, lowenergy fractures
in rib cage and
femur in 8/38
patients
59% of patients
with unrepaired
BA diagnosed
with rickets vs
27% of patients
with repaired
BA
80% of
jaundiced had
osteoporosis vs
13.6% of
nonjaundiced
patients
LS BMC 12%
and whole-body
BMC 9% lower
in BA patients
compared to
controls
1/29 and 6/29
osteoporotic and
osteopenic
aBMD values at
LS, respectively

5–18 years

Kobayashi et al
1974

Chongsrisawat
et al 2001

Kramer at el
2009

M.H. Chen et al
2017

aBMD, areal bone mineral density; BMC, bone mineral content; DXA, dual-energy X-ray
absorptiometry; LS, lumbar spine; NL, native liver

2.8.2.4 Neurocognitive and motor outcomes
To date, the neurocognitive outcome among BA patients in early childhood
and adolescence has been examined in few studies with diverse age groups and
standardized testing tools, making overall comparisons between individual
studies challenging. The data of the following studies assessing neurocognitive
and motor outcome in BA patients are summarized in Table 5.
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A Northern American study assessed neurodevelopmental status of 40 BA
patients transplanted in infancy (prior to 2 years of age), before LT and again
at 3 and 12 months post-LT [Wayman et al 1997]. Mean age at LT for the study
cohort was 9 (range 5 to 20) months and mean age at 1-year post-LT was 21
(range 17 to 32) months. The neurodevelopment of study participants was
assessed with Bayley Scales of Infant Development. For this cohort, the mean
mental developmental index score of Bayley Scales at LT was in the lowaverage range, and decreased over 1 SD below test mean at 3 months post-LT.
At 12 months post-LT, the mean mental developmental index score returned
to the pretransplant level. The mean psychomotor index score of Bayley Scales
was below 1 SD of test mean before LT, fell almost to 2 SD below test mean at
3 months post-LT and returned to pretransplant level at 12 months post-LT
[Wayman et al 1997]. In their study, authors further classified patients to three
groups according to the results from Bayley Scales at 1-year post-LT: normal,
suspected, and delayed development. At 1-year post-LT, 25% (10/40) of
patients developed normally, 40% (16/40) were developmentally suspected
and 35% (14/40) were developmentally delayed [Wayman et al 1997]. Low
pretransplant weight Z-score, low plasma albumin level, long post-LT
hospitalization and younger (LT prior to 6 months of age) age at LT were
associated with delayed neurodevelopmental outcome in this study.
Another study from the USA, assessed the neurodevelopment of 15 BA
patients who were at an advanced state of liver malfunction and underwent
evaluation for LT at mean age of 7.8 (range 4.4 to 20.3) months [Caudle et al
2010]. The test method selected was the Mullen Scales of Early Learning. In
this cohort, 73% (11/15) of children were > 1 SD below the mean score on gross
motor subscale, 67% (10/15) on the expressive language subscale, 40% (6/15)
on the receptive language subscale, 33% (5/15) on the fine motor subscale and
20% (3/15) on the visual reception subscale. The study reported that
international normalized ratio correlated negatively with gross and fine motor
subscale scores while age at PE negatively correlated with receptive language
subscale score [Caudle et al 2010].
A third study assessed early childhood neurodevelopmental outcome in BA
patients alive with their NL aged 1 and 2 years in a cohort with 148 participants
[V.L. Ng et al 2018]. In this longitudinal study, two different versions of Bayley
Scales of Infant Development, namely 2nd edition and 3rd edition were used,
depending on when the infants underwent their first assessment. At 1 year of
age, 42, 42 and 41 test results were available for cognitive, language and motor
scales for Bayley Scales 3rd edition, respectively. At 2 years, results for
cognitive, language and motor scale (3rd edition) were available for 30, 27 and
29 participants. At 1 year, mean scores for language and motor scales, but not
for cognitive scale, were lower than test norms. At 2 years, only mean score for
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motor scale was slightly lower than the test norms [V.L. Ng et al 2018]. The
study further examined possible risk factors for cognitive or motor
developmental delay combining data from both test instruments used. In
multivariate analysis, at 1 year of age, race, low weight at neurodevelopmental
testing and presence of ascites within the prior year were significant risk
factors for mental/cognitive/language delay. At 2 years, high household
education level was a protective and unsuccessful PE (defined as failure to
achieve total bilirubin level < 34.2 μmol/L in 3 months post-PE) a risk factor
for mental/cognitive/language delay. As for physical/motor delay, presence of
ascites during the prior year and low length Z-score at testing were identified
as risk factors at 1 year of age and unsuccessful PE a risk factor for delay at 2
years of age.
Two recent studies have investigated the neurocognitive and motor
outcomes in older children diagnosed with BA. A Northern American
prospective, longitudinal study comprised 93 BA patients between ages 3–12
years alive with their NL [Squires et al 2020]. Participants underwent
neurocognitive testing annually with the Wechsler Preschool and Primary
Scale of Intelligence, 3rd edition (WPPSI-III) between 3–5 years, and the
Wechsler Intelligence Scale for Children, 4th edition (WISC-IV) every other
year between ages 6–12 years. In this cohort, the mean full scale intelligent
quotient (FSIQ) was higher than test norms for the whole cohort. In WPPSIIII, the mean results for verbal IQ and general language composite scores were
also significantly higher than the test norms. In WISC-IV, the mean scores for
perceptual reasoning and processing speed indexes were higher than test
norms. For participants ≤ 5 years, higher household education level affected
FSIQ positively, while male sex and more advanced liver disease had a negative
effect. For participants > 6 years of age, higher household education level
positively associated with FSIQ while evidence of portal hypertension
associated with lower FSIQ [Squires et al 2020]. The authors speculated that
the surprisingly positive outcome observed in this cohort could be explained
by the majority of children having had a successful PE (defined as total serum
bilirubin < 26 μmol/L within 6 months post-PE), exlusion of patients with the
most severe liver disease (LT in early childhood), the significantly higher
educational level of participants’ parents compared to the normative samples
of the neurocognitive tests, or longitudinal improvements in general health
and nutritional status in the older participants after successful treatment of
BA in infancy [Squires et al 2020].
A Dutch cross-sectional cohort assessed the neurocognitive and motor
outcome of 46 (36 with LT) BA patients between ages 6–12 years [Rodijk et al
2020a]. The study used WPPSI-III for examination of neurocognition. The
Movement Assessment Battery for Children was used to investigate motor
developmental outcome. This study also included several standardized tests to
assess participants abilities to modify and adapt their everyday behavior. The

60

mean total IQ (91, SD±18) and mean performance IQ (88, SD±18) of the whole
cohort were significantly lower, while the mean verbal IQ (96, SD ±17) did not
differ from the test norms (100±15). The study reported higher-than-expected
prevalence of behavioral difficulties, hyperactivity, and attentional problems.
Only 25% of participants received a normal score in motor test compared to
85% in the norm population while 50% of participants received low score
compared to 5% in the norm population [Rodijk et al 2020a]. Male sex
associated with low motor score result while positive association of selective
attention abilities and total IQ and negative association of history of
neurodevelopmental intervention and total IQ were discovered.
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Table 5.

Summary data of studies investigating the neurodevelopmental outcome of biliary
atresia patients in childhood and adolescence.

Study
population

Participants’
age

Test methods

Main results

Risk factors
for cognitive
impairment

40 patients
transplanted <
2 years of age

At LT: mean age
9 (range 5 to
20) months

Bayley Scales at
LT, 3 months
and 1 year postLT

At LT: mean
MDI and mean
PMI ↓

Low
pretransplant
weight,
low plasma
albumin level,
long
hospitalization
post-LT, LT < 6
months of age

at 3 months
post-LT ↓↓

1 year post-LT:
mean age 21
(range 17 to 32)
months
15 patients
evaluated for LT

Mean 7, range
4.4 to 20.3
months

Mullen scales of
early learning

148 patients
alive with NLs

Tested at 1 & 2
years of age

Bayley Scales,
3rd edition

93 patients alive
with NLs

46 patients, 10
with NL, 36
with LT

3–12 years

6–12 years

WPPSI-III
annually
between 3–5
years,
WISC-IV every
other year
between 6–12
years
WPPSI-III,
Movement
Assessment
Battery for
Children

at 1 year postLT: pretransplant level
> 1 SD below
mean test score:
73% on GM
scale, 67% on
EL scale, 40%
on RL scale,
33% on FM
scale, 20% on
VR scale
1 year: mean
scores for
language and
motor, but not
for cognitive
scale, lower
than test norms

Risk factors
for motor
impairment

Reference
for the
original
study
Wayman et al
1997

Age at PE
correlated
negatively with
receptive
language scores

INR correlated
negatively with
GM, FM scores

Caudle et al
2010

1 year: race, low
weight at
testing,
presence of
ascites (prior
year)

1 year: presence
of ascites (prior
year), low
length score at
testing

V.L. Ng et al
2018

2 years: mean
score for motor
scale sligthly
depressed
Mean FSIQ ↑
for the whole
cohort
compared to
norm

2 years:
unsuccessful PE

2 years:
unsuccessful PE

Mean total
intelligent
quotient (91,
SD±18) ↓

Negative
association
between history
of
developmental
intervention
and total
intelligent
quotient

25% of
participants (vs
85% of norm
population)
scored normally
on motor test

≤ 5 years: male
sex, advanced
liver disease

Squires et al
2020

> 6 years: portal
hypertension
Male sex

Rodijk et al
2020a

EL, expressive language; FM, fine motor; FSIQ, full scale intelligent quotient; GM, gross motor;
LT, liver transplantation; MDI, mental developmental index; NL, native liver; PE,
portoenterostomy; PMI, psychomotor index; RL, receptive language; VR, visual reception; WISC,
Wechsler Intelligence Scale for Children, 4th edition; WPPSI-III, Wechsler Preschool and Primary
Scale of Intelligence, 3rd edition.
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2.8.2.5 Health-related quality of life
Several contemporary studies have characterized the health-related quality of
life (HrQOL) of BA patients [Table 6]. In a large cross-sectional study from
Northern America with 221 BA patients with mean age of 9.8 (SD ±5.3) years
alive with their NL, the HrQOL of study cohort was compared with the
Pediatric Quality of Life Inventory (PedsQL) 4.0 Generic Core Scales to
HrQOL of healthy controls (n=954) and to BA patients post-LT (n=151)
[Sundaram et al 2013]. Parents of participants between ages 2 to 18 years also
filled the parent-proxy version of PedsQL. The PedsQL report consists of three
summary scores: total, psychosocial, and physical summary score. In the study
population, 29.5% of self-reported PedsQL total score were over 1 SD below
the population mean score. Compared with the healthy age-, sex- and
ethnicity- matched control group, the study cohort self-reported significantly
lower scores in all three (total, psychosocial and physical HrQOL) summary
domains. The greatest difference to healthy controls was seen in schoolfunctioning. No significant differences in self-reported HrQOL between NL
and LT groups were observed. The self-reported and parental-proxy
assessments of HrQOL demonstrated moderate agreement on all subdomains
of PedsQL apart from social functioning where the agreement was poor to fair
[Sundaram et al 2013].
A Japanese cross-sectional study with a cohort of 75 BA patients (mean age
9.6, SD ±3.7 years) and 74 parents examined post-LT (mean time from LT 8.9,
SD ±3.9 years) HrQOL with the help of PedsQL Generic Core Scales and
Transplant Modules [Kikuchi et al 2018]. In both instruments, higher scores
indicate better HrQOL. The generic HrQOL of Japanese BA patients was
compared to two cohorts from the USA, one with pediatric BA patients postLT (n=151) and the other with pediatric solid organ recipients (n=196–199).
Interestingly, the Japanese children reported higher generic HrQOL than their
USA counterparts, while Japanese parent-proxy evaluations reported similar
or higher generic HrQOL on most studied domains and clearly higher physical
and emotional functioning of children compared to evaluations by the USAbased BA patients’ parents. Regarding subscales of generic HrQOL, both
Japanese patients and parents reported lower scores in school function
compared to other study domains. On transplant-specific HrQOL, Japanese
BA patients reported higher HrQOL compared to USA solid-organ transplant
recipients on other domains but lower scores on subscales “How I look” and
“Communication”. The authors speculated that the observed difference
between Japanese and Northern American BA patients post-LT generic
HrQOL results could be related to differences in treatment protocols, such as
the liver graft type used, outcomes, or the follow up system [Kikuchi et al
2018].
A Dutch study with 38 (28 with LT) BA patients with a mean age of 10
(range 6 to 16) years assessed the HrQOL with the Child-Health Questionnaire
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(Child and Parent forms) [Rodijk et al 2020b]. Parental forms were filled out
for 35 children and 21 children at or over the age of 10 years filled out the Child
form. Parent-proxy HrQOL reported 43% and 31% of BA patients scored ≥ 1
SD below the population mean in physical and psychosocial summary HrQOL
scores, respectively. Children themselves reported lower scores on physical
functioning and on emotional role functioning compared to healthy peers.
Parent-proxy physical HrQOL was lower in BA patients who had experienced
an adverse medical event in the past year, who received special education or
had a motor impairment, while higher household education level associated
with better parent-proxy physical HrQOL [Rodijk et al 2020b].
A Finnish study examined HrQOL of BA patients alive with their NL crosssectionally and longitudinally [Lampela et al 2017]. The survey instrument was
PedsQL 4.0 in the form of parent-proxy evaluations. The first measurement of
HrQOL was conducted ≥ 2 years of age and 16/16 patients participated. A
second, cross-sectional measurement was conducted median 4.6 (range 3.5–
5.4) years later and 12/15 eligible patients of the original cohort participated
along with 8 new participants. The study cohort’s HrQOL was compared to an
age- and sex-matched randomly picked cohort of 109 children from the
Finnish Population Registration Centre and to 11 Finnish pediatric BA patients
from an earlier study who had undergone LT [Lampela et al 2017]. Crosssectional data for the 20 participants at the median age of 5.9 (IQR 4.7–8.6)
years revealed no differences in physical, emotional or social domains of
HrQOL compared to healthy controls or to BA patients with LT [Lampela et al
2017]. Parent-proxy report for school functioning were lower than in the
control group, but upon further scrutiny the only difference was missing
school days or day care because of hospital visits. Twelve parent-proxy reports
were available at two time-points and no significant changes in total HrQOL
scores were observed.
Taken together, these data indicate that there might be specific, possibly
culturally varied domains of BA patients’ HrQOL that are impaired compared
to age- and sex-matched healthy controls. These findings also imply that
despite the validated HrQOL instruments used, “quality of life” might be a
deeply subjective concept and as such, challenging to measure.
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Table 6.

Health-related quality of life (HrQOL) in studies among children and adolescents
with biliary atresia (BA).

Study
population,
design,
geographic
area

HrQOL
instruments

Reference
group/s

Main
outcome/s

Reference for
the study

221 BA patients
alive with NL,
mean age 9.8
(SD±5.3) years

PedsQL 4.0
Generic Core
Scales

BA patients postLT (n= 151),
healthy controls
(n= 954)

Compared to BA
patients post LT:
no significant
differences

Sundaram et al
2013

cross-sectional
Northern America

75 BA patients, 74
parents, post-LT
HrQOL
mean age 9.6
(SD±3.7)

PedsQL Generic
Score Scales and
Transplant
Modules

cross-sectional

2 USA-based
cohorts: 1.
pediatric BA
patients post-LT
(n=151) 2.
pediatric solid
organ transplant
recipients (n=196199)

Japan
38 patients, 10
with NL and 28
with LT, mean age
10 (range 6 to 16)
years
cross-sectional

The Netherlands

12 patients alive
with NL, aged ≥ 2
years (longitudinal
part), 20 patients
alive with NL
(cross-sectional
part), mean age
5.9 (interquartile
range 4.7–8.6)
years
Finland

The Child-Health
Questionnaire
(Child and parent
forms)

Norm population
of Dutch
schoolchildren

Parental form for
35 children, selfreported child
form for 21
children ≥ 10
years of age

PedsQL 4.0,
parent-proxy
evaluations

Random registrybased cohort of
age- and sexmatched Finnish
children (n=109)

11 BA patients
with LT from an
earlier HrQOL
study

Compared to
healthy controls:
participants
reported lower
total, psychosocial
and physical
HrQOL
Japanese BA
patients selfreported higher
HrQOL on generic
scales than the
two USA-cohorts
Japanese parents
reported same or
higher HrQOL of
patients than their
USA counterparts
Self-reported:
lower physical
functioning and
emotional role
functioning
compared to
norms
Parent-proxy: 43%
≥ 1 SD below
population mean
in physical
summary score,
31% in
psychosocial
summary score of
HrQOL
Cross-sectional
results: no
differences in
HrQOL compared
to control group or
to BA patients
with LT

Kikuchi et al 2018

Rodijk et al 2020b

Lampela et al 2017

Longitudinal
results: no change
in total HrQOL
scores between 2
time points

LT, liver transplantation; NL, native liver; PedsQL, Pediatric Quality of Life Inventory.
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2.8.3 HEALTH AND HEALTH-RELATED QUALITY OF LIFE IN
ADULTHOOD

2.8.3.1 Overall health
Long-term follow up data of BA patients who have survived to adulthood with
their native livers is available globally. A cohort from Japan retrospectively
analyzed the liver health and social development of 35 BA patients who had
survived to over 20 (median age for the cohort 24.7, range 20–31.9 years)
years of age with their NL [Shinkai et al 2009]. Out of 35 patients, 17 (49%)
had been diagnosed with liver cirrhosis or portal hypertension before the age
of 20 years. Two patients died after 20 years of age because of liver failure and
5 others underwent LT. Out of 28 with NL, 18 had not been diagnosed with
portal hypertension or liver cirrhosis. Regarding education and employment,
60% (21/35) of long-term NL survivors had undergone tertiary education and
26/30 were employed, whilst 9 patients were married and 6 had become
parents [Shinkai et al 2009].
A retrospective analysis from Hong Kong with 47 (14 with LT) BA patients
over the age of 20 years examined the prevalence of complications of chronic
liver disease and social functioning in long-term survivors with NL and the
HrQOL of both LT and NL groups [C.W.Y. Wong et al 2018]. Median age for
the NL (n=33) group was 28 (range 20.3–34.7) years. The authors stratified
NL survivors into 3 groups based on their total serum bilirubin levels.
Nineteen out of 33 (58%) had serum bilirubin level ≤ 18 μmol/L and 15.8% of
this group suffered recurrent cholangitides compared to 33.3% (3/8) of
patients with bilirubin > 18 and ≤ 36 μmol/L and 66.7% (4/6) of patients with
bilirubin level > 36 μmol/L. Portal hypertension was diagnosed in 47.4%,
62.5% and 66.7% of patients from the lowest to the highest bilirubin group,
respectively. Out of 16 NL patients with available data, 15 had accomplished
tertiary or higher educational level and 1 had completed secondary education.
Out of 16, one patient was studying, 14 were employed and 1 was unemployed,
whilst 2 were married [C.W.Y Wong et al 2018].
A multicenter retrospective analysis combined data from 4 adult-treating
hepatology clinics from Canada, Japan, the UK and the Netherlands to
describe the liver health of BA patients who had survived over 18 years of age
with their NL [Kumagi et al 2011]. The study identified 22 patients with
median age of 25 (range 18–46) years at the last follow-up. Four patients
received LT between 20 to 27 years of age. Two patients underwent a second
LT. Two out of 18 patients alive with NL were listed for LT at the last followup. Findings consistent with portal hypertension were diagnosed in 95.5% of
patients: portal hypertensive gastropathy or esophageal varices in 64.7%,
splenomegaly in 90.9% and ascites in 13.6% [Kumagi et al 2011]. Three out of
14 female patients in this cohort had given birth to altogether 5 babies.
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Two European studies have also assessed the long-term outcome of adult
BA patients alive with NL [Lykavieris et al 2005, Parolini et al 2019a]. A
retrospective investigation of 63 French BA patients (27 females and 36 males)
who had survived at least 20 years with their NL reported two patients died of
liver failure at ages 24 and 30 years while 10 underwent LT between ages 20
to 28 years [Lykavieris et al 2005]. Regarding overall health, 49/63 had an
adult height at or above the mean. Twenty-five out of 27 female patients had
their first menstruation between 12 to 15 years of age, while all 36 males
achieved pubertal maturation. Liver cirrhosis was diagnosed in 97% (61/63),
portal hypertension in 70% (44/63), and 32% (20/63) of the study cohort’s
patients had a history of gastrointestinal bleeding [Lykavieris et al 2005]. Out
of 52 patients with data available, 38 were either studying or employed.
Twenty out of 52 were in stable partnerships and 10/52 had become parents.
An Italian study also depicted the health of 26 patients who survived at least
20 years with their NL [Parolini et al 2019a]. Splenomegaly occurred in 46%
(12/26) of patients, 23% (6/26) were diagnosed with esophageal varices while
84.6% (22/26) had normal serum bilirubin and 69% (18/26) normal
transaminase values [Parolini et al 2019a].

2.8.3.2 Health-related quality of life
Researchers from Hong Kong assessed the HrQOL of adult BA patients with
NL and LT [C.W.Y. Wong et al 2018]. The instrument used was the ShortForm-36 Health Survey. The study compared HrQOL between 16 BA patients
alive with NL (median age 26.8 [range 21.8–34.3] years), 10 BA patients with
LT (median age 25.6 [range 20–37.1] years) and 20 healthy controls (median
age 28 [range 22–32] years). This study found no significant differences in
areas of HrQOL between NL and LT patients or between the LT group and the
randomly selected controls. The NL group scored significantly lower in general
health and in the overall physical component score compared to healthy
controls [C.W.Y Wong et al 2018].
A Dutch cohort assessed the HrQOL of 40 adult BA patients (25 with NL)
with two validated questionnaires, the first measuring 8 areas of general wellbeing (RAND-36) and the other specifically designed to evaluate symptoms
related to liver disease (the Liver Disease Symptom Index 2.0) [de Vries et al
2016]. The mean age of NL patients at survey was 23.2 (range 18.9–30.4) years
and that of LT patients was 22.4 (range 18.9–30.8) years. The results for two
BA patient groups were compared to each other as well as to a healthy controlgroup. There were no differences in HrQOL between the three groups on 7/8
domains studied in the RAND-36 questionnaire: physical functioning, social
functioning, role limitations because of physical health problems, role
limitations because of emotional problems, mental health, vitality, and bodily
pain. In general health perception, BA patients with NL reported significantly
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lower scores compared to the two other groups [de Vries et al 2016]. When
assessing the NL group, female patients scored significantly lower in perceived
general health than males. In liver disease symptoms questionnaire, NL
female patients reported having more upper right abdominal pain compared
to male patients with NL while female LT patients reported more “hindrance
in financial affairs” than their male counterparts. The authors speculated that
females with NL might consider upper right abdominal pain to be a reminder
of a disease in them and that concerns regarding fertility might impact the
perception of well-being of young NL patients [de Vries et al 2016].
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3

PRESENT INVESTIGATION

3.1 AIMS OF THE STUDY
The main goal of this study was to evaluate three aspects of general health of
biliary atresia patients in childhood and adolescence: growth, bone health and
neurocognitive and motor development. Possible treatable and/or preventable
risk factors for impaired health will be explored. The specific aims were as
follows:
I

To characterize the growth of biliary atresia patients during childhood
and to analyze the possible impact of post-surgical corticosteroid
treatment on growth

II

To describe the frequency of rickets, bone fractures and osteoporosis
in biliary atresia patients with native liver and liver transplant and to
evaluate possible disease- or treatment related risk factors for
impaired bone health

III

To evaluate the neurocognitive and motor developmental outcome of
biliary atresia patients and to analyze possible differences between
patients with native liver and liver transplant
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3.2 MATERIALS AND METHODS
3.2.1 STUDY POPULATIONS
Patients from two retrospectively analyzed cohorts from two different time
periods were included in studies I–II. Study I included term BA patients born
in Finland between 1987–2017 who had cleared their jaundice post-PE, were
alive with their NL and at least 4 months old as of December 31, 2017. Study
II included BA patients diagnosed in Finland between 2000–2017 who had
undergone PE or LT and had survived ≥ 1 year of age as of June 30, 2018.
Patients in study III formed a prospective cohort of BA patients between 1–20
years of age treated and followed up at the Helsinki University Children’s
Hospital between January 2019 to January 2020. The treatment of BA
patients in Finland has been nationally centralized to Helsinki University
Children’s Hospital since 2005, and all BA patients in Finland under the age
of 20 years are regularly followed up in Helsinki at least once a year. Other
central and tertiary hospitals in Finland also actively participate to the follow
up of BA patients. All participants over the age of 6 years and guardians of
participants signed a written informed consent prior to study participation in
study III. Characteristics of study populations and study settings are shown in
Table 7.

70

Table 7.

Study populations and study settings.

Characteristic

Study I
n = 28

Study II
n = 49

Study III
n = 39

Cohort timeline
Main outcome
investigated

1987–2017
growth in infancy and in
early childhood

Study design

retrospective

2000–2017
frequency of rickets,
osteoporosis, and
bone fractures
retrospective

Inclusion criteria

clearance of jaundice
after PE, alive with NL,
at least 4 months old at
the end of study period

2019–2020 (one year)
total IQ, motor
development, behavioral
challenges
cross-sectional,
prospective
age between 1–20 years,
followed up at Helsinki
University Children’s
Hospital

Exclusion criteria

birth weight < 2500 g,
birth at < 37 weeks or >
42 weeks of gestational
age, both parents nonEuropean
96

Number of biliary
atresia patients
born in Finland
during cohort
timeline
Number of patients
excluded

Median age and age
range of patients
alive at the end of
follow up

BA patient born in
Finland between
2000–2017, with NL
or LT, survived ≥ 1
years of age
known syndrome
affecting bone
maturation
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6

1

8.1 (0.3–19.7) years

8.8 (1.7–18.4) years

acute liver failure,
congenital nervous system
malformations, known
syndromes affecting
neurodevelopment
54 (followed up at
Helsinki University
Children’s hospital)
1 (+ 12 declined, 2 could
not be reached prior to
study), total number of
nonparticipants: 15
9.0 (1.2–17.7) years

BA, biliary atresia; IQ, intelligent quotient; LT, liver transplantation; NL, native liver; PE;
portoenterostomy

3.2.2 DEFINITIONS

3.2.2.1 Growth parameters
Height analyses in study I were based on standard deviation scores (SDS). The
mean of sex- and age-adjusted national values were used to calculate SDS
[Saari et al 2011]. Calculations of mid-parental target height (MPH) were
conducted according to the following equations: 0.886 x mean parental height
SDS – 0.071 for boys and 0.791 x mean parental height SDS – 0.147 for girls.
In study I, relative weight was analyzed with two different methods, with
percentage deviation from the median weight for length and sex (DW%)
between 0–2 years of age and with age- and sex-adjusted body-mass-index
(ISO-BMI) between 2–6 years of age [Sorva et al 1990, Saari et al 2011]. Height
was considered normal if the SDS was between –2.0 to 2.0. Between 0–2 years
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of age, underweight was defined as DW% < –20.0, normal weight as DW%
between –20.0 to 20.0 and overweight as DW% > 20.0. Between 2–6 years of
ages, underweight was defined as ISO-BMI < 17 kg/m2, normal weight as ISOBMI between 17–25 kg/m2, overweight as ISO-BMI > 25 kg/m2 and obesity as
ISO-BMI > 30 kg/m2. In study III, height was analyzed in a similar manner as
in study I. In study III, weight analysis of study participants was conducted
with ISO-BMI, which is assessable in children ≥ 2.0 years and height ≥ 80 cm.

3.2.2.2 Rickets and osteoporosis
In study II, rickets was defined as widening of the growth plate in a plain
radiograph of any anatomical site, coarse trabecular pattern or cupping of
metaphyses, or both [Munns et al 2016]. Osteoporosis was defined as BMC or
aBMD d –2.0 and a clinically significant history of bone fractures [Bishop et al
2014]. Clinically significant fracture history required a vertebral compression
fracture or two or more long bone fractures by the age of 10 years, or three or
more long bone fractures at any age up to 19 years.

3.2.2.3 Biliary atresia splenic malformation, clearance of jaundice
Biliary atresia splenic malformation was defined as presence of asplenia or
polysplenia [Davenport et al 2006]. Clearance of jaundice was defined as total
serum bilirubin level < 20 μmol/L at any point prior to liver transplantation.

3.2.2.4 Cumulative corticosteroid dosage post-PE
For analyses of possible effect of post-PE corticosteroid dosage on infantile
growth in study I and on the risk of rickets or bone fractures in study II,
cumulative corticosteroid dosage post-PE for cohort’s patients were recorded
from medical records. Because the corticosteroids used and length of
treatments were highly varied in different treatment eras (patients in studies
I and II were diagnosed between 1987–2017 and 2000–2017, respectively),
the varied corticosteroids used were converted to equivalent cumulative
prednisolone dosage. In converting, 5 mg of prednisolone was considered to
be equivalent to 5 mg of prednisone, 4 mg of methylprednisolone, 670 μg of
dexamethasone and 20 mg of hydrocortisone [Miller and Flück 2014]. For
study I, high corticosteroid dosage was defined as cumulative post-PE
prednisolone dosage ≥ 50 mg/kg, calculated relative to weight at the start of
corticosteroid-treatment.
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3.2.3 METHODS

3.2.3.1 Clinical follow up data and laboratory markers
Clinical data relevant to BA diagnosis as well as to the main outcome examined
were reviewed from medical records. For studies I–III, the following clinical
markers were collected: gestational age at birth, birth weight, diagnosis of
BASM, age at PE and time to COJ. For studies I and III, data of associated
congenital malformations and diagnosis of portal hypertension were gathered.
For studies II and III, age at LT was recorded. For study I, data of BA-type,
birth height, serial height and weight measurements in infancy and in early
childhood (at birth and at 3, 6, 9, 12, 15, 18, 21, 24 months of age and yearly
between ages 2–20 years as well as at PE and at 1, 2, 3, 4, 5, 6, 9, 12, 15, 18, 21,
and 24 months post-PE), dosage and length of post-PE corticosteroid
treatment and hydrocortisone substitution were also collected. For study II,
possible usage and dosage of intramuscular and/or oral vitamin D substitution
from PE until 6 months post-PE, possible usage and treatment length of
phenobarbital, dosage of cumulative post-PE corticosteroid and rickets
diagnosis were gathered. Study population’s fracture history and trauma
mechanisms leading to fractures were reviewed for study II. For study III, also
data of possible diagnosis of birth asphyxia, history of growth failure prior to
neurocognitive testing, length of hospitalization after LT, number of
anesthesia/patient and number of surgical operations/patients, possible
surgical complications post-LT as well as age, height Z-scores and ISO-BMIs
at testing were collected.
For study I, the following laboratory markers at last follow up were
retrieved: total serum bilirubin (μmol/L), conjugated bilirubin (μmol/L),
plasma alanine aminotransferase (U/L), plasma aspartate aminotransferase
(U/L), plasma gamma glutamyl transferase (U/L), plasma albumin (g/L),
thromboplastin time (%) and thrombocytes (x 109/L). For study II, serum 25hydroxyvitamin D [25(OH)D] for all study patients treated with primary PE
were recorded at PE, as well as at 3, 6 and 12 months post-PE (± 1 month). In
study II, serum 25(OH)D < 30 nmol/L was considered to depict vitamin D
deficiency and serum 25(OH)D between 30 to 50 nmol/L to depict vitamin D
insufficiency. For a subgroup of patients diagnosed with rickets in study II,
levels of plasma ionized calcium, parathormone, alkaline phosphate,
phosphate, and serum 25(OH)D were collected at the time of rickets diagnosis
(± 2 weeks). For study III, blood hemoglobin (g/L), leucocytes (x 109/L),
thrombocytes (x 109/L), total serum bilirubin (Pmol/L), direct serum bilirubin
(Pmol/L), plasma gamma glutamyl transferase (U/L), plasma alanine
aminotransferase (U/L), plasma albumin (g/L) and thromboplastin time (%)
at the time of neurocognitive testing (± 1 month) were retrieved.
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3.2.3.2 Growth analyses
To examine the growth of BA patients alive with NL in infancy in study I, serial
relative height, and weight measurements at 3 months intervals from birth
until 2 years of age were analyzed for the whole cohort and separately for
different sexes. To characterize the growth of BA patients between 2–6 years
of age, serial relative height and weight measurements with yearly intervals
were depicted. While analyzing post-PE corticosteroid treatment on growth,
the possible impact was hypothesized to start at the initiation of treatment and
to continue until 24 months. The growth data post-PE was recorded at PE and
then with monthly intervals until 6 months post-PE and after that with 3
months intervals up till 24 months post-PE. While measuring the possible
impact of post-PE corticosteroids on weight, DW% was used for consistency
regardless of age.

3.2.3.3 Radiological examinations
In study II, in order to analyze possible bone deformation changes consistent
with rickets diagnosis and to detect bone fractures, all radiological
examinations undertaken in Helsinki University Children’s Hospital between
1 January 2000 to 30 June 2018 for the included patients were reviewed.
Additionally, possible diagnoses of rickets and bone fractures made in other
central and tertiary hospitals in Finland participating in BA patients care were
gathered from medical records. Bone ages were assessed from left-hand
radiographs. Dual-energy X-ray absorptiometry (DXA; pediatric software,
Discovery A, versions 12.1 to 13.5.1; Hologic, Marlborough, Massachusetts)
measurements performed on study II patients were collected. Lumbar spine
(LS) bone mineral content (BMC, g) and areal bone mineral density (aBMD,
g/cm2) were assessed. In study II, BMC and aBMD results were converted to
the standard Z-scores based on sex- and age-adjusted reference data for
Caucasian American children [Zemel et al 2011]. If chronological age differed
from bone age ≥ 1 year, the bone-age adjusted Z-score was used.
Anthropometrically adjusted Z-scores for BMC and aBMD based on age, race,
sex, height and weight were also calculated to account for possible impact of
short stature [Short et al 2015]. The anthropometrically adjusted and bone
age-adjusted aBMD Z-scores were compared and as there were no significant
differences between the two methods, anthropometrically adjusted Z-scores
were selected for analyses of BMC and aBMD. To assess the possible
differences between BMC and aBMD Z-scores according to transplantation
status, patients were only included in one of the groups, either NL or LT. In
study II, vertebral fracture assessment images were obtained from the same
DXA recording which was used for DXA measurement. To detect vertebral
fractures, vertebral images were independently and systematically reviewed by
two examiners, a pediatrician and a pediatric radiologist, according to the
method described previously [Mäkitie et al 2005].
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In study III, in order to detect any structural brain abnormalities or
intracranial hemorrhages possibly impacting brain development, all brain
imaging studies conducted for the study participants were reviewed
retrospectively from medical records from birth until the time of
neurocognitive testing.

3.2.3.4 Neurocognitive, motor, and behavioural outcome tests
For study III, age-appropriate validated neurocognitive tests were used to
assess neurocognitive development in participants between ages 1–20 years.
For the youngest participants between 1.0–2.5 years of age, Bayley Scales of
Infant and Toddler Development, 3rd Edition (Bayley III) was used [Bayley
2006]. Bayley III has a mean score of 100 (SD±15) (range of scores 40–160).
Participants between the ages 2.6–5.2 years underwent assessments with the
Wechsler Preschool and Primary Scale of Intelligence, 3rd Edition (WPPSI-III)
(full scale intelligence quotient [FSIQ], verbal IQ [VIQ] and performance IQ
[PIQ]) [Wechsler 2009]. In the age group 5.3–16.5 years, the Wechsler
Intelligence Scale for Children, 4th Edition (WISC-IV) (full scale intelligence
quotient [FSIQ], verbal comprehension index [VCI], perceptual reasoning
index [PRI], processing speed index [PSI] and working memory index [WMI])
was used [Wechsler 2010]. Participants in late adolescence, between 16.6–
20.0 years of age, were evaluated with the Wechsler Adult Intelligence Scale
4th Edition (WAIS-IV) (full scale intelligence quotient [FSIQ], verbal
comprehension index [VCI], perceptual reasoning index [PRI], processing
speed index [PSI] and working memory index [WMI]) [Wechsler 2012]. Full
scale IQs and individual indexes in WPPSI-III, WISC-IV and WAIS-IV all have
a mean of 100 (SD±15). For analysis of total IQ of the whole cohort, Bayley III
cognitive composite score was used for participants between 1.0–2.5 years of
age and FSIQ for all other subjects. To analyze results for cognitive
subdomains, VIQ reported in WPPSI-III and VCI reported in WISC-IV and
WAIC-IV were used concurrently. The same method was applied between PIQ
reported in WPPSI-III and PRI reported in WISC-IV and WAIS-IV. All the
neurocognitive tests were performed by trained psychologists. Neurocognitive
evaluations were conducted in the patients’ mother tongue (Finnish or
Swedish). For those participants whose second language was Finnish or
Swedish, linguistic evaluation was done only if they were fluent in either of the
languages.
For study III, for motor developmental assessment of participants between
ages 3.0–16.9 years, the Movement Assessment Battery for Children – Second
Edition (Movement ABC-2) was used [Henderson et al 2007]. For study III,
the functional behavioural outcome of study participants between ages 5.0–
17.0 was evaluated with the validated parental questionnaire Five-to-FifteenRevised (5-15R) [Kadesjö et al 2004, Lambek and Trillingsgaard 2015]. The 5-
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15R questionnaire includes 181 individual questions covering 8 main domains:
motor skills, executive functions, perception, memory, language and
communication, learning skills, social skills and emotional/behavioral
difficulties. According to the test standards, a score ≥ 90 percentile of the ageand sex-matched score is considered indicative of clinically significant
functional problems.
In study III, the social and economic background of participants was
assessed with an online questionnaire designed by the study group. The online
questionnaire was individually coded for each participant and included
questions regarding the number of guardians in the household, highest
educational level of guardians, yearly household income level, number of
siblings, possible neurodevelopmental diagnoses established for the study
participant, neurodevelopmental diagnoses of siblings and possible additional
support for the participant at kindergarten or at school (Figure 3). The online
questionnaire was completed by guardians of the study participants.
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Question 1:
In your family, there are:
A. One
B. Two guardians
Question 2:
The guardians in your family are aged: A. Guardian 1:

B. Guardian 2:

Question 3:
The highest educational level completed by guardians in your family (in a single-guardian family, fill in for guardian A
only):
A. Guardian A:
a. Basic education
b. Upper secondary education (vocational education or general upper secondary school)
c. Higher education (university of applied sciences or university)
B. Guardian B:
a.
Basic education
b.
Upper secondary education (vocational education or general upper secondary school)
c.
Higher education (university of applied sciences or university)
Question 4:
The annual income of your family/household before taxes:
a.
0 – 14 999 euros
b.
15 000 – 19 999 euros
c.
20 000 – 39 999 euros
d.
40 000 – 69 999 euros
e.
70 000 – 99 999 euros
f.
100 000 – 119 999 euros
g.
120 000 – 149 999 euros
h.
> 150 000 euros
Question 5:
Has the participating child been diagnosed with intellectual disability?
Yes/No:
If yes, the diagnosis is:
A. Mild mental retardation
B. Moderate mental retardation
C. Severe mental retardation
D. Unspecified mental retardation
E. Not included in A to D above, please specify:
Question 6:
Has the participating child been diagnosed with attention deficit and hyperactivity disorder?
A. Yes, at age:
B. No
Question 7:
Has the participating child been diagnosed with a specific developmental delay? If yes, please select which delay:
A. Dyslexia
B. Dysgrafia
C. Dyscalculia
D. Mixed specific developmental disorder
E. No
F.
Diagnosis not included in A.-D., please specify:
Question 8:
Does the participating child have need for additional support at kindergarten, in preschool or in school?
A. Yes, please specify:
B. No
Question 9:
If the participating child is at school, how many hours was she/he absent from school during the past 12 months (due to
sickness, holidays, or any other reason):
Question 10:
If the participating child has siblings, please provide their years of birth and their present school-level:
Question 11:
Have the other children in your family apart from the participating child been diagnosed with developmental delays?
A. Yes, please specify:
B. No

Figure 3.

The 11 questions assessing the social and economic background of participants in
study III. The original questionnaire was in Finnish and online.
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3.2.3.5 Statistical analyses
Results are provided as medians with interquartile range (IQR) for studies I–
II. In study III, normally distributed data are reported with means and
standard deviations while non-normally distributed data are reported with
median and corresponding range from minimum to maximum. In study I,
linear mixed models were employed to model growth. Random effect of
participants was included on all time terms in the growth models.
Satterthwaite approximations were used to estimate degrees of freedom.
Linear mixed models analyses for growth were carried out in R, version 3.4.1.
In study II, the relation of potential risk factors to the risk of rickets or bone
fractures were calculated with simple logistic regression. Odds ratios (OR)
were calculated with 95% confidence intervals. In study II, the difference of
observed Z-scores’ median to the expected median of 0 was analyzed with the
Wilcoxon signed-rank test. The Mann-Whitney test was used to analyze
differences between two non-normally distributed unmatched groups. In
study III, for statistical analyses, scores for total IQ and subdomains VCI, PRI,
PSI and WMI were classified as normal (IQ > 85, SD > – 1.0), intermediate
(IQ 70–85, SD –2.0 to –1.0) or low (IQ < 70, < –2.0). In study III, IQ-scores
were compared with the test norms with 1-sample t-test. The categorized
outcomes were compared with the norm population with the binomial test for
two outcome and with the chi-square test for more than two outcome
categories. Unpaired t test was used to calculate relation of dichotomous
variables and total IQ and Mann-Whitney test was used for dichotomous
variables and motor score percentiles. For continuous variables, Spearman
correlation analysis was employed. In all studies, p ≤ 0.05 was considered
significant and double-sided tests were used. All statistical analyses in studies
II–III were performed with GraphPad Prism, versions 8.3.1 and 9.0.0
(GraphPad Software, San Diego, California, USA).

3.2.3.6 Ethical considerations
Studies I–II were approved by the Ethical Committee of Helsinki University
Hospital. No informed consent was obtained for the registry-based
retrospective studies I–II. For the prospective study III, the Regional Ethics
Committee of the Expert Responsibility area of Tampere University Hospital
gave approval to the research plan (TIEDE 14§, R18186) which was
subsequently also approved by the Helsinki University Hospital Ethics
Committee. The Helsinki University Children’s Hospital Teaching and
Research Unit gave research permission for study III (HUS/284/2019).
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3.3 RESULTS
3.3.1 GROWTH IN INFANCY AND IN EARLY CHILDHOOD (STUDY I)
Between January 1, 1987 and December 31, 2017, 96 patients were diagnosed
with BA in Finland. Thirty had died, 28 had undergone LT and 4 were born
preterm or with low birth weight. The initial study inclusion criteria were met
by 34 patients and 6 more were excluded: 2 due to missing birth height
measurements and 4 because both parents were non-European. Altogether 28
patients (15/54% girls) were included. The median gestational week at birth
for the cohort was 39 (IQR 38–40), with median birth weight of 3.340 (IQR
3.081–3.669) kg and median birth height of 50.0 (IQR 48.6–51.0) cm. The
majority of patients, 93%, were diagnosed with BA type III (according to the
classification by Ohi 1987, described in detail earlier) and the median age at
PE was 63 (IQR 24–83) days. Because of paucity of growth measurements
available after the age of 6 years, the analyses of growth were restricted to early
childhood.
BA patients were born shorter than the general population with median
height –0.6 (IQR –1.3 to –0.1, p<0.001) SDS for the whole cohort and those
with MPH data available (n=20) were also shorter than expected with a
median height of –0.2 (IQR –1.2 to 0.2, p<0.05) SDS. The median height of
patients with MPH data available was 0.1 SDS below the calculated median
MPH of –0.1 (IQR –0.4 to 0.4) SDS. During the first 3 months, growth rate
decelerated as the median height at 3 months for the whole cohort was –1.70
(IQR –2.3 to –1.1) SDS. The change in growth rate was more pronounced for
boys than for girls as the median height SDS for boys changed from –0.6 (IQR
–1.5 to –0.1) at birth to –1.8 (IQR –2.5 to –0.8) SDS at 3 months while girls’
height changed from –0.7 (IQR –0.7 to 0.4) SDS to –1.4 (IQR –1.8 to –1.1)
SDS. Between 3 and 6 months of age, boys’ growth accelerated [Figure 4].
Between 6 months and 2 years of age, growth rate remained stable, with BA
patients remaining shorter than the Finnish background population at 2 years
with a median height of –0.8 (IQR –1.2 to –0.1) SDS for the whole cohort, –
0.9 (IQR –1.3 to 0.0) SDS for boys and –0.6 (IQR –1.2 to –0.1) SDS for girls,
respectively [Figure 4]. In early childhood, between 2–6 years of age, height
gain remained stable for both genders. The median height at 6 years of age for
the whole cohort, for girls and for boys were –0.4 (IQR –1.4 to –0.1) SDS, –
0.6 (IQR –1.4 to 0.1) and –0.4 (IQR –1.6 to 0.2) SDS, respectively.
BA patients were born with normal weight. The median birth weight for all
patients was 0.0 (IQR –5.0 to 5.5) DW%, 0.0 (IQR –6.0 to 4.5) DW% for boys
and 2.0 (IQR –5.0 to 6.0) DW% for girls. Contrary to height gain, there was no
observable change in weight gain for the cohort during the first 3 months or
later on in early infancy. Both genders remained a normal weight between 0–
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2 years of age. At 2 years, the median weight for the whole cohort (when
analyzing with DW%) was 2.5 (IQR –1.0 to 10.5). With ISO-BMI, the median
weight for all patients at 2 years was in the upper margin of normal with 24.1
(IQR 20.5 to 28.8). At 2 years, boys were slightly overweight with a median of
25.9 (24.1 to 32.3) ISO-BMI. Girls’ weight was stable at 2 and 6 years with a
median weight of 21.1 (IQR 19.7 to 23.3) ISO-BMI and 20.9 (IQR 19.3 to 25.0)
ISO-BMI, respectively. Boys’ weight slimmed down between 2–6 years of age
as the median weight at 6 years was 22.1 (IQR 20.7 to 25.6) ISO-BMI.

80

Figure 4.

Height of BA patients between 0–6 years of age. A. Height SDS of all patients
from birth until 24 months of age, 3 months intervals. B. Height SDS of girls
from birth until 24 months of age, 3 months intervals. C. Height SDS of boys
from birth until 24 months of age, 3 months intervals. D. Height of all patients
between 2 and 6 years of age, yearly intervals. MPH, mid-parental target
height; SDS, standard deviation score. Dotted line represents background
population’s mean SD. Modified from Study I, Figure 1.
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3.3.2 IMPACT OF POST-PORTOENTEROSTOMY CORTICOSTEROIDS
ON GROWTH (STUDY I)
Data of post-PE corticosteroid-treatment was able to be analyzed for 86%
(24/28) of patients, including 3 patients who received no corticosteroids. The
median age at PE for patients with corticosteroid data was 65 (IQR 26 to 90)
days. The total median cumulative corticosteroid dosage was 277.6 (IQR 186.6
to 374.2) mg and 63.6 (IQR 47.7 to 74.6) mg/kg of prednisolone, with
hydrocortisone substitution excluded. The corticosteroid treatment was
started at median 5 (range 4–17) days post-PE and the median treatment
length was 18.5 (range 0–49) days. Median age at the start of treatment was
70 (range 18–167) days. Sixteen (67%, 16/24) patients were treated with
hydrocortisone substitution with a median treatment length of 37 (range 12–
133) days. Serum cortisol values were analyzable for 19 patients with 12
demonstrating suppressed value after corticosteroid treatment.
In linear mixed models, there was an observable impact of corticosteroid
on height gain. A growth model assessing cumulative prednisolone dosage
demonstrated 0.16 (β –0.16, SE 0.04, p<0.001) SDS decrease in height per
100 mg of prednisolone. In a mixed model also evaluating impact of
hydrocortisone substitution, height decreased by 0.18 (β –0.18, SE 0.04,
p<0.001) SDS per 100 mg of prednisolone with hydrocortisone substitution
causing a slight 0.07 (β 0.07, SE 0.02, p<0.05) SDS increase in height per
treatment week [Original publication number I, by Ruuska, Lääperi et al 2018,
Table 2]. A model assessing weight-adjusted dosage showed 0.25 (β –0.25, SE
0.05, p <0.001) SDS decrease in height for each 100 mg of prednisolone per
treatment week. When hydrocortisone substitution was added, the result
remained with 0.27 (β –0.27, SE 0.05, p <0.001) SDS height decrease for 100
mg of prednisolone contrast to 0.07 (β 0.07, SE 0.02, p<0.01) SDS increase in
height per hydrocortisone treatment week. A high total corticosteroid dosage
(> 50 mg/kg of prednisolone) resulted in 0.18 (β − 0.18, SE 0.04, p<0.001)
SDS lower height per treatment week compared to low dosage. Suppressed
serum cortisol level caused 1.37 (β − 1.37, SE 0.55, p<0.05) SDS decrease in
height per week compared to unsuppressed subjects.
There was no significant impact of post-PE corticosteroid treatment on
weight gain. The only measurable effect was with a high total corticosteroid
dosage which resulted in 1.12 (β 1.12, SE 0.36, p<0.01) DW% increase in weight
compared to low total dosage, per treatment week. The effect remained (β
0.87, SE 0.38, p<0.05) when hydrocortisone substitution was added.
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3.3.3 RICKETS AND BONE FRACTURES IN BILIARY ATRESIA
PATIENTS (STUDY II)
Sixty-three BA patients were born in Finland between 1.1.200o and 30.6.2018.
Eight had died before the study’s completion and five were under one year of
age at the end of the study period. The initial inclusion criteria for study II
were fulfilled by 50 patients. One patient was excluded because of a known
syndrome affecting bone maturation. Altogether 49 (50%, 25/49 girls)
patients were included. Patients were born term with a median gestational age
of 39 (IQR 38 to 40) weeks. One patient was treated with primary liver
transplantation while 48 patients underwent PE at a median age of 64 (IQR
39 to 85) days. Thirty-four (70%) of the whole cohort achieved COJ and 25
(51%) of them prior to 3 months post-PE. Thirty-seven percent of patients
were treated with phenobarbital with a median treatment time of 9 months.
The vast majority, 39 (80%) received post-PE corticosteroids with a median
cumulative weight-adjusted dosage of 48 (IQR 32 to 74) mg/kg. At discharge,
28 (58%) patients were being supplemented with vitamin D and this rose to 31
(65%) at 6 months post-PE. At the end of follow up, of the whole cohort, 2
patients had died while 28 (57%) were alive with NL and 19 (39%) with LT. At
the end of follow up, on June 30, 2018, the median age for patients alive was
8.8 (range 1.7–18.4) years. Of the 19 patients with LT, 13 had undergone LT
prior to 2 years of age.
Of the 49 patients, 7 (14%) were diagnosed with rickets based on bone
structural changes on plain radiographs. The median age at rickets diagnosis
was 0.63 (range 0.60 to 0.93) years and all but one of these patients (6/7) also
had fractures at the rickets diagnosis. The one patient with rickets diagnosed
without a history of low-energy fracture underwent bone-age radiograph of
left hand which revealed highly transparent bone structure. Out of 6 patients
with measurements available at rickets diagnosis, all had insufficient 25(OH)D
levels, 5/6 had elevated alkaline phosphate levels, 4/6 had elevated
parathormone levels, and 4/6 had decreased phosphate levels. Plasma ionized
calcium levels were within the normal range in 6/6.
Out of 13 clinical and treatment related factors assessed (gestational age,
gender, birth weight, age at PE, COJ, COJ prior to 3 months post-PE,
phenobarbital usage, vitamin D usage [at discharge, at 3 months, at 6 months
post-PE], usage of post-surgical corticosteroid, cumulative dosage of postsurgical corticosteroid, LT before 2 years of age), only COJ at any stage after
PE (OR 0.055, 95% CI 0.00266 to 0.393; p<0.01), COJ < 3 months post-PE
(OR 0.142, 95% CI 0.0071 to 0.98); p<0.05) and LT prior to 2 years of age (OR
8.5, 95% 1.41 to 69.8; p<0.05) significantly associated with rickets diagnosis.
Vertebral images for 29/34 (85%) patients with dual-energy X-ray
absorptiometry measurements with 96 individual images were available for
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assessment of possible vertebral compression fractures. In sixty-two percent
of vertebral fracture assessment images, thoracic vertebra number 8 was
visible. All vertebrae between thoracic vertebra 9 to lumbar vertebra 5 were
reliably reviewable in over 80% of vertebral fracture assessment images. There
were no vertebral fractures present in any of the images reviewed. Of the whole
cohort, 11 patients had at least a fracture. The total number of fractures in the
cohort was 36 with number of fractures per patient ranging between 1 to 9. Out
of 11 patients with at least one fracture, 6 (55%) were also diagnosed with
rickets. Patients with rickets had altogether 27 fractures, and all the fractures
for rickets patients occurred before 1 year of age. The non-rickets patients (5)
had their first fracture at a median age of 1.55 (range 1.4 to 15) years. The
location of fractures in the cohort is detailed in Table 8.
Table 8. Bone fractures in patients with and without rickets diagnosis.

Number of patients
Total number of fractures
Status at the end of follow up, n
(%)
Dead
Alive with native liver
Alive with liver transplant
Number of bone
fractures/patient
1
2
3
4
t5
Fracture site
costal
tibia
fibula
radius
ulna
femur
clavicle
digit
metatarsal
Low-energy fractures, n (%)

Patients with rickets
6
27

Patients without rickets
5
9

2 (33)
0 (0)
4 (67)

0 (0)
3 (60)
2 (40)

1
0
1
2
2

2
2
1
0
0

11
4
4
1
2
4
0
0
1
27 (100)

0
2
2
2
0
0
2
1
0
4(33)
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3.3.4 VITAMIN D LEVELS POST-PORTOENTEROSTOMY (STUDY II)
Out of 48 patients who underwent PE in the study, 25(OH)D levels were
available for 21 (44%), 20 (42%), 20 (42%) and 20 (42%) at discharge after PE
and at 3, 6, and 12 months post-PE, respectively. All patients who underwent
LT before 12 months post-PE were excluded from analysis. 25(OH)D levels
were recorded between the ages of 3 months to 16 months. At discharge, most
measured levels were insufficient with a median of 21 (IQR 0 to 43) nmol/L.
At 3 months post-PE, 25(OH)D levels rose to sufficient level with a median of
69 (IQR 19.5 to 100) nmol/L. Only five patients were treated with
intramuscular or intravenous vitamin D post-PE.

3.3.5 DUAL-ENERGY X-RAY ABSORPTIOMETRY RESULTS FOR
NATIVE LIVER AND LIVER TRANSPLANT PATIENTS (STUDY II)
Out of the whole cohort with 49 BA patients, DXA measurements were
available for 34 patients between ages 5 to 15 years. All 34 patients were alive
at the end of follow up. The number of patients in NL and LT groups at the end
of follow up were equal, with 17 patients in both groups. Because of the very
limited number of DXA measurements available in the NL group after the age
of 10 years, DXA data between ages 5 to 10 years were included in the analyses.
The median LS aBMD Z-scores at 5 years of age for patients with NL and
LT were 0.8 (–1.9 to 1.4) and 0.4 (–0.2 to 1.1) (U=21, n=5,9, p=NS),
respectively. There were no significant differences between NL and LT groups
aBMD nor BMC Z-scores between 5 to 10 years of age [Figure 5]. The median
BMC Z-score at 5 years of age for the NL group was –0.1 (IQR –1.5 to 0.9)
compared to 0.3 (IQR –1.4 to 1.4) for the LT group (U=19, n=5,9, p=NS). With
the exception of the median Z-score for LS BMC (1.0, [IQR 0.3 to 1.2], p<0.01)
in the LT group at the age of 10, neither the BMC nor aBMD scores for NL and
LT groups significantly differed from the expected median of 0 between ages
5 to 10. A total of 5 patients (one with LT) had a BMC or aBMD Z-score ≤ –2.0
at least once during follow up, or both. None of these patients had had any
fractures. Thus, none of the patients in the study fulfilled the criteria for
osteoporosis diagnosis.
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Figure 5.

The lumbar spine areal bone mineral density (aBMD) measurements for patients alive
with native liver and liver transplant between ages 5 to 10 years. The aBMD values
for the groups did not differ significantly from the expected median of 0 at any age,
nor were there significant differences between the two groups at any age. Modified
from Study II, Figure 2.

3.3.6 NEUROCOGNITIVE AND FUNCTIONAL OUTCOME (STUDY III)
Fifty-four patients were followed up at the Helsinki University Children’s
Hospital between January 2019 and January 2020. Out of 54, 53 were eligible
to participate in study III (one had been previously diagnosed with a syndrome
affecting neurocognitive development and was excluded). Thirty-nine (74%)
of the eligible patients chose to participate. The non-participants were older
(median age 14.0 [range 5.1–20.8] years) compared to the participants (9.5
[2.2–18.3], p<0.05) in January 2020. The participants had undergone
portoenterostomy little earlier (median age at PE 61 [range 7–141] days) than
the non-participants (72 [21–140], p=NS). Altogether 43% of non-participants
were alive with LT compared to 41% of participants (p=NS) and there were no
significant differences in clinical characteristics between non-participants and
participants.
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The median age for the study group at neurocognitive assessment was 9.0
(range 1.2 to 17.7) years. Out of 39 participants, 16 (41%) had undergone LT at
the median age of 1.5 (range 0.4 to 10.0) years. For the LT participants, the
median time since LT at the time of neurocognitive testing was 5.5 (range 0.3
to 14) years.
Brain imaging studies conducted prior to study participation were available
for 20(51%) (13 of them with LT) participants. Cranial US scans accounted for
5 of the imaging modalities, computerized tomography images for 2 and
magnetic resonance images for 13. Most of the imaging studies have been
conducted as part of an overall pretransplant evaluation. None of the
participants had been diagnosed with a developmental brain abnormality, but
one had experienced a grade II intracranial hemorrhage as a neonate. Another
participant had been diagnosed with a clinically insignificant intracranial
aneurysm and with an infarct in the cerebellum.
For the whole cohort of 39 patients, the mean total IQ was significantly
lower at 91±15 compared to the norm population (100±15, p<0.01). The mean
VCI at 94±15 (p<0.05), mean PRI at 91±17 (p<0.01), and mean WMI at 92±15
(p<0.05) were also lower compared to the norm population, while the mean
PSI at 94±18 (p=NS) did not differ significantly [Figure 6]. Study
participants FSIQ and subdomain scores were also divided to normal,
intermediate, and low scores. The distributions among participants differed
from the distribution of the norm population in FSIQ (61.5% of participants
versus 84.1% of norm population had normal, 30.8% vs 13.6% intermediate
and 7.7.% vs 2.3% low scores, respectively, p<0.001), in PRI (62.5% versus
84.1% normal, 28.1% vs 13.6% intermediate and 9.4% vs 2.3% low scores,
p<0.01) and in PSI (64.0% versus 84.1% normal, 28.0% vs 13.6% intermediate
and 8.0% vs 2.3% low scores, p<0.05%).
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Figure 6.

Box plots of study III participants full scale intelligent quotient (FSIQ) and
subindexes scores. Boxes outlines represent interquartile ranges. On all
other indexes except processing speed index (PSI), participants mean
scores differed significantly from the test norms. PRI, perceptual reasoning
index; VCI, visual comprehension index; WMI, working-memory index.
Modified from Study III, Figure 1a.

On functional outcome, parental assessment on the 5-15R questionnaire
reported elevated rates of problems on 5 of the 8 main domains evaluated: 35%
(vs 11%, p<0.01) of BA patients demonstrated challenges in motor skills, 35%
(vs 11%, p<0.01) in executive functions, 38% (vs 11%, p<0.001) on memory,
27% (vs 11%, p<0.05) in language and communication and 31% (vs 11%,
p<0.01) on learning skills. On perception (15% vs 11%, p=NS), on social skills
(12% vs 11%, p=NS) and on emotional/behavioural difficulties (19% vs 11%,
p=NS) the reported rates did not differ from the age- and sex-specific test
norms.
Sixty-two percent (23/39) of participants were school-aged (over 6 years of
age in Finland) at the time of neurocognitive testing. The data regarding
school-attendance gathered from the socioeconomic background
questionnaire filled by guardians were available for 18(78%) school-aged
participants. None of the study participants studied in a special education
school. A higher proportion of participants received educational support at
school compared to the Finnish comprehensive school pupils in 2019 with one
(5.6% vs 8.5% of Finnish pupils) participant having special and 7 (39% vs
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11.6%) having intensified support at school [Official Statistics of Finland:
Special education 2019, p<0.05]. Out of the 8 participants who received
special support at school, 5 had been previously diagnosed with a specific
developmental delay—2 had been diagnosed with dyscalculia, 1 with dyslexia,
1 with dysgraphia and 1 with both dyslexia and dysgraphia.
Altogether 20 different clinical and social factors were assessed as potential
risk factors for neurocognitive and motor impairment, namely gender,
gestational age at birth, diagnosis of BASM, diagnosis of an associated
congenital malformation, history of growth failure, number of surgical
procedures in general anesthesia, number of general anesthesia, single-parent
household, household education level, household income level, diagnosis of
portal hypertension at testing, age at PE, PE under 60 days of age, total serum
bilirubin level before PE, direct serum bilirubin level before PE, success of PE
(defined as COJ prior to 6 months post-PE), COJ before 3 months post-PE,
LT, time on waiting list for LT and hospitalization after transplantation. Out
of these 20 factors assessed, only COJ before 3 months post-PE had a
significant impact (total IQ for early COJ group 96±13 versus 84±13 for late
COJ group, p<0.05). Associations of selected clinical characteristics and total
IQ scores are shown in Table 9.
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Table 9.

Associations between selected clinical characteristics and total IQ (intelligent
quotient) and motor score percentiles.

Characteristic

p-value

No.

Motor score
(percentile)
Median(range)
or rho

92±17
90±14

0.7

15
15

16(0.5–95)
37(5–84)

0.02*

14
20

92±15
92±17

>0.9

10
15

29.5(2–63)
16(0.5–95)

0.5

22
12

92±17
92±15

>0.9

17
8

25(0.5–95)
10.5(1–50)

0.2

19
19

91±13
91±18

>0.9

15
14

37(0.5–95)
20.5(5–50)

0.6

38
38

0.25
0.22

29
29

–0.12
0.004

15
23

86±17
94±14

0.1

12
17

25(0.5–84)
25(1–95)

0.4

18
11

96±13
84±13

0.03*

14
8

20.5(1–95)
20.5(0.5–84)

0.6

23
16

94±15
88±16

0.2

16
14

25(1–95)
25(0.5–63)

0.7

No.

Total IQ
Mean ± SD
or rho

22
17

p-value

Sex
Girls
Boys
Highest household education
Low/intermediate
High
Household income
Low/intermediate
High
PE < 60 days of age
No
Yes
Total serum bilirubin level
before PE
Direct serum bilirubin
level before PE
Successful PE € †
No
Yes
Clearance of jaundice postPE, months €
<3
≥3
Liver transplantation
No
Yes

€ One patient treated with primary liver transplantation, n=38 for total IQ and n=29 for motor score
percentile. † Successful PE; clearance of jaundice within 6 months post-PE. PE; portoenterostomy.
Modified from Study III, Table 2. Rho; Spearman’s correlation coefficient

3.3.7

MOTOR DEVELOPMENTAL OUTCOME (STUDY III)

All 30 study subjects in study III between ages 3.0–16.9 years underwent the
Movement ABC-2 motor test. Participants distribution differed significantly
from test norms in total motor score percentiles, with 56.7% (vs 85% of norm
population) normal, 16.7% (vs 10%) at risk for motor impairment and 26.6%
(vs 5%) fulfilling criteria for motor impairment (p<0.001). Participants motor
score distributions on motor subtests manual dexterity and aiming and
catching were identical with 50% normal (vs 85% of norm population), 20%
at risk (vs 10%) for motor impairment and 30% (vs 5%) defined as motor
impaired on both areas (p<0.001). On balance, participants scores did not
differ significantly from test norms (73.3% normal, 16.7% at risk and 10%
motor impaired, p=NS). When assessing the 20 previously described potential
clinical risk factors in relation to motor impairment, the only effect was
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observed with gender, as boys scored higher than girls (median total motor
score percentile for boys 37 [range 5 to 84] vs 16 [range 0.5 to 9.5] for girls,
p<0.05).

3.4 DISCUSSION
The aim of this thesis was to characterize three aspects of the general health of
biliary atresia patients: growth, bone health, and neurocognitive and motor
developmental outcome. The liver health and survival with native liver as well
as with liver transplant among BA patients has been studied intensively, but
the general health of BA patients in childhood has not been evaluated to the
same extent. Considering the substantially improved outcome of BA during
the past three decades internationally as well as in Finland, the interest
towards the impact the disease has on childhood and adolescence health and
well-being has grown.

3.4.1 GROWTH IN INFANCY AND THE IMPACT OF POSTPORTOENTEROSTOMY CORTICOSTEROIDS
In study I, the growth of BA patients alive with NL in infancy and in early
childhood was evaluated. Interestingly, the results show that BA patients are
already born shorter than expected when compared to recent national
population data as well as when compared to patients’ mid-parental target
height. After an observable deceleration of height gain in the first three
months, height gain accelerated but BA patients alive with NL remained
shorter than expected at both 2 and 6 years of age. Post-surgical
corticosteroids had a measurable effect on height gain during the treatment
but according to results of study I the effect was not long lasting.
BA patients were born slightly shorter than expected. One theoretical
culprit behind this phenomenon could be a congenitally acquired infection
agent such as CMV, which has also been studied both as an etiological agent
or a possible additional factor impacting the outcome of BA [Zani et al 2015].
Although symptomatic CMV may manifest as stunted growth, the impact on
growth in symptomatic cases has been described to mainly affect weight and
to be much more profound than the slight deviation observed in study I
[Dreher et al 2014]. The absolute majority, around 90%, of congenital CMV
infections are asymptomatic. Furthermore, the prevalence of congenital CMV
infection, 2/1000, is very low in Finland compared to international
estimations ranging between 6–12/1000 [Puhakka et al 2019]. Given that
none of the patients included in study I were diagnosed with CMV infection, it
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seems unlikely that the virus was the causative agent behind the shorter-thanexpected birth height.
Concerning the impact of post-PE corticosteroid treatment on growth, the
results of study I are in line with the results of the considerably larger STARTtrial, which reported a significant difference in height Z-scores at 1, 2 and 3
months post-PE for the corticosteroids treated group compared to the placebo
treated group [Alonso et al 2018]. The START-trial further described
suppressed height and weight scores for both corticosteroid treated and
placebo groups for the first 12 months of age and impaired height gain until 24
and 18 months of age for the corticosteroid treated and placebo groups,
respectively [Alonso et al 2018]. According to the results of study I, the
negative impact of corticosteroids on height gain was not as long-lasting as
reported in the Northern American cohort. The most plausible explanation for
this discrepancy is the higher cumulative corticosteroid dosage (116 mg/kg of
prednisolone vs median of 63.6 mg/kg in study I) applied in the START-trial.
Previously reported data on the benefits of post-PE corticosteroid
treatment are contradictory and practical treatment protocols vary
considerably globally with around half of European centers reporting active
use of post-PE corticosteroids [Z. H. Wong and Davenport 2019]. As the wellknown adverse effects of corticosteroids including suppression of growth,
impairments of bone structure and immunosuppression become more evident
with longer treatment times and higher dosages used, the current accumulated
scientific data would lean towards suggesting careful optimization of the
dosage and treatment length of post-PE corticosteroids.

3.4.2 RISK FACTORS AND PREVENTION METHODS OF IMPAIRED
BONE HEALTH
In study II, the bone health of BA patients was investigated in a wellcharacterized modern day national cohort. Results of study II demonstrate
that the frequency of rickets was alarmingly high among BA patients with
cholestasis in infancy, as study II observed that 14% of BA patients had bone
structural
changes
consistent
with
rickets.
Reassuringly,
the
anthropometrically adjusted areal bone mineral density and bone mineral
content measurements of BA patients between 5 to 10 years of age were not
lower than that of normal population. Also, a positive result considering bone
health was the absence of vertebral fractures as well as osteoporosis in patients
assessed in study II. Although 22% of BA patients experienced at least one
fracture in childhood or in adolescence, the absolute majority (29/36) of these
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fractures were low-energy fractures that occurred in infancy in patients with
rickets.
Japanese studies published in the 1970s also described high rates of bone
structural changes among BA patients, observing that 59–79% of BA patients
with liver function insufficiency displayed structural bone abnormalities and
27% of BA patients who had undergone surgical treatment for BA were also
diagnosed with rickets [Katayama et al 1975, Kobayashi et al 1974]. Consistent
with patients diagnosed with rickets in study II (median age at diagnosis 0.63
[range 0.60 to 0.93] years), diagnosis was made early in infancy [Kobayashi et
al 1974]. Risk of metabolic bone disease in the form of rickets and fractures
was increased with a longer period of ongoing cholestasis in study II. The
patients diagnosed with rickets and multiple low-energy bone fractures in
infancy also had decompensated liver function fairly early on, as 2 out of 7
rickets patients died (both before 2 years of age), 4 underwent LT while only 1
patient was alive with NL at the end of follow-up. In study II, the percentage
of BA patients not diagnosed with rickets with at least one fracture (11%), was
close to the one (15%) observed in a USA cohort assessing health of BA patients
alive with NL over the age of 5 years [V.L. Ng et al 2014].
Study II reports normal BMC and aBMD values between ages 5 to 10 years
of age for both NL and LT patients. These findings are in line with previous
studies. A cross-sectional investigation from Taiwan reported a single BA
patient alive with NL (age range 5 to 18 years) with an osteoporotic aBMD
value at LS in DXA measurement and another study from the USA found the
LS BMD values were within the normal range for 14/16 of study subjects alive
with NL (age range between 3 to 18 years) [M.H. Chen et al 2017, Kramer et al
2009].
In study II, clinical factors known to increase the risk of metabolic bone
disease such as phenobarbital medication and corticosteroids did not associate
with an elevated risk of rickets or fractures. This result may be at least partly
explained by the treatment times which were relatively short for both
medications, when used. Although prematurity and low birth weight are also
well-known risk factors for rickets, these factors seldom contribute to BA
patients’ risk as most BA patients are born term and with normal gestational
age-adjusted weight [Faienza et al 2019]. This was also true for patients in
study II who had a median gestational age of 39 weeks and normal median
birth weight of 3.350kg.
As low-energy bone fracture is a late-stage presentation of metabolic bone
disease, earlier detection methods of infants at risk would be of great value.
Screening infants with on-going cholestasis with a bone-age radiograph
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exposes children to additional radiation, as does a DXA measurement.
However, laboratory markers were consistent with rickets diagnosis in all
study II subjects (with data available for 6/7) who also had structural bone
deformations. Furthermore, previous studies on BA have reported serum
vitamin D-levels to be insufficient up till 6 months post-PE, even when COJ
was achieved [Shneider et al 2012b, J. Ng et al 2016]. In retrospective study II,
serum vitamin-D measurements were available for around 40% of the patients
at discharge from hospital post-PE and at 3, 6 and 12 months post-PE.
Alarmingly, only 58% of BA patients had oral vitamin D supplementation in
use at discharge, according to retrospective data collection from medical
records. More aggressive monitoring of laboratory markers of rickets for all
BA patients at diagnosis as well as post-portoenterostomy regardless of
clearance of jaundice status would lead to earlier detection of at-risk
individuals and to more tailored supplementation of observed nutritional
deficits.

3.4.3

NEUROCOGNITIVE AND MOTOR OUTCOME AND
IMPLICATIONS FOR EVALUATION AND CARE

Study III results show that the neurocognitive profile of BA patients differs
from the norm and the results were lower than test norms also in several
subdomains of measured total intelligent quotient. Motor developmental
outcome deviated from the norms more drastically with altogether 43.3%
(13/30) of the study III participants either at risk or fulfilling diagnosis of
motor impairment. Guardians of BA patients reported elevated rates of
functional difficulties in 5 areas compared to the age- and sex-matched norm
population: in motor skills, in executive functions, on memory, in language
and communication and in learning skills. Eight out of 18 (44%) study
participants with available school-attendance data had additional learning
support at disposal at school and 5 out of 8 of these participants had been
diagnosed with a specific developmental delay affecting learning skills.
Studies among very young (under the age of 3 years) children with BA have
consistently reported delays in neurodevelopment compared to the norm
populations employed [Wayman et al 1997, Caudle et al 2010, V.L. Ng et al
2018]. Exact comparisons between these studies and their outcome are
somewhat challenging because of the diversity among the test instruments
used as well as the populations studied. The results from these studies seem to
imply that a more advanced state of the underlying liver disease, as
demonstrated by markers such as need of an evaluation for LT prior to 2 years
of age, presence of ascites and unsuccessful COJ, is a major contributor to the
impairment of normal neurocognitive development. Higher household
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education level was identified as a potential protective factor in the Northern
American study assessing 219 BA patients alive with NL at 1 and 2 years of age
[V.L. Ng et al 2018].
As the median age at neurocognitive assessment for study III participants
was 9.0 (range 1.2 to 17.7) years, results can be evaluated against two very
recently published studies from the USA and the Netherlands which also
recruited school-aged subjects [Squires et al 2020, Rodijk et al 2020a]. The
USA longitudinal study conducted among 93 BA patients alive with NL
between 3–12 years of age somewhat surprisingly reported elevated full scale
intelligent quotient for the whole cohort and also significantly higher mean
scores for verbal intelligent quotient and general language composite score in
WPPSI-III results for 3–5-year-olds, as well as higher mean scores for
perceptual reasoning index and processing speed index in WISC-IV among 6–
12-year-olds [Squires et al 2020]. Contrary to these observations, study III
observed significantly lower results than test norms for mean total IQ as well
as for visual comprehension index, perceptual reasoning index and working
memory index. In contrast to study III, which included BA patients with NL
and LT, the USA study investigated the neurocognitive outcome in a cohort
with well-preserved liver function as the cohort consisted solely of patients
alive with NL although, depending on age, between 46% to 56% of participants
were diagnosed with portal hypertension [Squires et al 2020]. The authors
reported that 60% of study subjects’ parents had a tertiary educational degree
compared to 25% of WPPSI-III and 28% of WISC-IV normative samples and
that only 40% of subjects fulfilling the study inclusion criteria completed the
neurocognitive assessments which hints towards serious selection bias of
recruitment [Squires et al 2020]. Similar to the USA sample, guardians of
study III participants had a higher educational level compared to the Finnish
background population with 58.8% of participants guardians (vs 32.2% of the
Finnish background population) reporting to have completed a tertiary level
of education.
The results of study III with impaired FSIQ as well as severely delayed
motor development are more in line with the data provided by the Dutch crosssectional cohort with 46 BA patients between 6–12 years of age [Rodijk et al
2020a]. Both studies reported identical, significantly lower FSIQ (mean 91,
SD±18 for the Dutch vs 91, SD±15 in study III) and lower PIQ (mean 88, SD
±18 vs 91, SD±17) compared to test norms. In study III, participants’ mean
index scores for VCI and WMI assessed in WISC-IV and WAIS-IV were also
lower than expected. In motor developmental outcome, study III identified
43% of participants either at risk or fulfilling criteria for motor impairment
while the Dutch study observed that even higher proportion, 75%, of study
subjects received low or impaired score in the motor test [Rodijk et al 2020a].
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Similar to the results of study III, the Dutch cohort observed that a high
frequency (23%) of participants had behavioural problems. Study III observed
no differences in total IQ scores or in total motor score percentiles of study
participants stratified according to NL/LT status. This finding is consistent
with the Dutch cohort [Rodijk et al 2020a]. Study III may more accurately
represent the overall neurocognitive and motor outcome of BA patients in
early childhood and in adolescence as the age range of the study cohort was
considerably wider and this study included near equal proportions of patients
alive with NL and LT.
Regarding risk factors for neurocognitive impairment, study III results
indicate that earlier COJ has a positive impact on later total IQ while the study
observed no significant difference in total IQ between patients who achieved
COJ before or after 6 months post-PE. Eighteen other assessed clinical factors
demonstrated no impact on total IQ while the only potential risk factor out of
20 factors analyzed for motor impairment was female gender in study III.
Interestingly, the number of surgical procedures in anesthesia, total number
of anesthesia, age at PE, serum bilirubin levels prior to PE, time on waiting list
prior to LT or hospitalization after LT had no significant impact on total IQ or
motor score outcome in study III.
In Finland, the follow up and screening of possible developmental delays
in the general population is organized through regular child well-being checkups organized by local municipalities according to Finnish law [Finlex: Health
Care Act, No 1326/2010, 2010b]. If the overall development does not implicate
significant problems earlier, the development in early childhood is screened
with a more comprehensive evaluation at ages 18 months and 4 years and at
ages 7, 11 and 14 years (corresponding to first, fifth and eighth schoolyear in
the Finnish school system). Prior to the neurocognitive outcome study III, the
follow up and treatment protocol of BA patients in Finland included
recommendation for neurocognitive assessment before school-age organized
by local tertiary or central hospital participating in the follow up of BA
patients. The results of study III indicate that a large portion of BA patients
demonstrate small diversion from the norm population on total IQ and higher
diversion from the norms on different behavioural areas affecting
functionality. Furthermore, the motor developmental outcome is gravely
affected compared to norm. As earlier detection of developmental difficulties
enables earlier and more targeted support, results of study III indicate that
assessment of neurocognitive as well as motor developmental status with
validated tests early on, preferably prior to school-age, could help to identify
patients with additional needs and thus possibly improve everyday
functionality. Before detailed knowledge of the exact risk factors contributing
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to the observed impaired outcome is established, BA diagnosis itself can be
viewed as a potential risk factor for impaired neurocognitive development.

3.5 STRENGTHS AND LIMITATIONS OF THE STUDY
A major strength of this thesis is the inclusion of a high proportion of eligible
patients in all three sub studies and the availability of data even though two of
the sub studies had a retrospective study setting. In study I, out of the 34
patients who fulfilled the initial inclusion criteria, only 2 were excluded
because of missing growth data at entry level, while the other 4 were excluded
because both parents were non-Europeans. In study II, one patient fulfilling
initial inclusion criteria was excluded but this was because of a known
syndrome affecting the investigated outcome. Thus, 98% of eligible patients
were included in study II. In the prospective study III, 74% of eligible patients
decided to participate and with the exception of 13% (5/39) of guardians not
fulfilling the socio-economic background questionnaire on-line, all
participants completed all parts of the pre-designed testing. Although reasons
for not participating were not asked of the non-participants, the most common
reason spontaneously mentioned by non-participants was the extra time
required at hospital setting for the testing (unpublished data). Regarding
retrospective data collection of clinical characteristics, the precise and
meticulous medical records as well as the universal Finnish national health
care setting with intensive monitoring of infant and child well-being especially
during the first years of life helped to secure reliable data on growth, medical
management and radiological examinations in studies II–III.
One limitation of this thesis, however, is the relatively small absolute
number of study subjects in all three studies. Since this thesis was conducted
in a national setting in a country with a low incidence of BA with an average of
3–4 BA patients born annually, this was inevitable from the very beginning.
Regarding assessment on infantile growth, retrospective study design
prevented detailed data collection on the nutrition and possible energy and
protein fortification infants with BA received for the first months. Over the
time taken for studies I (1987-2017) and II (2000-2017) the diagnostic delay
for BA in Finland shortened, and this positive development may have had an
impact on the outcomes of these studies, although this could not be evaluated.
Another limitation of this thesis is the limited data available during teenage
years for studies II and III, albeit for slightly different reasons. For
retrospective study II, DXA measurements for study subjects during the 18
years’ study period were recorded based on clinical decisions and not
according to a research protocol, which lead to a limited number of

97

measurements available after the age of 10 years, especially for the NL group.
In study III, non-participants were older than participants which means that
a proportionally larger number of eligible patients in their teenage years opted
not to participate. This phenomenon may have affected the results of teenage
participants but by how much and in which direction is impossible to evaluate.

3.6 FUTURE PROSPECTS
While the impaired growth patterns of BA patients are increasingly recognized
in infancy and in the setting of advanced state of liver insufficiency in recent
studies, the investigations evaluating the bone health of BA patients are still
very limited and mainly consist of case reports or very small one-center
studies. Likewise, the neurocognitive outcome has been studied but thus far
mainly with small study populations, with the notable exception of the
Northern American multicenter study initiative ChiLDReN (Childhood Liver
Disease Research Network) that has collected data on larger cohorts.
Impressively, ChiLDReN has been able to undertake prospective
neurocognitive studies with over 90 subjects.
As both the results of study II and previous published data indicate that BA
patients have an elevated risk for metabolic bone disease in the form of rickets
in infancy, the first step towards decreasing this risk is to take it into account
when planning the follow up and care of BA patients after diagnosis.
Furthermore, future larger scale prospective studies could potentially
recognize more specific markers, possibly related to the inflammatory status
of BA patients post-PE, to more precisely identify at-risk individuals for
rickets. Considering that a growing number of BA patients survive with their
NL until early adulthood, future analyses could bring about new knowledge on
the bone health of long-term NL survivors, as currently there is substantially
less data available on the bone health of this population compared to pediatric
LT recipients. The effects of low-level ongoing cholestasis and slowly
progressing liver fibrosis on rapidly growing and structurally developing
skeleton during adolescence remains an open question.
Neurocognitive outcome among young BA patients has previously been
shown to be impaired compared to the norm population. However, a
prospective study with BA patients alive with NL at 1 and 2 years of age
demonstrated that only motor scale results for NL patients at 2 years of age
were slightly impaired compared to test norms [V.L. Ng et al 2018]. In studies
among older BA patients, the USA study with only NL patients reported
positive results with elevated total IQ for the whole cohort compared to the
norm population [Squires et al 2020]. Contrary to this, study III as well as the
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Dutch study, both including a mixed study population with both NL and LT
patients with a high participation rate, reported impairments in both
neurocognitive and motor outcomes [Rodijk et al 2020a]. Of interest is the
observation that longer time with cholestasis in infancy seemed to have a
negative impact on neurocognition. The exact mechanism of the impact of
cholestasis on early life neurodevelopment warrants further examination.
Considering BA, the main goal behind screening programs, differential
diagnostics work-up and treatment is efficient clearance of jaundice as early
as possible. Future studies, hopefully conducted in diverse populations and
geographic areas, and including both native liver and liver transplant patients,
could help to identify more risk factors for the observed impairments and thus
ease the identification of vulnerable individuals in need of additional tailored
support.
Regarding the overall outcome of BA, should future scientific endeavors
manage to resolve the enigma of etiology, this could open the door to
diagnosing BA earlier, or potentially – if BA should turn out to be triggered by
an environmental factor or factors – even to vanquishing the disease.
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3.7 CONCLUSIONS
The main goal of this study was to evaluate the health of biliary atresia patients
in childhood and adolescence. Three aspects of the general health of BA
patients, growth, bone health and neurocognitive and motor outcome were
evaluated with the help of contemporary national cohorts.
The main conclusions of this study are:
1. BA patients are born shorter than expected compared to national
reference data as well as to mid-parental target height. For BA patients
alive with NL, growth rate decelerates during their first three months
of life. After acceleration between 3 to 6 months of age, growth rate
stays stable during early childhood.
2. Post-portoenterostomy corticosteroid treatment has a measurable
impact on height gain which is related to the cumulative corticosteroid
dosage. There is no significant impact of post-PE corticosteroids on
weight gain in infancy. With a short treatment time, the negative impact
on height gain is of short duration and does not continue over 6 months
of age.
3. BA patients have a clear risk for cholestasis related metabolic bone
disease manifesting as rickets and low-energy fractures in infancy. This
risk is associated with longer time with cholestasis as well as with
clinically evident liver insufficiency.
4. Both NL and LT patients’ bone mineral content and areal bone mineral
density are within normal range between 5 to 10 years of age. Incidence
of osteoporosis among BA patients is low.
5. BA patients mean total IQ, and subdomain scores on visual
comprehension index, perceptual reasoning index and working
memory index are significantly lower compared to the normative
population. Motor developmental outcome is compromised with
almost every other of the subjects either at risk or fulfilling criteria for
motor impairment.
6. BA patients demonstrate elevated rates of behavioural problems
affecting everyday life as assessed by guardians. The need for additional
support at school for BA patients is higher than in the Finnish general
population.
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