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Preface

Biliary atresia and related diseases (BARD) are continuously gaining more interest, particularly

because biliary atresia is the most frequent indication for paediatric liver transplantation.

Interdisciplinary clinical studies as well as basic research are still mandatory to elucidate the

enigmatic aetiology of most of these rare diseases. The present Special Issue includes investigations

and studies originating from several interdisciplinary working groups. We hope that the articles meet

the readers´ expectations and provide an impetus for further and consecutive projects. International

initiatives like BARD and ERN-rare-liver, whose websites can easily be found, are going to join

scientific forces and clinical cooperation in order to improve the mid- and long-term survival of

patients with a native liver. The editor and the authors appreciate the support of MDPI in providing

open source publishing.

Claus Petersen

Editor
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Abstract: Interleukin (IL)-8 (CXCL8), a chemokine involved in neutrophil recruitment, has been
implicated in ductular reaction and liver fibrogenesis. We studied liver and serum IL-8 expression
in a large biliary atresia (BA) cohort and explored its prognostic and pathophysiological potential.
IL-8 expression was assessed in liver utilizing quantitative polymerase chain reaction (qPCR), im-
munohistochemistry and in situ hybridization and in serum using an enzyme-linked immunosorbent
assay, among 115 BA patients, 10 disease controls and 68 normal controls. Results were correlated to
portoenterostomy (PE) outcomes, biochemical and histological liver injury, transcriptional markers
of fibrosis and cholangiocytes, and expression of other related cytokines. IL-8 was markedly over-
expressed in liver and serum of BA patients at PE (n = 88) and in serum samples obtained during
postoperative follow-up (n = 40). IL-8 expression in the liver was predominantly in cholangiocytes
within areas of ductular reaction. Liver IL-8 mRNA expression correlated positively with its serum
concentration, bile ductular proliferation, Metavir fibrosis stage, and transcriptional markers of
activated myofibroblasts (ACTA2) and cholangiocytes (KRT19). Taken together, IL-8 may mediate
liver injury in BA by promoting ductular reaction and associated liver fibrogenesis. Prognostic value
of serum IL-8 to predict native liver survival was limited and confined to the postoperative period
after PE.

Keywords: biomarker; cholangiocyte; ductular reaction; liver fibrosis; pediatric liver disease

1. Introduction

Biliary atresia (BA), presenting in the neonatal period, is characterized by fibro-
inflammatory obliteration of the extra- and intrahepatic bile ducts. Although its exact
etiology remains elusive, previous studies have at times suggested a developmental, dys-
functional immune response or environmental toxin hypotheses either individually or
in some combination [1,2]. Untreated, the resulting bile duct disruption and cholestasis
rapidly progresses to fatal biliary cirrhosis and end-stage liver disease within 2 years from
birth [2,3]. The current management of BA involves an early attempt at restoration of
bile flow with excision of the obliterated extrahepatic bile ducts and biliary reconstruction

J. Clin. Med. 2021, 10, 2705. https://doi.org/10.3390/jcm10122705 https://www.mdpi.com/journal/jcm1
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using a Roux jejunal loop (portoenterostomy (PE)) [2]. Consequent normalization of serum
bilirubin levels is then regarded as a successful outcome. Although PE is successful in over
half of the patients, progressive fibrosis continues in their native livers necessitating liver
transplantation (LT) in the majority of patients before the age of 20 years [3]. Consequently,
BA is the leading cause of LT in children [4].

The highly variable surgical prognosis of BA necessitates intensive postoperative
monitoring [5]. Reliable tools for prediction of the outcome of PE and progression of liver
injury are limited [5,6], but urgently needed for individualized patient follow-up, family
counselling and early prediction of the need for LT as well as interventional studies [7]. A
chemokine, interleukin (IL)-8 or CXCL8, mediates innate immune activation and regulates
neutrophil recruitment and degranulation [8]. Increased IL-8 expression has been linked
with reactive cholangiocytes in ductular reaction (DR) and progression of liver fibrosis in
other chronic liver diseases in accordance with the ability of IL-8 to induce alpha-smooth
muscle actin (α-SMA), a marker of myofibroblast activation [9,10]. Numerous studies have
shown that IL-8 expression is increased in patients with BA and experimental data suggest
that IL-8 might contribute to disease progression [8,11–13]. However, a recent study has
reported that tissue and serum levels of IL-8 of BA patients at the time of PE were not
related to the outcome [14]. Thus the pathophysiological significance and the role of IL-8
as a biomarker for liver injury and thereby its predictive ability for PE outcomes has not
been yet fully established [3].

The aim of this study was to explore the prognostic and pathophysiological potential
of IL-8 in BA by assessing its serum and liver expression in a controlled manner. We
hypothesized that by correlating with liver fibrogenesis, IL-8 expression could serve as a
valuable prognostic biomarker for the success of PE and native liver survival thereafter.
To this end, we assessed liver expression and serum levels of IL-8 and other connected
cytokines including IL-18, IL-33, tumor necrosis factor-alpha (TNFα) and interferon gamma
(IFN-γ) at PE. We extend previous knowledge by addressing IL-8 expression also during
postoperative follow-up and by relating IL-8 in a large patient cohort to histological liver
fibrosis, bile ductular proliferation and transcriptional markers indicative of active liver
fibrogenesis and cholangiocytes as well as surgical outcomes.

2. Materials and Methods

2.1. Patients and Controls

This was a retrospective observational study. We included all BA patients with stored
serum or liver samples, who had undergone PE at King’s College Hospital, London,
UK, during 2005–2013 or the Children’s Hospital, University of Helsinki, Finland during
2012–2018. Of the 115 included patients representing 33% and 90% of all patients operated
on in London and Helsinki during the same eras, 75 had available samples obtained at
PE, 27 during post-PE follow-up and 13 at both time points (Table 1). Follow-up samples
were collected from stable patients in Helsinki during 2012–2018, where serum samples
were obtained at least yearly and liver biopsies at 1 year post-PE and once in 5 years
thereafter as a part of routine clinical follow-up [15]. Wedge liver biopsies were taken at
PE, and ultrasound guided core needle biopsies under general anesthesia for endoscopic
variceal surveillance as described previously [15]. Liver biopsy is not part of the clinical
management of patients post-operatively at King’s College Hospital. All PE surgeries were
open and postoperative steroids, ursodeoxycholic acid and antibiotics were routinely used
in both centers [15]. The diagnosis of BA was confirmed by histopathological assessment
of bile duct remnants in both centers.
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Table 1. Baseline patient characteristics and included study samples for all patients (n = 115), this included patients with
samples only at portoenterostomy (PE) (n = 75) and patients with samples only at follow-up (n = 27) as well as 13 patients
with samples both at PE and follow-up. Data are median (interquartile range) or frequencies (%).

All Patients
(n = 115)

Patients at PE
(n = 88)

Patients at Follow Up
(n = 40)

Age at PE, days 56 (41–76) 55 (41–75) 56 (35–76)

Follow up after PE, years 3.6 (1.1–9.7) 2.1 (0.7–6.6) 9 (3.6–11.7)

Type of BA, n (%)
1 or 2 5 (4%) 1 (1%) 5 (13%)

3 110 (96%) 87 (99%) 35 (87%)

Splenic malformation, n (%) 17 (15%) 11 (13%) 8 (20%)

Cystic disease, n (%) 15 (13%) 12 (14%) 5 (13%)

Clearance of Jaundice, n (%) 74 (64%) 47 (53%) 38 (95%)

Liver transplantation, n (%) 56 (49%) 49 (56%) 10 (25%)

Age at liver transplantation, year 1.5 (0.8–3.0) 1.2 (0.7–2.3) 6.9 (2.5–9.4)

Died without transplantation, n 3 3 0

Liver biochemistry

Bilirubin total, μmol/L 132 (18–167) 145 (124–177) 10 (5–17)

GGT (U/L) 329 (107–673) 572 (235–873) 62 (25–162)

AST (U/L) 165 (94–232) 196 (143–260) 74 (52–122)

ALT (U/L) 84 (44–123) 112 (64–163) 48 (24–98)

APRi 0.84 (0.49–1.43) 0.83 (0.5–1.23) 1.2 (0.48–1.92)

Included serum and liver samples

Number of patients with Serum IL-8 samples n = 109 n = 77 n = 40

Number of Serum IL-8 samples/patient 1 1 3 (2–4)

Number of patients with liver biopsies n = 82 n = 66 n = 22

Number of liver biopsies/patient 1 1 2 (1–2)

BA: biliary atresia; PE: portoenterostomy; GGT: gamma-glutamyl transferase; AST: aspartate transaminase; ALT: alanine aminotransferase;
APRi: AST-to-platelet ratio index; IL-8: Interleukin-8.

Serum samples from 68 generally healthy pediatric day surgery patients and 10 pedi-
atric donor liver biopsies were used as normal controls, and 10 liver biopsies from children
with other cholestatic disorders as disease controls. Clinical details of disease controls are
displayed in Supplementary Table S1.

2.2. Liver Biochemistry and Histology

Serum levels of bilirubin, alanine aminotransferase (ALT), aspartate transaminase
(AST), AST-to-platelet ratio index (APRi) and gamma-glutamyl transferase (GGT) were
measured by the local hospital laboratories. Liver biopsies were graded for fibrosis using
the Metavir staging and scored for cholangiocyte marker cytokeratin (CK)-7 positive bile
ductular proliferation (0–2) and portal inflammatory cell infiltration (0–3) by an experienced
pediatric liver pathologist blinded to the clinical data as described previously [15,16].

2.3. Serum Cytokine Levels

Serum concentrations of IL-8, IL-18 and TNF-α were determined using commer-
cially available Q-Plex multiplex ELISA (enzyme-linked immune sorbent assay) array kits
(Quansys Bioscience, Logan, UT, USA) following the manufacturer’s instructions.

3
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2.4. Liver mRNA Expression

RNA from liver biopsies was extracted using the RNeasy Mini Kit (QIAGEN, Frederick,
MD, USA). RNA concentration was assessed spectrophotometrically. mRNA expression
of IL-8, IL-18, IL-33, TNF-α, IFNG, COL1A2, ACTA2, KRT7 and KRT19 were analyzed
in triplicate by quantitative real-time polymerase chain reaction (qPCR) using Custom
RT Profiler PCR Array (CAPH12366A) (QIAGEN SABiosciences, Frederick, MD, USA)
on BIO-RAD CFX384 Real-Time System (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s instructions. ACTA2 (marker of myofibroblast activation) and COL1A2
(marker of collagen production) were studied as surrogates for active liver fibrogenesis,
and KRT7 and KRT19 as cholangiocyte markers, while HPRT1, GAPDH, ACTB and B2M
were used as housekeeping genes. Quantification of target gene mRNA expression was
performed using the ΔΔCt method and expressed after normalization to housekeeping
genes and relative to normal control subjects.

2.5. Immunohistochemistry

Formalin fixed, paraffin embedded (FFPE) sections were deparaffinized, hydrated,
and treated with target retrieval solution pH 9 (Dako - Agilent Technologies, Glostrup,
Denmark). Commercially available antibody for IL-8 (rabbit polyclonal, AHC0881, Ther-
moFisher Scientific, Waltham, MA, USA) was used at a dilution of 1:3000 along with
the Novolink TM polymer detection system (Leica biosystems Newcastle Ltd, Newcas-
tle Upon Tyne, UK). Primary antibody was incubated overnight at 40 ◦C. Images were
generated using 3DHISTECH Panoramic 250 FLASH II digital slide scanner at Genome
biology unit supported by HiLIFE and the Faculty of Medicine, University of Helsinki, and
Biocenter Finland.

2.6. RNA In Situ Hybridization

RNA in situ hybridization was performed on fresh 4.5 μm FFPE tissue sections using
RNAscope Multiplex Fluorescent Reagent Kit Version 2 (#323100, Advanced Cell Diagnos-
tics, Newark, CA, USA) for target detection according to the manual. Tissue sections were
baked for 1 h at 60 ◦C, then deparaffinized and treated with hydrogen peroxide for 10 min
at room temperature (RT). Target retrieval was performed for 15 min at 98 ◦C, followed by
protease plus treatment for 15 min at 40 ◦C. All probes (Hs-ONECUT1 (HNF6) #490081, Hs-
IL-8 #310381, 3-Plex negative control probe dapB #320871 and 3-plex positive control probe,
POLR2A, PPIB, UBC #320861, Advanced Cell Diagnostics, Newark, CA, USA) were hy-
bridized for 2 h at 40 ◦C followed by signal amplification and developing of HRP channels
undertaken according to the manual. TSA Plus fluorophores fluorescein (1:1000 dilution),
Cyanine 3 (1:1500 dilution) and Cyanine 5 (1:3000 dilution) (NEL744001KT, PerkinElmer,
Waltham, MA, USA) were used for signal detection. The sections were counterstained with
DAPI (4’, 6-diamidino-2-phenylindole) and mounted with ProLong Gold Antifade Moun-
tant (P36930, Invitrogen ThermoFisher Scientific, Waltham, MA, USA). Tissue sections were
scanned using 3DHISTECH Panoramic 250 FLASH II digital slide scanner at Genome Biol-
ogy Unit (Research Programs Unit, Faculty of Medicine, University of Helsinki, Biocenter,
Finland) using 1 × 20 magnification with extended focus and 7 focus levels.

2.7. Statistical Methods

Unless otherwise stated, continuous variables were expressed as medians with in-
terquartile ranges and compared using the Mann–Whitney U test. Multiple group com-
parisons were undertaken using the Kruskal–Wallis test. Correlations were tested with
Spearman’s rank correlation between different variables analyzed from the same liver
biopsy or from simultaneously obtained liver and serum samples. To address effects of
different expression levels on native liver survival, Kaplan–Meier analysis with log-rank
test was used to predict native liver survival between tertiles for serum IL-8 concentration
and relative liver mRNA expression. p < 0.05 was considered as statistically significant and
all analyses were done on RStudio version 1.2.5033 (RStudio, Boston, MA, USA). Numbers
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throughout the analysis may be discrepant, owing to differing samples available from
relevant time points (Table 1). These are given in each section of the Results.

2.8. Ethics

The study protocol was approved by the local hospital ethical committees. All proce-
dures followed were in accordance with the ethical standards of the responsibility commit-
tee on human experimentation (institutional/national) and with the Helsinki Declaration
of 1975, as revised in 2008. The study was approved by the hospital ethical committee
(protocol number 345/03/1372008) and the institutional review board on 21 July 2017
(§68 HUS/149/2017) and also by the National Research Ethics Committee of the UK
(12/WA/0282 and 18/SC/0058). An informed consent for use of samples in research was
obtained from all patients.

3. Results

3.1. Patient Characteristics

Patient characteristics are listed in Table 1. The median patient age at the time of
surgery was 56 days (41–76), and 96% of the children presented with type 3 BA. Following
PE, 74 (64%) of the patients normalized their serum bilirubin (<20 μmol/L), and 56 (49%)
underwent LT at median age of 1.5 years (interquartile range (IQR) 0.8–3.0). Native liver
survival was 77% (95% confidence interval (CI) 70–85), 69% (95% CI 61–78) and 56% (95%
CI 47–66) at 1, 2 and 5 years respectively.

3.2. Liver Expression and Serum Levels of Interleukin-8 (IL-8) Were Increased and Intercorrelated

Liver IL-8 mRNA expression was markedly increased at PE (n = 66), when compared
to both disease (by 16-fold) and normal (by 9-fold) control groups (p < 0.001) (Figure 1a).
Similar to the upregulated liver expression, we found a significant, over 15-fold increase
(p < 0.001) in IL-8 serum levels at PE (n = 77) compared to normal controls (Figure 1b). Both
liver mRNA expression and serum levels of IL-8 peaked at and within one year after PE
and declined thereafter, although serum IL-8 levels remained significantly above normal
control values. A positive intercorrelation (r = 0.53, p < 0.01, n = 70) was observed between
liver mRNA expression and serum concentrations of IL-8 (Supplementary Figure S1).

Figure 1. Liver and serum expression of interleukin-8 (IL-8). Box plots (median, interquartile range and 90th percentile) of
(a) liver IL-8 mRNA expression (fold-change) and (b) serum IL-8 concentration (pg/mL) in normal controls (NC), disease
controls (DC), biliary atresia patients at portoenterostomy (PE) and during follow-up following PE * p < 0.05 § = Years after
PE. circles = outliers.

The patient age at PE positively correlated with liver IL-8 mRNA expression (r = 0.32,
p < 0.01, n = 66) and IL-8 serum levels (r = 0.31, p < 0.01, n = 77). At PE, the patients
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with splenic malformation showed lower liver IL-8 mRNA expression (5.51 (3.95–7.22)
fold, n = 10) than those without (13.31 (6.37–21.07) fold, n = 54, p = 0.02), but median
serum IL-8 concentrations were similar in patients with (164 (116–225) pg/mL, n = 9) and
without (208 (121–381) pg/mL, n = 68, p = 0.44) splenic malformation. IL-8 liver mRNA
expression (14.9 ± 10.7 vs. 11.6 ± 9.92) fold, p = 0.288) and serum levels (394 ± 613 vs.
372 ± 204 pg/mL, p = 0.823) were comparable in the London and Helsinki samples.

3.3. Liver IL-8 Expression Predominantly Localized to Cholangiocytes

As studied with immunohistochemistry IL-8 expression localized to cholangiocytes in
the bile ducts within the normal liver (Figure 2a). In BA livers, enhanced IL-8 expression
was mainly observed in cholangiocytes within areas of DR and also in the cytoplasm of
surrounding cells, most likely representing inflammatory cells. IL-8 expression was more
prominent at PE (Figure 2b) than during the follow up (Figure 2c). The findings were
confirmed using in situ hybridization for IL8 and a hepatocyte marker HNF6, showing IL-8
expression in bile duct cholangiocytes in the normal liver, and a predominant IL-8 expres-
sion in the DR areas and cholangiocytes instead of hepatocytes in biliary atresia patients.

 

Figure 2. Representative liver expression of IL-8 on immunohistochemistry (IHC) and in situ hybridization (ISH) in
(a) normal control (NC), (b) biliary atresia patient at portoenterostomy (PE) and (c) during follow-up (FU) after PE. ISH
includes two magnified images (80×) from each of the original (20×) image focused on (1) the area of ductular reaction
(DR) and (2) hepatocyte rich parenchymal area. Arrow heads (black and white filled) point to IL-8 expressing cells (brown
in IHC and green in ISH) while arrows (white filled) point to a hepatocyte marker HNF6 expressing cells in ISH. Note
the expression of IL-8 in bile duct cholangiocytes in the normal liver, while IL-8 is strongly expressed in the DR area and
cholangiocytes instead of hepatocytes in biliary atresia patients. Scale bar = 50 μm (20×)/10 μm (80×).

3.4. IL-8 Associated with Liver Fibrosis, Ductular Reaction and Liver Injury

Liver IL-8 mRNA expression correlated positively with the Metavir fibrosis stage at
PE (r = 0.28, p = 0.04, n = 51) and in follow-up biopsies (r = 0.44, p = 0.05; n = 19), and
with fibrosis markers ACTA2 encoding for α-SMA and COL1A2 encoding for collagen type
1 (Figure 3). Liver IL-8 expression correlated positively with bile ductular proliferation
(r = 0.45, p < 00.1, n = 70) and cholangiocyte markers KRT19 encoding for CK-19 and KRT7
encoding for CK-7 (Figure 3). No correlation with portal inflammation score was observed
(r = 0.14, p = 0.26, n = 67). IL-8 mRNA expression correlated positively with bilirubin

6



J. Clin. Med. 2021, 10, 2705

(r = 0.51, p < 0.01), AST (r = 0.48, p < 0.01), ALT (r = 0.53, p < 0.01) and GGT (r = 0.51, p < 0.0,
n = 70 for all) and with APRi during follow-up (r = 0.54, p = 0.04, n = 15).

Figure 3. Correlations between liver IL-8 expression and transcriptional markers of fibrogenesis
and cholangiocytes. Scatterplot for correlation between relative liver IL-8 mRNA expression and
(a) ACTA2 (b) COL1A2 (c) KRT7 and (d) KRT19. Black dots represent samples obtained at portoen-
terostomy (PE) and grey dots represent follow up samples.

At PE, serum IL-8 levels correlated with GGT (r = 0.27, p = 0.02, n = 77), whereas
in the follow up serum samples, IL-8 not only correlated positively with GGT (r = 0.75,
p < 0.01), but also with bilirubin (r = 0.58, p < 0.01), AST (r = 0.71, p < 0.01), and ALT
(r = 0.69, p < 0.01; n = 36 for all). Although serum IL-8 levels correlated positively with bile
ductular proliferation (r = 0.51, p < 0.01, n = 101), COL1A2 (r = 0.29, p = 0.01, n = 69) and
KRT19 (r = 0.31, p < 0.01, n = 68), no significant correlations with the Metavir fibrosis stage,
portal inflammation score, ACTA2 or KRT7 expression were observed.

3.5. IL-8 Had Limited Ability to Predict Portoenterostomy (PE) Outcomes

At PE, median serum levels of IL-8 were similar in patients (n = 41) who normalized
serum bilirubin after PE (191 (128–327) pg/mL) when compared to those (n = 36) who
remained jaundiced [208 (112–409) pg/mL, p = 0.54]. Liver IL-8 mRNA expression was also
not significantly different between patients who cleared their jaundice and who did not
(Supplementary Figure S2). However, when divided into tertiles based on their liver IL-8
expression level, the patients with the lowest IL-8 expression at PE showed significantly
higher 1-year native liver survival (p = 0.03) compared to those with the highest expression,
while no difference was seen in their 2- and 5-year native liver survival (Figure 4a). There
was no difference in native liver survival rates at 1, 2 or 5 years between serum IL-8 tertiles
measured at PE (Figure 4b).
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Figure 4. Native liver survival according to tertiles for IL-8 expression. Kaplan–Meier survival curves
for native liver survival according to tertiles of (a) liver IL-8 mRNA expression at portoenterostomy
(PE) (n = 64), (b) serum IL-8 concentration at PE (n = 77), and (c) serum IL-8 concentration measured
at the first follow-up sample (n = 40).

3.6. Serum IL-8 Associated with Native Liver Survival during Post-PE Follow-Up

Forty patients underwent median two (range, 1–6) follow-up serum IL-8 measure-
ments after PE. The first follow-up measurement was performed 2.9 (1.1–4.2) years postop-
eratively, and the median period between the first and last measurement was 3.4 (0.18–5.4)
years. Ten of these 40 patients underwent LT 3.8 (1.1–6.2) years after PE, while 30 patients
had survived with their native livers for 6.7 (2.9–9.2) years. The first (154 (130–310) vs. 48.0
(32–197) pg/mL, p = 0.03), the last (117 (65–269) vs. 35.4 (20–86) pg/mL, p = 0.01) and the
average (147 (108–289) vs. 44.0 (28–164) pg/mL, p = 0.02) postoperative serum IL-8 level
was significantly higher among the patients who were later transplanted when compared
to those who continued to survive with their native liver. In addition, the patients in
the lowest serum IL-8 tertile of the first postoperative measurement showed significantly
higher native liver survival than the patients in the highest tertile (Figure 4c).
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3.7. Expression of Cytokines Connected to IL-8

As shown in Figure 5, expression of other cytokines connected to IL-8 changed less
consistently, although IL-18 (n = 66) mRNA expression was also significantly increased
both at PE (p < 0.01) and <1 year after PE (p < 0.01). Despite IL-8 correlating positively
with IL-18 at transcriptional level (r = 0.56, p < 0.01; n = 95) and in serum (r = 0.28, p < 0.01;
n = 107), the postoperative IL-18 expression remained unchanged. While TNF-α showed
slightly increased postoperative serum concentration among patients, it along with IFN-γ
and IL-33 did not show any significant overexpression at transcriptional level. However,
also TNF-α (r = 0.40, p < 0.01, n = 90), IFN-γ (r = 0.26, p = 0.01, n = 84) and IL-33 (r = 0.46,
p < 0.01, n = 90) positively correlated with IL-8 mRNA expression in the liver while TNF-α
also correlated with IL-8 in serum (r = 0.14, p = 0.04, n = 107).

 

Figure 5. Expression of several cytokines related to IL-8. Box plots (median, interquartile range and
90th percentile) of (a) liver IL-18 mRNA expression (fold-change) and (b) serum IL-18 concentration
(pg/mL), (c) liver TNF mRNA expression, (d) serum tumor necrosis factor-alpha (TNF-α) concen-
tration (pg/mL), (e) liver IL-33 mRNA expression, and (f) liver IFN mRNA expression in normal
controls (NC), disease controls (DC), biliary atresia patients at portoenterostomy (PE) and during
follow-up following PE * p < 0.05. § = Years after PE circles = outliers.
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4. Discussion

In this study we have comprehensively addressed the prognostic value of liver and
serum expression of IL-8 for PE outcomes in a large number of BA patients in relation to
histological liver fibrosis, (transcriptional) markers of liver fibrogenesis and cholangiocytes
as well as biochemical markers of liver injury. We demonstrated marked parallel increases
in liver and serum expression of IL-8, which were specific for IL-8 among several other
cytokines studied. Although liver IL-8 expression was associated with histological liver
fibrosis, and surrogate markers of liver fibrogenesis as well as bile ductular proliferation
and cholangiocytes at the mRNA level, serum IL-8 levels were associated with further
survival with native liver only in samples obtained during postoperative follow-up after
PE. Our findings suggest that although IL-8 may have a distinctive pathophysiological role
in BA by promoting DR and liver fibrogenesis, prognostic value of serum IL-8 in predicting
PE outcomes is limited to the postoperative follow-up period after PE.

Prolonged immune activation with the release of several proinflammatory cytokines
in the affected liver is considered vital for the developing fibrosis and liver damage in
BA [17]. At the time of PE, an inflammatory infiltrate associated with DR and fibrosis
along the portal tracts occurs [16,18]. Liver fibrosis progresses, also following successful
PE surgery, for largely unknown reasons [15], but has been attributed to activation of
hepatic stellate cells and portal myofibroblasts by cytokines derived from Kupffer cells
and reactive cholangiocytes of DR [3,5,19,20], leading to the deposition of an extra cellular
matrix and collagen. In accordance with previous experimental observations [11], our
findings suggest that IL-8 is involved with the above outlined liver injury cascade in BA,
and that the involvement was specific to IL-8 as several other cytokines studied failed
to show enhanced expression to a comparable degree. Not only was IL-8 distinctively
overexpressed in BA livers, but also correlated with histological fibrosis, bile ductular
proliferation and transcriptional markers of fibrogenesis and cholangiocytes. In addition,
liver IL-8 expression was localized to cholangiocytes in the areas of DR in accordance
with previous findings in adult cholestatic liver diseases [21]. We can only speculate as
to the underlying reasons for the lower correlation of liver IL-8 mRNA expression with
the Metavir stage than with ACTA2 or COL1A2. One possible reason could be that the
Metavir stage is a class variable as opposed to mRNA expression being a continuous
variable, which may skew the correlation between them. There is also a notable overlap
between histological scoring of adjoining Metavir stages, especially between stages 2 and
3. Histological portal inflammation score gives a crude estimation of all inflammatory
cells present in portal areas, and the missing correlation between portal inflammation and
IL-8 expression might be related to similar limitations as outlined above for histological
fibrosis score.

Overexpression of IL-8 peaked at and within one year after PE and gradually decreased
thereafter. The early expression peak may be attributable to the combined effects of
overt cholestasis, vigorous bile ductular proliferation and inflammation before surgical
re-establishment of bile flow as well as plausibly causative viral infection directly inflicting
the initial bile duct damage [1,3,17]. The fact that liver IL-8 expression showed only limited
prognostic value for PE outcomes suggest a non-decisive but complementary role of IL-8
as an indicator for the success of PE or as a mediator for the progression of postoperative
liver injury in BA. Contrary to liver IL-8 expression, serum IL-8 showed no association with
histological liver fibrosis and only weak correlations with surrogate markers of liver injury
measured by qPCR, explaining the poor predictive value of serum IL-8 at PE. Our findings
are in accordance with a recent study among 57 BA patients, where serum and liver IL-8
concentration measured at PE was unrelated to 2-year native liver survival following
PE [14].

Interestingly, the increased post-PE expression profile of serum IL-8 followed that of
cholangitis episodes, frequency of which is reported to predominate the first postoperative
year with a prompt subsequent decline [22–24]. It has been previously shown that expres-
sion of IL-8 in human biliary epithelial cells is stimulated by proinflammatory cytokines
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IL-1β and TNF-α, and lipopolysaccharide produced by gram negative bacteria, which
are commonly causative microbes underlying BA associated cholangitis [21,23,25,26]. In
the early disease phase, enhanced secretion by an augmented peripheral immature B-cell
population seems to be an important source of elevated serum IL-8 [27]. Serum TNF-α
and IL-18 levels have been shown to be significantly increased within 6 months of PE
surgery [28]. Here, liver and serum expression patterns of TNF-α followed those of IL-8
and their liver mRNA expression correlated with each other. Based on these data, we
hypothesize that besides persisting DR, bacterial cholangitis may have contributed to the
increased postoperative serum IL-8 levels, and may help to explain their association with
native liver survival as recurrent postoperative cholangitis episodes are known to relate
with the need of liver transplantation following PE [29].

In accordance with previous reports, serum IL-8 levels positively correlated with
biochemical liver injury markers such as bilirubin, GGT and transaminases during postop-
erative follow-up, reflecting progression of cholestasis and liver injury [30]. The significant
correlation of IL-8 with bile ductular proliferation and GGT both at PE and during follow-
up reinforces the connection between IL-8 and bile duct injury at both time points. We
hypothesize that the increased serum IL-8 levels mainly reflected active DR, while post-
operative serum levels may have been contributed by bacterial cholangitis. However, the
shift from a predominantly inflammatory liver injury phenotype at PE to the one predomi-
nated by DR and fibrosis may have also allowed their more specific detection and accurate
prediction by serum IL-8 during follow-up [15,31].

The main limitations of this study include the retrospective design, which is unavoid-
ably associated with inaccuracies in data collection and missing data points. Although
we were not able to prospectively include consecutive patients, PE age, occurrence of
associated malformations, anatomic type of BA, clearance of jaundice rate and native liver
survival among the included patients were well represented in previously described BA
cohorts from Europe [32,33]. While we were able to include a relatively large number
of BA patients at PE and during follow-up, the number of patients with simultaneous
postoperative liver and serum specimens remained limited. Moreover, serum samples
were not collected during cholangitis episodes, precluding our ability to address the actual
relationship between serum IL-8 concentration and cholangitis, which should be addressed
in future studies. Most of the follow-up serum IL-8 measurements were performed after
2 years of PE, which introduces a selection bias and precludes any conclusions regarding
the early postoperative period. Finally, our findings concerning follow-up studies may not
be generalizable to patient cohorts with different postoperative treatment regimens.

5. Conclusions

Our data showed significant and distinctive overexpression of IL-8 by cholangiocytes
within DR in BA patients both at PE and during postoperative follow-up. Despite the IL-8
overexpression in the liver, increased serum IL-8 levels associated weakly with decreased
native liver survival only during the postoperative period following PE.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10122705/s1, Figure S1: Correlation between liver and serum expression of IL-8, Figure S2:
Liver and serum expression of IL-8 in relation to clearance of jaundice after portoenterostomy,
Table S1: Baseline characteristics of disease control patients.
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Abstract: Considering that some biliary atresia (BA) survivors with native liver have reached re-
productive age and face long-lasting complications, specific attention needs to be paid to pregnant
cases. This study aimed to investigate the relationship between liver function, perinatal outcomes,
and prognosis. A database review was conducted to identify pregnant BA cases with native liver
and perinatal data, and clinical information on BA-related complications was analyzed. Perinatal
serum cholinesterase (ChE) levels, model for end-stage liver-disease (MELD) score, and platelet
trends were analyzed, and the association between these indicators and perinatal outcomes was
investigated. Patients were categorized into three groups according to the perinatal clinical outcomes:
favorable (term babies with or without several episodes of cholangitis; n = 3), borderline (term
baby and following liver dysfunction; n = 1), and unfavorable (premature delivery with subsequent
liver failure; n = 1). Lower serum ChE levels, lower platelet counts, and higher MELD scores were
observed in the unfavorable category. Borderline and unfavorable patients displayed a continuous
increase in MELD score, with one eventually needing a liver transplantation. Pregnancy in patients
with BA requires special attention. Serum ChE levels, platelet counts, and MELD scores are all
important markers for predicting perinatal prognosis.

Keywords: pregnancy; biliary atresia; chorine esterase; MELD score; liver transplantation

1. Introduction

Kasai portoenterostomy has been widely accepted as the primary method of surgical
treatment for biliary atresia (BA), and early diagnosis and timely surgery are known to
have a significant impact on long-term prognosis [1–3]. Owing to an improvement in
clinical outcomes, an increasing number of BA patients can survive with native liver until
adulthood. However, some long-term survivors of the Kasai procedure face and suffer
from life-long complications, such as portal hypertension and recurrent cholangitis [4,5]. In
pregnant women with native liver after BA surgery, such complications can be exacerbated
by pregnancy-associated physiology [6]. Therefore, endoscopic surveillance for esophageal
varices is recommended, along with the prompt initiation of antibiotic treatment for
cholangitis [7].

Among pregnant patients with BA and native liver, both favorable and unfavorable
perinatal courses are reported mainly because of complications, and some develop liver
failure after pregnancy [6,8–11]. Sasaki et al. [9] revealed that a history of cholangitis and
variceal breeding prior to pregnancy led to recurrent complications during pregnancy.
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Kuroda et al. [8,12] reported that the level of serum cholinesterase (ChE), which is syn-
thesized mainly in hepatocytes and reduced in liver dysfunction, at puberty may predict
pregnancy safety. To date, 58 live births in 40 pregnant BA patients have been published;
however, little is known about the precise pre-pregnancy status of liver function and
long-term clinical course after pregnancy [13].

In 2011, Westbrook et al. [14] demonstrated the efficacy of the model for end-stage
liver disease (MELD) score in predicting outcomes in cirrhotic patients during pregnancy.
In BA patients, given that the MELD score often fails to reflect the severity of BA-specific
clinical symptoms, risk evaluation for pregnancy in BA patients remains unclear. Therefore,
in the current study, sequential changes in the MELD score, platelet count, and serum ChE
in five patients with BA were investigated during pregnancy, and their predictive efficacy
for perinatal outcome and maternal prognosis are discussed.

2. Materials and Methods

2.1. Study Design

A database review was conducted to identify pregnant women who conceived after
BA surgery and delivered at Keio University Hospital, between 1 April 2010 and 31 March
2020. Owing to the retrospective design of this study, opt-out consent was obtained. The
study was approved by the research ethics review board of Keio University (20150103).

2.2. Data Collection

Antenatal data, such as maternal demographic information (age, race, parity, pre-
existing chronic diseases, exposure to alcohol, tobacco, and other teratogens), mode of
conception, ultrasound findings, and obstetrical complications were collected retrospec-
tively. Delivery information, including birth weight, gestational age at delivery, Apgar
scores, and neonatal complications were reviewed. Additionally, we collected informa-
tion on BA-related complications, including the clinical symptoms of portal hypertension
(gastroesophageal varices and thrombocytopenia), coagulopathy, liver dysfunction, and
cholangitis. Furthermore, biochemical data on liver function, including serum ChE level,
MELD score, and platelet count during the perinatal period and after pregnancy, were
collected at various periods during pregnancy. The MELD score was calculated using the
following formula [15]:

MELD = 3.78 × loge{serum bilirubin (mg/dL)}+ 11.2 × loge(PT − INR)
+ 9.6 × loge{serum creatinine(mg/dL)}+ 6.43

(1)

3. Results

3.1. Patients

During the study period, a total of 5880 pregnant patients delivered at Keio University
Hospital. Among them, five were identified as pregnant after BA surgery with native liver
(Table 1).

3.2. Maternal Characteristics and Obstetrical Outcomes

Table 1 shows the maternal characteristics and obstetric outcomes. Perinatal outcomes
after BA surgery were divided into three groups on the basis thereof: favorable (stable
maternal condition with minimal complication and term baby [n = 3]; Patients 1–3), border-
line (complication during pregnancy with subsequent worsening maternal liver function
but term baby [n = 1]; Patient 4), and unfavorable (complication during pregnancy with
subsequent deterioration of liver function and premature delivery [n = 1]; Patient 5).
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The median gestational age at delivery was 37 weeks (range: 30–40 weeks), and the
median birth weight was 2590 g (range: 842–2980 g). All patients delivered after 36 weeks
of gestation, except for unfavorable patient. Three patients (Patients 2–4) developed cholan-
gitis around the second trimester and were treated with antimicrobial agents. Two patients
experienced deterioration of esophageal varices: one underwent endoscopic variceal liga-
tion (EVL) treatment in endoscopic survey (Patient 4), and the other experienced a rupture
of varices and underwent EVL (Patient 5).

3.3. Maternal Liver Function during the Perinatal Period

The MELD score, platelet count, and ChE were plotted during the perinatal period
(Figure 1A–C). In the favorable group (Patients 1–3), maternal serum ChE levels, which
are known as indicators of hepatic functional reserve, decreased during pregnancy but
recovered to prepregnancy levels after each delivery. In Patient 5 (unfavorable), their low
ChE level (below 200 U/L) prior to conception decreased further and did not recover to
the baseline after delivery. In Patient 4 (borderline), a relatively high ChE (above 200 U/L)
was seen prior to conception; however, the ChE level in this patient decreased earlier than
that in the favorable group and did not return to the baseline. In the favorable group, a
transient rise in the MELD score was observed, and this reflected complications such as
cholangitis. The MELD score returned to the prepregnancy level after the deliveries. By
contrast, a continuous uptrend in the MELD score was observed in Patients 4 and 5 after
the deliveries. During the perinatal period, the platelet counts were above 10 × 104/μL in
the favorable group and below 10 × 104/μL in Patients 4 and 5.

Figure 1. The model for end-stage liver disease (MELD) score (A), platelet count (B), and cholinesterase (ChE) plot (C)
during the perinatal period. Pre: Before pregnancy, 1st: 1st trimester, 2nd: 2nd trimester, 3rd: 3rd trimester, 1M: 1 month
after delivery, 1Y: 1 year after delivery, 5Y: 5 years after delivery.
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3.4. Maternal Prognosis after Delivery

In the favorable group, Patients 2 and 3 experienced a few episodes of cholangitis after
pregnancy, which were successfully treated with antibiotics. Patients 1, 2, and 3 (favorable
group) were in stable condition two, six, and seven years after delivery, respectively. In
Patient 4 (borderline) and Patient 5 (unfavorable), liver function deteriorated gradually after
delivery (Figure 1A–C). Patient 5 was listed for deceased donor liver transplantation eight
years after delivery and underwent liver transplantation two years later. Unfortunately,
Patient 5 died after surgery because of surgical complications. Patient 4 retained her native
liver for 6.4 years after delivery with slowly deteriorating liver function.

3.5. Individual Clinical Courses in Pregnancy
3.5.1. Patient 1: Favorable Case

A 30-year-old gravida 2, para 0 pregnant woman with no past episodes of cholangitis
was referred to our hospital because of a history of BA. Fortunately, she did not experience
BA-related complications, such as portal hypertension, liver dysfunction, and recurrent
cholangitis. She regularly attended the preconception checkup with a pediatric surgeon and
conceived spontaneously in a planned manner. At 22 weeks of gestation, gastrointestinal
endoscopy did not reveal any signs of esophageal or gastric varices. Her pregnancy was
uneventful until the day of delivery, and she vaginally delivered a healthy female infant
weighing 2980 g at 39 weeks of gestation. Her postpartum course was uneventful, and she
was in a stable condition for 1.8 year after delivery without any complications.

3.5.2. Patient 2: Favorable Case

A 32-year-old gravida 1, para 0 pregnant woman was referred to our hospital because
of her history of BA. She experienced an episode of cholangitis after Kasai procedure and
then interrupted a routine checkup with a pediatric surgeon because her postoperative
course was uneventful. She conceived spontaneously in an unplanned manner. She was
diagnosed with hilar bile lake and splenomegaly but did not exhibit liver dysfunction,
thrombocytopenia, or esophageal varices. Her pregnancy was uneventful, but she ex-
perienced recurrent cholangitis. Thus, she was treated with antimicrobial agents at 24
and 29 weeks of gestation. To prevent liver damage caused by repeated cholangitis, labor
induction was performed at 36 weeks of gestation. She vaginally delivered a healthy female
infant weighing 2578 g. Her postpartum course was uneventful. Although she experienced
a few episodes of cholangitis after delivery, she maintained stable liver function for 5.8
years after the delivery.

3.5.3. Patient 3: Favorable Case

A 39-year-old gravida 2, para 1 pregnant woman was referred to our hospital. She had
at least seven episodes of cholangitis developed after 18 years old. When she was 37 years
old, she delivered vaginally at 39 weeks of gestation and developed cholangitis postpartum.
Although she experienced recurrent cholangitis, she did not follow the regularly attended
checkup with a pediatric surgeon and conceived spontaneously in a planned manner.
Her pregnancy was uneventful, but she experienced cholangitis and was treated with
antimicrobial agents at 21 weeks of gestation. During pregnancy, cholangitis recurred four
times, and she was treated with antimicrobial agents each time. To prevent liver damage
caused by repeated cholangitis, labor induction was performed at 36 weeks of gestation,
and she vaginally delivered a healthy male infant weighing 2690 g. Her postpartum course
was uneventful. Cholangitis recurred at one and five years after delivery. However, her
liver function remained at a good level, and she was alive for 6.8 years after her delivery.

3.5.4. Patient 4: Borderline Case

A 40-year-old gravida 2, para 1 woman with a history of vaginal delivery at 39 weeks
of gestation when she was 31 years old was referred to our hospital. She had experienced
esophageal varices treated with EVL and some episodes of cholangitis. She started fertility
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treatment at her discretion and conceived spontaneously during the fertility treatment.
At 25 weeks of gestation, cholangitis developed, and she required antimicrobial therapy.
At 26 weeks of gestation, gastrointestinal endoscopy revealed worsening of esophageal
and gastric varices, and EVL was performed. Fortunately, her pregnancy was uneventful
until the day of delivery. At 37 weeks of gestation, a 2590 g healthy male infant was
delivered by an elective cesarean section under general anesthesia because of low platelet
count (5.3 × 104/μL). During the postpartum period, pancytopenia and cholangitis were
exacerbated. She is alive 6.4 years after delivery, but her liver function has gradually
worsened. Liver transplantation was considered.

3.5.5. Patient 5: Unfavorable Case

A 34-year-old gravida 1, para 0 pregnant woman was referred to our hospital at
28 weeks of gestation. Although she experienced several times of cholangitis, she inter-
rupted a routine checkup with a pediatric surgeon at 29 years of age. She was diagnosed
with esophageal varices at another hospital, and her condition was treated with EVL. She
spontaneously conceived and underwent prenatal checkup at our hospital. At 25 weeks of
pregnancy, she was transferred to our emergency room owing to rupture of esophageal
varices and received EVL treatment and blood transfusion. She developed hepatic en-
cephalopathy. At 29 weeks and 5 days of gestation, she was diagnosed with fetal growth
restriction associated with oligohydramnios, and the estimated fetal weight was 900 g
(−2.9 SD) with a 19 mm amniotic fluid pocket. At 30 weeks and 0 days, the patient un-
derwent an emergency cesarean section because of non-reassuring fetal status. An 842
g male infant was delivered, with Apgar scores of four and eight at 1 and 5 min, respec-
tively. Considering that abnormal bleeding due to coagulopathy occurred during the
operation, massive blood transfusion and uterine artery embolization were required to stop
the bleeding. The total volume of blood loss during delivery was 8700 mL. Her MELD score
increased to 11, 13, and 21 at 1, 5, and 10 years after delivery, respectively. Eventually, she
underwent liver transplantation 10 years after delivery, but she died in the perioperative
period, owing to massive bleeding.

4. Discussion

We demonstrated the details of five perinatal courses in patients after BA surgery
(Table 1), which can be summarized as follows: three term babies were successfully born
with stable postpartum maternal condition (favorable), one term baby was born with
worsening maternal liver function (borderline), and one premature delivery at approxi-
mately 30 weeks of gestation with subsequent maternal liver failure 8 years after delivery
(unfavorable) [6,11].

Perinatal outcomes after BA surgery with native liver depend on prepregnancy ma-
ternal conditions, including frequent episodes of cholangitis and severity of portal hyper-
tension manifesting gastrointestinal bleeding (Table 1) [10,11]. Cholestasis and variceal
bleeding commonly occur during the second and third trimesters presumably because of
high abdominal pressure, characteristic profiles of steroid hormones, expansion of maternal
blood volume, and compression of the inferior vena cava [13,14]. In the current study,
some patients (even in the favorable category) developed cholangitis, and their esophageal
varices deteriorated; thus, BA patients with a known history of such complications before
pregnancy should be followed strictly during the perinatal period.

We analyzed the potential predictors of perinatal outcomes, including the MELD score,
platelet count, and serum ChE. The MELD score is an established predictor of survival in
patients with liver cirrhosis. Previously, Westbrook et al. [14] demonstrated that a MELD
score ≥10 was a useful predictor of significant liver-related complications in patients
with liver cirrhosis during pregnancy. By contrast, a MELD score ≤6 was indicated as
an assuring cutoff value. In addition, a platelet count of <11.0 × 104/μL was a reliable
indicator of the presence of esophageal varices in patients with cirrhosis.
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The mean prepregnancy MELD scores in the favorable, unfavorable, and borderline
groups were 6.9, 8.7, and 8.9, respectively. These results suggest that MELD scores between
6 and 10 may lead to unfavorable outcomes; however, further studies are warranted to
obtain more accurate cutoff values. To obtain a more precise prediction, we advocate
the incorporation of platelet count and ChE into our risk stratification. The presence of
esophageal varices in Patients 4 and 5, which was consistent with their low platelet counts
before pregnancy, corroborated the previous findings, thus leading us to suggest that low
platelet count should raise awareness of the presence of esophageal varices in patients
with BA. Finally, serum ChE levels <200, which indicate a significantly impaired hepatic
functional reserve [16,17], were observed in Patient 5 and resulted in unfavorable perinatal
outcomes. In Patient 4, a prenatal ChE >200 led to a borderline outcome as her liver
function gradually worsened after pregnancy. Long-term postpartum outcome of liver
function in BA patients is still unclear, and, given that the difference in MELD scores and
platelet counts between Patients 4 and 5 was minimal, serum ChE may add additional
information to delineate a safer pregnancy plan.

The limitations of this study include its retrospective nature, small number of patients,
and absence of histological findings to corroborate liver cirrhosis. Additionally, the post-
partum deterioration of liver function in Patients 4 and 5 may not be relevant to pregnancy
but may reflect the natural course of BA.

Nevertheless, these findings showed the possibility that the combination of the MELD
score, platelet count, and serum ChE level is useful for predicting perinatal outcomes even
though the absolute cutoff values have not yet been determined, and longitudinal workup
enables the delineation of the potential risks of hepatic insufficiency. If an unfavorable
course is predicted beforehand, women should be informed of every possibility, including
serious complications for both the mother and fetus. Early liver transplantation may be
indicated in such cases. In addition, even if preconceptual prediction is favorable, strict
follow-up in the perinatal period is mandatory in the pregnancy of patients with BA.

5. Conclusions

In conclusion, pregnancy in patients with BA sometimes experience several types of
complications and requires special attention. Serum ChE levels, platelet counts, and MELD
scores have a potential to be important markers for predicting perinatal prognosis.
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Abstract: Biliary atresia (BA) is an obliterative condition of the biliary tract that presents with
persistent jaundice and pale stools typically in the first few weeks of life. While this phenotypic
signature may be broadly similar by the time of presentation, it is likely that this is only the final
common pathway with a number of possible preceding causative factors and disparate pathogenic
mechanisms—i.e., aetiological heterogeneity. Certainly, there are distinguishable variants which
suggest a higher degree of aetiological homogeneity such as the syndromic variants of biliary atresia
splenic malformation or cat-eye syndrome, which implicate an early developmental mechanism. In
others, the presence of synchronous viral infection also make this plausible as an aetiological agent
though it is likely that disease onset is from the perinatal period. In the majority of cases, currently
termed isolated BA, there are still too few clues as to aetiology or indeed pathogenesis.
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1. Introduction

Biliary atresia (BA) is an obliterative condition of the biliary tract that presents with
persistent jaundice, pale stools and dark urine in the first weeks of life and, if left untreated,
ultimately leads to cirrhosis and end-stage liver failure (Figure 1). Beyond this unchallenged
statement, much of the rest are observational facts and hypothetical speculation. This is
certainly the case for its aetiology if not its post-natal pathogenesis [1]. The aim of this
chapter is to review the spectrum of BA as it presents to the clinician reinforcing this
concept of aetiological heterogeneity as a principle feature of the disease itself.

Figure 1. (A) Biliary atresia: Liver is mobilized and exteriorized to expose the porta hepatis.
(B): Dissection of the Porta Hepatis. The bile duct remnant has been transected and is lying on
segment 4 of the retracted liver. The white dotted area outlines the extent of the porta hepatis which
will then be anastomosed to the Roux jejunal loop.
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Geographical Variation and Incidence

The incidence of BA is markedly variable across the world, ranging from about
1:5–10,000 live births in Taiwan [2] and Japan [3] and presumably in China to about
1:15,000–19,000 in Europe [4,5]. The incidence in North America tends to parallel the
latter estimates, with the most recent data based on US billing returns at 1:22,000 [6] and
1:19,000 based on Canadian Registry data [7]. Interestingly, both these later studies have
suggested that its incidence has increased over the past 20 years, although the explana-
tion is far from clear and has certainly not been suggested elsewhere. The incidence in
other parts of the world such as the Indian sub-continent, South America and Africa is
less clear in the absence of national studies. Aetiological heterogeneity is one obvious
explanation of such variation with the proportion of different variants changing with the
local environment or some genetic predisposition.

Some national studies have looked at racial composition for evidence of variation.
Evans et al. reported the national New Zealand series quoting an incidence of 1 in 5285 in
those of Māori ancestry compared to about 1 in 16,000 live-births for those of European
ancestry [8]. Our own experience in England and Wales supports a significant ethnic
variation so there is a significant variation by health region from 1 in 14,000 in London the
region with the highest non-white ethnicity (40.4%) to 1 in 22,700 for North-West England
with one of the lowest non-white ethnicity proportions (14.6%) (Figure 2).

Figure 2. Variation in prevalence of Biliary Atresia in England and Wales (n = 713, 1999–2015).

Whether there is some kind of genetic predisposition is not known. Most of the work
on this subject has emerged from varying parts of the world, but notably China with initial
identification of ADD3 and XPNPEP1 mutations in a Han Chinese population [9] and more

23



J. Clin. Med. 2021, 10, 5675

recently a spectrum of biallelic deleterious variants in liver-expressed “ciliary genes” [10].
However, the degree of risk seems small, as the latter study implies only a two-fold increase
in risk compared to normal.

2. Aetiological Heterogeneity

From a clinical perspective, we can separate BA into distinct categories featuring
common characteristics (Table 1).

Table 1. Etiological heterogeneity—clinical categories of Biliary Atresia.

Category Associated Clinical Features

Isolated BA (70–80%)

Syndromic BA (10–15%)
BASM

Polysplenia, asplenia, situs inversus, pre-duodenal
portal vein, absence of IVC, CHD, malrotation.

Cat-eye syndrome Coloboma, ano-rectal atresia, CHD et al.
“Non-syndromic” e.g., Esophageal atresia, jejunal atresia, cleft palate et al.

Cystic BA (5–10%) Antenatal or postnatal detected cyst at porta hepatis.

CMV IgM + ve BA (~10%)
Defined by CMV IgM + ve antibodies.

↑ age at KPE, ↑AST ↑spleen size
Th1 predominant mononuclear infiltrate in liver

CHD—congenital heart disease, IVC—inferior vena cava, AST—aspartate aminotransferase, CMV—cytomegalovirus, KPE—portoenterostomy.

2.1. Syndromic Biliary Atresia

We recognise two syndromes where BA is a key feature (Table 1). The commonest of
these is the Biliary Atresia Splenic Malformation (BASM) syndrome, which accounts for
about 10–15% of European and American series [11,12], but is distinctly rare in Chinese
and Japanese series (<2%) [13,14]. For instance, Zhan et al. reviewed 851 cases from five
centres in mainland China [13]. There were only two (i.e., 0.23%) with situs inversus
and four (i.e., 0.5%) with polysplenia—both hallmarks of BASM. In Japan, there is a
reported incidence of about 4% from the Sendai series [14]. By comparison, we have an
incidence of 14% in our national registry of infants from England and Wales (1999–2000)
(unpublished observation).

The phenotype of BASM is unmistakable and can be characterised by a host of visceral
anomalies. The splenic malformation is typically polysplenia, but sometimes can be
asplenia or double spleen [11,15]. The other obvious and evident visceral anomalies
are: situs inversus, present in about 30–40% of patients with and without malrotation;
preduodenal portal vein and a complete absence of the intrahepatic vena cava. Cardiac
anomalies are apparent in about half the cases overall, but there is lack of a consistent
cardiac phenotype. Indeed, when we reviewed our experience of biliary atresia-associated
cardiac anomalies (n = 37), features indicative of BASM were present in 48% [16].

Therefore, how might we explain BASM? The biliary system develops in two distinct
phases. Firstly, the extrahepatic bile duct arises as an outpouching of the foregut at Carnegie
embryo stage 11 (4th week) and is essentially complete at about Carnegie embryo stage
17 (6th week) with a patent common duct and gallbladder, all in intimate contact with
the developing, predominantly haematopoietic, liver. The other constituents within the
liver at this stage are the hepatoblasts, which then differentiate into hepatocytes from
around 49 days (7th week), and biliary epithelial cells (now expressing SOX9 and CK19),
which by a process of selection and deletion around the ingrowing portal venous network
initially form the ductal plate and then a more mature tubularising biliary network. Actual
contact and interlacing with the extrahepatic duct occur at or around 12 weeks gestational
age, just in time to transport newly formed bile from the hepatocytes into the gallbladder
and duodenum.

As this biliary timeline is shared by the determination of visceral situs, spleen forma-
tion, evolution of the portal venous and caval venous system anomalies it is not too much
to speculate that BASM is also an embryonic defect. The actual mechanism is still obscure
though, and a genetic mutation has long been sought to explain BASM. Previous case
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reports suggested mutations in CFC1, NODAL, FOXA2 and ZIC3, e.g., [17]. However, the
first systematic search in a population was only recently carried out by Berauer et al. [18]
using whole exome screening of 67 infants with the “BASM” phenotype and in 58 includ-
ing their parents as a trio analysis. This being a good example of the benefits of a large
multicentre biobank—the ChiLDReN network. It is worth noting, however, that only 60%
of this group actually had a splenic malformation, with four being counted despite only
having isolated renal anomalies—something not a part of the original definition [15]. Five
children with “BASM” had rare biallelic variants in the gene, polycystin 1-like 1 (PKD1L1)
found on chromosome 7. There is also a biologically plausible pathogenic mechanism,
at least in the mouse, as Pkd1l1 heterodimerizes with Pkd2l1 in primary cilia, to form a
transmembrane ciliary calcium channel that ultimately influences downstream Hedgehog
signalling. Such heterodimers are required to establish normal left–right asymmetry and
are an obvious fit for the genesis of situs inversus.

If not genetic then what? Well, the original BASM series also identified a link with
maternal diabetes and possibly other first trimester ‘insults’, which influence the embryonic
environment though these still remain poorly defined [10,15]. The National Birth Defects
Prevention study from the USA also recently identified a significant association between
first trimester use of bronchodilators and anti-inflammatory medication and subsequent
biliary atresia in their offspring. Whether the cases identified were syndromic in any way
is not known [19].

The Cat-eye syndrome (CES) or at least, aneuploidy of chromosome 22, is less well
described, but its association with BA seems clear [20]. We originally described five
infants (4 with BA) from a combined London and Paris series with a range of genetic
anomalies including classical Cat-eye syndrome, partial duplication of chromosome 22
(supernumerary der(22) syndrome), and a mosaic for trisomy 22. Clinically, these infants
typically have coloboma, cardiac anomalies and anorectal malformations. Some have even
had neonatal surgical procedures before the biliary association was recognised.

There are also other defined syndromes which may have BA as a component though
are much less frequently reported. Some examples from our National BA series of over
800 infants were Kabuki syndrome [21] (characteristic facial features, skeletal anomalies
and mild developmental delay), Zimmermann–Laband syndrome (cranio-facial and oral
abnormalities including gingival fibromatosis), Kartagener syndrome (ciliary motility
pathology causing situs inversus, chronic sinusitis and bronchiectasis) and perhaps the
much more common Hirschsprung disease (Table 2). In some of these, there were also over-
lapping features with BASM—both of the infants with Kartagener syndrome for instance.

There also appears to be a non-random association (i.e., more than would be expected
by chance) with some other otherwise isolated anomalies such as oesophageal atresia,
duodenal atresia, jejunal atresia, cleft palate, etc. (Table 1). Again, some showed an obvious
overlap with BASM (e.g., duodenal atresia with 10/13 cases), while others did not (e.g.,
oesophageal atresia with 1/8 cases).

We have recently characterised another sub-group defined purely by its association
with cardiac anomalies (cardiac-associated biliary atresia or CABA) [16]. While we do not
claim that this has a uniform pathogenesis, it is clearly a high-risk subgroup and one of the
main contributors for actual mortality in BA overall. As an aside, we have recommended a
‘heart-first’ strategy with restorative cardiac surgical physiology preceding KPE if possible,
to improve both liver outcome and overall survival.

2.2. Cystic Biliary Atresia

Cystic changes, usually containing mucus, but sometimes bile, can also be found at
the level of the otherwise obliterated extrahepatic biliary tree [22–24]. This is cystic BA
(CBA), and care needs to be taken to avoid being misdiagnosed as a congenital choledochal
cyst. Both may be antenatally detected on the maternal ultrasound, usually around the
time of the feta anomaly scan at 18–20 weeks of gestation, though the former changes are
usually consistently smaller [23]. This distinction is important, as they have a different
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clinical course. All those with CBA will remain jaundiced with pale stool, while some
neonates with cystic choledochal malformations may actually clear the jaundice and have
normally pigmented stool. Timely operative cholangiography is the key investigation in a
jaundiced infant with a postnatally confirmed subhepatic cyst. In CBA, this may show a
connection with the intrahepatic ducts or ductules and it is usually tenuous and clearly
abnormal, often being described as “cloud-like” [22].

Table 2. Associated anomalies and structural biliary anomalies in the National England and Wales
Biliary Atresia Registry (January 1999–December 2019) n = 867.

Anomaly Total N (%) Notes and Overlap

Recognised Syndromic Association
BASM 122 (14.1%)

Cat-Eye/Emanuel syndrome 7 (0.8%)
Possible Syndromic Association

Kabuki syndromic 3
Kartagener’s syndrome 2 BASM (n = 2)
Hirschsprung’s disease 2 Cat-eye syndrome (n = 1)

Zimmermann-Laband syndrome 1
Gastrointestinal Anomalies

Duodenal atresia 13 (1.5%) BASM (n = 10)
Ano-rectal anomalies 5 BASM (n = 1)
Oesophageal atresia 8 (1%) BASM (n = 1)
Jejunal/ileal atresia 4 BASM (n = 3)

Pyloric stenosis 1 Ch6p deletion
Other Anomalies

Cardiac anomalies (isolated) 6 Ring Chromosome18 (n = 1)
Cleft lip/palate 6

Isolated Anomalies
Exomphalos 1
Gastroschisis 1
Spina bifida 1

Choanal atresia 1

This, at least, implies an onset beyond 12 weeks (to allow bile to come into the common
duct), which is completely developed by 16–18 weeks, the earliest point at which antenatal
detection might be made. This phase is co-incident with the arterialisation of the liver, and
one could speculate that there may have been some ischaemic event affecting the distal
extrahepatic duct with consequential proximal dilatation.

Early studies showed that it was possible to reproduce the key features of CBA in
experimental models: by ligation of the common bile duct in foetal lambs at about 80 days
of gestation, and by ligation of the hepatic artery in foetal rabbits [25–27]. Not only
can this produce cystic extrahepatic change, but also in a proportion impairment of the
intrahepatic bile ducts as well [27]. More recently, a group from Porto Allegre, Brazil have
looked at the possible role of ischaemia in reproducing the cholangiopathy of (isolated,
not necessarily CBA) BA by hepatic arterial morphometry and expression of angiogenesis
mediators. BA specifically seems to be characterised by an increase in arterial medial layer
thickness at the time of portoenterostomy compared to controls and becoming progressive
in those requiring liver transplant [28]. Furthermore, gene expression of hypoxia-inducible
factors (HIF), HIF1a and HIF2a were increased in BA cases, while vascular endothelial
growth factors (VEGFA) (VEGFR1 and VEGFR2) were decreased suggesting reduced
angiogenesis [29]. Whether these observations are indicative of an aetiological factor or in
some way secondary to the inevitable changes wrought by fibrogenesis is not known.

Most CBA cases, even those with bile-filled cysts, should still come to a radical
resection and wide portoenterostomy rather than attempt to preserve any part of the cyst.
Post-operatively, these infants have >75% chance of clearance of jaundice and native liver
preservation, though their prognosis does appear to have a marked relationship with age at
surgery [30]. Certainly by comparison with the other variants, these children have a better
long-term prognosis [31], though our recent review of 20 year follow-up in the national BA
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registry showed that a significant proportion of these seemed to decompensate requiring
liver replacement during their transition to adulthood (unpublished observation).

2.3. Cytomegalovirus-Associated BA [See Also Fischler et al. CMV and BA in Same Issue]

In 1974, the American paediatrician, Benjamin Landing, proposed that a perinatal
viral infection might be one of the origins of BA [32]. Nevertheless, he was not too specific
in this pronouncement, and also proposed the same for choledochal cysts and neonatal
hepatis as well. Several candidate viruses have been suggested over the years, with the
original being REO-virus Type 3 both by serological [33] and PCR studies [34], though this
has been disputed by more recent Japanese evidence involving a much bigger numbers
of patients [35] and a review of published studies [36]. Indeed, the relevance of any viral
identification was questioned by Rauschenfels et al. from Hannover who, using multiple
viral PCR primers, identified viral genetic material in a significant proportion, but felt this
was more likely to be a secondary phenomenon [37].

Of all the candidate hepatotropic viruses, perinatal cytomegalovirus (CMV) infection,
a double-stranded DNA virus from the Herpesviridae family, has received most atten-
tion. The relationship was first suggested by Bjorn Fischler and a Swedish group in 1998
observing a high proportion of their cohort of BA with signs of CMV infection [38].

It is clear that this virus can be detected in a variable proportion of cases of BA, but
this too has shown marked global variation. Therefore, using CMV IgM antibodies as a
marker of infection up to 30% of Chinese BA series have been positive [39] compared to
about 10% in a UK series [40]. Furthermore, in a series from Denver, CO, 55% of BA cases
were shown to have CMV-specific T cell responses at the time of surgery also suggesting
early exposure [41].

What is not known is the timing of exposure of the virus in these infants. We have no
additional data of their CMV status—i.e., antenatal maternal CMV serology or whether for
instance their neonatal screening blood spot tests were also IgM positive.

In our experience, CMV IgM positive infants do have distinct clinical and histological
features compared to those with IBA, such as: an older age at diagnosis; larger ultrasound-
measured spleen sizes and a greater degree of histological liver inflammation and fibrosis,
even when that is corrected for post-natal age [40]. Interestingly it can also be shown that
they have a Th1 predominant mononuclear cell infiltrate, again compared to those with
IBA and even the syndromic BA infants [42].

At least at Kings College Hospital, these infants, by comparison to CMV IgM negative
controls, have a poorer outcome with a reduced clearance of jaundice and native liver
survival together with a demonstrable increase in actual mortality [40]. A more recent
systematic analysis of published evidence also seemed to support CMV as a negative
prognostic factor [43].

The actual mechanism of the cholangiopathy in such infants is intriguing and may
not be simple direct cholangiocyte damage by the virus. Rather, it is believed to be a more
subtle auto-immune process with the virus triggering self-damage, allowing perpetuation
of a pro-inflammatory immune response driven by macrophages, NK cells, Th1 and Th17
cells and unrestrained by a postulated deficit in regulatory T cells. The details of this aspect
are outside the remit of this article, but the concepts are illustrated by Figure 3, based on
Kilgore and Mack [44] and Ortiz-Perez et al. [45].

2.4. Isolated BA

The term “isolated” BA is used when there are no other defining characteristics, and
unfortunately, this is the largest clinical grouping with no real hint as to its aetiological
mechanism. Nevertheless, these still might include genetic [9,10], developmental [10],
ischaemic [28], environmental [46] and other viral causes [34,35,38,40,44,45].
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Figure 3. Suggested immunopathogenesis of Biliary Atresia. (A) Transient virus infection of cholangiocytes results in
upregulation of Toll-Like Receptors (TLR) and a broad-based activation of the innate immune system involving macrophages,
dendritic cells and NK cells. (B) Adaptive T cell proliferation (Th2 and Th17 predominant), supported by B cells and
activated macro-phages cause cholangiocyte damage, possibly unrestrained by the absence of Tregs. Dissection of the Porta
Hepatis. The bile duct remnant has been transected and is lying on segment 4 of the retracted liver. The white dotted area
outlines the extent of the porta hepatis which will then be anastomosed to the Roux jejunal loop.

There may well be some kind of non-Mendelian genetic predisposition to the develop-
ment of isolated BA, although the scale of this is completely unknown. The relationship
between ADD3 and XPNPEP1 mutations has been mentioned before [9], though more
recent studies involving genome-wide association studies (GWAS) in various discrete
populations have also implicated GPC-1 [47]. The latter is expressed in biliary epithelial
cells and is involved in inflammatory mediators making a contribution to biliary pathol-
ogy plausible. Other recent studies have used whole exome sequencing (WES) in small
cohorts of clinically diagnosed BA cases throwing up candidate genes that have included
those involved in the ABC superfamily, and the Notch signalling pathway (JAG1) [48].
Finally, there may be mutations which can modify the response to treatment (i.e., Kasai
portoenterostomy). Mezina and Karpen [49] reported a greater frequency of variants (e.g.,
p.A934T) in the gene encoding the phospholipid floppase, ABCB4 in those who required
early liver transplant compared to those with a good outcome. Whether these are really
significant either as predisposing or modifying elements remains to be seen. Clearly, there
may be overlap, at least genetic, with a variety of other, more distinct, neonatal cholestasis
syndromes such as Alagille’s syndrome and PFIC.

3. Pathological Classification

At surgery, and essentially unrelated to the foregoing descriptions, the pathological
type of BA is defined by the most proximal level of biliary obstruction. Type 1 BA (5–10%)
is where obstruction to bile flow is at the level of common bile duct, and typically bile is
found in the gallbladder. The proximal biliary tract is often cystic in these. In Type 2 BA,
the obstruction is at the level of the common hepatic duct and dissection within the porta
hepatis will show two distinct, albeit thick-walled and abnormal, hepatic ducts. This is
exceedingly rare in most series (1–2%). By contrast, Type 3 BA, is by far the most common
(>90%) with its obstruction level high within the porta hepatis and in these there are no
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visible macroscopic ductules present—the transected porta presenting a fairly uniform
bland appearance.

BASM is somewhat of an exception to the foregoing, as there is a characteristic
appearance of the remnant extrahepatic bile duct. There is usually a small solid gallbladder
and absent common bile duct, with often quite defined proximal segmental branching in
and around the abnormal portal vasculature.

4. Timing of Disease Onset

This is an important principle in trying to identify when BA actually occurs. We
have already made the case for intrauterine onset in BASM, and the other syndromic and
non-syndromic associations; and for cystic biliary atresia, but for the largest grouping of
isolated and indeed viral-association BA we really have little actual evidence. Is isolated BA
truly a congenital anomaly present at birth or is it acquired somewhat later? The pendulum
has swung on this over the years, as initially it was felt to be mostly perinatal in onset with
a period of normal pigmented stools and later onset of jaundice.

Still there are two important areas of study which might tilt the balance of opinion. The
first arose from obstetric observations initially made by a French group [50]. γ-glutamyl
transpeptidase (GGT) is specifically secreted by biliary epithelial cells and is normally
found in high levels in amniotic fluid during the second trimester due to passage of bile
into the foetal intestine. Its level normally tails off during the third trimester as the foetal
anal sphincter closes. In cases that were later shown to be BA, this second trimester rise
does not happen suggesting that the bile flow had already ceased. A more recent series of
clinical experience with amniotic fluid GGT measurement has been reported by an Israeli
group and combined with non-visualisation of the foetal gallbladder [51,52]. Perhaps
surprisingly, this latter observation is not usually associated with BA. However, amniotic
fluid GGT was measured in 32 cases with the non-visualisation in this series and found to
be low in five. In three of these, a postnatal diagnosis of BA was made.

The second key evidential observation for the isolated form comes from the work of
Sanjiv Harpavat’s group in Houston, Texas [53]. Initially, they retrospectively screened
fractionated bilirubin levels in BA infants and showed that their direct conjugated bilirubin
was abnormally elevated in all 34 BA patients at day 1 and 2 of life [54]. Subsequent studies
from the same group have confirmed this key observation [55] and also raised considerable
expectations for neonatal screening for BA at least in North America.

5. Conclusions

BA is still a fascinating enigma of a disease with much to unravel as far as its clinical
manifestation. It seems unlikely we will uncover a universal hypothesis to explain its
aetiology sometime soon and appropriate caution should accompany those laboratory
findings which assume insight, particularly when based on experimental animal models
without parallel in the natural world. It seems far more likely that the infants that we
see both in the operating room and the clinic have arrived there by a multiplicity of
possible pathways.
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BA biliary atresia,
BASM biliary atresia splenic malformation,
CES cat-eye syndrome
CHD congenital heart disease,
IVC inferior vena cava,
AST aspartate aminotransferase,
CMV cytomegalovirus,
GGT γ-glutamyl transpeptidase
IBAT Ileal bile acid transporters,
KPE Kasai’s portoenterostomy,
MMP-7 Serum matrix metalloproteinase-7.
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Abstract: Based on the hypothesis that autoimmunological factors coregulate the pathomechanism
in biliary atresia (BA), adjuvant therapy with steroids has become routine, although its efficacy has
never been proven. In 2010, a study on the advantages of budesonide compared to prednisolone
in autoimmune hepatitis gave rise to experimental therapy using budesonide as an adjuvant BA
treatment. Ninety-five BA patients prospectively received a budesonide 2 mg/dose rectal foam
daily for three months (SG). A case-matched control group (CG: 81) was retrospectively recruited.
The outcome measures were survival with native liver (SNL), determined at six months and two
years after the Kasai procedure. The follow-up rate was 100%. At six months, SNL was statistically
not different but became so after two years (SG: 54%; CG: 32%; p < 0.001). No steroid-related side
effects were observed, except for eight patients with finally caught-up growth retardation. This study
demonstrates for the first time a significantly longer survival with native liver in patients with BA
after adjuvant therapy. However, indication, dosage, and duration of any budesonide application is
not given in neonates with BA. Hence, we suggest extending the postoperative use of budesonide in
a multicenter observational study with a clearly defined follow-up protocol, particularly in terms of
potentially underestimated side effects.

Keywords: biliary atresia; budesonide; adjuvant therapy; liver transplantation

1. Introduction

The most frequent indication of pediatric liver transplantation (LTx) is given in patients
with biliary atresia (BA) within the course of an unfavorable outcome after the Kasai
procedure [1]. Even under the best circumstances and after early referral to pediatric liver
units, the overall outcome remains unsatisfying and the survival with native liver (SNL)
drops below 30% over the long term [2,3]. As long as the etiology and the pathomechanism
of BA are not yet understood, Kasai portoenterostomy (KPE) per se or sequential surgery
by KPE and LTx remain the only therapeutic options and provide an overall survival rate
of about 90% [1,4].

On the basis of the hypothesis that BA is a triggered inflammatory process, following
(auto)immunological patterns [5–7], the perioperative administration of corticosteroids
has become routine. Despite the fact that this treatment has no beneficial effect on LTx
incidence, which has been demonstrated in several well-designed studies, postoperative
steroids are still used by most pediatric surgeons [8–10].
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In 2010, Manns et al. reported that the induction of biochemical remission in patients
with autoimmune hepatitis (AIH) would be more effective using budesonide instead of
prednisolone, both in combination with azathioprine [11]. Salvage therapy with budes-
onide was also capable of doubling remission rate in difficult to treat AIH patients [12,13].
Likewise, when added to standard therapy with ursodesoxycholic acid [14–16], budesonide
improved the therapeutic effects on primary biliary cholangitis (PBC), an autoimmune
liver disease manifesting mostly in adults. Although it was a highly speculative idea
that the pathomechanism could be in any way comparable in AIH, PBC and BA, this
paper gave reason to consider potentially similar effects in biliary atresia. Following a
thorough interdisciplinary discussion and detailed consideration, a clinical trial protocol
was prepared. From 2011 onward, when the Kasai procedure was scheduled, we offered
this experimental adjuvant therapy to parents. After reviewing the first cases, we were
already observing an increasing number of patients whose bilirubin turned normal, which
encouraged us to pursue this attempt. This trend stabilized during the following years
and, from an ethical point of view, we realized that we could not deprive future cases of
this option. On the other hand, patients with rare diseases, for whom mid- and long-term
observation is inevitable, require a longer follow-up period in order to obtain statistically
sound results. Hence, we continued with the protocol of rectally applied budesonide after
KPE until passing the number of more than 120 patients. We then reviewed their data in
the context of survival with a native liver and the need for liver transplantation at defined
and reproducible reference dates.

2. Materials and Methods

2.1. Diagnostics and Treatment

From May 2011 onward we informed all parents of BA-patients about the option of an
experimental treatment with budesonide. During a reflection period lasting until the fifth
postoperative day, scheduled for the beginning of the treatment, the team was consistently
available for discussing further details. After another extensive medical briefing, the
parents then signed their informed consent for the off-label use of budesonide, which
included details of the patients’ age, the indication, the dosage, and the application. They
were also informed about any potential side effects and assured that they could stop
the treatment by tapering the dosage at any time without giving reasons. The parents
also agreed that patients would be closely followed-up and that their data would be
prospectively registered. A retrospective analysis of this data has been approved by the
ethical committee of Hannover Medical School (No. 9429_BO_K_2020).

With being a tertiary referral center, all patients with neonatal cholestasis—and partic-
ularly those who are suspected to have BA—undergo a diagnostic process developed in
an interdisciplinary manner. Biliary atresia is confirmed or excluded by endoscopic retro-
grade cholangiography (ERC) and/or intraoperative visualization of the extrahepatic bile
ducts [17]. Portoenterostomies were performed according to the original Kasai procedure
in a standardized technique along with the following surgical key points: small transverse
center right laparotomy, mobilization of the liver, intraoperative cholangiography (if neces-
sary), preparation of the hepatoduodenal ligament and extensive dissection of the porta
hepatis using magnification, preparing of a 40 to 50 cm Roux-Y-loop without valve creation,
performing a funnel-shaped KPE, wedge liver biopsy, and no drainage.

Postoperatively, the patients were monitored via intermediate care and oral feeding
(with breast milk and/or a medium-chain triglycerides formula) was restarted within 24 h.
The perioperatively given prophylaxis of antibiotics (trimethoprim) was continued for 10
to 14 days and then switched to oral for a minimum of six months. Fat-soluble vitamins
and also ursodeoxycholic acid were prescribed with long-term intentions with respect to
the clinical course. Post-Kasai, a budesonide 2 mg/dose rectal foam (Budenofalk™) was
started on day five and with a continued daily application for three months. Patients of
the control group were not treated by other steroids alternatively because we stopped
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anti-inflammatory adjuvant therapy since our high dosage study revealed no benefit in
terms of jaundice free survival with native liver [18].

The follow-up of the patients was determined by the course of the disease. Babies with
an uneventful development (colored stools, no jaundice, no ascites, decreasing bilirubin,
age-appropriate weight gain) were initially followed up every three months, then with
increasing intervals at 6 and 12 months, respectively. Patients with unfavorable outcomes
were scheduled for LTx evaluation according to their individual course. Most of the patients
were followed up in our own liver unit, although others did return to their local hospitals.
Any healthcare colleagues involved were informed about the budesonide treatment and
were asked to observe the patients thoroughly and to report any unexpected observations,
particularly with regards to potential corticoid-induced symptoms.

2.2. Patients and Data Management

From the turn of the millennium, BA patients’ data were prospectively recorded in
EBAR (European Biliary Atresia Registry) [18], which was incorporated in 2013 into the
newly-established internet-based BARD-registry (Biliary Atresia and Related Diseases,
www.BARD-online.com, accessed on 15 October 2021) [1]. The registry includes each
patient’s initial entry dataset, a second data entry six months after the Kasai, then continued
by infinite annual follow-ups or until the moment of LTx or death. Seamless data entry
is supported by an e-mail reminder, which is automatically sent out to the user when
follow-up data entries are due. The provider declares that the registry is in compliance
with German data protection guidelines. Parents and patients of all BA patients since
2000 are informed that their pseudonymized data is used for scientific purposes exclusively
and they can request the erasure of their data at any time without giving reasons.

Patients who changed to other centers were asked to agree with the same follow-up
procedures. For these patients, data acquisition sometimes required active contact with the
families, the pediatricians, and the liver units or transplant centers, respectively. In cases
where the follow-up data was not completely recorded to the BARD-registry, traveling to
participating centers for on-site data collection was necessary (D.F.).

The study group (SG) was built from patients born between February 2011 and
October 2019, consisting of those whose parents agreed with an adjuvant budesonide
treatment as described above. The controls were retrospectively recruited from our own
patient cohort, born between March 2002 and October 2019, including those patients whose
parents refused the budesonide treatment. Patients in the control group (CG) were also
documented in the BARD-registry and the seamless follow-up procedure was the same
as for the SG. The criteria for the case-matched CG were sex and age at the time of the
KPW. Additionally, the following variables were included: gestational age, syndromic
vs. non-syndromic form as well as bilirubin (total), AST, ALT, GGT, and liver fibrosis
(calculated according to the Ishak classification) at the time of KPE. Cases that had been
involved in other studies [17,19,20] were excluded.

As an outcome measurement, our definitions included the survival over all (SOA), sur-
vival with native liver (SNL) and jaundice-free survival with native liver, bilirubin < 20 μmol/L
(jfSNL), determined at six months, two years after the KPE and October, 2021 (when the
observation period was closed).

Neither of the registries routinely collect the parameters for steroid side effects. There-
fore, we reviewed the files of those 82 patients separately, which are followed up in our
pediatric liver unit for certain key parameters: percentile-related physical growth, the ap-
pearance of Cushing’s symptoms, elevated blood glucose, infections that require antibiotic
treatment, and skeleton conspicuities like reduced bone mineral density (when X-rays
were indicated).

2.3. Statistics

We analyzed quantitative data using SPSS V.24.0, considering results statistically
significant when p < 0.05. Differences in survival rates were analyzed using Kaplan–
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Meier survival curves and significance was determined by log-rank test. To describe
factors affecting survival, we used descriptive statistics, χ2 tests and multivariate analysis
of variance.

3. Results

As of the reporting date of this still ongoing observational study, 95 BA patients born
between 2011 and 2019 could be included (SG) while 81 patients born between 2002 and
2019 were matched for the CG. Twenty-two newborns, which have also been operated
by the Kasai procedure during this period could not be considered because their parents
did not agree to the experimental treatment with budesonide. However, they could only
partially be included into the control group because only eight of them met the matching
criteria. The follow-up of all 176 patients was truncated by the end of October 2021 with
100% completeness and no drop-off.

Concerning the inclusion criteria, no considerable difference could be found between
both groups. A mild predominance was given for females (SG 62%/38% and CG 58%/42%),
while the average age at KPE was 60 days (range 26–142) in the SG and 65 days (range
16–150) in the CG. None of the parameters were statistically different between both groups,
except for preoperative bilirubin (SG: 136 μmol; CG 156 μmol). On the other hand, two
parameters had a predictive value for all patients in terms of SOA: the survival with native
liver was worse in patients with the syndromic form of BA, but the jfSNL was higher in
those patients who had been operated on between days 31 and 60 (Supporting Information
Tables S1 and S2). In addition, the following study group characteristics had been gathered:
seven patients had congenital heart defects (e.g., hemodynamically significant ASD in five
patients, tetralogy of Fallot, and hypoplastic left heart syndrome with a congenitally absent
inferior vena cava in one patient each). Also, five patients had been tested positive for
CMV. None of these parameters gave ground for exclusion – neither with respect to the
budesonide treatment nor to the cause of death post-Kasai.

Survival with native liver at the defined reference dates was the main outcome ob-
jective. Six months after KPE, 78% of the SG survived without LTx as opposed to 73% of
the controls. This difference becomes statistically significant after two years when 54% of
the patients with budesonide live with their own liver in contrast to 32% of the control
group—with the same being true for the jfSNL (p < 0.001). Our results, therefore, show a
difference for six months after KPE as 55% in the SG vs. 35% in the CG, and 45% vs. 28%
two years later (Table 1).

Table 1. Outcome after Kasai procedure with and without adjuvant budesonide therapy at six months
and two years after the Kasai portoenterostomy (KPE).

Study/
Control
Group

SOA
p-Value

n.s.
SNL

p-Value
n.s.

jfSNL p-Value

6 months
post KPE
N = 176

SG 99%
(94/95)

n.s.

78%
(74/95)

n.s.

55%
(52/95)

n.s.
CG 100%

(81/81)
73%

(60/81)
35%

(29/81)

2 years
post KPE
N = 176

SG 92%
(87/95)

n.s.

54%
(51/95)

p < 0.001

45%
(43/95)

p < 0.001
CG 88%

(73/81)
32%

(26/81)
28%

(23/81)

Study group (SG) and control group (CG), survival over all (SOA), survival with native liver (SNL) and jaundice-
free survival with native liver (jfSNL). n.s., nonsignificant.

Overlooking the whole observation period of 20 years, the SOA of all patients was
89% and no difference could be found between both groups at any of the target points
(Supporting Information Figure S1). In both groups, three patients died before the first
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measurement point at six months and in period up to two years after KPE, another five
patients deceased in the SG, and nine in the CG. In the latter group another one died on
the waiting list. These patients were not excluded from any statistical analysis. However,
long-term survival with their native liver (130 months) was found to be 49% in the SG,
with 48% even being jaundice free. In the control group, the SNL dropped after 229 months
to 20% and to 18% for jfSNL, respectively, as shown in Figure 1.

Figure 1. After two years, survival with native liver was 54% in the study and 32% in the control group (p < 0.001).

At the end of the observation period, 12 additional BA patients with budesonide
therapy, who already passed the six-month evaluation date after KPE, showed identical
outcome in terms of SNL and jfSnL.

With regard to steroid side effects, none of the 72 patients from the study group
followed-up by our clinic showed a Cushing-like appearance or had elevated blood sugar
levels. The physical development was reviewed only in those patients, who survived
with their native liver for at least two years. In eight of these patients, the bodyweight six
months after KPE was documented as either at or below the third percentile. All but one
of them had a catch-up to the 15th or 50th percentile. Six months after KPE, six patients
already presented as overweight at the 85th percentile, which did not decrease within the
following 18 months.

4. Discussion

The first clinical corticosteroid trials after Kasai procedures date from the 1980s and are
followed by numerous other studies and meta-analyses [10]. Consistently, they conclude
that no benefit has been shown so far in terms of mid- or long-term improved survival
with native liver. In this context, a recently published Cochrane review also stated that
“further randomized, placebo-controlled trials are required to be able to determine if
glucocorticosteroids may be of benefit in the postoperative management of infants with
biliary atresia treated with Kasai portoenterostomy” [21,22].

Our series doesn’t fulfill these requirements but reveals for the first time that, according
to long-term evaluation, BA patients with adjuvant therapy survive significantly longer
with their native liver. Nevertheless, our clinical trial needs to be critically reviewed and
inevitably requires a check for whether the study group is representative of all biliary
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atresia patients. In accordance with the literature, the patients in our SG are predominantly
female and the syndromic form of BA was documented for 11% of patients, while other
associated diseases, like congenital heart defects, were diagnosed in 7%. In addition, a 5%
CMV positivity corresponds with other series. Summarizing the SG parameters and the
control inclusion criteria, this study’s patients could be considered as representative of BA.

Another crucial factor concerns the outcome objectives of adjuvant therapy series in
BA in general. Indeed, one may ask why the 2-year SNL and jfSNL of our study group
is higher than in our controls but not different from other series reported by renowned
liver units. This alleged inconsistency is explainable by the following arguments. Firstly,
studies from East Asian centers cannot be directly compared to Caucasian series because
the incidence of BA is different in both regions and a potentially diverging pathomechanism
of postoperatively developing liver fibrosis is a matter for discussion. Secondly, BA studies
in general use diverging outcome measures in terms of follow-up periods and nonuniform
definition of jaundice-free SNL [23]. Finally, no other study provides a 100% follow-up
of BA patients over a period of nearly 10 years in the SG and nearly 19 years in the CG
(Supporting Information Table S3). Herein, we explicitly refer to long-term survival, shown
in Figure 1, where the jfSNL rate in the SG remains stable beyond 65 months. In the control
group, the number of SNL patients drops continuously and falls below the 20% line, which
is slightly lower than recorded in other long-term reports. However, particularly for this
period, the indication and optimal timing of LTx are not regulated and depend upon many
factors, which limits the comparability of long-term series. In principle, therefore, a strict
one-to-one comparison of BA studies should be handled with great care and caution.

Besides the considerations of the comparability and reliability of diverging BA studies,
two key aspects also need to be addressed.

The first aspect concerns the question of why our regime of rectally-applied budes-
onide appeared to be more efficient than high dose prednisolone. The advantages of
budesonide over commonly-used steroids like prednisolone might result from the approxi-
mately 15 times higher affinity to the steroid receptor and the 90% hepatic first-pass effect.
The dose of rectal budesonide given (2 mg) to our patients is roughly equivalent to a dose of
10 mg/kg/d of prednisolone. This is comparable to high dose regimens of glucocorticoids
used after Kasai portoenterostomy in former studies (Supporting Information Table S3).
Both characteristics allow a higher topical steroid concentration with less systemic steroid
specific side effects (SSSE). In combination with the longer treatment, these factors might
contribute to budesonide´s higher efficacy.

Budesonide was administered orally in AIH and PBC studies [11–16] leading to a com-
plete portal venous drainage with topic effect on the liver. A similar effect was observed
in adult patients with primary biliary cholangitis, whose biochemical disease markers
improved after oral treatment with budesonide [GH]. We chose the rectal application due
to its ease of application and based on the assumption that a higher dosage of budesonide
in the rectum and colon versus the upper gastrointestinal tract could be achieved. Addi-
tionally, recent studies demonstrate the role of gut microbiota in experimental [24] and
clinical [25] BA, as well as in the regulation of liver immunity [26]. However, only a little is
known about the role of the gut liver axis in biliary atresia [27].

Besides the strong activity on the classic glucocorticoid receptor, budesonide has
also been shown to have stronger noncanonical effects compared to corticoids, such as
predniso(lo)ne. This includes rapid nongenomic effects via a receptor located in the cell
membrane, which has been shown to contribute significantly to its action [28,29]. Further-
more, glucocorticoids are able to bind to and activate other receptors, while budesonide
has less cross-reactivity with the mineralocorticoid receptor. However, budesonide is also
known to be an agonist on the pregnane x receptor—a potential target for the treatment
of cholestatic liver diseases [30,31]. Research activity in this broad field is still very new
and little is known yet about the effects of a noncanonical pathway in human hepatobiliary
diseases, while there are reports from animal studies about the effects of this pathway on
hepatocytes [32].
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The second aspect concerns indications for the use of budesonide, which, in prin-
ciple, does not differ between pediatric patients and adults. The leading diagnoses are
eosinophilic esophagitis, autoimmune hepatitis, active ulcerative colitis, and a mild to
moderate course of Crohn’s disease. The most frequently reported adverse events are
aphthous stomatitis, acne vulgaris, moon face, headache after oral administration, burning
pain in the rectum, anal fissure, frequent urge to defecate, and bleeding after rectal use.
These side effects depend on the steroid dosage and duration, while reduced glucose
tolerance, growth retardation, increased appetite following weight gain, increased risk of
infection and osteopenia can occur with long-term administration [33]. The critical aspect
of this study is that the indication, dosage, and duration of any budesonide application are
not given to neonates with BA. For this reason, we observed the study group patients with
a particular emphasis on steroid-related side effects, which usually have no part in any
BA follow-up protocol. Only eight out of 72 patients were documented as having growth
retardation that had finally caught up, which could be considered as a steroid-related side
effect. However, a more meticulous follow-up protocol is mandatory when budesonide is
used routinely in BA patients.

5. Conclusions and Perspectives

In the history of biliary atresia treatment, there are two milestones to be highlighted:
firstly, Kasai portoenterostomy and, secondly, liver transplantation achievements, namely,
split liver Tx and living-related Tx. Apart from these two surgical procedures, no progress
has been made in decades, particularly regarding the different protocols of adjuvant ther-
apy post-KPE. The majority of studies report on corticosteroids in various dosages but
all of them have failed to identify evidence in terms of longer survival with the patients’
own livers. New studies with antiviral therapy, the administration of immunoglobulins,
N-acetylcysteine, intestinal bile salt transport inhibitors, obeticholic acid [8], the Chinese
herbs mixture “Inchinko-to” [34] and other treatments are on the way. Currently, however,
our work on rectally-administered budesonide after KPE is the only existing study demon-
strating a significant decrease of the need for liver transplantation in BA in respect of both
mid- and long-term objectives. In light of these results, we advocate for a prospective
observational multicenter study with a long follow-up and a major focus on steroid-related
side effects, as well as clinical and basic research on the gut–liver axis factors (41) in
biliary atresia.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10245758/s1, Figure S1: Kaplan-Meier curves: survival over all, Table S1: Demo-
graphic and laboratory features of the study population, Table S2: Outcome related to the age in
days, when the Kasai procedure was performed, Table S3: Compilation of 14 adjuvant therapy
studies after Kasai portoenterostomy.
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Abstract: (1) Background: Acute cholangitis during the first year after Kasai hepatoportoenterostomy
(HPE) has a negative impact on patient and native liver survival. There are no consistent guidelines
for the definition, treatment, and prophylaxis of cholangitis after HPE. The aim of this study was
to develop definition, treatment, and prophylaxis guidelines to allow for expeditious management
and for standardization in reporting. (2) Methods: the Delphi method, an extensive literature review,
iterative rounds of surveys, and expert panel discussions were used to establish definition, treatment,
and prophylaxis guidelines for cholangitis in the first year after HPE. (3) Results: Eight elements
(pooled into two groups: clinical and laboratory/imaging) were identified to define cholangitis after
HPE. The final proposed definitions for suspected and confirmed cholangitis are a combination of
one element, respectively, two elements from each group; furthermore, the finding of a positive
blood culture was added to the definition of confirmed cholangitis. The durations for prophylaxis
and treatment of suspected and confirmed cholangitis were uniformly agreed upon by the experts.
(4) Conclusions: for the first time, an international consensus was found for guidelines for definition,
treatment, and prophylaxis for cholangitis during the first year after Kasai HPE. Applicability will
need further prospective multicentered studies.

Keywords: biliary atresia; cholangitis; Kasai; hepatoportoenterostomy

1. Introduction

Acute cholangitis after Kasai hepatoportoenterostomy (HPE) is known to have a
negative impact on prognosis; it predicts liver failure [1] and is associated with earlier
liver transplantation [2]. Furthermore, repeated cholangitis episodes are thought to be an
important factor contributing to the progression of liver cirrhosis, ultimately leading to
liver transplantation in biliary atresia patients and to decreased survival rates [3–7].

Reports on the incidence of cholangitis in biliary atresia patients vary between 40%
and 93% [8]. Most of the cholangitis episodes develop within the first two years of life,
and especially within the first year of life [9–12]. Despite improvements in postopera-
tive management over the last decades, the incidence of cholangitis remains stable over
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time [13]. Hypotheses about the etiology of cholangitis includes intestinal bacterial migra-
tion, translocation from lymphatics, hematogenous spread via portal vein as well as an
immune inflammatory response [14]. While attempts have been made to standardize the
diagnosis of cholangitis after Kasai HPE, there are still no clear guidelines as to how to
define the disease [15]. The Tokyo Guidelines, developed for adult patients, are clearly not
applicable to diagnose cholangitis in children during the first year after Kasai HPE [16,17].

The use of prophylactic antibiotics has been shown to be beneficial to decrease the
rate of recurrent cholangitis [18]. However, prophylaxis must be balanced against the
possibility of lethal cholangitis secondary to resistant organisms [4]. This said, it is almost
impossible to compare the existing body of literature due to the wide variety in practices of
cholangitis prophylaxis and, again, the lack of a unanimous thus comparable definition of
cholangitis [5,19].

Quick and effective treatment of cholangitis after Kasai HPE is paramount. The
threshold for suspecting cholangitis must be low, allowing for the introduction of a prompt
and effective treatment to avoid further liver damage as well as potentially lethal septicemia.
For prophylaxis, antibiotic regimens and durations are widely variable in the pediatric
literature [10,20,21].

The aim of this work was to propose unambiguous criteria for the diagnosis and
treatment of cholangitis after Kasai HPE for biliary atresia patients during the first year
after Kasai HPE, based on a systematic review of the literature and the consensus of
international experts, reached within the Biliary Atresia and Related Disorders (BARD)
community (http://www.bard-online.com/, accessed on 15 December 2021) and during a
Webinar held in July 2021.

2. Materials and Methods

2.1. Systematic Literature Review

We systematically reviewed the following databases: Embase, PubMed, Web of Science,
and the Cochrane Database from the beginning of each database through November 2019.
We used the search terms: “Cholangitis”(Mesh:noexp) OR Cholangitis(Title/Abstract) AND
(“Portoenterostomy, Hepatic”(Mesh) OR “Biliary Atresia”(Mesh) OR “Hepatic Portoenteros-
tomy”(Title/Abstract) OR “Hepatic Portoenterostomies”(Title/Abstract) OR hepatoportoen-
terostomies(Title/Abstract) OR hepatoportoenterostomy(Title/Abstract) OR “Kasai Proce-
dure”(Title/Abstract) OR “Kasai portoenterostomy”(Title/Abstract) OR “Post-Kasai”(Title/
Abstract) OR “Kasai operation”(Title/Abstract) OR biliary atresia(Title/Abstract)). Two authors
(AMC and OMS) completed the search strategy independently. Selected titles and abstracts
were reviewed to identify suitable articles that gave information about definition and/or
antibiotic prophylaxis and/or antibiotic treatment of cholangitis after Kasai HPE. Whether
studies met the eligible criteria was determined based on author consensus. Language
was restricted to English. Systematic literature review set the base for the 1st Delphi
questionnaire for the definition and treatment of cholangitis.

2.2. Formatting and Pretesting of the 1st Delphi Questionnaire

To establish the different consensus, the well-structured Delphi method was used as
proposed by Dalkey N.C. [22,23].

Study design 1st Delphi questionnaire: self-administered, web-based survey using the
online tool SurveyMonkey (http://www.surveymonkey.com, accessed on 13 June 2021).

Study outcomes 1st Delphi questionnaire: Study outcomes were stated as: (i) to define
items included in the cholangitis definition (primary outcome) and (ii) to identify current
practices for primary prophylaxis after HPE and treatment of cholangitis occurring in
biliary atresia patients within the first year after HPE (secondary outcomes). Of note,
the terms cholangitis and acute cholangitis were used interchangeably throughout the
questionnaires and the manuscript.

Study population 1st Delphi questionnaire: The survey targeted pediatric surgeons and
hepatologists working in Europe, North America, Asia, and Australia. The questionnaire
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was electronically distributed to the 34 faculty members of BARD and 28 centers of the
European Reference Network—Rare Liver.

Development of the 1st Delphi questionnaire: The variables assessed in the 1st Delphi
questionnaire (regarding cholangitis definition, primary prophylaxis after Kasai HPE,
and treatment) were selected with the help of the systematic literature review and by
consulting international experts in biliary atresia. The questionnaire was initiated using a
semi-structured interview, separately run with two experienced pediatric surgeons, with
the aim of identifying redundant, irrelevant, or poorly worded questions [24]. Clinical
sensibility testing of the questionnaire, aiming to assess its comprehensiveness, clarity,
and validity was then conducted by running the questions to 10 other pediatric surgeons
and hepatologists to be answered with a 7 point Likert scale. Finally, the reliability of the
questionnaire was assessed with a test re-test: the questionnaire was given to the same
10 pediatric surgeons and hepatologists after a 2 week interval, and the reproducibility
of their answers was assessed with a Spearman correlation coefficient (0.73). The survey
was held in English. No questions were mandatory; each participant could advance in the
survey after skipping a question. The questionnaire is depicted in Supplementary Materials
Document S1.

Distribution of the 1st Delphi questionnaire: The survey was distributed by e-mail, with
a cover letter stating the objectives of the survey and providing an estimate of the com-
pletion time, according to the principles of Dillman and recommendations of Burns and
coworkers [24]. The first e-mail was sent in August 2020, and two reminder e-mails were
sent two and four weeks later.

2.3. Format of the 2nd Delphi Questionnaire

Study design 2nd Delphi questionnaire: idem. 1st questionnaire.
Study outcomes 2nd Delphi questionnaire: While the 1st questionnaire allowed for identi-

fication of criteria to use in the definition of acute cholangitis, this 2nd questionnaire aimed
at (i) confirming the weighting of individual criteria in order to provide consensus for a
cholangitis definition after Kasai HPE and (ii) to define the regimen and duration of primary
prophylaxis after Kasai HPE and treatment of cholangitis. Thus, study outcomes were
stated as: (i) to define biliary atresia-associated cholangitis (primary outcome) and (ii) to de-
fine biliary atresia-associated cholangitis prophylaxis and treatment (secondary outcomes).

Study population 2nd Delphi questionnaire: The survey targeted pediatric surgeons and
hepatologists of the 34 faculty members of BARD only.

Development of the 2nd Delphi questionnaire: Criteria that achieved a consensus of more
than 50% of the Delphi 1 participants (1st questionnaire) were taken into consideration
for the 2nd Delphi questionnaire. As in clinical practice we often suspect cholangitis in
infants after HPE and start treatment even if cholangitis is not yet confirmed, we stratified
definitions of cholangitis in (i) suspected and (ii) confirmed, each of them with a respective
duration of antibiotic treatment. Further, regimen and duration of primary prophylaxis
after Kasai HPE was addressed. The questionnaire was administered to three experienced
pediatric surgeons with the aim of identifying redundant, irrelevant, or poorly worded
questions [24]. The questionnaire is available in Supplementary Materials Document S2.

Distribution of the 2nd Delphi questionnaire: idem. 1st questionnaire.
Administration of the 2nd Delphi questionnaire: idem. 1st questionnaire. The first e-mail

was sent in April 2021, with a reminder e-mail two weeks later.

2.4. Pre-Meeting Working Group

A working group of 3 hepatologists (CM, RSc, and DK) and 5 surgeons (AMC, OMS,
RSu, CP, and BEW) analyzed the results from the 2nd Delphi questionnaire and unani-
mously agreed on a proposed definition for suspected and confirmed cholangitis, treatment
of suspected and confirmed cholangitis, and for prophylaxis of primary cholangitis after
Kasai HPE. This process took place from 18 June through 22 June 2021.
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2.5. Expert Panel Meeting

The proposed definitions of suspected and confirmed cholangitis, primary prophylaxis
after Kasai HPE, and treatment of suspected and confirmed cholangitis were discussed
within an expert panel meeting during the BARD Webinar held on 1 July 2021 as well as
with the other participants in the webinar through a live chat. Panelists were provided
with a summary depicting the rankings from the 1st and 2nd Delphi survey as well
as the pre-meeting working group proposal. BEW served as moderator of the meeting.
Approximatively 10 min of open-ended discussion was allotted for each of the three matters.
The chat discussions and the recording of the webinar were used to capture the key elements
and the discussion topics.

2.6. Statistical Analysis

The Pearson correlation coefficient was used to indicate correlation between the 1st
and 2nd Delphi questionnaires.

3. Results

3.1. Literature Search

The literature search identified 615 scientific papers, and 109 publications finally met
the inclusion criteria and were selected for full article review.

The clinical definition of cholangitis used in the literature varied largely (Appendix A,
Table A1). The following items were used to define cholangitis: fever in 73.3% (80/109)
of the studies; new or increasing jaundice was used in 55% (60/109); fever and new or
increasing jaundice in 33.9% (37/109); stool color change in 44.9% (49/109); some form of
abdominal discomfort in 6.4% (7/109) of the selected articles.

The laboratory elements for defining cholangitis were elevated bilirubin in 60.5%
(66/109); white blood cells and elevated liver tests in 32.1% (35/109); two laboratory
criteria (elevated white blood cells (WBCs) and elevated bilirubin) in 29.3% (32/109),
elevated inflammatory parameters (C-reactive protein (CRP) and/or procalcitonin (PCT))
in 16.5% (18/109); positive blood cultures were required to define cholangitis in 13.7%
(15/109) of the articles.

The presence of bile lakes was included in the definition of cholangitis for 12.8%
(14/109) of the authors.

The most frequently administered antibiotic prophylaxis was sulfamethoxazole and
trimethoprim in 39.4% (15/38) of the articles (Table 1). Primary antibiotic prophylaxis (after
the immediate postoperative period) was given between 6 and 12 months in 29.4% (5/17)
of the reviewed articles.

Table 1. Overview of reported (2000–2021) cholangitis prophylaxis after Kasai hepatoportoenteros-
tomy and cholangitis rates. Bid, bis in die; Qid, quater in die.

Authors Nr. px Cholangitis Prophylaxis
Cholangitis Prophylaxis

Duration
Cholangitis

Rates

Chuang J., et al.,
2000 [13] 39 Sulfamethoxazole 3 months 46%

Lally K.P., et al.,
1989 [25] 41 Sulfamethoxazole; Ampicillin; Cephalosporins 1 to several months 21.9%

Wu E.T.,
et al., 2001 [10] 37 Sulfamethoxazole 4 mg/kg or Neomycin

25 mg/kg 4×/week Unknown 75%

Bu L.N.,
et al., 2003 [9] 19 Sulfamethoxazole 20 mg/kg/d bid or

Neomycin 25 mg/kg/d qid, 4 days/week 6–7 months -

Meyers R.L., et al.,
2003 [26] 28

Piperacillin/Tazobactam 300 mg/kg/d qid +
Gentamycin 5 mg/kg/d or Cefoperazone

150 mg/kg/d divided into 3 doses followed by
Sulfamethoxazole 10 mg/kg/d bid

First regimen given
2–3 months and
then unknown

34.4%
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Table 1. Cont.

Authors Nr. px Cholangitis Prophylaxis
Cholangitis Prophylaxis

Duration
Cholangitis

Rates

Lai H.S.,
et al., 2006 [18] 163 Sulfamethoxazole 20 mg/kg/d bid or

Neomycin 25 mg/kg/d, qid, 4 days/week 3 years 72.3%

Hung P.Y., et al.,
2006 [4] 185 Oral antibiotics 1–6 months 54.6%

Kelly D.A., et al.,
2007 [27] - Amoxicillin or Cephalexin or Sulfamethoxazole Alternate every 2–3 months for

1 year minimum -

Stringer M.D.,
et al., 2007 [28] 71 Cephalexin 25 mg/kg 2×/day oral 1 month 46%

Vejchapipat P.,
et al., 2007 [29] 53 Cotrimoxazole 1 year 45.2%

Petersen C., et al.,
2008 [21] 49 Cefaclor 45 mg/kg/d oral 1 year -

De Vries W., et al.,
2012 [30] 214 Sulfamethoxazole or

Neomycin/Colistin/Nystatin or Ciprofloxacin - 55.1%

Wang B., et al.,
2014 [31] 25 - 6 months 35%

Tyraskis A., et al.,
2016 [32] 104 Cefalexin 25 mg/kg/d 1 month -

Webb N.L., et al.,
2016 [33] 29 - >1 year 75%

Lee W.S., et al.,
2017 [34] 52 - 3 months 36%

Pang W., et al.,
2019 [19] 218 3rd generation Cephalosporin, oral 6 months 27%

Parolini F., et al.,
2019 [35] 174 Sulfamethoxazole and Cephalosporin, 1 year if

good bile drainage 1 year 32%

Ramachandran P.,
et al., 2019 [36] 62

Alternating Amoxicillin–Clavulanic Acid
40 mg/kg/d bid and Cefpodoxime

10 mg/kg/d bid, alternating
6 months 43.5%

Baek S.H., 2020
[37] 160 None None 78.8%

Chen G., et al.,
2021 [38] 180

Sulfamethoxazole 25 mg/kg/d bid for 2 weeks
then Cefaclor 40 mg/kg/d bid for 2 weeks,

alternating every 2 weeks
6 months 66.1%

Goh L., et al., 2021
[39] 54 Cotrimoxazole 1 year minimum 72%

The most common antibiotic for the treatment of cholangitis was ceftriaxone in 51.6%
(16/31) of the studies for a duration of 2 weeks in 46.1% (6/13) of the reviewed articles
(Table 2).

3.2. 1st Delphi Questionnaire

The 1st Delphi questionnaire was answered by 62 surgeons and hepatologists. Clinical
elements defining cholangitis were answered as follows: fever/shivering 96.7% (60/62),
stool color change 67.4% (42/62), new or increasing jaundice 91.9% (57/62), and abdomi-
nal distension/abdominal pain 66.1% (41/62) (Figure 1a). Laboratory elements defining
cholangitis included increased levels of WBCs 95.1% (59/62), CRP 90.3% (56/62), PCT
54.8% (34/62), bilirubin 96.7% (60/62), gamma-glutamyl transferase (GGT) 90.3% (56/62),
transaminases 85.4% (53/62), and positive blood cultures 79% (49/62). Bile lakes were
included in the definition of cholangitis by 63.3% of the participants (43/62) (Figure 1b).
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Table 2. Overview of reported (2000–2021) cholangitis treatment after Kasai hepatoportoenterostomy
and native liver survival rates if available. NLS, native liver survival; CRP, C-reactive protein.

Authors Number of Patients Cholangitis Treatment
Cholangitis Treatment

Duration
Native Liver Survival

Chuang J., et al., 2000
[13] 39 Cephalosporin and

Aminoglycoside
7–10 days or till negative

CRP -

Wu E.T., et al.,
2001 [10] 37 Ceftriaxone At least 5 days -

Van Heurn E., et al.,
2003 [14] 77 3rd generation Cephalosporin 1 week -

Wong K.K., et al., 2004
[20] 19

Cefoperazone 25 mg/kg 3×/day
or Meropenem 20 mg/kg

3×/day
2 weeks -

Petersen C., et al.,
2008 [21] 49 3rd generation Cephalosporin

and Aminoglycoside 3 weeks 6 month, NLS 63%
2 year, NLS 31%

Lee J Y., et al.,
2014 [12] 27 Ampicillin, Gentamycin, and

Metronidazole or Unasyn 14 days -

Lien T., et al.,
2015 [40] 20 Ceftriaxone 14 days -

Chiang L.W., et al.,
2017 [41] 58

Ceftriaxone 100 mg/kg/day or
Piperacilline–Tazobactam 320

mg/kg/day recently
-

Overall NLS, 48.3%
2 year NLS, 72%

5 year NLS, 45.7%

Lee W.S., et al.,
2017 [34] 52 - 10–14 days NLS, 37%

Li Z., et al.,
2017 [42] 80 Meropenem or Cefoperazone - -

Li D., et al., 2018 [5] 113 Meropenem 20 mg/kg 3×/j 5 days -

Calinescu A.M., et al.,
2019 [43] 62 Piperacillin–Tazobactam 3 weeks 4 year NLS for cholangitis

patients, 36%

Ramachandran P.,
et al., 2019 [36] 62 Piperacillin–Tazobactam - 1 year NLS for cholangitis

patients, 33%

Chung P.H.Y., et al.,
2020 [44] 128 Meropenem

Cefoperazone
2 weeks
2 weeks

1 year NLS, 85.7%
1 year NLS, 69%

 

Figure 1. First Delphi questionnaire (a) Clinical signs following Kasai hepatoportoenterostomy
included in the definition of cholangitis according to the 1st Delphi questionnaire. (b) Laboratory and
imaging elements following Kasai hepatoportoenterostomy included in the definition of cholangitis
according to the 1st Delphi questionnaire.
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Of the participants, 89.6% (52/62) answered affirmatively with regard to primary
antibiotic prophylaxis to prevent cholangitis after HPE; 53.8% (28/62) declared using
sulfamethoxazole–trimethoprim.

The duration of cholangitis treatment was answered as 3 weeks according to 29%
(16/62) of the participants, with piperacillin–tazobactam in 70.9% (39/62) of the answers.

3.3. 2nd Delphi Questionnaire

The response rate of the 2nd Delphi questionnaire was 44.1% (15/34).
The clinical elements included in the definition of cholangitis showed a Pearson

correlation coefficient of 0.9 (p = 0.004) between the 1st and 2nd Delphi questionnaires. We
did not correlate the laboratory and imaging elements between the two surveys, as items
from the 1st Delphi survey were merged into fewer elements in the 2nd Delphi survey.

In the 1st Delphi survey, eight elements were identified as defining cholangitis and
were pooled in two groups: (A) clinical elements—fever without extrahepatic source and/or
shivering, stool color change, new/increasing jaundice, abdominal discomfort (vomiting,
poor feeding, and irritability); (B) laboratory and imaging elements—inflammatory re-
sponse (WBCs and/or CRP and/or PCT), increased/increasing transaminases, increased/
increasing GGT and/or bilirubin, and bile lakes.

As for the definition of suspected cholangitis, the participants identified mainly one or
more elements from A 5/15 (33.3%) and one element from A and one element from B 4/15
(26.67%) (Figure 2).

Figure 2. Definition of suspected cholangitis according to the 2nd Delphi questionnaire.

The treatment duration of a suspected cholangitis was selected to be 1 or 2 weeks by
6/15 (40%) of the participants (Figure 3).

As for the definition of confirmed cholangitis, the participants identified equally one
element from A and one element from B and two elements from A and two elements from
B, 4/15 (26.67%) both choices (Figure 4).

The treatment duration of a confirmed cholangitis was selected to be 10 days for 8/15
(53.3%) and 3 weeks for 5/15 (33.3%) (Figure 5).
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Figure 3. Treatment duration of suspected cholangitis according to the 2nd Delphi questionnaire.

Figure 4. Definition of confirmed cholangitis according to the 2nd Delphi questionnaire.

Figure 5. Treatment duration of confirmed cholangitis according to the 2nd Delphi questionnaire.
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The duration of the peroral primary prophylaxis after HPE was most frequently
answered to be 1 year by 5/15 (33.3%) of the participants and 3 months by 4/15 (26.6%)
(Figure 6).

Figure 6. Peroral prophylaxis duration after Kasai hepatoportoenterostomy according to the 2nd
Delphi questionnaire.

For both treatment duration and prophylaxis, the correlation coefficient was not
applicable due to the modified subgroups between the two Delphi surveys.

3.4. Pre-Meeting Working Group

The working group analyzed the results from the 1st and 2nd Delphi surveys and an
agreement was found as described in Figure 7. The chosen definitions for suspected and
confirmed cholangitis were based on a combination of the eight clinical, laboratory, and
imaging items. Of note, the working group added that a suspected cholangitis having a
positive blood culture transformed into a confirmed cholangitis.

 

Figure 7. Working group proposal for cholangitis definitions, prophylaxis, and treatment.

3.5. Expert Panel

Comments from the expert panel meeting are summarized in Section 4.
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4. Discussion

Cholangitis, a potentially life-threatening condition after the Kasai HPE, is defined
as inflammation or infection of the bile duct system [45]. Although the definition of the
pathological picture of cholangitis is unequivocal, diagnostic criteria are far from clear-cut,
and many different definitions exist to delineate the clinical diagnosis. Whereby some
clinicians suspect post-Kasai cholangitis in any situation where the patient is “not well”,
others need a clearly febrile baby to feel in line with the diagnosis. When reviewing
the literature on the topic, this discrepancy between different definitions is immediately
depictable, mirroring the difficulties clinicians have to diagnose their patients. This study
aimed to find, via the Delphi method and an expert panel, a consensus on the criteria
that have diagnostic importance for cholangitis after Kasai HPE, thus defining suspected
and confirmed cholangitis. Further, we established recommendations for cholangitis
prophylaxis and a treatment plan for each suspected and confirmed cholangitis.

4.1. Definitions of Suspected and Confirmed Cholangitis

In the pediatric literature few authors discuss the concept of a suspected or presumed
cholangitis [21,46], but terms such as suspected and definite diagnosis appear within the
Tokyo guidelines, which guide the clinician to the diagnosis of cholangitis [16]. Yet, regard-
ing the clinical applicability of the Tokyo guidelines, it is important to note that they have
been tested only in adult cohorts [47]. Thus, there is a consensus among experts that these
guidelines clearly do not seem suitable for small children. Based on the Tokyo guidelines
our pediatric expert panel intensively discussed the weight of the included items for a
definition in young children. Although some items were unanimously supported, such as
fever or shivering and sudden stool color change as well as inflammatory laboratory ele-
ments, some needed extensive discussions. This said, the Delphi method clearly helped to
weigh the different opinions and to come to a consensus. Of note, the idea to create a score
by attributing a value for each item and to define cholangitis when a certain total value
is reached was rapidly rejected due to the (1) lack of evidence and (2) the more difficult
implementation and, thus, the less likelihood to be used in the everyday clinical practice.

Of note, the following definitions are proposed for first episode(s) of cholangitis within
the first year after Kasai HPE and are not thought to be used to define refractory and/or
recurrent cholangitis 1 year after Kasai HPE.

Suspected cholangitis: The definition for suspected cholangitis that was finally chosen was
one item from the list A (fever and/or shivering, or stool color change, or new/increasing
jaundice, or abdominal discomfort) and one item from the list B (inflammatory response,
or increased/increasing transaminases, or increased/increasing GGT or bilirubin, or the
presence of bile lakes) to define this clinical picture needing the related treatment (Figure 5).
Both the working group and expert panel agreed to have a very low threshold to suspect
cholangitis in order for babies not to be missed and potentially evolve towards severe,
life-threatening confirmed cholangitis. Swift and prompt cholangitis treatment in this
circumstance might avoid liver deterioration.

Confirmed cholangitis: The proposed definition for confirmed cholangitis included two

items from list A and two items from list B (Figure 5). Further, the expert panel proposed
that a baby with suspected cholangitis revealing a positive blood culture should shift the
diagnosis to confirmed cholangitis. Of note, reported rates of positive blood cultures in
cholangitis were variable: according to the published series, they ranged from 25.8% to
43.6% [12,48]. A further consideration from the panelists was to include the treatment re-
sponse of a suspected cholangitis into the definition of a confirmed cholangitis but decided
that this should finally be up to the discretion of the treating clinician and should not be in-
cluded in the definition. Although participants and experts initially were positive to include
fever without an extrahepatic source as a mandatory criterion for a confirmed cholangitis,
we concluded that two other additional clinical criteria from the list A, associated with
two laboratory elements, can also confirm cholangitis. Some experts and participants also
proposed liver biopsy (percutaneous or laparoscopic) to confirm cholangitis. Although the
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risk for major complications associated with liver biopsy has been reported to be less than
1% [49], the procedure is invasive, and should be limited to specific clinical situations such
as intractable cholangitis without positive blood cultures or recurrent cholangitis [48,50].
The item was therefore not included in the definition of confirmed cholangitis in the dis-
cussed setting, i.e., children within the 1st year after Kasai HPE who present with a first
episode of cholangitis.

4.2. Treatment of Suspected and Confirmed Cholangitis

Suspected cholangitis: The treatment duration for a suspected cholangitis was unani-
mously preferred to be 10–14 days. This recommendation is in line with the shorter antibi-
otic treatment duration for post Kasai HPE cholangitis reported in the literature [5,10,13,40].
Both working group and expert panel agreed that this proposed treatment duration is
adequate for patients with the diagnosis of suspected cholangitis, but also agreed that
a treatment duration of only 7–10 days seems too short and risks leading to episodes of
recurrent or refractory cholangitis. Whether 10 or 14 day therapy is chosen is up to the
discretion of the treating clinician and the level of suspicion for suspected cholangitis.

Confirmed cholangitis: The treatment duration for confirmed cholangitis was chosen
to be 14–21 days, corresponding to the reported longer treatment duration for cholangitis
after Kasai HPE [21,43]. The choice between a 14 and 21 day treatment regimen is up to the
clinician, who will decide based on the patient’s clinical condition and treatment response.
The working group and panel participants both readily agreed on this treatment duration
and there was no debate on this subject.

4.3. Cholangitis Prophylaxis

In the literature, there is uncertainty regarding long-term prescription of antibiotics to
prevent cholangitis after Kasai HPE; little published data support the use of one antibiotic
over another [51] or a specific duration of antibiotic prophylaxis [8]. Further, the fact
that antibiotic prophylaxis might induce antibiotic resistance must also be taken into
consideration. Yet, as outlined by the overwhelming majority of the respondents of our
surveys and the expert panel, clinical practice favors antibiotic administration to prevent
cholangitis after Kasai HPE. Weighing the benefits and risks, the participants and expert
panel chose the duration of prophylaxis to be 6–12 months. Of note, no differentiation was
suggested to be made between draining and non-draining HPE.

5. Conclusions

We herein have developed standardized definitions for suspected and confirmed
cholangitis after Kasai HPE. The definitions include the most important clinical, labo-
ratory, and imaging criteria for cholangitis, identified through a group of international
experts using the Delphi method. These definitions can not only be easily applied in the
clinical setting of non-specialized, general pediatric clinics, but may also be used as an
outcome measure in studies reporting on complications after Kasai HPE and/or the impact
of cholangitis on native liver survival and patient survival. The duration of antibiotic
prophylaxis and treatment was identified in the literature review and confirmed by both
Delphi survey participants and panelists. Preliminary applicability will be further tested in
a multicentered prospective study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm11030494/s1, Supplementary Document S1: Cholangitis definition and management
after Kasai hepatoportoenterostomy for biliary atresia questionnaire—1st Delphi questionnaire;
Supplementary Document S2: Definition of cholangitis and management after Kasai hepatoportoen-
terostomy for biliary atresia—2nd Delphi questionnaire.
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Appendix A

Table A1. Overview of cholangitis definition after Kasai hepatoportoenterostomy and reported
(2000–2021) rates of cholangitis, native liver survival (NLS), and patient survival (PS). ALT, alanine
aminotransferase; AST, aspartate aminotransferase; CRP, C reactive protein; GGT, gamma-glutamyl
transpeptidase; NLS, native liver survival; PA, alkaline phosphatase; PS, patient survival; WBC, white
blood cell count.

Authors
Number of

Patients
Cholangitis Definition Cholangitis Rates NLS/PS

Chuang J., et al.,
2000 [13] 39 Fever > 38 ◦C without obvious extrahepatic

source with an elevated serum bilirubin 46% -

Wu E.T., et al.,
2001 [10] 45 Fever, acholic stools, and/or increasing

jaundice +/− positive blood cultures 75% PS, 67.5%

Selvalingam S., et al.,
2002 [52] 61

Fever and leukocytosis (no other cause) +
increase direct bilirubin or AST or ALT or paler

stools +/− positive blood culture
57% 1 year PS, 90%

Bu L.N.,
et al., 2003 [9] 19 Unexplained fever ≥ 38 ◦C, acholic stools,

increased jaundice or positive blood culture 100% -

Van Heurn E., et al.,
2003 [14] 77

Fever > 38 ◦C, not explained otherwise or
abrupt recurrence or increase of clinical

jaundice with increased bilirubin levels or
acholic stools

Ogasawara Y.,
et al., 2003 [53] 21 Fever > 38 ◦C and elevated bilirubin and

leukocytosis 52.3% PS, 100%

Wong K.K., et al.,
2004 [20] 19

Fever > 38.5 ◦C of unknown origin more than
48 h, progressive jaundice and derangement of

liver function, passage of acholic stools
- -

Kobayashi H., et al.,
2005 [54] 63 Fever > 38 ◦C, with elevated serum bilirubin

and leukocytosis 15.8% -

Shinohara T., et al.,
2005 [55] 18 Unexplained fever > 38 ◦C, with elevated CRP

and bilirubin. 44.4% -

Hung P., et al.,
2006 [4] 22

High fever with no other obvious focus with
acholic stools, increased jaundice, or positive

blood culture
54.6%

2 year NLS, 53.2%
5 year NLS, 34.7%

10 year NLS, 30.5%

Lai H.S., 2006 [18] 163 Recurrent clay colored stool, icterus, or
hyperbilirubinemia 72.3% -
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Table A1. Cont.

Authors
Number of

Patients
Cholangitis Definition Cholangitis Rates NLS/PS

Stringer M.D., et al.,
2007 [28] 71 Deteriorating liver function + pale stools

and fever 46% NLS, 67.5%
PS, 93.3%

Vejchapipat P., et al.,
2007 [29] 53

Fever > 38.5 ◦C, change of stool color,
leukocytosis (>12 G/L) with

polymorphonuclear leukocytes predominance
45.2% -

Petersen C., et al.,
2008 [21] 49

Suspected cholangitis: any of fever, recurrence
of acholic stools, leukocytosis, elevated liver

function tests, increasing bilirubin
-

6 month, NLS 63%
2 year, NLS 31%
6 month, PS 90%
2 year, PS 78%

Sanghai S.R., et al.,
2009 [56] 88

Fever with clay colored stool, leukocytosis
and/or vomiting, abdominal
distension and bacteriemia

33.3% -

Suzuki T., et al.,
2010 [57] 53 Fever, blood biochemistry and the decrease of

bile secretion (fecal color change) 13.2% (early) NLS, 73.6%
PS, 88.7%

Kumagi T., et al.,
2011 [46] 22

Presumed cholangitis: fever and chills with or
without jaundice, nausea or abdominal pain

and abnormal biliary imaging: stricture,
dilatation and/or stone, with or without
evidence of an acute rise in liver tests or

improvement upon administration
of antibiotics

50% PS, 95.5%
NLS, 81.8%

Lee J.Y., et al.,
2014 [12] 27

Fever > 37.5 ◦C or worsening jaundice,
transaminitis or acholic stools +/− positive

blood cultures
64.3% -

Ng V., et al.,
2014 [58] 219

Fever > 38 ◦C without other obvious source,
new onset of acholic stools, right upper

quadrant pain or tenderness and both elevation
of direct bilirubin by 25% and at least 1 mg/dL

above baseline, positive blood culture
not required

62.1% -

Wada M., et al.,
2014 [59] 36

Elevated serum bilirubin > 2.5 mg/dL,
leukocytosis with left shift and normal to
acholic stools in a febrile patient (>38 ◦C)

48.8% -

Lien T., et al.,
2015 [40] 20 Unexplained fever > 38 ◦C, acholic stools,

increased jaundice or positive blood cultures 20% -

Qiao G., et al.,
2015 [60] 262

Fever > 38 ◦C, without other reason, recurrence
or increased jaundice, increased bilirubin,

acholic stools
54.9% 5 year PS, 43.3%

5 year NLS, 75.8%

Webb N.L., et al.,
2016 [33] 29

Fever > 38.5 ◦C, and elevated liver
transaminases in the absence of other cause for

febrile illness
75% 5 year NLS, 45.8%

Chiang L.W., et al.,
2017 [41] 58 Fever without other attributable cause, acholic

stool and/or deepening jaundice 30.5%
Overall NLS, 48.3%

2 year NLS, 72%
5 year NLS, 45.7%

Kelay A., et al.,
2017 [61] -

Fever, abdominal pain, worsening or recurring
jaundice with acholic stools, changes in

bilirubin and liver enzymes level together with
acute changes in WBC and inflammatory

markers such as CRP

- -

Lee W.S., et al.,
2017 [34] 52

Fever > 38 ◦C without other source, abdominal
pain and new onset of acholic stools, and

elevation of conjugated bilirubin and/or GGT
from previous baseline

52% NLS, 37%
PS, 51%

Stagg H., et al.,
2017 [15] -

Fever and/or jaundice, altered liver
biochemistry, blood cultures (96%) and liver

biopsy (26%)
- -
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Table A1. Cont.

Authors
Number of

Patients
Cholangitis Definition Cholangitis Rates NLS/PS

Chen S., et al.,
2018 [3] 366

Fever ≥ 38 ◦C and acholic stool, increase of
jaundice and bilirubin or positive

blood cultures
67.7% NLS, 74%

Chung P., et al.,
2018 [48] 192 Fever ≥ 38.5 ◦C, with either increased bilirubin

≥ 20 μmol/L or acholic stool. 35.4% -

Jiang H., et al.,
2018 [62] -

High fever, bile discharge reduced or stopped,
abdominal distention, vomiting and reduced
liver function, worsening jaundice, elevated

levels of Bilirubin and ALAT, pale or
clay-colored stools, dark yellow colored urine,

WBC and neutrophils elevated

- -

Li D., et al.,
2018 [5] 113

Fever without identifiable source and
1. Reappearance of jaundice or acholic stools;
2. Sudden elevation of bilirubin > 2.5 mg/dL

or AST or 3. Positive blood culture

- -

Nakajima H., et al.,
2018 [63] 66

Fever > 38 ◦C, elevated serum bilirubin >
2.5 mg/dL, leukocytosis with left shift and

normal to acholic stools
55% NLS, 74%

Xiao H., et al.,
2018 [64] 166

Fever > 38 ◦C, unexplained by other reasons,
abrupt recurrence or increased clinical jaundice
with increased bilirubin levels, acholic stools,

significantly increased serum WBC
and neutrophil

44.5% 2 year NLS, 79.5%

Ginstrom D., et al.,
2019 [65] 61 Fever > 38 ◦C without any other identifiable

source, treated with intravenous antibiotics 79% -

Liu J., et al.,
2019 [6] 180

At least 2 of: 1. Unexplained fever > 38 ◦C,
2. Recurrence or exacerbation of jaundice with
increased bilirubin or changes from yellow to

acholic stools, 3. Elevated CRP

66.1% NLS, 53.9%
PS, 80%

Pang W., et al.,
2019 [19] 218

Fever and/or altered stool or refractory
jaundice, CRP and/or WBC elevation and

sudden elevation of bilirubin or ALT or AST
27% -

Parolini F., et al.,
2019 [35] 174

Fever, abdominal pain, worsening or recurrent
jaundice, change in stool color associated with
rise in bilirubin and liver enzyme levels, white

cell count and inflammatory markers

32% 20 year NLS, 18.3%

Ramachandran P., et al.,
2019 [36] 62 1. Fever, pale stools. 2. Elevated WBC and CRP.

3. Elevation of bilirubin and/or liver enzymes 43.5% -

Baek S.H., et al.,
2020 [37] 160

Fever > 38 ◦C or elevated inflammatory
markers and evidence of cholestasis or

abnormal liver function tests in accordance
with Tokyo guidelines

78.8% 5 year PS, 93.3%

Madadi-Sanjani O., et al.,
2020 [66] 26 Acholic stools or increase in serum bilirubin +

fever or increase in inflammatory parameters 34.6% -

Chen G., et al.,
2021 [38] 180

1. Fever ≥ 38 ◦C or elevated CRP and
2. Recurrent acholic stool or jaundice with

elevated bilirubin
66.1% NLS, 84.4%

Chung P.H.Y., et al.,
2021 [67] 231

Fever > 38.5 ◦C and bilirubin > 20 μmol/L on
2 consecutive blood samples; severe cholangitis

if more than 2 weeks of antibiotics.
25.7% NLS, 66.2%

Goh L., et al.,
2021 [39] 54

1. Systemic inflammation: fever or elevated
inflammatory markers CRP and WBC and
2 evidence of cholestasis or abnormal liver

function tests—PA, GGT, AST,
ALT > 1.5 normal ranges and/or elevation from

baseline levels

72% NLS, 79.4%
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Abstract: Cytomegalovirus (CMV) infection has been suggested to be of importance for the devel-
opment and outcome of biliary atresia (BA). However, most data are only available from single
centre studies. We retrospectively collected data on rates, outcomes, and treatments for ongoing
CMV infection at the time of Kasai portoenterostomy (KPE) from four different tertiary centres in
Europe. The rate of ongoing CMV infection varied between 10–32% in the four centres. CMV positive
patients were significantly older and had higher levels of several liver biochemistries at the time
of KPE (p < 0.05 for all comparisons). In the largest centre, CMV infection was more common in
non-Caucasians, and CMV infected patients had poorer long-term survival with native liver than
CMV negative patients (p = 0.0001). In contrast, survival with native liver in the subgroup of CMV
infected patients who had received antiviral treatment was similar to the CMV negative group.
We conclude that ongoing CMV infection at the time of KPE occurs in a significant proportion of
BA patients and that these patients seem to differ from CMV negative patients regarding age and
biochemistry at the time of KPE as well as long-term survival with native liver. The latter difference
may be reduced by antiviral treatment, but randomized, controlled trials are needed before such
treatment can be recommended routinely.

Keywords: biliary atresia; cytomegalovirus; survival native liver; antiviral treatment

1. Introduction

Cytomegalovirus (CMV) is a double-stranded DNA virus of the family herpesviridae.
Though infection is normally mild in children and adults it can be serious in the immuno-
compromised host. Congenital CMV infection, in contrast, can be a significant cause of
microcephaly, neurodevelopmental delay and hearing loss and is said to be present in 1–2%
of all pregnancies [1].

The role of viruses in initiating or causing biliary atresia (BA) has been debated for at
least 30 years but without a definitive consensus. Of all the possible viruses proposed, CMV
appears to have the strongest evidence [1–3]. In an early Swedish study from 1998, CMV-
IgM was detected in serum from 38% of BA patients at the time of Kasai portoenterostomy
(KPE), which was significantly higher than the 6% found in age-matched controls without
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any liver disease [1]. Other studies have since suggested the rate of BA patients with
ongoing CMV infection to be anywhere between 10 and 74% with Asian centres tending to
have a higher prevalence [2–6]. In the largest European study to date, Zani et al. showed
that infants with “CMV-IgM +ve BA” were older at the time of KPE and had distinctively
different histopathological features in the liver, including more pronounced inflammation
than BA patients without CMV infection [3]. It was also reported that CMV IgM +ve
patients had a worse prognosis that was improved following anti-viral treatment (AVT) [7].

Currently, there is a lack of multicentre studies on the frequency, consequences and
possible importance of CMV infection in BA. The aim of the present study was therefore to
collect data from four European tertiary centres on the rate of ongoing CMV infection at
the time of KPE, identify the differences between CMV infected and uninfected BA patients
at the time of KPE and their outcomes, and to examine the possible effects of AVT.

2. Materials and Methods

Clinical and biochemical data were retrospectively collected from locally held databases
and patient charts at the following centres in Europe: First Department of Pediatrics, Sem-
melweis University, Budapest; Kings College Hospital, London; Astrid Lindgren Children’s
Hospital, Karolinska University Hospital, Stockholm; and Children’s Memorial Health
Institute, Warsaw (Table 1).

Table 1. Description of the four participating centres with regard to treatment of biliary atresia.

Budapest London Stockholm Warsaw

National referral
status

Only centre Largest centre of
three

Largest centre of
two

Only major
centre

Time period studied 2006–2021 2004–2021 2005–2018 1990–2019
Total national
population (million)

10 65 10 38

Number of new BA
patients/year

5 25 3 20

Rate of CMV testing
in BA

67% 75% 100% 76%

CMV—cytomegalovirus; BA—biliary atresia.

Ongoing CMV infection (CMV positivity) detected before or at the time of KPE was
defined by any of the following: a positive test for serum CMV-IgM, urine CMV-DNA by
PCR or CMV-DNA in serum/plasma/whole blood by PCR.

CMV-positive BA patients were compared to CMV-negative patients with regard to
ethnicity, associated anomalies, age and biochemical lab values at KPE and outcomes. For
CMV-positive patients, treatment and outcome of antiviral treatment were recorded. For the
largest centre (London), 50 CMV-positive patients were compared to 100 contemporaneous
CMV-negative control BA patients. Two control patients were matched in time to one index
CMV-positive case, to correct for practice and surgery at the time.

Data were reported as median (range) unless otherwise indicated. Differences were
tested using non-parametric statistical tests and a p value of <0.05 was accepted as statisti-
cally significant.

In Stockholm and Warsaw, the study was approved by the local ethics committees.
In Budapest and London, data collection was regarded as an audit of outcome and, thus,
formal ethical approval was not required. Informed consent was waived in Stockholm and
Warsaw since it was not required according to the ethical permit. Informed consent was
obtained in Budapest.

3. Results

All four centres reported data from the past 15 years with one (Warsaw) dating back
to 1990 (Table 1); the reported prevalence of CMV testing in BA patients was high in all
four centres (67–100%) and was universal in one centre (Stockholm). The rate of ongoing
CMV infection at the time of KPE varied between an estimated 10% in London to 32%
in Stockholm and was associated with the age at KPE (Tables 2 and 3). In Budapest,
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Stockholm and Warsaw, 81 out of a total of 407 BA patients (19.9%) had signs of ongoing
CMV infection at the time of KPE. In London, an estimated 10% of all BA were CMV
positive. For the purpose of further analysis 50 patients with ongoing CMV and 99 CMV-
negative controls were chosen. Thus, altogether 180 CMV-positive BA patients from four
centres were analysed.

Table 2. Rate of CMV positivity in tested patients in relation to age at Kasai portoenterostomy (KPE).

Rate CMV
Positivity = Positive

CMV/Total BA Cases (%) *
KPE < 30 days KPE 31–70 days KPE > 70 days

Budapest 0/7 0/22 9/23 (39%)
London 0/7 28/99 (28%) 22/43 (52%)

Stockholm 0 4/16 (25%) 8/21 (38%)
Warsaw 0 21/171 (12%) 39/147 (26%)

Total 0/14 53/308 (17%) 78/234 (33%)
KPE—Kasai portoenterostomy. * Total numbers presented for Budapest, Stockholm and Warsaw. For London
patients each CMV positive matched with 2 CMV negative patients for time period.

Table 3. Comparison between CMV-positive and CMV-negative BA patients at time of Kasai portoenterostomy.

Budapest London Stockholm Warsaw

Age at KPE CMV pos/neg
(days)

88/63 * 69/49 * 78/71 p = 0.10 79/71 *
Ethnic disparity No Yes No No
Other anomalies CMV
pos/CMV neg 0%/23% p = 0.18 16%/18% 17%/12% n/a
ALT (IU/L) 184/122 n/a 114/100 158/145
AST (IU/L) 295/173 * n/a 221/175 n/a
Bilirubin total
(micromoles/L)

171/144 169/141 * 152/154 168/160
Bilirubin conj
(micromoles/L)

118/95 n/a 137/125 131/126
Gamma-GT(IU/L) 538/443 510/511 279/306 968/768 *
APRI 2.7/0.9 * 1.07/0.69 * 1.1/0.8 n/a

ALT—alanine aminotransferase; AST—aspartate aminotransferase; GT-glutamyl transpeptidase; APRI—AST
to platelet ratio index; n/a—not available; * Difference statistically significant, p ≤ 0.05. All biochemical values
are medians.

Age at KPE was significantly higher in CMV positive than in CMV negative BA
patients in three of the centres (all p < 0.05), with borderline significance in the fourth
(Table 3). Available liver biochemistries at the time of KPE were often significantly higher in
the CMV-positive group compared to the CMV-negative group although this was variable.
For instance, CMV-positive infants were significantly more jaundiced in London than at the
other three centres. APRi (a surrogate marker of liver fibrosis) was significantly elevated in
two of the three centres where it was measured in infants with CMV-positive BA (Table 2).

In only one of the centres (London) was there an ethnic difference with CMV positivity
being significantly more common among non-Caucasian patients than among Caucasians.

The effect of CMV on clinical outcomes was more difficult to delineate as two centres
did not report jaundice clearance rates. Clearance was significantly lower in CMV-positive
cases (37% vs. 71%; p < 0.0001) in London, while not statistically different in Stockholm
(25% vs. 44%; p = 0.26) (Table 4). Any differences in native-liver survival were also unclear
in some centres. However, it should be noted that there was no reported native-liver
survival in CMV-positive infants in Budapest. Figure 1 illustrates a significant difference
in native-liver survival according to CMV status in the London cohort with the largest
number of patients; however, this was not consistently reported in the other centres.
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Table 4. Rate and treatment of ongoing cytomegalovirus (CMV) infection in biliary atresia patients at
the time of Kasai portoenterostomy.

Budapest London Stockholm Warsaw

Rate ongoing CMV at
KPE, % (CMV
positive/Total BA patient
number)

17%
(9/52) 10% # 32%

(12/37)
19%

(60/321)

Rate antiviral treatment
in CMV pos, %

44 25 92 >50

Clearance of jaundice
CMV neg/CMV pos (%)

n/a 71/37 * 44/26 n/a
Survival native liver
CMV neg/CMV pos
untreated/CMV pos
treated (%)

28/0/0 60/20/60 40/n/a/26 30/30/30

# estimate (ref. [3]); * Difference statistically significant, p ≤ 0.05; n/a not available.

Figure 1. Native-liver survival in cytomegalovirus (CMV) positive patients with biliary atresia, with
or without antiviral treatment (AVT) and CMV-negative controls in one of the participating centres
(London). Log rank survival.

AVT (i.v. ganciclovir and/or oral valganciclovir) was widely used in CMV-positive
patients in three centres (50–92% of CMV positive infants), but in only 25% of the London
series. The London series showed a significant improved survival with native liver in those
who were treated with AVT (Table 4, Figure 1); the median age at KPE was 64 days in
treated versus 70 days in untreated (p = 0.07). Four AVT patients were older than 70 days
at KPE; all cleared their jaundice.

4. Discussion

By collecting and comparing multicentre data from four tertiary centres we showed
that the rate of CMV positivity in BA patients varies between centres, but that it is signifi-
cantly higher than expected for age [1]. Overall, the numbers of CMV-positive BA infants
from these European centres were somewhat lower than reported from other parts of the
world, and we also noted an ethnic disparity in patients from the largest contributing
centre [2–6].

The role of CMV in the pathogenesis of BA is still debated. It is therefore of interest
to note that CMV-positive patients differed from CMV-negative patients with regard to
age and levels of some biochemical parameters at KPE. This could suggest that CMV-
positive patients constitute a specific subgroup, perhaps with later presentation and more
pronounced hepatic and bile duct inflammation.
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CMV has also been suggested to impact the outcome in BA patients with regard to
clearance of jaundice and native-liver survival [3,8,9], and this was consistent with the data
from London (Figure 1). Whether these reported differences in survival are due to effects of
the viral infection or to the differences in age at KPE remains to be determined. However,
the fact that AVT was associated with improved native-liver survival in the London series
(Figure 1) suggests that ongoing CMV infection might affect long-term clinical outcomes.

A European survey on post-KPE practices by paediatric surgeons showed that almost
80% of the respondents routinely test for CMV serology and that half of those use AVT if
ongoing infection is found [10]. However, there are few data on the effects of AVT in BA
from other parts of the world and from the paediatric gastroenterologists/hepatologists
who are often are responsible for the follow-up of these patients.

CMV can infect pre-, peri- and postnatally and for the patients reported here we could
not determine the timing of transmission. This would clearly be of interest, since there is
accumulating evidence to suggest that patients with BA are cholestatic at birth and that
the underlying insult(s) occur in utero [11]. One way of advancing knowledge on this
matter is to retrospectively analyse CMV-DNA on stored Guthrie cards, which are used
for newborn screening of metabolic diseases. In a small study, CMV-DNA was detected
on stored Guthrie cards, collected within three days of birth, in only one of 11 BA patients
who had an ongoing CMV infection at the time of KPE [12]. That specific patient could
therefore be defined as congenitally infected, whereas timing of infection in the remaining
patients remained unclear.

Infections such as CMV could be of importance for the pathogenesis of BA not only
through a direct viral hit but also by inducing an immune-mediated proinflammatory
state causing cellular damage. In support of this hypothesis, Brindley et al. reported that
“56% of BA patients had significant increases in interferon-gamma-producing liver T cells
in response to cytomegalovirus (CMV), compared with minimal BA responses to other
viruses or the control group CMV response. A positive correlation between BA plasma
CMV immunoglobulin M (IgM) and liver T-cell CMV reactivity was identified” [13].

In a recently published meta-analysis including 784 patients from nine studies, BA
patients with ongoing CMV infection had significantly poorer outcomes than CMV-negative
patients, particularly regarding to clearance of jaundice [9]. Theoretically, this negative
impact by CMV could be a result of infection at any time point before KPE and the
underlying mechanism could either be due to direct viral infection or secondary immune
activation [13]. Furthermore, it does highlight an opportunity to detect CMV infection and
possibly treat it with AVT if this were found to be of clinical benefit. The data presented
herein from London, although not from a randomized, double-blind trial, indicate that
such treatment might be beneficial. However, these data need to be confirmed in a placebo-
controlled randomized study. Given the overall low incidence of BA, such a study would
require a multicentre effort, possibly involving existing disease specific networks, such
as the European Rare disease Network (ERN) for rare liver diseases, of which 3 of the
4 participating centres herein are full members, and the Childhood Liver Disease Research
Network (ChiLDReN) in North America [14,15].

This study has obvious limitations, one being the retrospective nature and the other
being the difference in testing, treatment and follow-up practices between the participating
centres. On the other hand, we did assemble data from centres in four European countries
that add new information to the topic and also set the stage for future prospective studies.

We conclude that ongoing CMV infection occurs in a considerable proportion of BA
patients in European centres of varying size, and that this group differed from CMV-
negative patients with regard to age and certain biochemical parameters at KPE and clinical
outcomes. We suggest to undertake prospective, multicentre based studies to examine
the effects of CMV infection in BA patients and to perform clinical trials of AVT in a
randomized placebo-controlled fashion.
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Abstract: Biliary atresia (BA) is a rare newborn liver disease with significant morbidity and mortality,
especially if not recognized and treated early in life. It is the most common cause of liver-related
death in children and the leading indication for liver transplantation in the pediatric population.
Timely intervention with a Kasai portoenterostomy (KPE) can significantly improve prognosis.
Delayed disease recognition, late patient referral, and untimely surgery remains a worldwide problem.
This article will focus on biliary atresia from a global public health perspective, including disease
epidemiology, current national screening programs, and their impact on outcome, as well as new
and novel BA screening initiatives. Policy challenges for the implementation of BA screening
programs will also be discussed, highlighting examples from the North American, European, and
Asian experience.

Keywords: biliary atresia; pediatric liver disease; newborn screening; public health; epidemiology

1. Introduction

Biliary atresia (BA) is a rare orphan newborn liver disease that results from an id-
iopathic progressive fibrosclerosing obliteration of large bile ducts [1,2]. The condition
is recognized as one of the most rapidly progressive liver diseases known to man. It
is the leading cause of liver-related death in children and the foremost indication for
liver transplantation in the pediatric population. BA clinically manifests in the first few
weeks of life with jaundice and acholic pale stools, the prototypical clinical features of an
obstructive-type jaundice, associated with the biochemical hallmark of serum conjugated
(direct) hyperbilirubinemia. The current standard of care for BA is sequential surgery
with an initial Kasai hepato-portoenterostomy (KPE), in which the obstructed bile duct is
resected and a loop of the small bowel is brought to the porta hepatis of the liver to restore
bile flow, followed by liver transplantation for those in whom the KP fails or who progress
to cirrhosis and liver failure at a later pediatric age or into adulthood. Without any surgical
intervention, all infants with BA will die by three years of age. The aims of this article are
to provide up-to-date knowledge of the epidemiology of biliary atresia, to focus on the
current clinically applicable BA screening strategies implemented in large populations or
national programs, and to describe the challenges of BA screening in the context of public
health policies.
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2. Epidemiology and Pathogenesis

BA is a worldwide disease affecting multiple ethnicities. In a recent comprehen-
sive review, the incidence of BA was shown to range widely among countries reporting
population-based data, from approximately 1:5000 newborns in Taiwan to 1:20,000 in Eu-
rope, Canada, and areas in the USA [3,4]. The highest rates (1:3500) were reported from
French Polynesia. Data from several Western countries and regions in the USA or from
developing countries is sparse—if not absent—as depicted in Figure 1.

Figure 1. Worldwide incidences of biliary atresia (Jimenez–Rivera et al. [3], © 2013 reprinted by the
permission of Wolters Kluwer Health).

BA is now recognized to have several clinical phenotypes, including isolated BA,
syndromic BA with other malformations, cystic-type BA, and BA in association with the
cytomegalovirus (CMV). Each of these may have differing etiologic and pathophysiologic
mechanisms which could influence the regional frequency of the disease. For example, in
Asia, only 2% of the BA cases have the syndromic phenotype, whereas in the West, up to
20% of BA cases are syndromic [4]. A recent Chinese report identified as many as 50% of
BA cases being CMV-positive, whereas the UK found it was 10% in their series [5,6].

A “two-hit” theory has long been hypothesized for the pathogenesis of the isolated
BA phenotype, with an initial viral infection followed by an exaggerated immune response
inducing sclerosing cholangiopathy [7,8]. Several viruses have been shown to be implicated,
including the rotavirus, reovirus, and CMV, but none has been conclusively linked to BA.
Recently, the isoflavonoid “biliatresone” from the Dysphania plant has been invoked as a
putative environmental factor in pathogenic disease models [9].

2.1. Seasonal Variability

If the origin of the isolated BA phenotype is attributable to an environmental/infectious
insult during pregnancy or the perinatal period, one might expect case-clustering in time
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and space. In contrast, those with a syndromic BA phenotype might be more heavily
influenced by genetic determinants. Reports on the epidemiology of BA are variable. In the
recent comprehensive literature review by Jimenez–Rivera, 11 out of the 40 papers studied
(27.5%) investigated seasonal variations in incidence [3]. Only two studies found significant
seasonal variations: an increased incidence of BA from August to October in a southern
US city and December to March in a southeastern US city, while the other papers did not
find such seasonal variation, or at least, not any statistically significant clustering [10,11]. A
recent paper from Korea which was not incorporated in the review supported clustering in
summer, while on the other hand, recent results from the Netherlands, incorporating all
BA cases in the country in the last three decades, did not observe any temporal clustering
for isolated BA [12,13]. These contrasting results may be attributed to geographic or ethnic
diversity, varying BA phenotypes, different pathogens, or other yet unknown factors. Inter-
estingly, a weak yet statistically significant correlation between the incidence of maternal
infection at the time of conception, including Chlamydia trachomatis, and the subsequent
development of BA was observed in a recent Dutch study [13].

2.2. Geographic Variations

There clearly are worldwide differences in BA incidence. However, there might also
be differences within one country or region. For instance, among the English and Welsh
cohorts, geographical variations have been found along a northwest/southeast axis varying
from 0.38 (northwest England) to 0.78 (southeast England)/10,000 live births [14]. In the
Netherlands, there was a 68% increased incidence for isolated BA in rural areas when
compared to urban areas, a difference not seen with syndromic BA [13]. This is in line
with previous reports from Texas and Sweden, but in contrast to findings reported in the
New York state [10,15,16]. Interestingly, several centers have observed a lower incidence
of BA cases during the COVID-19 pandemic, when strict public health guidelines for
social distancing, mask-wearing, and frequent handwashing were in place [17]. A study to
evaluate BA incidence during the COVID-19 pandemic is currently underway in Europe
(European Reference Network RARE LIVER). In conclusion, there is contradicting evidence
regarding seasonal, as well as geographic clustering of BA, even within one area. Genetic
and environmental factors may account for these observed epidemiologic variations, but
these determinants are not well-defined. Large-scale international studies are needed to
answer these epidemiological conundrums.

3. Early Intervention Is a Key Prognostic Indicator: The Need for Screening

The initial KPE operation, first reported in 1959 in Japan by Dr. Morio Kasai, was
adopted as a realistic life-saving operation for affected infants in the Western world in
the 1970s [18,19]. Further experience recognized that the success of the KPE, defined as
the clearance of jaundice and normalization of the serum bilirubin by six months after
surgery, correlated best with infant age at the time of surgery [20,21]. A successful KPE
postpones the need for early urgent liver transplantation in infancy and gives the potential
for longer native liver survival well into adulthood. For example, with surgery before
60 days of age, over 70% of patients become jaundice-free, and 75% of these cases have
10-year survival rates with their native liver [22–25]. In contrast, late KPE intervention after
90 days of age has a worse prognosis, with fewer than 25% of cases having 4- to 5-year
native liver survival [26,27]. In these late-presenting cases, many centres instead defer the
initial KPE and proceed directly to liver transplantation. However, reports from the UK
and France gave evidence that the KPE could be successfully performed in infants older
than 3 months of age, obviating the need for early liver transplantation, provided there are
no preoperative signs of hepatic decompensation or severe portal hypertension [28,29].

3.1. KPE at Infant Age < 30 Days Is Optimal

Historically, several US and European experts advocated that a KPE performed at too
early an age (<30 days) was ineffective [30]. The prevailing view suggested the optimal
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timing for the KPE was at 45–60 days of age. This ‘old-school’ dogma—that an age at KPE
which is too young portends a much worse prognosis—has been conclusively disproven
and should be abandoned. Recent studies have firmly demonstrated that KPE intervention
at <30 days of age achieves best results and prolongs the native liver survival even into
adulthood [26,27]. The largest series reported, including 1428 patients, showed that the
25-year survival rate with native liver was 38%, 27%, 22%, and 19% in patients who had
their KPE in the first, second, and third months of life or later, respectively [25]. Japanese,
Canadian, and French national studies have shown that optimal rates for native liver
survival post-KPE were at a very young infant age, with the best outcomes in those who
received the KPE at <30 days of age [22,26,27]. Importantly, an early KPE does not pose
additional risks and is not associated with more complications compared with a KPE
in older babies. Infant age and weight at the time of the operation are not significantly
correlated with adverse events [31].

3.2. The Problem of ‘Late’ Referral

While all evidence points towards an operative KPE strategy of ‘the sooner the better’,
children with BA often come to the attention of a pediatric gastroenterologist and/or a
pediatric surgeon at a ‘late’ age. Over the last decade, the median age at KPE in Western
countries has been at around 60 days, which implies that some 50% of cases do not have
the KPE before that age and fail to meet the international quality criterium of <60 days of
age [22,24–26,32]. The age of KPE has not improved over the last several decades [33]. The
average age at KPE may be even older in some regions of Asia, South Asia, Africa, and
South America, although comprehensive data are lacking.

There are several major obstacles to early disease recognition. Jaundice in newborns
is considered a benign process most often associated with “breast milk jaundice”, and
further investigations are not pursued by newborn health care providers. This practice
persists despite guideline recommendations by global expert panels and pediatric societies
worldwide to test serum total and direct or conjugated bilirubin in all infants with persistent
jaundice for more than two to three weeks. The monitoring for pale stools by health care
providers or parents is not routine to standard well-baby care. Additionally, in several
jurisdictions, the schedule for routine well-baby visits (within two weeks after birth and
then at the first vaccination at two months of age) misses the ‘window of opportunity’ for
early case identification.

4. Newborn Screening for Biliary Atresia

One solution to address the problem of late referral for BA is newborn screening.
BA satisfies disease-specific criteria for newborn screening, as elaborated by the WHO
guidelines. The condition is an important public health problem for infants, families, and
the community at large. Without early detection and intervention, there is a likelihood
for significant morbidity and mortality at a young age, with the potential need for urgent
liver transplantation in infancy. This trajectory has a significant impact on the child and
family, as well as caregivers and health-care resources. BA has a recognizable latent or
early symptomatic stage. There are well-established BA care pathways with clearly defined
diagnostic features and acceptable treatment regimens. Timely intervention improves
outcomes with proven cost-effectiveness. What is lacking is a single diagnostic screening
laboratory test. Moreover, the incorporation of a BA screening test into current newborn
dried blood spot cards has been hindered by the lack of an acceptable biomarker. It is not
possible to measure direct or conjugated bilirubin from the dried blood spot cards that
are currently used in newborn screening programs. The measurement of glycocholic acid,
chenodeoxycholic acid, or other bile acids on blood spot cards have poor sensitivity and
specificity and lack sufficient screening performance [34].
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4.1. The UK “Yellow Alert” Educational Campaign

The first attempt towards early BA detection was the “Yellow Alert” educational
program introduced in the UK in 1993 by the late Professor Alex Mowat at King’s College
Hospital, in association with the UK Children’s Liver Disease Foundation and the Depart-
ment of Health [35]. The aim of this national campaign was to ensure direct or conjugated
bilirubin testing in all babies with persistent jaundice after two weeks of age. Despite
worldwide efforts to raise awareness through educational programs directed towards
health care professionals and the public, the laboratory investigation of newborns with
prolonged jaundice has not been well-integrated into standard care practice for neonates.

4.2. BA Screening Using a Stool Color Card

In 1994, Matsui introduced a seven-colour panel stool colour card (SCC) (three abnor-
mal stool colours) to the Maternal and Child Health Handbook that was distributed to all
pregnant women in the Tochigi Prefecture in Japan (Figure 2, Matsui A. [36]). Before or at
the routine 1-month newborn follow-up, mothers returned the completed SCC card to the
attending physician, and all suspected cases were then referred for further examination.
Between 1994 and 2011, a total of 313,230 newborns were screened and 34 cases of BA were
diagnosed [37]. The card return rate was 84%. The SCC screening performed well (Table 1).
The mean infant age at KPE was 60 days through the 19-year screening period, having
decreased significantly from 70 days in the 1987–1992 historic cohort prior to screening. Of
the eight patents who were missed by SCC screening at 1 month, two had been in the NICU,
and abnormal stool colour was overlooked; three patients were recognized to have a pale
stool colour, but their caregivers did not pursue further examination because the babies
were not visibly jaundiced; one patient had not used the SCC; one patient had reportedly
normal stool colour at the 1 month follow-up; and one patient was identified outside of
the program.

Following a regional pilot study in 2002–2003, Taiwan was the first country to introduce
a national universal screening program for BA in 2004 using the SCC [38]. Their first
iteration of the SCC, a six-colour panel card with three abnormal stool colours, was later
changed to a nine-panel card with six abnormal stool colours. The SCC is integrated into
the Taiwan child health care booklet given to every neonate in the country. Mothers are
asked to contact the screening centre by phone or fax when concerned about their infant’s
stool colour. The SCC is checked by a physician at the routine 1 month health visit at the
time of HBV vaccine delivery. During the Taiwan universal program of 2004–2005, there
were a total of 422,273 births, and 75 BA cases were reported nationally [39]. In 2004 and
2005, 73% (29/40) and 97% (34/35) of the BA cases were successfully screened by the SCC
before 60 days of age, respectively (Table 1). There were 187 false-positive cases reported
with a transient pale stool colour. In 2004, 15 of the 40 BA cases had a KPE >60 days of
age: eight patients had not used the SCC, one case had a delayed diagnosis by the health
care professional, two suffered an erroneous judgment of stool colour, two had delayed
identification of pale stool colour, and two had a delayed visit to the physician. In 2005,
9/35 cases had delayed surgery >60 days of age: three with delayed identification of pale
coloured stool, three with delayed physician visits, one with incorrect judgment of stool
colour, and one with a delay in diagnosis. In a five-year follow-up outcome study, the
age >90-day KPE cohort had been virtually eliminated, and both the 3-month post-KPE
jaundice-free rate and the 3-year jaundice-free native liver survival rate had improved from
35% to 68% and 32% to 57%, respectively, between the pre- and post-screening eras [40].
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Figure 2. The Matsui stool colour card. This is the first version of SCC in Tochigi Prefecture, Japan.
It was delivered to all pregnant women together with a “Maternal and Child Health Handbook”.
Stool colors were numbered. Images 1–3 were pale-pigmented, and images 4–7 were bile-pigmented
stools. A mother is asked to compare the colour of her infant’s stool to that of the card, to fill in a
corresponding number just before the 1-month health checkup, and to hand it to the attending doctor.
When pale-pigmented stools were suspected, the doctor reported to the SCC office by telephone or
fax immediately; otherwise SCC were returned to the office by post weekly. The figure is provided to
respectfully acknowledge the ground-breaking work of Professor Akira Matsui who passed away in
2020. There are now several versions of the SCC in many languages that are used for BA screening
around the world. (Matsui [36], © 2013 reprinted by the permission of Springer Nature).
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Table 1. BA screening performance.

Stool Colour Card Screening

Country Year
# Screened

Patients
BA

Cases
Sensitivity

(%)
Specificity

(%)
PPV
(%)

NPV
(%)

KPE Age Pre-/Post
Screening

Taiwan * [39]
Universal
national
program

2004–2005 422,273 75 84 99.9 22.5 99.9

<60 days:
47%/67%

0>91 days post
screening

Japan # [37]
TochigiPrefecture

1994–2011 313,230 34 76.5
(62.2–90.7)

99.9
(99.9–100.0)

12.7
(8.2–7.3)

99.9
(99.9–99.9)

67/56
(median days)

25%/11%>80 days

Chaoyang
District Beijing

† [41]
2013–2014 29,799 4 50 99.9 4.5 99.9 n/a

Canada § [42]
British

Columbia
2014–2016 87,583 6 83 99.9 6 99.9 n/a

* Diagnostic accuracy statistics for detecting BA by 60 days of life; # Diagnostic accuracy statistics for detecting BA by 1 month of life; † Diagnostic
accuracy statistics for detecting BA by 4 months of life; § Diagnostic accuracy statistics for detecting BA by 1 month of life; n/a = not available.

Fractionated Bilirubin Screening

Country Year
# Screened

Patients
BA

Cases
Sensitivity Specificity PPV NPV

KPE Age Pre-/Post
Screening

UK * [43] 1995–1997 23,214 100.0
(76–100)

99.5
(99.5–99.6)

10.3
(5–16) n/a n/a

US # [44] 2013–2014 11,636 2 100.0
(20–100)

99.9
(99.8–99.9)

18
(3–52) n/a n/a

US # [45] 2015–2018 123,279 7 100.0
(56–100)

99.9
(99.9–99.9)

5.9
(3–12)

100
(100–100) 56/36

* Diagnostic accuracy statistics for detecting BA by 28 days of life (last follow-up test for BA patients performed on day of life 22); # Diagnostic
accuracy statistics for detecting BA by 2 weeks of life in a two-stage screening approach (first test in newborn period, second test at 2 weeks of life if
first test abnormal); n/a = not available.

A recent SCC screening program in Sapporo, Japan in 2012 and in the Chao Yang
district in Beijing, China in 2013 reported that both centers used a seven-colour panel card
while having three abnormal coloured stools [46]. In Beijing, the SCC was distributed
directly at maternity, and the family was advised to bring the stools and their infant to the
SCC screening centre if abnormal stool colour was detected. Stool data were also verified
directly with the family where the infant was aged 2 weeks, one month, and 1–4 months
through a combination of mobile phone calls and text messaging, as well as the routine
42-day health check-up by pediatricians through the city’s neonatal screening system. In
Sapporo, the SCC is integrated into the Maternal and Child Health Handbook that is
distributed together with postcards and maternal health check-up tickets to all women
during their pregnancy. If abnormal stools are detected, the families are instructed to bring
the stools and their infant to the local hospital. For each infant, a completed postcard with
the SCC data was collected at the one-month health checkup.

A large-scale prospective Canadian cohort study in the province of British Columbia
(BC) found that distribution of the SCC at maternity was the most effective and highly
cost-effective screening strategy [47]. The findings were confirmed at another care centre
in Montreal, Quebec [48]. The BC provincial screening program was implemented in
2014. The SCC was initially a six-panel colour card with three abnormal stool colours
identical to the Taiwan colour stool photos. Currently, a nine-colour panel card analogous
to the Taiwan SCC is used. The SCC is given to families at the time of discharge from
the maternity unit. In the case of home delivery, the SCC is given by the midwife to the
family. Babies admitted to a NICU are excluded from the program and not issued a SCC.
Parents are instructed to regularly monitor their infant stool colour at home using the SCC
for the first 30 days after birth, and to contact the screening centre by phone or email with
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any concerns about their infant’s stool colour. All follow-ups are provided by a pediatric
hepatologist. From 2014–2016, there were 87,583 births in British Columbia, and six cases
of BA were identified [42]. The SCC screening successfully identified abnormal stool colour
in 5/6 cases. In the one case of unsuccessful SCC screening, abnormal stool colour was
not consistently recognized by the family and contact was not made with the screening
centre. The family was instead seen by a physician because of prolonged jaundice, but no
testing was done. The screening program instigated timely case referral to specialty care
(defined as program screen success) in 3/6 BA cases. Of the three program screen failures,
two families who correctly identified pale stools sought immediate consultation with their
care providers; however, they were reassured and no further timely action was taken. In
the third case, the infant was taken to the physician with complaints of jaundice but not of
abnormal stool colour, and no investigations were performed. Most of these cases had late
referral and delayed diagnosis with a median age of KPE of 116 days (49–184 days). The
performance of the SCC screening was comparable to other national reports (Table 1). A
new SCC is now utilized, having a highlighted statement to instruct physicians to order a
fractionated bilirubin test for newborns who present with parental concerns about their
infant’s stool colour.

National BA screening programs using an SCC have been introduced in Switzerland
and Japan [36,49]. Small pilot studies with the SCC have been conducted in regions or
municipalities in Brazil [50], Cairo, Egypt [51], Shenzen (China) [52], Northern Portugal [53],
and Lower Saxony Germany [54]. However, to our knowledge, comprehensive feasibility
and performance studies of the SCC in these locales have not yet been reported.

4.3. BA Screening Using a Stool Colour Smartphone App

Several centers have developed mobile smartphone applications designed to help
parents and caregivers identify abnormal stool colour and prompt early referral to specialty
care (Table 2). These applications have a touch-screen interface, utilize the smartphone
camera, and apply specially designed colour analyzer software to assess the infant’s stool
colour. Abnormal stool colour triggers a message to the user to seek consultation with their
health care provider.

PoopMD®, developed at John Hopkins University in the United States and released in
2014, was the first stool colour application for iOS and Android devices [55]. The colour
recognition software was based on the Taiwan stool colour card images converted to a
16-base colour pallet using RGB digital photo hexcodes. The interface targeted adolescent
and young adult parents having an eighth-grade reading proficiency level. The accuracy of
the mobile app was determined by seven expert pediatricians based on 34 photographs
of infant stool. The application correctly identified all acholic stool photos without any
false-negatives. While 11% of the photos were classified as indeterminate, none of the
normal stools were identified as acholic (Table 2).
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Table 2. Mobile device screening application (Angelico et al. [43], © 2017 reprinted by the permission
of Sage Publications).

Characteristics PoopMD Baby Poop PopòApp

Year 2015 2017 2020
Country USA Japan Italy
Reference [14] [16] Current study
Programming language Java Java
Operating system iOS/Android iOS iOS/Android

Source of pictures Previously validated and
recorded Pre-existing images Newly acquired images taken

with the Pop6App
Establishment of the gold
standard for stool color

ISCC Pre-existing BA and non-BA
stool images

ISCC

Color analyzer system RGB parameters RGB and HSV parameters +
ma chine learning process

RGB system + machine
learning process

Clinical assessment of the App Agreement between 6 doc-tors
who revisited the pictures

Performance tested with
pre-classi-fied images

Real-time assessment by 4
doctors who took the images
(agreement between 4 doctors)

Classification of stool color Acholic, cholic, indeterminate Acholic, cholic Acholic, cholic, uncertain,
indeterminate

Number of pictures for
Accuracy test of the App 34 40 160

– Acholic 7 5 60
– Normal 24 35 63
– Uncertain 16
– Indeterminate 3 21

Sensitivity (95% CI) 100% 100% (48–100%) 100% (93.9–100.0%)
Specificity (95% CI) 89% 100% (90–100%) 99% (94.6–99.9%)

BA: biliary atresia; CI: confidence intervals; HSV: hue-saturation-value; ISCC: infant stool color card; RGB:
red-green-blue.

Baby Poop® is an iOS-based application developed in Japan and released in 2016 [56].
A total of 54 BA and 100 non-BA stool images were collected to develop the colour detection
algorithm. Both RGB and HSV (hue, saturation, and value) attributes were used in the
stool colour analysis (Table 2). HSV was demonstrated to be an important component in
the accurate identification of abnormal stool colour. The application, in Japanese only, had
100% sensitivity and specificity for the detection of BA based on a test sample of 40 stool
pictures including five BA stools. A similar application is being developed in Shanghai [57].

Popòapp®, designed by an Italian team, is another mobile device application for both
iOS and Android devices [43]. The colour analyzer algorithm is based on the Japanese
seven-stool colour photo panel using an RGB digital colour system. After completing
a baseline questionnaire, the user takes a picture of the stool. Results are categorized
as “normal”, “abnormal”, or “uncertain”. Any stool colour that cannot be classified by
the app is defined as “indeterminate”. The application was validated by four pediatric
subspecialists using 160 stool samples from infants ≤6 months of age who had been
admitted to an inpatient hepatobiliary service. The application performed well without
any false-negative results (Table 2).

4.4. BA Screening Using Conjugated or Direct (Fractionated) Bilirubin

The first study to apply a fractionated bilirubin test for newborn BA screening was
conducted in the UK in 1998 [44]. The investigators measured conjugated bilirubin levels in
infants 4–28 days old using extra plasma collected from routine newborn screening. At the
time, in Birmingham and other parts of the UK, routine newborn screening was based on
liquid capillary blood specimens. In a follow-up prospective study of 23,214 patients using
defined bilirubin cut-offs, testing had a sensitivity of 100%, specificity of 99.6%, and positive
predictive value of 10.3% for the detection of BA [45]. Testing also identified other diseases,
including Alagille Syndrome, alpha-1-antitrypsin deficiency, and panhypopituitarism. As
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mentioned previously, the dried “Guthrie” blood spots for newborn screening could not be
used to test for fractionated bilirubin measurements.

In the United States, recent studies explored bilirubin testing in the first 24–48 h of
life based on the observation that newborns with BA have elevated direct or conjugated
bilirubin levels starting at birth [58]. The screening algorithm involves blood procurement
for testing all infants before discharge from the newborn nursery. Infants with high levels
of fractionated bilirubin were later tested as outpatients at the routine two-week well-child
visit, and those with persistently high levels were referred for further evaluation. This
screening algorithm for BA was tested in a pilot study of 11,636 infants and a larger follow-
up study of 123,279 infants (Table 1, [59]). Screening resulted in significant improvements in
the timing of the KPE. Screening also identified other diseases, including Alagille Syndrome,
alpha-1-antitrypsin deficiency, progressive intrahepatic cholestasis, and choledochal cyst.
Screening newborns for BA with fractionated bilirubin measurements is now also taking
place in other US locations, including San Antonio, Salt Lake City and surrounding areas,
and New Orleans [60].

5. BA Screening and Public Health Policy: The Challenge of Influencing Policymakers
and Considerations for Program Implementation

Advocacy and the realization of a BA screening program requires a strong leadership
team to champion the proposal and bring it to fruition. Meticulous and well-coordinated
planning with local governmental authorities, newborn screening advisory committees
(or similar groups if they exist), and other local experts in the field is an absolute necessity.
It is recommended to have strong engagement among patients and their families to help
garner support for the program by governmental representatives. Careful consideration
of country-specific health care resources and capacities, particularly in the context of the
program development plan is key. The choice of screening methodology that is most
appropriate to the respective region, the required infrastructure for the operation of the
program, and the optimal process for case follow-up are necessary first steps to consider
before embarking on the implementation of the program.

There are now several publications to justify the need for a BA screening program that
demonstrates the feasibility, efficacy, and cost-effectiveness of screening [27,42,47,61]. It is
helpful to have pilot program study data from the respective region to inform stakeholders
of the local BA outcome and infant age of KPE in the context of published reports from
elsewhere in the world. Every country needs a “homegrown” approach to show that BA
screening is needed, and a reliable, easy-to-apply, and suitable screening program for their
own population can be proposed.

Despite the scientific evidence of the benefit of early diagnosis and management
of BA patients, the creation of a SCC screening program is challenging. In Taiwan, the
Department of Health Director became very supportive of the BA screening program
after an enthusiastic explanation of the plan by Professor Mei Hwei Chang with the
support of the community, care providers, and the local press (personal communication).
Universal BA screening in Taiwan was approved following a pilot project that expanded
from small regional sites to a national study. In Switzerland, the Swiss reference center for
BA patients initiated a national feasibility screening program using the SCC in 2009. It took
10 years before SCC screening for BA was introduced into the Swiss national health booklet
(www.paediatrieschweiz.ch, accessed on 24 December 2021) (personal communication).
In Germany, the initiative for BA SCC screening was launched in 2016 by the Hannover
group [54]. The physicians cooperated with a major German health insurance company and
with the local Medical Association in their region in Lower Saxony to establish the screening
project. This local initiative opened its doors at the German Federal Joint Committee, and
the group was authorized to make binding regulations in the country. Negotiations are still
underway for a SCC to be enclosed nationally in German children’s health booklets.

In Canada, health care is a federal charter, but newborn screening programs are
provincially mandated and directed. A pilot study for the SCC program was first completed
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in British Columbia before it was supported by the provincial perinatal services and BC
Ministry of Health. In France, a private parent organization, the Association Maladies
Foie Enfants (AMFE), is promoting the screening of “yellow babies” using stool colour,
and has launched many national information campaigns to encourage the screening mode
called “alerte jaune” (“yellow alert”), including spots on national TV stations and annual
national sensitization events (alertjaune.com, accessed on 29 December 2021). In the US, the
choice of the diseases to be included in newborn screening involves coordination between
federal and state policy makers [62]. At the federal level, the Secretary of the Department
of Health and Human Services makes recommendations as to which diseases belong on
the Recommended Uniform Screening Panel, or RUSP, based on expert opinions from
the Advisory Committee on Heritable Disorders in Newborns and Children. However,
individual states are not required to follow the RUSP. The state policy-makers are the ones
who decide which diseases will be screened for in their state [2].

Each screening modality requires its own infrastructure and evidence-based data to
support its adoption and successful implementation. BA screening using a SCC is simple
and inexpensive, whereas the cost-effectiveness of fractionated bilirubin testing is still
under investigation in the US. In developing countries, screening using an SCC may be a
preferred methodology because of its low cost. For smartphone applications to be effective
for BA screening in any given region, comprehensive and widespread distribution and
the use of mobile phone technology is necessary, and the quality of the screen needs to
meet the standards. Screening applications require further validation studies before they
should be adopted. In the US, a SCC screening program may be more difficult to implement
universally, given the decentralized structure of the health care system.

For SSC-based screening programs, Taiwanese, Japanese, Canadian and Swiss program
leaders have emphasized the importance of having comprehensive educational seminars
about the screening program before the program launch. These should be directed towards
maternity nurses, other health care professionals on the maternity wards, midwives, and
community newborn care providers. The use of webinars, virtual teaching sessions, or
scripted educational sheets to uniformly explain the screening process to families is an
essential requirement for a program’s success. Considerations must be given to families’
first language and socioeconomic status to ensure the instructions are clearly understood.
Recent input from developing countries support the concept that this screening process
is simple and easily understood even in lower socioeconomic groups and those with
illiteracy [51].

The SCC requires validated stool colour photos. The Japanese have emphasized the
need for reproducible digital photographic images with CYMK-based metafiles to ensure
the quality of the stool colours and reproducibility of card-printing [36]. The colour and hue
of stool photos on a computer or a smartphone will depend on the resolution of the colour
screen, while printouts of the SCC depend on the quality of the colour printer and paper.
Caution is advised against using home printers for card distribution. Instead, professionally
printed cards on quality paper or stool photos incorporated into a professionally printed
health booklet is recommended. In the case of smartphones, the use of applications having
valid and real-life proven software colour analytics is necessary.

There are other nuances with the current SCC screening programs. Japan and Taiwan
have differing screening processes. The former includes check points at infant age 2 weeks,
one month and 1–4 months, while the latter only includes a 30-day follow-up. In Japan, the
screening program is under the jurisdiction of each local government and the screening
program policies differ regionally. Additionally, the SCC is contained within the Maternal
and Child Health handbook, which is distributed to pregnant women in the antenatal
period during pregnancy and prior to delivery. In British Columbia and Switzerland,
the SCC is distributed at the time of discharge from maternity. Families are instructed
at that time to monitor the stool for the first 30 days of life. In British Columbia as in
Switzerland there is no formal check-point time with the screening centre or other health
care professional. In the US, given the ease of fractionated bilirubin testing newborns in the
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first 24–48 h of life before hospital discharge, implementation of this BA screening program
is now being considered in various US centers.

6. Limitations of the Current BA Screening Programs

Each of the existing SCC screening programs have been hampered by delayed follow-
up of patients screening positive for stool colour. This is a major concern and efforts need
to be made to ensure prompt recognition and referral of these patients. There are no
universally accepted BA diagnostic algorithms, and several of the potential laboratory or
imaging studies to diagnose BA take a long time to perform and interpret. Cases identified
through a BA screening program need the corresponding infrastructure to facilitate prompt
referral to a centre with expertise in BA assessment and management instead of leaving the
workup to community care providers.

Two important challenges to the implementation of fractionated bilirubin screening are
variations in normal values for fractionated bilirubin assays between laboratories and the
process for communicating abnormal results in a timely manner [60]. Assay variations arise
because hospital laboratories use either direct or conjugated bilirubin methodology. While
conjugated bilirubin methodology is consistent across sites, direct bilirubin methodology
can differ slightly from site to site, depending on the reaction conditions used. As a result,
providers must interpret direct bilirubin levels using site-specific reference intervals rather
than a universal standard that can be used at all sites. Communication challenges arise
because the screening algorithm requires outpatient providers to know when an abnormal
result occurs in the newborn nursery. In the US, medical care is decentralized and there is
no universally shared medical record. As a result, primary care providers may not have
access to complete information about the initial newborn hospitalization, including the
results of the first direct or conjugated bilirubin measurement. The outpatient providers
may not be aware of which infants tested positive and who requires timely follow-up.

Finally, as in other screening programs, there is a risk that BA screening will unneces-
sarily increase parental anxiety with false-positive cases [63]. Strategies to reduce anxiety
focus on improving ways to communicate information to parents. A recent study used a
parental questionnaire to investigate parental anxiety with the SCC [49]. The study showed
that of the respondents (n = 109), most did not experience negative feelings when using the
SCC or discussing liver diseases with their physician in the context of SCC use.

7. Conclusions

BA affects infants around the world, with birth prevalence showing regional and,
in some cases, seasonal variation. Despite its unknown etiology, the importance of early
treatment with the KPE in delaying or avoiding liver transplant is well-established. New-
born screening of BA represents a powerful way to ensure prompt diagnosis of affected
infants. Multiple screening modalities have been examined, with the SCC and direct or
conjugated bilirubin screening being implemented on the largest scales and also being
the most promising. The SCC has been incorporated into national screening strategies
and adapted to smartphone apps, whereas fractionated bilirubin screening is still under
investigation. Future studies are needed to determine how best to implement screening
strategies more widely, taking into account region-specific resources and variations in the
process of policy decisions that are needed to ensure broader adoption. Future studies
to establish the diagnostic algorithms for BA are required to ensure that screen-positive
infants are evaluated efficiently and receive the KPE in a timely manner, ideally before
30 days of life.
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Abstract: (1) Background: In patients with biliary atresia (BA) liver nodules can be identified either by
pre-transplant imaging or on the explant. This study aimed to (i) analyze the histopathology of liver
nodules, and (ii) to correlate histopathology with pretransplant radiological features. (2) Methods:
Retrospective analysis of liver nodules in explants of BA patients transplanted in our center (2000–2021).
Correlations with pretransplant radiological characteristics, patient age at liver transplantation (LT),
time from Kasai hepatoportoenterostomy (KPE) to LT, age at KPE and draining KPE. (3) Results:
Of the 63 BA-patients included in the analysis, 27/63 (43%) had nodules on explants. A majority
were benign macroregenerative nodules. Premalignant (low-grade and high-grade dysplastic) and
malignant (hepatocellular carcinoma) nodules were identified in 6/63 and 2/63 patients, respectively.
On pretransplant imaging, only 13/63 (21%) patients had liver nodules, none meeting radiological
criteria for malignancy. The occurrence of liver nodules correlated with patient age at LT (p < 0.001),
time KPE-LT (p < 0.001) and draining KPE (p = 0.006). (4) Conclusion: In BA patients, pretransplant
imaging did not correlate with the presence of liver nodules in explants. Liver nodules were frequent in
explanted livers, whereby 25% of explants harboured malignant/pre-malignant nodules, emphasizing
the need for careful surveillance in BA children whose clinical course may require LT.

Keywords: biliary atresia; liver nodules; hepatocellular carcinoma; regenerative nodules; focal
nodular hyperplasia

1. Introduction

Biliary atresia (BA) is the main indication for liver transplantation (LT) in children [1,2].
Every BA patient, after Kasai hepatoportoenterostomy (KPE) or in the absence of it, will
eventually develop some degree of liver fibrosis or cirrhosis. As biliary cirrhosis is associated
with malignant transformation, children with BA warrant careful monitoring [3]. The
usual modalities for the follow up of BA patients are ultrasound (US) and/or computed
tomography (CT) and/or magnetic resonance imaging (MRI). If liver nodules identified
on imaging exhibit malignant characteristics, biopsy is warranted [4]. The detection of
malignant or premalignant nodules is clinically important, as it accelerates the need for
LT [5]. It is known that explants of patients undergoing LT for BA can harbor various benign
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(regenerative nodules, focal nodular hyperplasia (FNH), adenomas), premalignant (low-
grade and high-grade dysplastic nodules), or malignant (hepatocellular carcinoma (HCC),
hepatoblastoma, and cholangiocarcinoma) nodules, yet the detection of these nodules
through conventional imaging remains a challenge [3,4].

We aimed to analyze the histopathology of nodules identified on liver explants of
patients undergoing LT for BA and to correlate histological findings with pre-LT radio-
logical features. We hypothesized that there would be limited correlation between pre-LT
radiological and post-LT pathological findings.

2. Materials and Methods

2.1. Patients

We conducted a retrospective study of all children diagnosed with BA and having
undergone LT between 2000–2021 in our national referral center. Patient inclusion criteria
were: primary diagnosis of BA and LT. Patient exclusion criteria were patients who did not
have a primary diagnosis of BA, or BA patients who were not transplanted yet.

The following data were collected from the national BA database: demographics,
age at KPE, cholangitis episodes (defined as i) fever associated with discolored stool
and/or jaundice, or ii) fever associated with inflammatory parameters and/or cholestasis
and/or increased transaminases and/or positive blood cultures), draining KPE (defined
as conjugated bilirubin < 20 μmol/L at 6 months after KPE), pre-LT laboratory values
(aspartate aminotransferase (AST), alanine aminotransferase (ALT), γ-glutamyl transferase
(GGT), total and conjugated bilirubin, alpha-fetoprotein (AFP)), presence or not of pre-LT
portal hypertension (defined as both splenomegaly + 2SD and thrombocytopenia (platelet
count less than 100,000 G/L) or history of a complication of portal hypertension such
as varices, ascites, etc.), age at LT, imaging (US performed at 6 weeks, 6 months, 1 year,
2 years pre-LT and/or CT performed prior to LT, see Section 2.2) and pathology results (see
Section 2.3). The study was approved by the local ethics committee (CE 06-050).

2.2. Imaging Analysis

The routine imaging work-up consisted of color Doppler US and contrast enhanced
CT scans that were performed by pediatric radiologists (3–25 years of experiece). The US
machines were Acuson Sequoia 512 and Acuson S3000 (Siemens Healthineers, Erlangen,
Germany) with curved-array 6 MHz and linear-array 9 MHz probes.

All CTs were obtained by using multi-detector machines: GE Lightspeed 16, GE
Lightspeed VCT 64 (GE Medical Systems, WI, USA) and Somatom Definition Edge machine
(Siemens Healthcare Systems, Erlangen, Germany). We used a low-dose technique based on
patient weight and automatic exposure control. Parameters were: KV 80–120, 50–150 mA
(care-dose modulation) and 2–5 mm slice thickness. Arterial and portal venous phase
images were obtained after injecting Iohexol 300 (2 mL/kg). Imaging studies were reviewed
by one author (MA) (25 years experience), first blindly, i.e., before knowing the results of
the pathology report, and secondly after having received the results, to check for possibly
missed nodules. For each nodule, the location (liver segments) and size (largest diameter),
echogenicity on US and vascular uptake pattern on CT were reported.

2.3. Morphological and Histological Evaluation

Liver explants were submitted for gross and histological analysis. Specimens were
handled according to guidelines, weighed and measured in all three dimensions, and
serially cut along the transverse plane. For cirrhosis, the uniformity or variability of
the nodules was recorded. After adequate fixation in 10% neutral buffered formalin,
representative sections of the hilum, and of the right and left liver lobes were taken.
Nodules standing out from the background liver because of size, differences in color or
texture, or with a more pronounced bulging surface, were recorded and submitted for
histological analysis.
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Hematoxylin and Eosin stains were performed on 3 μm thick sections of the paraffin-
embedded tissue. Special stains were routinely performed on selected paraffin blocks:
Masson’s trichrome for collagen, reticulin for architecture evaluation, Perl’s Prussian blue
for iron deposition, and PAS-diastase for hyaline globules. A reticulin stain and a Masson’s
trichrome stain were performed on the nodules when required.

2.4. Statistical Analysis

Categorical variables were compared using the chi-square and Fisher exact test, ac-
cordingly. Continuous data were expressed as median and interquartile range. Continuous
variables were compared using the Student t-test. Hazard ratios were estimated with the
univariate Cox proportional hazards model. Survival curves were compared using the
log-rank test. Differences were considered statistically significant if p < 0.05.

3. Results

During the study period, 168 patients had a LT. Sixty-three patients (33 females) were
included in the study with a median age at LT of 12 (9–24.5) months. Sixty (60/63) of the
patients underwent KPE. Median age at KPE was 58 (45–74) days. At 6 months, 27/60
(45%) patients had a draining KPE. Thirty-nine 39/60 (65%) patients after KPE experienced
one or more cholangitis episodes and were treated with two to three weeks of IV antibiotics.
Portal hypertension was present in 55/63 (87%) patients at LT. The median time from KPE
to LT was 11 (6–73.5) months. Thirteen 13/63 (21%) patients had nodules on pretransplant
imaging, while 27/63 (43%) had nodules on explants.

3.1. Nodules on Imaging

Thirteen 13/63 (21%) patients were radiologically diagnosed with 25 liver nodules
prior to LT, none with features clearly in favor of malignancy (Table 1).

Table 1. Clinical, biological and imaging characteristics of patients with nodules on pretransplant
imaging. LT, liver transplantation; US, ultrasound; CT, computed tomography; KPE, Kasai hepatopor-
toenterostomy; F, female; M, male; m, months; NA, not acquired.

Patient
Age at
LT (m)

Time
KPE-LT (m)

Sex
Size
(mm)

Location US
CT Arterial/Portal

Phases
AFP (μg/L) Pathology

1 6 4 F 17
25 IV

Hypoechoic
Hypoechoic

with central scar

Isodense/hypodense
Isodense/hypodense

with central scar
363

Macroregenerative
nodule

Focal nodular
hyperplasia

2 10 8 F 5 V No nodule Hyperdense/hyperdense 3255 No nodule

3 10 8 M 6 VI No NA/Hyperdense 12.9 No nodule

4 13 11 M 7 IV 4 Hyperechoic
hilar nodules

Hypodense/hypodense
segment IV

Hypodense/hypodense
segment III

26.6 Regenerative
steatotic nodule

5 15 14 M 11 VI Hyperechoic
nodule Isodense/hypodense 7 Regenerative

steatotic nodule

6 25 23 F 12 Left lobe 2 isoechoic
nodules No nodule 1.6 No nodule

7 47 6 M 60 III Heterogeneous
isoechoic

Isodense/isodense
with a small central
componenet hyper-
dense/hyperdense

32.7 Macroregenerative
nodule

8 66 65 F 30 V Isoechoic NA NA Macroregenerative
nodule
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Table 1. Cont.

Patient
Age at
LT (m)

Time
KPE-LT (m)

Sex
Size
(mm)

Location US
CT Arterial/Portal

Phases
AFP (μg/l) Pathology

9 84 83 F 30
60

I
V No nodule Isodense/isodense

Isodense/hyperdense 2.1 Macroregenerative
nodule

10 133 132 F 30 IV, VII,
VIII No nodule Isodense/hypodense 1

Low-grade
dysplastic nodule

Regenerative
cholestatic

nodule

11 174 173 M 80 Diffuse Isoechoic Isodense/isodense 2.6 Macroregenerative
nodules

12 201 200 F 27 III No nodule Isodense/isodense 2.3 High-grade
dysplastic nodule

13 203 201 M 16 III Hypoechoic
nodule No nodule 2.2 No nodule

Radiological findings in 7/13 (54%) patients correlated with the final histological
diagnosis: one patient with FNH and 6 with regenerative nodules (Figure 1).

Figure 1. Macroregenerative nodules in a 14-years old boy with biliary atresia. US (a) with large
isoechoic nodules with no vascularization on Doppler. CT with arterial (b) and venous (c) acquisition:
multiple diffuse isodense iso-enhancing nodules.

3.2. Nodules in Liver Explants

Histological examination of liver explants revealed 55 nodules in 26 patients, 1 patient
had 3 types of nodules and 4 other patients had 2 types of nodules. The liver of the
27th patient displayed nodules too-numerous-to-count (Figure 2). Half of the liver explants
(14/27) presented with more than one nodule. Figures 1, 3 and 4 show representative
imaging, gross and histological findings, in selected patients.

Most nodules were benign, with the majority being regenerative nodules (38) and the
multiple nodules observed in the 27th liver explant, whereby 9 regenerative nodules dis-
played more pronounced cholestasis and/or steatosis than the background liver (Figure 3a).
Identified in the majority of the patients presenting nodules (22/27), macroregenerative
nodules were mainly seen in a central location, in segments IV, V and VIII (Table 2). Benign
lesions also comprised 2 FNH, both located in segment IV (Figures 3b and 4a), and one
biliary infarct.
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Figure 2. Nodule types on liver explants of biliary atresia patients (FNH, focal nodular hyperplasia;
HCC, hepatocellular carcinoma; px, patient; * too-numerous-to-count).

Figure 3. (a) Regenerative nodule in a male patient 7-years-old at liver transplantation. On cut
section, a rather ill-defined 8-cm large regenerative macronodule involves segments IV, V and VIII
(delineated by arrowheads). (b) Focal nodular hyperplasia in a 13-month-old girl. On cut section,
a 2.5-cm lobulated and well-defined though unencapsulated cholestatic lesion with a central scar
is seen in segment IV (arrowhead). (c) High-grade dysplastic nodule in a female patient aged
3 years and 5 months at transplantation. Macroscopy shows a 1.5-cm bulging brown nodule in liver
segment III (arrowhead), and a further 0.4-cm nodule in segment VI (arrow). (d) Well-differentiated
hepatocellular carcinoma. Two large cholestatic nodules in segments II and III, measuring 2.3 and
1.1 cm in greatest diameters, bulge out from the cut section (arrowheads).
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Figure 4. (a) Focal nodular hyperplasia in a 13-month-old girl. Histology shows benign hepatocellular
nodules separated by thick fibrous septa (star) radiating from the central scar, containing thick-walled
abnormal-appearing arteries (arrowhead) and a ductular reaction (arrow) (Hematoxylin & Eosin,
H&E, original magnification ×40). (b,c) High-grade dysplastic nodule in a female patient aged
3 years and 5 months at transplantation, reticulin stain (5b, ×40) highlights a vaguely “nodular
within nodule” growth (arrowhead), and increased cell density, while H&E stain (5c, ×400) shows
small cell changes (arrowhead) and pseudoglands (arrows). (d,e) Well-differentiated hepatocellular
carcinoma in a 1-year-old girl. Plate thickening (arrowheads) and focal loss of reticulin staining
(arrows) is seen, together with variation in tumor cell size, multinucleation (arrow) and several
unpaired arteries (arrowheads) (5d, reticulin stain, 5e, H&E, ×400).

Table 2. Histo-pathological characteristics of nodules identified in liver explants. * One nodule can
overlap multiple liver segments. ** Largest diameter for every nodule, median (range) diameter for
every nodule type. KPE, Kasai hepatoportoenterostomy; LT, liver transplantation.

Nodules Nodule Type Number of Nodules
Location *

(Segments)
Size **
(mm)

Benign nodules

Macro regenerative nodules 29/55 (53%) 3xI/1xII/1xIII/8xIV/6xV/2xVI/
5xVII/7xVIII 9 (3–80)

Regenerative cholestatic nodules 5/55 (9%) 1xII/2xIII/1xVI/1xVII 12 (6–60)

Regenerative steatotic nodules 3/55 (5%) 1xIII/1xIV 8.5 (5–12)

Regenerative cholestatic and
steatotic nodules 1/55 (2%) 1xVIII 7

Focal nodular hyperplasia 2/55 (4%) 2xIV 20 (15–25)

Biliary infarction nodules 1/55 (2%) III 17

Premalignant and
malignant nodules

Low-grade dysplasia nodules 3/55 (5%) 2xIV/1xV 7 (7–15)

High-grade dysplasia nodules 7/55 (13%) 1xII 2xIII/1xIV/
2xV/1xVI 7 (3–32)

Hepatocellular carcinoma 4/55 (7%) 1xII/2xIII/1xV 14.5 (7–23)

Ten premalignant and four malignant tumors were seen in 7 patients (7/27, 26%). Pre-
malignant lesions were composed of 3 low-grade dysplastic nodules, and of 7 high-grade dys-
plastic nodules, measuring between 0.3 and 3.2 cm in the largest diameter (Figures 3c and 4b,c).
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Malignant tumors were 4 well-differentiated HCCs, seen in 2 patients (2/27), measuring
between 0.7 and 2.3 cm in the largest diameter (Table 2) (Figures 3d and 4d,e). In the first pa-
tient, premalignant and malignant tumors co-existed: the liver explant of this female patient,
aged 15 years at LT, showed co-occurrence of 2 well-differentiated HCCs, 2 high-grade dys-
plastic nodules and 3 macroregenerative nodules. The liver of the second 1-year-old patient
with 2 well-differentiated HCCs, also showed a cholestatic 0.7 cm regenerative nodule.

3.3. Correlation between Imaging and Histopathology

Even after reviewing the US and CT scans, none of the malignant and premalignant nod-
ules were detected on the pre-LT imaging. No further benign nodules were identified neither.

3.4. Patient Characteristics of Groups with and without Nodules in Liver Explants

Patients with histologically detected nodules on their liver explant were significantly
older both at KPE (p = 0.05) and LT (p < 0.001) than patients without nodules. When LT
was performed beyond the first year of life, significantly more explants presented with
nodules, compared with patients receiving their LT in the first year of life: HR 1.6 [0.9–2.9]
(p = 0.08); when LT was performed after the second year of life almost all liver explants
displayed nodules (Figure 5). In the group with nodules, more patients had a draining KPE
at 6 months, when compared with the group without liver nodules (p = 0.006). Significantly
more patients had normal bilirubin values in their second year of life in the group with
nodules when compared to the group without liver nodules (p = 0.003). No difference was
identified between the two groups regarding the incidence of cholangitis (p = 0.63) or portal
hypertension (p = 0.67) (Table 3). AFP was increased only in one of the two HCC patients.

Figure 5. Percentage of patients with histologically detected nodules on their liver explant according
to age.
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Table 3. Characteristics of biliary atresia patients with and without nodules on liver explant. KPE,
Kasai hepatoportoenterostomy; LT, liver transplantation.

Characteristics With Nodules (n = 27) Without Nodules (n = 36) p-Value

Age at LT (months) 15 (5–207) 11 (3–203) <0.001

KPE before LT 26/27 (96.2%) 34/36 (94.4%) 0.78

Age at Kasai (days) 53 (18–87) 64 (25–126) 0.05

Draining KPE at 6 months post KPE 17/26 (65.3%) 10/34 (29.4%) 0.006

Cholangitis episode(s) before LT 16/26 (61.5%) 23/34 (67.6%) 0.63

Portal hypertension 23/27 (85.1%) 32/36 (88.8%) 0.67

Direct bilirubin before LT (μmol/L) 34 (13–169.5) 163 (40–271.5) 0.39

Time period KPE to LT (months) 17 (3–1412) 8 (1–1338) <0.001

Overall patient survival was not different in the group with nodules when compared
with the group without liver nodules (p = 0.79). Likewise, there was no difference in
survival between patients with premalignant or malignant nodules (p = 0.41). None of
the patients had died or had been treated with chemotherapy at the end of follow-up
(101 (48.5–156.5) months). No patient with malignant or premalignant nodules on liver
explants presented with a recurrence.

4. Discussion

Nearly 50% of patients in this representative series of patients having undergone
LT for BA displayed liver nodules upon histological examination of the explant, with
one in four patients harboring malignant or premalignant lesions, most of which were
not detected by pre-transplant imaging or serum AFP levels. Time from KPE to LT was
associated with the occurrence of nodules, with more patients having identified nodules
when LT was performed beyond the first year of life. The prevalence of liver nodules, their
histopathological features, and the lack of correlation with imaging are all findings which
differ somewhat from previous reports and warrant discussion.

4.1. Half of Explants with Nodules

The prevalence of liver nodules in this series reached nearly 50%. This is clearly
higher than in previous series that report 11% of “liver nodules” on BA liver explants or [6]
“benign and malignant” hepatic tumors in 8% of BA patients [3]. We hypothesized that the
actual incidence of nodules in BA patients is underestimated due to underreporting.

There are several hypotheses concerning the physiopathology leading to these liver
nodules. Vascular changes are frequently noted in the setting of chronic hepatic disease and
also for BA patients we often observe an enlarged hepatic artery and a hypoplastic portal
vein. These hemodynamic changes may induce the development of nodules such as FNH
and regenerative nodules. Besides smoother bile drainage after KPE, Ijiri et al. formulate the
hypothesis of a better blood supply of the porta hepatis, partially explaining the formation
of hilar nodules [7]. Concerning the more peripheral nodules, Itai et al. formulate the
hypothesis that the portal blood supply might not be able to reach the liver capsule in cases
of diminished portal perfusion and thus contribute to the development of more peripheral
nodules [7,8]. The link between KPE and nodules has been postulated by Hussein et al. in a
comparative study of unoperated and post-KPE BA patients undergoing LT, no regenerative
nodules were documented in the liver explants with diffuse biliary cirrhosis of the 6 patients
without prior KPE. The authors therefore conclude that regenerative nodules are not purely a
consequence of BA, and instead represent a consequence of KPE [9]. The highly regenerative
modifications in the hilum might be a trigger for dysplasia and later HCC [9–11]. Further,
the contact of the biliary epithelium with enteric contents has been reported as another
accepted trigger for the development of bile duct malignancies [11,12]. Cholangitis might
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be another potential explanation to the appearance of liver nodules in BA patients. In
our study, cholangitis occurrence was not statistically different between patients with and
without nodules. Last, but not least, fibrosis grade at the time of KPE could play a role in
the development of nodules. It has already been shown by Salzedas-Neto et al., that there
is a negative correlation between the fibrosis grade on liver biopsy at KPE and a draining
KPE [13]. As patients with a draining KPE exhibited more nodules in our series, we can
speculate that there is a negative correlation between fibrosis grade and nodule occurrence.

4.2. Features of Benign Nodules
4.2.1. Focal Nodular Hyperplasia

In our series, there were two FNHs, one detected by imaging. Both were centrally
located, in segment IV. FNH, a benign hepatic lesion commonly seen in vascular liver disease
rather than biliary cirrhosis, was found to be the most common lesion in a recent imaging
series (6/13) [3]. There is one report of an FNH increasing in size after treatment of varices,
congruent with the theory of hemodynamic changes [14]. Even if in 65% of the previously
reported cases FNH are radiologically diagnosed, 3/17 were not detected on pre-LT imaging
and other 3/17 were potentially diagnosed as HCC or hepatoblastoma [3,6,14–17]. In the
present series, both of the FNH nodules were associated with other nodule types: a low-
grade dysplastic nodule in a first patient and a macroregenerative nodule in a second one.
The speculation that the hemodynamic changes encountered in the evolution of BA patients
ultimately lead to the development of nodules needs further research [7].

4.2.2. Regenerative Nodules

In this series, 24% of explanted livers displayed at least one regenerative nodule.
Yet, the prevalence of regenerative nodules on explants of BA patients is described to
be as low as 3.3% [4,7,18]. We assume that the discrepancy with previous reports may
be due to underreporting. Indeed, only 22 cases of regenerative nodules are described
in literature, versus 32 HCC [4,7,18], a ratio which seems very unlikely. Given that the
malignant potential of macroregenerative nodules is still debated, close follow up of these
patients is probably indicated [18,19].

For both FNH and regenerative nodules, the time elapsed from KPE to nodule detection
is controversial: while it was found to be one per year in a cohort of 55 patients, other studies
suggest a five to nine year-period until their first diagnosis [6]. Overall, in our series, patients
with liver nodules had a longer time period from KPE to LT than those without nodules,
suggesting that the longer the patient lives with his native liver, the higher the risk for
developing nodules. That said, in our cohort clearly more patients develop nodules after
the first year of life, underlining the need for screening already beyond the age of one year.

4.2.3. Other Benign Nodules

Other benign nodules described in association with BA include mesenchymal hamar-
toma and adenomas, none of which were observed in our series [3,6,20]. Mesenchymal
hamartoma and adenoma have both been presented as case reports in patients with BA.
The pathophysiological relationship with BA is difficult to explain in both cases, raising the
question of incidental findings [6,20].

4.3. Features of Malignant Nodules

The striking feature of the present series is the lack of correlation between pre-LT
imaging and histopathological findings. None of the HCC nodules reported here were
detectable on imaging, even on a post-hoc analysis, despite their detectable size (Table 2).

4.3.1. Hepatocellular Carcinoma

The discrepancy between imaging and histopathology in the setting of BA has been re-
ported in 32 pediatric cases [2,3,10,21–33]. The prevalence of HCC in explants of 544 children
transplanted for BA was reported to be 1.2% [3,10,26]. Half of HCC seem to be missed
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during pre-LT imaging, and 41% of BA patients with HCC have a normal AFP [3]. The
calculated sensitivity for the radiological diagnosis of HCC within the available literature of
BA is 62.5% [2,3,10,21–27,29–33]. AFP was also of very limited use in our series, since it was
only increased in one of the two patients with HCC. Indeed, AFP monitoring in BA patients
and imaging has a low sensitivity of detecting small HCC. Nevertheless, increasing AFP in
a BA patient should clearly encourage further imaging such as MRI with a hepatobiliary
phase to rule out malignancy. The sensitivity of MRI to detect nodules is higher than both
US and CT, and affords the opportunity to distinguish between regenerative nodules and
malignancy using diffusion sequences and hepatospecific contrast agents. Small and bor-
derline nodules (dysplastic and early HCC) may still be challenging to diagnose by MRI.
Contrast-enhanced ultrasound, a non ionizing technique, is increasingly used in children
for detecting and characterizing focal liver lesions and may be helpful in the follow-up of
BA patients. As for other techniques, the difficulty lies in the analysis of nodules within a
cirrhotic liver with global parenchymal changes [34]. Thus, in case of increased AFP and
detected nodules, targeted biopsies should help to plan the appropriate management [28].

4.3.2. Dysplastic Nodules

Dysplastic nodules are considered to be preneoplastic conditions [21]. Even if radio-
logical investigations were negative for malignancy, a 3.3% incidence of HCC was reported
in a series of dysplastic nodules [35]. The mean diameter of dysplastic nodules in our
series correlated with the degree of dysplasia: the size increased from low grade dysplasia,
to high grade dysplasia, to HCC, supporting the hypothesis of progression through the
stages of carcinogenesis with the increasing diameter [5]. Given that half of the dysplastic
nodules in the present series were located in the hilar area, especially segment IV, and the
hilar region being known for having particular regenerative properties in BA patients, it is
tempting to speculate about the role of the hilar hepatic regeneration in the development of
dysplastic nodules and later HCC [9,10].

4.3.3. Other Malignant Tumors

Other malignant tumors such as cholangiocarcinoma and hepatoblastoma have been
reported to be found in liver explants of BA patients [2,36,37]. None of these tumors were
found on liver explants in our series.

4.4. Limitations of This Study

The findings of this study have to be seen in the light of several limitations. First, there
is a certain selection bias. This study started with a design in which we only investigated
patients who finally underwent LT. KPE-succeeded BA patients spend a longer period of
life with cirrhotic liver than KPE-failed patients. Therefore, KPE-succeeded BA patients
might have more chances for the development of hepatic nodules. Associating successful
KPE with the frequent occurrence of hepatic nodules after collecting LT candidates thus
corresponds to a selection bias. However, this selection bias is inherent to the design and
aim of our study that sought the correlations between pre-LT radiology and pathology of
nodules of the explant.

Second, there is a literature gap regarding the pathophysiology of the development of
nodules in BA patients. Our study incites for further research to clarify this aspect.

Third, the small sample size might limit the generalization of our results. Nevertheless,
our data is representative as our center is the national referral center for BA patients and all
patients are centralized.

5. Conclusions

Liver nodules were more frequently encountered in explanted livers after KPE than
previously reported. A high proportion of liver nodules was not detected radiologically.
One quarter of the lesions was malignant or pre-malignant, emphasizing the need for
careful surveillance of BA patients and meticulous explant analysis. Older age at KPE, a
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draining KPE, and thus a longer time interval from KPE to LT, were associated with the
presence of nodules on explants. How to improve detection of these nodules and whether
patients require tailored follow-up are questions for future research.
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Abstract: Background & Aims: Biliary atresia (BA) is the commonest single etiology indication for
liver replacement in children. As timely access to liver transplantation (LT) remains challenging
for small BA children (with prolonged waiting time being associated with clinical deterioration
leading to both preventable pre- and post-transplant morbidity and mortality), the care pathway
of BA children in need of LT was analyzed—from diagnosis to LT—with particular attention to
referral patterns, timing of referral, waiting list dynamics and need for medical assistance before
LT. Methods: International multicentric retrospective study. Intent-to-transplant study analyzing
BA children who had indication for LT early in life (aged < 3 years at the time of assessment), over
the last 5 years (2016–2020). Clinical and laboratory data of 219 BA children were collected from
8 transplant centers (6 in Europe and 2 in USA). Results: 39 patients underwent primary transplants.
Children who underwent Kasai in a specialist -but not transplant- center were older at time of referral
and at transplant. At assessment for LT, the vast majority of children already were experiencing
complication of cirrhosis, and the majority of children needed medical assistance (nutritional support,
hospitalization, transfusion of albumin or blood) while waiting for transplantation. Severe worsening
of the clinical condition led to the need for requesting a priority status (i.e., Peld Score exception or
similar) for timely graft allocation for 76 children, overall (35%). Conclusions: As LT currently results
in BA patient survival exceeding 95% in many expert LT centers, the paradigm for BA management
optimization and survival have currently shifted to the pre-LT management. The creation of networks
dedicated to the timely referral to a pediatric transplant center and possibly centralization of care
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should be considered, in combination with implementing all different graft type surgeries in specialist
centers (including split and living donor LTs) to achieve timely LT in this vulnerable population.

Keywords: biliary atresia; Kasai portoenterostomy; transplant waiting list; pediatric liver transplantation;
referral practice; outcome

1. Introduction

Biliary atresia (BA) is the most common single indication for liver replacement and
transplantation (LT) in children. It is the most common cause of death from liver disease
in that age group, and was the indication for 39% of all LT in Europe between 1968 and
2017 [1]. LT is currently proposed as a cure for all children with BA in need of a liver
replacement. In the absence of severe comorbidities or contraindications, the risk of these
children dying from biliary cirrhosis depends in fact directly on the possibility of obtaining
a LT as a timely cure [2–6].

The predictable, progressive and irreversible worsening of their clinical condition
during the wait for LT contributes directly to added morbidity and a risk of death in both
pre- and post-LT periods [7–11]. Although it is clear and self-evident that a late referral
to transplant centers (LTC) and prolonged waiting time for LT are associated with worse
outcomes, there are only a few studies analyzing the dynamics of these children’s referrals
and of their pathway to LT.

For this study, attention was paid to analyzing the clinical evolution of small children
diagnosed with BA and needing LT early in life (<3 years of age), from their diagnosis until
LT, and to bring evidence of possible determinants for a successful path to LT (intent-to-
transplant analysis).

One hypothesis was that children who are referred secondarily to LTC may experience
some delay of assessment and LT (and possible increased morbidity). The analysis aimed
at comparing patterns of referral and, in particular, comparing patients who were managed
outside an LTC initially, with those who were immediately referred at diagnosis and
managed in the center that eventually offered LT. Particular attention was paid to the
timing of referral, waiting list dynamics and the need for medical assistance before LT.

2. Methods

This study was an international multicentric retrospective analysis. The study concept
was generated spontaneously during brainstorming for future research projects on the BA
theme, within the BARD association (BA-Related Disorders—http://www.bard-online.
com, accessed on 10 March 2022). Eight centers (six in Europe and two in the USA)
collaborated for the study.

2.1. Study Design and Analysis Plan

Since medical care, transplant medicine and surgery have evolved rapidly, and because
liver graft availability/use has varied significantly in the last decades, only the recent and
limited period of time (recent five consecutive years) was analyzed. This allowed for
analysis of the very current health pathways and ability to further propose methods for
improvement in the near future.

Since the reason for liver replacement in BA patients varies with the age, with rapidly
progressive liver dysfunction being seen mostly in the younger ones and indications in
older ones are mostly related to chronic cirrhosis and portal hypertension or its collateral
effects, it was decided to concentrate only on the younger ones, i.e., less than 3 years old, at
assessment/registration on the transplant list.

In view of the liver graft allocation policies and graft type, as a consequence, waiting
list dynamics substantially differ between Europe and the USA [12,13]. For this reason,
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separate analyses were run in these two world areas, in order to both compare the two
health systems and provide specific conclusions/recommendations for future care.

As all contributing centers were experts in managing children with liver disease and
as the time period covered only the recent years, it was considered that clinical approaches
and management protocols were sufficiently homogenous enough over the whole period
of the study to exclude analyzing/comparing the quality and type of care proposed in
these centers (both for pre- and post-LT care, including immunosuppression protocol and
surgical techniques).

2.2. Study Population: Inclusion and Exclusion Criteria

All consecutive children with BA managed in the respective centers were enrolled if
they fulfilled the following criteria: (i) <3 years of age at assessment for LT, and (ii) assessed
and transplanted within the contributing centers between 1 January 2016 and 31 December
2020. For those who had been transplanted, only those with a minimum of 3 months
follow-up after LT were included at the time of selection and data gathering.

As the study was an “intent-to-LT” analysis, the endpoints were “transplant” or
“death (while waiting for LT)”. Patients who were still waiting on the list at the study
closure date were excluded, as well as those who were removed from the list during the
study period because of being “too-well” or clinically improving to the point that LT was
not recommended. On the contrary, those who died while waiting, and those who were
removed from the list because they were considered too sick (i.e., a contraindication to LT),
were included in the study group. Lastly, patients who had been assessed in one of the
contributing centers but were later transferred to another center were excluded from the
analysis performed by the former center.

2.3. Data for Analysis

All data were retrospective and retrieved from the patients’ medical and operational
records. This was performed once and only for the purpose of the analyses by one of the
co-authors of the caring center.

Data and information were collected about: (1) The history of prematurity, comorbidi-
ties and associated malformations, poly-malformative atresia or not. (2) The type of initial
surgery for BA (no-surgery, laparotomy or Kasai procedure) and the type of center for Kasai
((a) non-liver-expert center (i.e., no multidisciplinary pediatric liver service), (b) liver-expert
center (i.e., multidisciplinary pediatric liver service available but no transplant service) and
(c) pediatric LT center (LTC including multidisciplinary pediatric liver services). (3) Age at
initial operation, age at assessment and age at registration on the transplant list. (4) Clinical
condition (weight, ascites or not, nutritional support or not and type, Pediatric End-Stage
Liver score (PELD)) at the time of assessment and registration on the list. (5) Waiting
time on the list before LT, and clinical evolution while waiting (ascites, albumin or blood
transfusions, need for hospitalization). (6) Age, weight, PELD and clinical condition (home,
hospital- or intensive care unit (ICU)-bound) at LT. (7) Type of donor (deceased or living
donor (LD)) and liver graft type (full-size, reduced, split or living donor). (8) Cause of
death before LT, cause of death or graft loss after LT and age at last clinical check.

2.4. Data Management and Statistical Analyses

Data were initially analyzed as a whole with comparisons between subgroups, and
secondly as follows:

1. To analyze referral pathways and their dynamic, subgroups were defined as per
the type of initial BA surgery: (A) no-surgery, (B) explorative laparotomy only (no-
Kasai), (C) Kasai procedure performed in non-expert liver center, (D) Kasai procedure
performed in expert liver center other than the LTC and (E) Kasai procedure performed
in the LTC where the transplant was performed later.
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2. As access to LT and waiting time for LT are very different when a candidate for LT
is proposed to LD-LT, a second analysis was performed with the same subgrouping
method, and comparing all patients who had living donor LT versus all others.

For studying correlations, at the level of the centers: between regional allocation
rules, waiting list dynamics, LD-LT use and the proportion of LT using PELD exception
(or similar priority) request, one center was excluded because regional allocation was not
PELD/MELD-based, but center-driven in an otherwise unique national set-up. For this
specific study, all mean values were rounded to the nearest integer.

For the statistical analysis, continuous variables were expressed as mean and standard
deviations, or as median and range where appropriate. They were compared with the
T-Test, Wilcoxon rank sum test or the Mann–Whitney test, and the ANOVA test, together
with Levene’s Test, for assessing the homogeneity of variance between the groups. The
categorical variables were compared by using Fisher’s exact test or the Chi-square test
when appropriate. All the data were analyzed by using SAS 9.4 Software.

p < 0.05 was considered statistically significant.

3. Results

General demographics and results of the analysis are detailed in Tables 1–3.

3.1. Europe

During the study period, 165 patients were assessed for LT in 6 LTC. Of the 165 children,
11 had a history of prematurity, 25 had malformative polysplenia syndrome and 27 had
other comorbidities (Table 1). Of the 165 patients, 136 underwent Kasai porto-enterostomy
after the diagnosis of BA (82%) (mean age at Kasai ± SD, 60.3 ± 25.0 days). A detailed
analysis is provided in Tables 1 and 3.

During their waiting time for a LT, the clinical condition of 150/165 children worsened
with any (or a combination) of the following problems: increasing ascites (73%), the need
for albumin infusion (59%) or blood transfusions (29%), the need for enteral (40%) or
parenteral nutrition (PN) support (22%), the need for short (<5 days) or long (>5 days)
hospitalizations (25% and 61%, respectively), or the need for recovery in the ICU (13%).

No deaths occurred during their LT waiting time and all the children were finally
transplanted.

Of all LT, 120 (72.7%) were performed in children aged less than 1 year at the time of
transplant. At the time of the LT, 88 children were at home, while 63 cases were hospital-
bound, and another 14 children were in the ICU. LT were performed with full-size livers
(n = 20), reduced livers (n = 5), split liver grafts (n = 60) and grafts procured from LD
(n= 80). Of all 165 children transplanted over a period of 5 years, death occurred after LT
in 5 cases (overall patient survival = 97%). Death occurred within the first post-operative
trimester in 4/5 cases (graft primary non-function in 2 cases, sepsis in 1 case and pulmonary
hypertension in 1 case), or during the second year in another case (cardiac complication).

Comparison of subgroups A to E (as per type of initial surgery at BA diagnosis)
evidenced statistical differences between the subgroups for age at assessment, weight at
assessment and initial PELD score (Table 1). The children who had primary transplants
and those who had the Kasai operation performed within the center where they received
the transplant were younger, weighed less and had lower PELD scores at any time of their
management course (from assessment to LT) compared to the other groups.

A comparison of those who benefited from LD versus others showed that children in
the former group were similar for age but lower in weight, though they were significantly
more likely to develop ascites and the management of the ascites required more albumin
infusion and was associated with significantly more hospitalization (including in the ICU).
Although their waiting time for LT was significantly shorter, those receiving a LD-LT had
worsening PELD scores while waiting and had significantly higher PELD scores at LT
compared to the latter group. Interestingly, the duration of respiratory assistance after LT,
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and the length of stay both in the ICU and in hospital overall, were all significantly shorter
in the LD group (Table 3).

3.2. USA

General demographics and results of the analysis are detailed in Tables 2 and 3.
In the American phase of the study, 55 patients in 2 LT centers were included. Only

5 (9%) babies were born prematurely. Of the 55, 9 (16.4%) had polysplenia, 45/55 ba-
bies underwent a Kasai portoenterostomy, while 10 (18.2%) either underwent no surgery
or just an exploration. The mean age at Kasai operation for the American cohort was
60.0 ± 27.2 days.

During the waiting period, many of the children suffered from a deterioration in
their condition: 31/55 (56.4%) experienced worsening ascites and 32/55 (58.2%) required
albumin infusions during the waiting period. Though at referral for assessment, 28/55
(51%) had enteral support and only 10/55 (18%) had PN, the latter ratio increased to 27/55
(49.1%) during the waiting time (Table 2). Additionally, 27/55 (49.1%) required at least one
blood transfusion, and 40/55 (72.7%) required at least one hospital admission of greater
than 5 days as well as at least one admission shorter than 5 days (26/55, 47.2%).

One child died before LT: though he was waiting in ICU and had a PELD exception
priority, his condition deteriorated to the point where a LT would be contraindicated and
he was removed from the list.

Slightly more than half of the 54 transplanted patients (28/54, 52%) received a trans-
plant while waiting at home, and more than a third (19/54, 35.2%) were in hospital but not
in the ICU, with 7 (12.7%) being in the ICU at the time of the transplant.

Of the children undergoing a transplant, 36/54 (67%) were less than a year of age. The
average age at transplant was 9.8 months (7.6–13 interquartile range).

The distribution of organ types in the American cohort was 30 (56%) whole livers,
16 (30%) split livers, 2 (4%) reduced size and 6 (11%) living donor left lobes or segment
II–III grafts.

Most patients (5/6, 83.3%) who received a LD-LT were in hospital, and 1/6 was in the
ICU. Only 1 patient (1/6, 16.7%) was at home at the time of the LD transplant, in contrast
to the European live donor patients, most of whom (47/80, 58.7%) were at home at the time
of the transplant.

Overall survival in the 5-year period was 51/54 (94.4%), including 6/6 surviving in
the live donor group and 45/48 (94%) in the deceased donor group.

A comparison between the five groups (A–E) according to where and if they had
a Kasai operation demonstrated that the infants who had either no surgery or an ex-
ploration alone (groups A and B) were significantly younger at assessment, listing and
transplant than all the other groups. This was followed by the patients who had a Kasai
operation and the transplant at the same center (group E) compared to those who had a
Kasai at a liver-expert center different from the transplant center (group D). The average
age at listing was significantly different among groups, including 5.9 ± 1.1 months for
group A, 7.2 ± 4.4 months for Group C, 12.4 ± 7.3 months for Group D and 7.3 ± 2.7 for
Group E (p = 0.026). Similarly, the age at transplantation was younger for groups A and
E (8.1 ± 1.8 and 10.9 ± 4.2 months, respectively) compared to groups C and D (13.0 ± 7.2
and 16.2 ± 10.1 months, respectively). Group B was only 4 patients and did not permit
statistical comparison.

Differences in the PELD scores at either listing or transplantation did not differ sig-
nificantly in the five groups, although PELD score at the time of the transplant tended to
be higher in groups A and E, but the difference was not significant (Table 1). The waiting
time on the list was shorter in groups A and E but the difference was not significant among
the five groups. Group C patients had a higher rate of whole liver transplantations than
all other groups, but this was a function of the different donor characteristics and referral
patterns between the two American centers rather than because of any differences in the
patients themselves.

96



J. Clin. Med. 2022, 11, 2142

Table 1. Europe group: analysis of subgroups as per initial surgery for biliary atresia.

A B C D E

p
NO Surgery

Explorative
Laparotomy

KASAI in
Non-Liver-

Expert
Centre

KASAI in
Liver-Expert
Other Centre

KASAI and
Transplant

in Same
Center

N (%) 25 (15%) 4 (2%) 44 (27%) 12 (7%) 80 (49%)

Polysplenia Syndrome N (%) 5 (20%) 1 (25%) 6 (14%) 2 (17%) 11 (14%) 0.9126

Age at Kasai (if kasai) (Days) Mean ± SD - - 62.0 ± 25 69.0 ± 18.7 58.2 ± 26.0 0.4499

At assessment Age (months) Mean ± SD 5.8 ± 3.1 6.0 ± 1.4 10.5 ± 7.2 9.0 ± 5.0 5.8 ± 3.9 0.0068

Weight (Kgs) Mean ± SD 6.6 ± 1.55 6.8 ± 1.2 7.6 ±2.3 8.0 ± 2.0 6.34 ± 1.9 0.0058

PELD score score 19.4 ± 7.2 24.5 ± 7.55 16.2 ± 8.9 17.5 ± 7.8 11 ± 7.8 0.0009

Presence of ascites N (%) 20 (80%) 3 (75%) 27 (61%) 8 (67%) 47 (59%) 0.3943

Enteral nutrition support N (%) 7 (28%) 1 (25%) 17 (39%) 2 (17%) 35 (44%) 0.3079

Parenteral nutrition
support N (%) - - 5 (11%) 3 (25%) 12 (15%) 0.1639

At registration on list Age (months) Mean ± SD 6.6 ± 3.3 8.25 ± 2.2 12.2 ± 7.5 11.7 ± 5.7 6.5 ± 4.2 0.0012

Weight (Kgs) Mean ± SD 6.8 ± 1.6 7.2 ±0.7 8.1 ± 2.2 8.4 ± 2.8 6.6 ± 1.9 0.0005

PELD score score 17.8 ± 6.9 20.7 ± 6.8 15.4 ± 8.2 17.9 ± 8.7 11.5 ± 7.8 0.0005

Delta Peld score 1 assessment to
registration on list delta 1.6 ± 4.4 3.7 ± 2.4 0.8 ± 3.4 0.9 ± 3.2 1.4 ± 3.8 0.5916

While waiting for LT Worsening ascites N (%) 20 (80%) 3 (75%) 28 (64%) 10 (83%) 59 (74%) 0.5196

Albumin infusion(s) N (%) 15 (60%) 2 (50%) 26 (59%) 10 (83%) 45 (57%) 0.5254

Blood transfusion(s) N (%) 4 (15%) 1 (25%) 13 (30%) 7 (58%) 23 (29%) 0.1311

Enteral nutrition support N (%) 11 (44%) 1 (25%) 18 (41%) 6 (50%) 30 (38%) 0.8922

parenteral nutrition
support N (%) 3 (12%) - 13 (30%) 5 (42%) 16 (20%) 0.1504

1 Hospital admission
< 5 days N (%) 3 (12%) 1 (25%) 6 (14%) - 10 (12%) 0.6655

>1 Hospital admission
< 5 days N (%) 5 (20%) - 4 (9%) 5 (42%) 8 (10%) 0.0227

1 Hospital admission
> 5 days N (%) 14 (56%) 1 (25%) 19 (43%) 8 (67%) 43 (54%) 0.4318

>1 Hospital admission
> 5 days N (%) 3 (12%) - 2 (5%) - 10 (12%) 0.3952

Recovery in ICU N (%) 1 (4%) - 1 (2%) 4 (33%) 16 (20%) 0.0062

At Liver transplant Age (months) Mean ± SD 9.1 ± 6.05 18 ± 21.4 14.6 ± 8.5 13.4 ± 7.1 8.9 ± 6.1 0.0012

Weight (Kgs) Mean ± SD 7.5 ± 2.1 8.8 ± 2.9 9.0 ± 2.4 8.9 ± 3.2 7.6 ± 2.1 0.0072

PELD score score 21.6 ± 6.5 24.0 ± 12.1 17.7 ± 10.5 18.7 ± 10.0 14.9 ± 9.7 0.0184

Clinical condition at
LT Elective-Home N (%) 11 (44%) 3 (75%) 29 (66%) 5 (42%) 40 (50%)

0.1300
Hospital-bound N (%) 13 (52%) 1 (25%) 15 (34%) 5 (42%) 29 (36%)

ICU-bound N (%) 1 (4%) - - 2 (16%) 11 (14%)

Waiting time Assessment to LT (Days) Median
(p25–p75) 40 (25–72) 34 (26–695) 77 (45–149) 80 (22–157) 71 (34–121) 0.3530

Delta PELD score 2 Assessment to LT Mean ± SD 3.8 ± 9.0 3.2 ± 5.25 2.4 ± 5.4 0.7 ± 7.4 3.4 ± 6.4 0.6658

Graft type Full-size N (%) 5 (20%) - 3 (7%) - 12 (15%)

0.6108Split liver graft N (%) 7 (28%) 1 (25%) 16 (36%) 5 (42%) 31 (39%)

Reduced liver N (%) - - 1 (2%) - 4 (5%)

Living donor left lobe N (%) 13 (52%) 3 (75%) 24 (54%) 7 (58%) 33 (41%)

post-LT recovery Respiratory assistance
(time—days)

Median
(p25–p75) 1 (1–5) 0 (0–2) 1 (0–2) 1 (0–7) 2 (0–6) 0.1415

Enteral nutrition support
need N (%) 17 (68%) - 26 (59%) 8 (67%) 71 (89%) <0.0001

Parenteral nutrition need N (%) 19 (76%) 2 (50%) 29 (66%) 8 (67%) 65 (81%) 0.2565

ITU stay (days) Median
(p25–p75) 7 (2–11) 2 (2–2.5) 4.5 (2–15.5) 4.5 (2–20) 6 (3–12) 0.3665
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Table 1. Cont.

A B C D E

p
NO Surgery

Explorative
Laparotomy

KASAI in
Non-Liver-

Expert
Centre

KASAI in
Liver-Expert
Other Centre

KASAI and
Transplant

in Same
Center

Hospital stay (days) Median
(p25–p75) 27 (22–35) 24.5

(16.5–32.5) 24 (17–34) 30 (20–44.5) 26 (21–35) 0.5731

Outcome Death while waiting N (%) - - - - -
0.6584Death after LT N (%) - - 1 (2%) - 4 (5%)

Alive and well N (%) 25 (100%) 4 (100%) 43 (98%) 12 (100%) 76 (95%)

Current age of survivors
(months) Mean ± SD 47.5 ± 21.3 46.7 ± 5.3 48.4 ± 18.2 50.3 ± 15.7 38.3 ± 17.7 0.0157

Italic and bold: significant values of p.

Table 2. USA group: analysis of subgroups as per initial surgery for biliary atresia.

A B C D E

p
NO Surgery

Explorative
Laparotomy

KASAI in
Non-Liver-

Expert
Centre

KASAI in
Liver-Expert
Other Centre

KASAI and
Transplant

in Same
Center

N 6 (11%) 4 (7%) 18 (33%) 5 (9%) 22 (40%)

Polysplenia Syndrome N 1 (17%) - 2 (11%) - 6 (27%) 0.4409

Age at Kasai (if kasai) (Days) Mean ± SD - - 66.8 ± 28.9 53.0 ± 17.3 55.2 ± 27.0 0.157

At assessment Age (months) Mean ± SD 5.9 ± 1.4 4.2 ± 0.5 6.5 ± 4.1 12.2 ± 6.9 6.7 ± 2.7 0.0032

Weight (Kgs) Mean ± SD 7.2 ± 1.0 6.7 ± 0.7 6.1 ± 1.8 8.7 ± 3.7 6.6 ± 1.4 0.0821

PELD score score 20.7 ± 7.6 12.8 ± 7.7 12.9 ± 7.7 12.6 ± 14.3 13.5 ± 7.0 0.329

Presence of ascites N (%) 4 (67%) 2 (50%) 12 (67%) 3 (60%) 13 (59%) 0.9682

Enteral nutrition support N (%) 3 (50%) - 10 (56%) 2 (40%) 13 (59%) 0.2739

Parenteral nutrition
support N (%) 2 (33%) - 6 (33%) - 2 (9%) 0.1399

At registration on list Age (months) Mean ± SD 5.9 ± 1.1 4.9 ± 0.8 7.2 ± 4.4 12.4 ± 7.3 7.3 ± 2.7 0.0264

Weight (Kgs) Mean ± SD 7.2 ± 1.0 6.9 ± 0.5 6.4 ± 1.8 8.5 ± 3.9 6.6 ± 1.1 0.181

PELD score score 20.8 ± 8.5 13.5 ± 7.5 12.9 ± 7.7 14.4 ± 17.2 14.1 ± 7.6 0.459

Delta Peld score 1 assessment to
registration on list delta 0.2 ± 1.3 0.8 +/1 1.5 0.1 ± 0.2 1.8 ± 4.0 0.6 ± 4.3 0.618

While waiting for LT Worsening ascites N (%) 5 (83%) 2 (50%) 8 (44%) 2 (40%) 14 (64%) 0.4201

Albumin infusion(s) N (%) 5 (83%) 2 (50%) 7 (39%) 2 (40%) 16 (73%) 0.135

Blood transfusion(s) N (%) 4 (67%) 2 (50%) 8 (44%) 1 (20%) 12 (55%) 0.5826

Enteral nutrition support N (%) 3 (50%) 4 (100%) 5 (28%) 2 (40%) 9 (41%) 0.1255

parenteral nutrition
support N (%) 4 (67%) 2 (50%) 9 (50%) - 12 (55%) 0.212

1 Hospital admission
< 5 days N (%) 1 (17%) 1 (25%) 5 (28%) 3 (60%) 5 (23%) 0.5118

>1 Hospital admission
< 5 days N (%) 1 (17%) 2 (50%) 4 (22%) 1 (20%) 3 (14%) 0.574

1 Hospital admission
> 5 days N (%) 5 (83%) 1 (25%) 7 (39%) 1 (20%) 10 (46%) 0.2195

>1 Hospital admission
> 5 days N (%) 1 (17%) 2 (50%) 5 (28%) - 8 (36%) 0.4159

Recovery in ICU N (%) 4 (67%) 1 (25%) 7 (39%) - 6 (27%) 0.1787

At Liver transplant Age (months) Mean ± SD 8.1 ± 1.8 8.9 ± 0.7 13.0 ± 7.2 16.2 ± 10.1 10.9 ± 4.2 0.0511

Weight (Kgs) Mean ± SD 8.9 ± 1.6 8.2 ± 0.8 9.3 ± 2.6 8.5 ± 5.2 7.9 ± 1.7 0.559

PELD score score 22.0 ± 10.3 23.3 ± 8.3 12.8 ± 11.7 16.2 ± 16.0 21.5 ± 10.7 0.139

Clinical condition at
LT Elective-Home N (%) 2 (33%) 2 (50%) 11 (65%) 4 (80%) 9 (41%)

0.4352
Hospital-bound N (%) 2 (33%) 1 (25%) 4 (24%) 1 (20%) 11 (50%)

ICU-bound N (%) 2 (33%) 1 (25%) 2 (12%) * - 2 (9%)
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Table 2. Cont.

A B C D E

p
NO Surgery

Explorative
Laparotomy

KASAI in
Non-Liver-

Expert
Centre

KASAI in
Liver-Expert
Other Centre

KASAI and
Transplant

in Same
Center

Waiting time Assessment to LT (Days) Median
(p25–p75) 43 (36.8–62) 135

(103.5–151.5) 112 (74–303) 117 (49–146) 82.5
(52.3–133.3) 0.1688

Delta PELD score 2 Assessment to LT Mean ± SD 1.6 ± 11.4 10.5 ± 5.5 0.2 ± 11.7 3.6 ± 5.5 8.0 ± 10.8 0.163

Graft type Full-size N (%) 2 (33%) 3 (75%) 16 (94%) 3 (60%) 6 (27%)

0.0202Split liver graft N (%) 2 (33%) 1 (25%) - 2 (40%) 11 (50%)

Reduced liver N (%) - - - - 2 (9%)

Living donor left lobe N (%) 2 (33%) - 1 (6%) - 3 (14%)

post-LT recovery Respiratory assistance
(time - days)

Median
(p25–p75)

22.5
(9.3–46.3)

16.5
(10.8–44.3) 17 (5–30) 2 (1–7) 9 (5–20.3) 0.2132

Enteral nutrition support
need N (%) 6 (100%) 4 (100%) 14 (82%) 3 (60%) 19 (91%) 0.268

Parenteral nutrition need N (%) 6 (100%) 3 (75%) 11 (65%) 1 (20%) 13 (59%) 0.0953

ITU stay (days) Median
(p25–p75) 24.5 (10.5–40) 19.5 (12–46.8) 17 (8–38) 3 (3–8) 10 (6.3–19.8) 0.0802

Hospital stay (days) Median
(p25–p75) 33 (19–54.5) 27 (24.5–70.5) 28 (19–81) 10 (9–11) 19.5

(11.3–33.3) 0.0621

Outcome Death while waiting N (%) - - 1 (6%) - -
0.8969Death after LT N (%) - - 1 (6%) - 2 (9%)

Alive and well N (%) 6 (100%) 4 (100%) 16 (89%) 5 (100%) 20 (91%)

Current age of survivors
(months) Mean ± SD 41.6 ± 9.5 45.6 ± 17.6 37.3 ± 15.9 47.8 ± 21.1 39.8 ± 21.6 0.804

* One other child, not transplanted, was waiting in ICU and having a PELD exception score; he was removed
from list because of being too sick, and died. Bold: significant values of p.

Table 3. Demographics, data and outcomes of transplanted patients according to type of donor.

EUROPE

p

USA

pALL
Living

Donor LT
Deceased
Donor LT

ALL
Living

Donor LT
Deceased
Donor LT

N N (%) 165 80 (48.5%) 85 (51.5%) 54 6 (11.1%) 48 (88.9%)

Prematurity N (%) 11 (6.7%) 7 (63.6%) 4 (36.4%) 0.2008 5 (9.3%) - 5 (10.4%) 0.9339

Co-morbidity Cardiac N (%) 9 (5.5%) 6 (42.9%) 3 (23.1%)
0.4810

1 (1.9%) - 1 (2.1%)
0.3916Digestive N (%) 10 (6.1%) 5 (35.7%) 5 38.5%) 2 (3.7%) - 2 (4.2%)

Other N (%) 8 (4.8%) 3 (21.4%) 5 (38.5%) 2 (3.7%) 1 (16.7%) 1 (2.1%)

Polysplenia
Syndrome N (%) 25 (15.2%) 11 (16.5%) 14 (16.5%) 0.6262 8 (14.8%) - 8 (16.7%) 0.2786

Type of initial
surgery for BA NONE N (%) 25 (15.2%) 13 (16.2%) 12 (14.2%)

0.5065
6 (11.1%) 2 (33.3%) 4 (8.3%)

0.1587
Explorative
laparotomy N (%) 4 (2.4%) 3 (3.7%) 1 (1.2%) 4 (7.4%) - 4 (8.3%)

Kasai N (%) 136
(82.4%) 64 (80.0%) 72 (84.7%) 44 (81.5%) 4 (66.7%) 40 (83.3%)

Kasai Centre Non-liver expert N (%) 44 (26.7%) 24 (37.5%) 20 (27.8%)
0.2611

17 (38.6%) 1 (25.0%) 16 (40.0%)
0.5321Liver-expert other N (%) 12 (7.3%) 7 (10.9%) 5 (6.9%) 5 (11.4%) - 5 (12.5%)

Same as LT centre N (%) 80 (48.5%) 33 (51.6%) 47 (65.3%) 22 (50.0%) 3 (75.0%) 19 (47.5%)

Age at Kasai (if
kasai) (months) Mean ± SD 60.3 ± 25.0 62.2 ± 24.0 58.5 ± 25.7 0.3826 60.0 ± 27.2 50.0 ± 30.3 60.8 ± 27.4 0.4594

At assessment Age (months) Median
(p25–p75) 6 (4–8) 6 (4–10) 5 (4–7) 0.0508 6.2

(4.1–7.7)
6.3

(6.2–6.5)
5.5

(4.0–7.9) 0.6095

Weight (Kgs) Mean ± SD 6.8 ± 2.1 6.59 ± 2.0 7.1 ± 2.0 0.1438 6.7 ± 1.8 6.9 ± 1.2 6.7 ± 1.9 0.8159

PELD score Mean ± SD 14.2 ± 8.3 14.7 ± 8.6 13.7 ± 8.0 0.3990 13.9 ± 8.1 18.3 ± 6.7 13.1 ± 8.3 0.1595

Presence of ascites N (%) 85 (51.5%) 57 (71.2%) 48 (56.5%) 0.0486 34 (63.0%) 5 (83.3%) 29 (60.4%) 0.2731
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Table 3. Cont.

EUROPE

p

USA

pALL
Living

Donor LT
Deceased
Donor LT

ALL
Living

Donor LT
Deceased
Donor LT

N N (%) 165 80 (48.5%) 85 (51.5%) 54 6 (11.1%) 48 (88.9%)

Enteral nutrition
support N (%) 62 (37.6%) 25 (31.2%) 37 (43.5%) 0.1036 28 (51.9%) 3 (50.0%) 25 (52.1%) 0.9232

Parenteral nutrition
support N (%) 20 (12.1%) 9 (11.2%) 11 (12.9%) 0.7394 10 (18.5) - 10 (20.8) 0.2155

At registration
on list Age (months) Median

(p25–p75) 7 ± (4–10) 6 (4–8) 8 (4–11) 0.0543 6.4
(5.0–8.0)

6.8
(6.6–7.4)

6.0
(5.0–8.4) 0.448

Weight (Kgs) Mean ± SD 7.2 ± 2.1 6.8 ± 2.0 7.5 ± 2.2 0.0283 6.8 ± 1.8 6.9 ± 1.2 6.8 ± 1.8 0.9755

While waiting
for LT Worsening ascites N (%) 120

(72.7%) 69 (86.2%) 51 (60.0%) 0.0002 30 (55.6%) 6 (100.0%) 24 (50.0%) 0.0201

Enteral nutrition
support N (%) 66 (40%) 36 36.1%) 30 (45.0%) 0.2496 22 (40.7%) 2 (33.3%) 20 (47.7%) 0.6953

Parenteral nutrition
support N (%) 37 (22.4%) 17 (21.2%) 20 (23.8%) 0.6951 26 (48.1%) 2 (33.3%) 24 (50.0%) 0.4411

Albumin infusion(s) N (%) 98 (59.4%) 56 (70.0%) 42 (50.0%) 0.0090 31 (57.4%) 6 (100.0%) 25 (52.1%) 0.0252

Blood transfusion(s) N (%) 48 (29.1%) 26 (32.5%) 22 (25.9%) 0.3496 26 (48.1%) 3 (50.0%) 23 (47.9%) 0.9233

1 Hospital
admission < 5 days N (%) 20 (12.1%) 9 (11.2%) 11 (12.9%) 0.7394 15 (27.8%) 1 (16.7%) 14 (29.2%) 0.5192

> 1 Hospital
admission < 5 days N (%) 21 (12.7%) 7 (8.7%) 15 (17.6%) 0.0929 10 (18.5%) 1 (16.7%) 9 (18.8%) 0.9014

1 Hospital
admission > 5 days N (%) 85 (51.5%) 35 (43.7%) 50 (58.8%) 0.0528 24 (44.4%) 5 (83.3%) 19 (39.6%) 0.042

> 1 Hospital
admission > 5 days N (%) 15 (9.1%) 8 (10.0%) 7 (8.2%) 0.6935 15 (27.8%) 1 (16.7%) 14 (29.2%) 0.5192

Recovery in ICU N (%) 22 (13.3%) 6 (7.5%) 16 (18.8%) 0.0325 17 (31.5%) 3 (50.0%) 14 (29.2%) 0.3002

At Liver
transplant Age (months) Median

(p25–p75) 8 (6–13) 8 (6–10) 10 (6–18) 0.0294
9.8

(7.6–13)
9.3

(8.3–10.5)
10.0

(7.3–14.3) 0.6297

Weight (Kgs) Med ± SD 8.1 ± 2.3 7.4 ± 2.0 8.7 ± 2.5 0.0007 8.5 ± 2.4 8.4 ± 1.7 8.6 ± 2.5 0.8853

PELD score Med ± SD 17.2 ± 9.8 18.8 ± 9.8 15.6 ± 9.6 0.0395 18.5 ± 11.8 18.2 ± 12.7 18.5 ± 11.8 0.9421

Clinical
condition at LT Elective-Home N (%) 88 (53.3%) 47 (58.7%) 41 (48.2%)

0.1990
28 (51.9%) 1 (16.7%) 27 (56.2%)

0.1666
Hospital-bound N (%) 63 (38.2%) 29 (36.2%) 34 (40.0%) 19 (35.2%) 4 (66.7%) 15 (31.2%)

ICU-bound N (%) 14 (8.5%) 4 (5.0%) 10 (11.8%) 7 (13.0%) 1 (16.7%) 6 (12.5%)

Waiting time Assessment to LT
(Days)

Median
(p25–p75)

63
(33–124) 55 (33–98) 82

(32–180) 0.0717 90 (49.3–
148.8)

95.5 (56.3–
128.8)

90.5 (49.8–
152.3) 0.7726

Delta PELD
score Assessment to LT Med ± SD 3.0 ± 6.6 4.0 ± 6.0 2.0 ± 7.0 0.0470 4.6 ± 10.9 -0.2 ± 15.3 5.2 ± 10.3 0.2575

Graft type Full-size N (%) 20 (12.1%) - 20 (23.5%) 30 (55.6%) - 30 (62.5%)

Split liver graft N (%) 60 (36.4%) - 60 (70.6%) 16 (29.6%) - 16 (33.3%)

Reduced liver N (%) 5 (3%) - 5 (5.9%) 2 (3.7%) - 2 (4.2%)

Living donor left
lobe N (%) 80 (48.5%) 80 (100%) - 6 (11.1%) 6 (100.0%) -

LT recovery
Respiratory
assistance (time -
days)

Median
(p25–p75) 1.0 (0–5) 0.0

(0.0–3.5)
3.0

(1.0–6.0) <0.0001 10 (5–24.5) 9
(6.5–16.8)

10.5
(4.3–25.8) 0.7726

Enteral nutrition
support need N (%) 122 (74%) 49 (61.2%) 73 (85.9%) 0.0003 46 (86.8%) 6 (100.0%) 40 (85.1%) 0.3103

Parenteral nutrition
need N (%) 123 (74%) 61 (76.2%) 62 (72.9%) 0.6258 34 (63.0%) 5 (83.3%) 29 (60.4%) 0.2731

ITU stay (days) Median
(p25–p75) 6 (2–12) 3.5 (2–8.5) 8.0 (4–15) 0.0002

12
(6.3–27.0)

10.5
(7.5–18)

12.5
(7.5–18.0) 0.9341

Hospital stay (days) Median
(p25–p75) 26 (21–35) 24.5

(17–31.5) 27 (21–38) 0.0312
23

(11.3–38)
28.5

(20.5–33.5)
22.0

(11.0–39.8) 0.6794

Death after LT N (%) 5 (3%) 2 (2.5%) 3 (3.5%)
0.6999

3 (5.6%) - 3 (6.3%)
0.529

Alive and well N (%) 160
(97.0%) 78 (97.5%) 82 (96.5%) 51 (94.4%) 6 (100.0%) 45 (93.8%)

Italic and bold: significant values of p.
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3.3. Center’s Waiting List Dynamics in Relation to Regional Allocation Rules

Overall, per the allocation system, the lowest use of the exception status was observed
in the Eurotransplant area (centers C5 and C6—Figures 1 and 2). At the center level, there
was a straight correlation—proportionally to the total activity in a given center (i.e., between
a high proportion of LD-LT and a very low proportion of priority requests—in that center),
or the opposite, between a high proportion of whole liver grafts and a very high number of
priority requests (Figure 3).

 

Figure 1. Waiting list dynamics in 7 centers participating in organ sharing/allocation system and
use of PELD exception or priority status for timely transplants. Specific waiting list data from
7 separate centers (C1 to C7). 1—Age, weight and PELD score at the time of patient assessment for
liver transplantation (bottom table: values given as mean ± SD) (all mean values were rounded to
the nearest integer), and 2—proportion (%) of transplants performed in each center using a living
related donation (blue line and dark blue spot ) and a request for a PELD exception or similar
priority score (red line) (values in % of all transplants in each center). Center organ sharing/allocation
system type (see legend on the right side) are referred to as per the color spot in the figure (blue,
green and purple).
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Figure 2. Patient characteristics at assessment for liver transplantation, as per initial management of
biliary atresia. Age, weight and PELD score at assessment for liver transplantation (the dots represent
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the median value, with the black vertical bars representing SD): distribution per subgroups according
to initial management of biliary atresia (subgroups as follow: A—no intervention and primary
transplant, B—explorative laparotomy only, C—Kasai portoenterostomy in a non-specialist center,
D—Kasai portoenterostomy in a specialist, but not transplant, center, and E—Kasai portoenterostomy
in the transplant center).

 

Figure 3. Use of PELD exception or priority status for biliary atresia patients registered on the waiting
list before age 3 years, according to the type of allocation rules and types of organ used. Transplant
data from 7 centers. 1—Proportion of transplants performed under PELD exception or priority status
(red line) (values in % in each transplant), and 2—number of transplants and graft types used: whole
livers (black), split livers (green) and living donor grafts (yellow). Centers (defined as in Figure 1)
are aligned left to right according to their affiliation to one of 3 allocation systems that differ about
allocation rules for small children (see legend on the bottom).

In seven centers, LT activity relied on a large national or multi-national organ exchange
and allocation system that was PELD/MELD-based; although similar, rules for allocation
were slightly different and three major systems were identified. All three systems had
in common: (1) an emergency status for critical cases (fulminant hepatitis, urgent re-LT),
(2) few priority status for special indications where PELD scores do not well-represent the
condition and (3) the possibility of submitting special requests for priority status based on
the critical condition of the patients as a PELD exception or similar. Differences were, how-
ever, observed between the three systems in that one also had a mandatory split approach
in standard donors, and one used a variant PELD (Pediatric MELD—Eurotransplant area
(https://www.eurotransplant.org, accessed on 15 March 2022)), and for children registered
at age < 2 years, a bonus score at the start with an automatic score increment, every 90 days
(Figures 1 and 3).

Requesting some sort of priority for graft allocation because of severe clinical deterio-
ration or complications was possible in all allocation systems—though the type of priority
varied from system to system, according to the rules of the respective regional allocation
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system (PELD exception, bonus score points, or emergency status). In Europe, a priority
status had been obtained for 29 cases (27.6%), while in the USA, a PELD exception score or
an emergency status had been obtained for 47/56 cases (84%).

4. Discussion

A recent survey of pediatric LT in Europe over the last five decades [1] has evidenced
that the outcome has steadily improved overall with time, with current results being better
than ever for children in need of a LT, although the progress in the last decade is modest
compared to the previous one. The former study, however, also confirmed that the youngest
patients (<1 year of age at LT) continued having worse outcomes compared to the older
ones, which is also suggested in previous studies [3,5,7–11,14–17].

Moreover, aside from the lower survival after LT, the literature provides strong ev-
idence that those aged less than 1 year when waiting for a LT have a lower chance of
benefiting from LT in time, and waiting list mortality peaks up to around 10% in this
youngest group [5,6,8,11,14–17]. Prolonged waiting time is also associated with clinical
deterioration, hospital boundness and/or LT under urgent conditions—all conditions
associated with increased (although preventable) peri-transplant morbidity and mortality.

4.1. Advanced Liver Disease at Registration on Waiting List

The current study brings deeper insights into the morbidity related to the waiting
period, in particular when the study evidenced that 14.1% of all patients had primary
transplants (31/220 cases), and that mean age at Kasai operation was almost identical
(American and European patients: 60.3 ± 25.0 days and 60.0 ± 27.2 days, respectively)
(Tables 1 and 2). This suggests that enough time was available to manage BA patients
who had no chance with Kasai, or no Kasai, and planning the best timing for LT. The data
demonstrate that children in both Europe and the United States were assessed for LT with
already a relatively advanced stage of their liver disease, with mean (±SD) calculated
PELD, at assessment, being 14.2 (±8.3) in Europe and 13.9 (±8.1) in the United States.

The proportion of children with complications at the time of their assessment was also
high, including (A) the presence of clinical ascites (a marker of serious condition and poor
prognosis for those awaiting LT [18,19]) in 105/165 children (63.6%) in Europe, and 31/55
cases (56%) in the United States, and (B) the need for nutrition enteral support (62/165
(37.6%) in Europe, 28/55 (51%) in the United States) or needing PN (20/165 (12%) in Europe,
10/55 (18%) in the United States). In the American patients, unlike the European ones,
there were fewer differences between the live donor and deceased donor groups, except for
worse ascites, greater need for albumin infusions and more hospital admissions in the live
donor group (Table 3).

4.2. Variability of Timing in Registration on Waiting List

As the progression of biliary cirrhosis (hence of hepatic dysfunction and associated
portal hypertension) is predictable when bile flow is not established, one would expect a
timely referral to an LTC. The large variation in the timing for assessment (based on age at
assessment in the study) is a surprising observation, with the following findings:

(1) In Europe, children who had no surgery at diagnosis were not brought to assess-
ment at an earlier age compared to other groups. This might, however, be due to the fact
that no surgery had been proposed because their diagnosis was late in life—too late for
proposing a Kasai operation. In contrast, in the USA cohort, the no surgery group were
listed significantly earlier than infants in the other groups. One possible reason for the
delay in the surgery group is the practice of waiting three months or more to determine if
bile drainage would occur in the Kasai group.

(2) There was a large variation in terms of timing of the referral for LT assessment
for those who had undergone Kasai, depending on where the Kasai had been performed,
particularly in the European arm of the study. Children in the European centers were
younger (p = 0.00012) and in a better condition (as per PELD score, p = 0.0009) when
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they had been followed from diagnosis to LT within the same center (Table 1, Figure 1).
In the American series, although a similar observation was found for age at assessment
(p = 0.0032), weight and PELD score at assessment were similar in all subgroups (Table 2,
Figure 1).

(3) In the 4 European patients who only had an explorative laparotomy at BA diagnosis,
the mean PELD at assessment was 24.5 (SD: ±7.55), which suggests that they were referred
very late, although they had no chance of cure without a LT. In contrast, the 4 US patients
who only had exploratory laparotomy had a mean PELD score at assessment of 13.5 ± 7.5.
These patients were evaluated for LT the earliest of all US patients (4.9 ± 0.8 months),
although the numbers were too small for meaningful statistical comparisons. Interestingly,
of all patients who had no Kasai (39/220, 17.7% of the cohort), all eventually did get a LT and
all survived, while the actual survival of those who had the Kasai operation was 172/181
(95%) (97% and 94% actual survival after LD-LT or deceased donor LT, respectively).

(4) Overall, 31 children had primary transplants. The 2 groups (25 in Europe and 6 in
USA—15% and 11% of LT, respectively) were very similar for age, weight and PELD score
at assessment, and this shows that this category of patients is probably the worst as they
are young, have a low weight and have the highest PELD scores in the whole series.

Overall, the trend for a variability of timing for referral was less striking in the USA
cohort, suggesting that timely referral for transplant in the US is taking place from centers
that do not run their own transplant programs. Nevertheless, findings in this cohort
suggest that from a healthcare delivery point of view, the current situation is far from
optimal, generally speaking, and is a problem to address in the future. Kohaut et al. [20],
Karakoyun et al. [21] and Lampela et al. [22] had made similar observations in single-center
series, showing that, in their experience, children referred for LT after Kasai performed in a
different center had a poorer clinical condition and/or higher peri-transplant morbidity.

4.3. Burden of Care While Waiting for LT

Independently of patient death secondary to prolonged waiting time and inevitable
clinical deterioration, there is a very high price to pay for those who ultimately succeed to
LT and survive. This can be seen in the many aspects of child health, such as malnutrition,
worsening growth retardation, recurrent infections and need for hospitalization, secondary
multi-resistant bacterial colonization, neurocognitive developmental or psychomotor delay,
hepatic osteodystrophy and fractures and significant psychosocial stress on both the child
and the family [23–27].

More worrisome is the fact that not all these problems are easily or rapidly reversed
after LT (i.e., bone demineralization and scoliosis, neurocognitive definitive retardation
and social or scholarly integration). This data strongly suggests that reducing the waiting
time and the associated clinical deterioration is a vital objective [28–30]. In this series, these
aspects were not analyzed specifically, and only approached by looking at the need for
medical support while waiting (management of worsening ascites, need for albumin or
blood transfusion, hospitalizations and worsening of PELD; Tables 1 and 2); as an example,
though PN support was necessary—at referral—in 12% and 18% of cases, respectively,
in European and American cohorts, these ratios increased during waiting time, to 22%
and 49% of patients, respectively. Although there was also no cost assessment, another
limitation of this study, it is obvious that this all translated into higher costs for the pre-
transplant care, and very likely was associated with a higher cost of LT itself, as a worse
condition at the time of LT is associated with longer ICU and hospital stays, respiratory
assistance and need for nutritional support after LT. It is a limitation of this study, and a
call for further dedicated studies [16].

Overall, this analysis and the results are a plea for earlier referral to a TC, but also a
call to TC for shortening the waiting time by all means. In fact, providing all options for
LT and developing more aggressive strategies for allocating liver grafts to these patients,
such as splitting more livers and expanding the use of living donation, which are options
that can be and should be developed further and are precisely meeting the needs for the

105



J. Clin. Med. 2022, 11, 2142

youngest children who are most in need [31–37]. In the European series, the use of living
donation has been important (48.5% of the series) and likely contributed to both shortening
the waiting time and the excellent general outcome (97.5% actual survival over 5 years).
Although the children who were proposed for living donor LT (LD-LT) were significantly
younger, smaller and in a worse (PELD) condition at transplantation, they had shorter
respiratory assistance and ICU/hospital stays. It confirms the important role that LD-LT can
play in improving the care planning of BA children in the future, particularly in countries
where the availability of deceased donor organs is limited, and LT cannot be offered in a
timely manner. In countries where only a single donor option is available—LD or deceased
donation—mortality on the waiting list remains high for the infants [3,5,7,8,14,38].

4.4. Steadily Increasing Prioritization Requests

In order to meet the needs of children who often compete with adults for organs
in an environment of deceased donor shortage, one solution has been to request—and
obtain—priority on the waiting list by either giving pediatric priority to organs from pe-
diatric donors (under age 18 years), and/or by obtaining priority by bonus points or
exceptions to the PELD score. The latter strategy was used in both Europe and in the
USA—mostly for small infants waiting for livers whose PELD score may not accurately re-
flect the risk of mortality. In this study cohort, exception points were used on a surprisingly
large scale, being 35% of LT, overall. Although it well-reflects that listed BA infants often
rapidly deteriorate, it also suggests that graft allocation is still not adequate to this group of
fragile and urgent patients.

Two very recent analyses (by SPLIT and OPTN) [39,40] confirmed that prioritization
has become a necessary strategy to get infants transplanted in time. Both showed that more
than half of pediatric LT in the USA are currently performed in children who received an
exception score. Though the prioritization system was associated with excellent outcomes,
the OPTN report showed that the proportion of PELD exception LT has steadily increased
during the last decade. This strategy rapidly expanded—from 40% exception LT in 2008, to
79% in 2019—although it is not a real solution to the problem of organ shortage. Worse still,
the priority allocated to one patient leaves another case a step backwards on the waiting
list. This system functions as a vicious loop and the number of requests will eventually
increase to become the new standard if true solutions are not implemented.

The comparison of waiting list dynamics in different allocation systems (Figures 1 and 3)
has evidenced that implementing a bonus score at registration for the youngest patients
(<2 years of age at registration) and adding an automatic score increment every three
months (Eurotransplant system) was possibly the most efficient timely allocation with
the lowest number of requests for priority status. Although this strategy is an efficient
redistribution of organs based on the “sickest first” concept, and also helps to increase the
number of available grafts (most of the allocated donor livers would be split in this age
group), it is not helpful in solving the donor shortage at the end. Surprisingly, this analysis
did not evidence a major contribution of the “mandatory split” strategy, as of the three
centers who benefited from that rule, two had a high proportion of priority requests (50%
and 36% in centers C2 and C3, respectively—Figures 1 and 3). Lastly and more interestingly,
there was a good inverse correlation between a low number of special requests and a higher
use of LD in a given center—with the latter observation being even clearer when comparing
centers within a same allocation system (Figure 3). Altogether, this evidence calls for
consideration of implementing specific allocation rules for small children at the level of the
organ sharing system, and considering implementation of LD on a larger scale at the level
of transplantation centers.

Many pediatric programs, both in Europe and in the USA, are still reluctant to offer
split LTs on a large scale, and even more so to offer LD-LT. This situation is probably
more extreme in the USA, where in 2019, whole livers were still used in around 2/3 of
pediatric LT, while split and LD represented only 20.3% and 14.3%, respectively [40,41].
In Europe, whole livers, LD and splits represented approximatively one third each for
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pediatric LT in the last decade [1]. As split and LD are now both associated with excellent
results [11,34,42–46], offering all the possible surgical solutions available can help to ensure
timely access of children to organs and prevent the deterioration of their clinical condition
or even death while on the waiting list [12]. It has been shown that the children with the
highest mortality on the waiting list are those under the age of 1 year.

4.5. Paradigm Shift in Caring for BA and Roadmap for Future Management

In December 2021, the EASL–Lancet Liver Commission (an expert panel of health
professionals from various medical disciplines, nurses and patients) called for a paradigm
shift in the liver disease response in Europe (Published Online on 2 December 2021 https:
//doi.org/10.1016/S0140-6736(21)01701-3, accessed on 15 March 2022). After a three-year
analysis, they concluded that the future health of Europeans relies on “a necessary shift
in the way in which liver disease needs to be prevented, diagnosed and treated”. Their
analysis confirmed that centralization of rare disease cases in multidisciplinary specialist
service centers was associated with higher caseloads and, in turn, with enhanced quality of
care to patients with rare diseases, such as those with primary sclerosing cholangitis and
biliary atresia. The EASL–Lancet Liver Commission commented that “Early diagnosis and
cost-saving therapies can be achieved by establishing effective case-finding procedures,
standardized treatment protocols, and centralization of patients to high-volume pediatric
liver units”.

In line with optimization of BA care, some have opted for care-centralization as the
United Kingdom did in the mid-nineties. Three pediatric centers were designated for
delivering a national comprehensive service for diagnosis, management and surgery of
BA, including transplant services. The centralization of services and the subsequent effect
on outcome was followed with attention and reported by Davenport et al. in 2004 [2],
and further in 2011 [47]. Davenport et al. concluded that “National outcome measures in BA
appear better than those from previously published series from comparable countries and may be
attributed to centralization of surgical and medical resources”. In 2008, Stringer also insisted on
the fact that, independently of the service type, the improvement of the general outcome is
mostly dependent on timely access to transplantation [48]. More recently, centralization
of BA management in Finland led to a major change and a significant increase of overall
survival—from 64% to 92% [22]. Lastly, in a recent review of BA registries and outcomes,
Verkade et al. [49] mentioned that the United Kingdom and Switzerland (both centralized
services) had the best overall patient survival (89% and 90% at 5 years, respectively) [38,47].

Centralization of BA care is more controversial in the United States and Canada. This
is perhaps in part due to the large sizes of the respective countries in contrast to European
nations, but also due to the nature of pediatric surgery in America where sub-specialization
among pediatric surgeons is not embraced except in very few centers. In both European and
American areas, the children in Group D (who had their Kasai at one transplant center but
then ultimately were transplanted at another center) were the group who were evaluated,
listed and transplanted at the latest time point. Although there was no significant difference
in the American series (because of the small number of patients in group D (5/55 cases)),
there were significant differences in Europe for the PELD score (both at assessment and at
LT), for the need for short hospitalization, or for recovery in the ICU during the waiting
time. This suggests that LTs in children should be concentrated in liver-specialized pediatric
units who can seamlessly take care of an infant from diagnosis of BA to the performance
of LT.

As an alternative to centralization, improving integration and collaboration between
non-LTC and LTC could be a solution and optimization of the current situation. It would
imply a set of innovative strategies or optimizations. Focusing on substantially earlier
recognition of Kasai failure, earlier contacts to the LTC for sharing information and op-
timizing timing for referral, sharing post-Kasai and LT protocols may improve delayed
adequate healthcare delivery and lead to earlier referral and listing. These proposals have
already been made by various authors but have not been implemented: they could be

107



J. Clin. Med. 2022, 11, 2142

the cornerstone of a roadmap for improving the management of BA children in the fu-
ture [50–56]. Additionally, as the data evidence that children who did not undergo the
Kasai were referred and transplanted earlier in both European and American cohorts, part
of the solution could be to define parameters (other than presentation at age > 120 days
or significant portal hypertension) that allow predicting success, or not, with the Kasai
operation. Schneider et al., for example, suggested that failure to normalize serum biliru-
bin within three months after Kasai should elicit prompt evaluation for LT as extended
native liver survival is exceptional among these patients [50]. Moreover, though a “Kasai
success predicting score” remains far from reality, other groups support more research
in that direction as part of BA management—a strategy that would allow early primary
transplantation [47,54,57–61].

4.6. More than Ever, Room for Technical Solutions

The zero mortality in Europe during the waiting time is remarkable and may reflect
the larger use of LD and split liver grafts in Europe (48.5%). Pre-transplant mortality in
America is also low, possibly more a reflection of the greater access to pediatric organs (54%
of LT were with full-size livers in the American cohort, versus 12% of cases in Europe)—
even though the latter access is not present in all geographic American areas [48]. Though
the very low waiting list mortality in this cohort could suggest that allocation systems are
efficient and sufficient, the frequent need for an exception status (especially in America) and
the high demand for medical support before LT evidence that access to LT can and must be
improved worldwide. The best approach for an expert pediatric LTC is to combine offering
all possible transplant modalities, i.e., implementing split as a standard procedure in every
optimal multi-organ donor and considering a living donor program [11,12,34,43–46,62–64].
Since deceased donor organs are a limited resource, and because not all recipients can
benefit from a LD for their LT, the combination of both approaches is in fact synergistic and
strategic—the most highly probable manner for a single LTC to meet the needs of all their
patients in a timely fashion [1,6,11,21,31,35,42,47].

Major differences between the European and the American cohorts are the use of living
donors and split LTs. The European study reports an almost 50–50 division in the use of
living and deceased donor transplants. In the deceased donor group, 70% of grafts are split
LTs, and only 20 of 165 transplants are whole livers. In contrast, the American group had
only 11% (6/54) utilization of live donors and only 16/54 (30%) of the rest were split livers.
A surprising 30 of 54 LTs utilized whole organs. This difference in utilization of graft types
and donor types is more a function of the disparity between the two American centers than
it is between Europe and America; while not analyzed here, the vast majority of the whole
LTs came from one center, and the majority of the live donors and split LTs from the other
center [46,64,65]. This highlights not only different practices between Europe and North
America, but between regions in the United States. European centers also differed, as two
main allocation rule types were identified; interestingly, it was associated with differences
in terms of transplant practice and the need for requesting exceptional status (Figure 3).
This deserves further studies.

4.7. Study Limits and Strengths

The observations and results in this study are subject to some limitations. First, the
study was retrospective. Due to its observational-only character, it was not adjusted for
other elements that may have played a role in a timely referral of patients to the transplant
center (i.e., socio-familial issues, intercurrent infections), nor in the timing of LT (i.e., local
policies for LD, graft allocation rules). Second, the study was a joint venture between
centers who were members of the BARD association and partners in the European reference
network on pediatric hepatological diseases (The study is part of a European reference
network for the pediatric hepatological diseases (ERN RARE-LIVER) initiative, and was
promoted by the BARD association (www.bard-online.com, accessed on 15 March 2022).
All European center authors are partners of the ERN RARE-LIVER). Due to their special
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interest in managing BA children, and their expertise, the results may be not representative
of those of the main transplant network.

Despite the limitations, the analysis also has several strengths. Firstly, despite impor-
tant differences between Europe and the USA, in terms of both organization of the health
system and allocation of liver grafts to children, very similar findings were evidenced.
Secondly, the study was limited to only the last five years of managing BA children, thus
reflecting the current medical practice very well, and the cohort was large (220 BA pa-
tients) enough to eventually represent the management of BA children in both Europe and
the USA.

5. Conclusions

Developing improved healthcare solutions not only imposes an obligation for scrupu-
lous and frequent analysis of clinical practice and standards, but also relies on auditing
clinical outcomes—a systemic reflective practice. However, if this reflection does not result
in bringing new skills and improving the knowledge of the practitioners, nor in convincing
health providers and healthcare administrators to implement changes that will result in
new practices, it is unlikely that patients will benefit and eventually get better care.

In managing BA—a disease that was associated with close to a 100% death rate
until five decades ago—both the Kasai portoenterostomy and LT have been instrumental
in allowing a continuously growing number of children to survive. As LT currently
results in BA patient survival exceeding 95% in many expert LT centers, the paradigm
for BA management optimization and survival has now shifted overall to the pre-LT
management [6].

Evidence has now accumulated that demonstrates that BA management can only be
improved by either the centralization of care (as already performed or proposed for some
other rare conditions in a few countries [66–69]), or the creation of networks dedicated to
the timely referral to a pediatric transplant center of excellence. As a new way of thinking
and because a large proportion of BA will eventually come to LT, post-Kasai care should be
aimed at identifying children in need of LT. Standard Kasai follow-up should be a time not
only for pediatric hepatologists to monitor the progress of the baby, but also for involving
pediatric transplant surgeons more closely than in the past.

Pre-emptive LT assessment, early listing and timely transplant are likely the next
necessary steps to further improve the general outcome. In a non-centralized system as
seen in the USA, cooperation between expert centers and other tertiary hospitals is also
essential to deliver the strategies of caring for BA children who are potential candidates for
LT, and ensuring the necessary medical and surgical support to offer a timely transplant.

Lastly, this series suggests that both mandatory liver splitting policy and LD may
play an important role in the immediate future to offer LT in a timely manner to all BA
candidates in need, and in particular for the younger ones.
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Abstract: Introduction: Primary liver transplants (pLT) in patients with biliary atresia (BA) are
infrequent, since most babies with BA undergo a prior Kasai portoenterostomy (KPE). This study
compared transplant outcomes in children with BA with or without a prior KPE. We hypothesized that
pLT have less morbidity and better outcomes compared to those done after a failed KPE. Methods: A
retrospective review of patients with BA transplanted at our institution was performed. Patients were
included if they received a pLT or if they were transplanted less than 2 years from KPE. Outcomes
were compared between those groups. Comparisons were also made based on era (early: 1997–2008
vs. modern: 2009–2020). p < 0.05 was considered significant. Results: Patients who received a pLT
were older at diagnosis (141.5 ± 46.0 vs. KPE 67.1 ± 25.5 days, p < 0.001). The time between diagnosis
and listing for transplant was shorter in the pLT group (44.5 ± 44.7 vs. KPE 140.8 ± 102.8 days,
p < 0.001). In the modern era, the calculated PELD score for the pLT was significantly higher (23 ± 8
vs. KPE 16 ± 8, p = 0.022). Two waitlist deaths occurred in the KPE group (none in pLT, p = 0.14).
Both the duration of transplant surgery and transfusion requirements were similar in both groups.
There was a significant improvement in graft survival in transplants after KPE between eras (early
era 84.3% vs. modern era 97.8%, p = 0.025). The 1-year patient and graft survival after pLT was 100%.
Conclusions: Patient and graft survival after pLT are comparable to transplants after a failed KPE
but pLT avoids a prior intervention. There was no significant difference in pre- or peri-transplant
morbidity between groups other than wait list mortality. A multicenter collaboration with more
patients may help demonstrate the potential benefits of pLT in patients predicted to have early failure
of KPE.

Keywords: biliary atresia; kasai portoenterostomy; primary liver transplantation; outcomes

1. Introduction

Biliary atresia (BA) is a disease characterized by inflammation and obstruction of the
biliary tree leading to the development of biliary cirrhosis in infancy if left untreated [1].
It was originally deemed “uncorrectable” until Kasai described a portoenterostomy, al-
lowing bile drainage from the liver [2]. The Kasai portoenterostomy (KPE) remains the
conventionally accepted treatment of BA by most pediatric surgeons.

The success of KPE is defined by two indices: clearance of jaundice and transplant free
survival. In a recent analysis of North American results among pediatric liver centers of
excellence, 49.6% of children undergoing KPE achieved a normal bilirubin post-op within
3 months of surgery, and almost 50% of all children had been transplanted or died by two
years after the Kasai. Even the successful clearance of jaundice does not ensure avoidance
of early liver transplant [3]. Despite this, the standard of care remains to perform a KPE in
all patients with followed by a liver transplantation when it fails [4,5]. In the United States,
only patients with advanced liver disease at diagnosis are candidates for a primary liver
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transplantation (pLT) [6]. pLT is rarely performed but has been associated with excellent
survival [7,8].

pLT is not recommended for all patients with BA since a third to a half of the patients
may avoid a liver transplant in childhood after a successful KPE [9]. However, it is currently
difficult to predict which patients will develop early failure after KPE (<1–2 years post-
operatively) and who could, therefore, benefit from pLT. For patients who develop early
failure, a pLT may lead to superior outcomes by decreasing the waitlist morbidity and
possibly mortality and reducing post-transplant complications [10–12].

Here, we present our institutional experience with pLT for patients with BA and
compared them to patients who received a liver transplant early (<2 years) after a failed
KPE. We hypothesized that pLT leads to superior post-transplant outcomes to transplant
after KPE and is associated with a lower waitlist morbidity and mortality.

2. Material and Methods

2.1. Patient Selection, Definitions and Data Collection

Data were collected retrospectively from our BA and liver transplant databases. Only
patients who suffered from early failure after KPE or who received a pLT at our institution
between August 1997 and June 2020 were included for this comparative study. Early failure
was defined as BA patients who received a liver transplant less than 2 years after KPE.
Patient selection is illustrated in Figure 1.

This retrospective study comparing patients with BA who were transplanted either
after KPE or with a pLT was approved by our Institutional Review Board (IRB 2013-15357
and 2007-12989). Ultimately, a total of 99 patients were included in the KPE group and
14 patients received a pLT.

Primary liver transplant was done in patients who were diagnosed with BA by
biopsy and operative cholangiogram who had signs of advanced liver disease at pre-
sentation: portal hypertension defined by the presence of hypersplenism (thrombocytope-
nia, splenomegaly) or history of variceal bleed, ascites, growth failure or synthetic liver
dysfunction (INR ≥ 1.7, Albumin ≤ 3.2 g/dL).

Data collected included: patient’s characteristics (sex, prematurity); age and weight
at BA diagnosis (for KPE group: age at KPE; for pLT group: age at liver biopsy showing
features of BA); transplant waitlist-related data (age at listing, waitlist duration, hospital
admissions while listed, number of days admitted, indication for hospital admission, cost
of admissions—see below); transplant-related data (age and weight at transplant, natural
Pediatric End-stage Liver Disease (PELD) score a transplant for patients listed for transplant
after 2002, length of transplant surgery, intraoperative packed red blood cell transfusion
requirements, surgical complications, length of post-operative mechanical ventilation,
length of intensive care and hospital stay). Patient and graft status at last follow-up as well
as retransplantation were also collected.

For the purposes of evaluating the impact of practice changes over time on outcomes,
we divided the experience into an early (August 1997–December 2008) and modern (January
2009—June 2020) era. Both the KPE and transplants were done primarily by a single surgeon
(RS) in both eras.

Post-operative management did not change substantially from one era to the other
for the post-operative KPE care. Intravenous ampicillin and gentamicin were used in all
KPE patients post-operatively for 5 days followed by trimethoprim/sulfamethoxazole oral
prophylaxis for 6 months. Post-operative steroids were not used routinely in either of the
two eras. All KPE were done open and not laparoscopically.

Listing criteria for transplantation in the KPE group included failure to thrive despite
optimal nutritional management, recurrent spontaneous bacterial peritonitis despite op-
timal management of ascites and hepatic synthetic failure as exemplified by vitamin K
resistant INR of greater than 1.7 and albumin less the 3.0 g/100 mL.
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Figure 1. Flowchart describing patient selection (legend: BA: biliary atresia; KPE: Kasai portoenteros-
tomy; LCH: Lurie Children’s Hospital; OSH: Outside hospital; pLT: Primary liver transplantation).

Children who achieved at least a 2-year transplant-free survival or who achieved a
serum direct bilirubin of <0.2 mg/dL after KPE were not included in the study, since these
children met criteria for a successful KPE and were older and bigger than the control group.

No child survived more than two years after a failed KPE without a transplant.
Cost data were obtained through our institution’s billing department for patients

transplanted at our institution after 2009. In order to ensure the data would be comparable,
all cost data were converted into an inflation-adjusted measure for a chosen baseline time
period (chosen as the Consumer Price Index (CPI) for 2020). The CPI medical services index
(a measure of change over time in the prices of medical services) was utilized to perform
this conversion (https://fred.stlouisfed.org/series/CPIMEDSL (accessed on 26 June 2021)).
Instead of performing a calculation on a monthly basis, an average of the CPI values for
all months in a given year was obtained and then used for calculation using the following
formula: Equivalent cost in baseline period = (Cost amount) × ((CPI for baseline time
period)/(CPI for time period of the charge)). The adjusted cost of hospital admissions while
on the transplant waitlist included the cost of the KPE admission for patients in the KPE
group. The cost data are presented in United States dollars (USD).
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2.2. Outcomes

Primary outcomes included 1-year and 3-year post-transplant patient and graft sur-
vival. Secondary outcomes focused on waitlist morbidity (number of hospital admissions,
days admitted while on the wait list, indication for hospital admission and waitlist du-
ration). Additionally, the morbidity at the time of transplant was evaluated, focusing on
length of surgery, intra-operative transfusion requirements and post-transplant ICU and
hospital length of stay.

2.3. Statistical Analysis

Comparisons were made between the KPE and pLT groups using the independent
t-test for continuous variables and the Chi-square test for categorical variables. Addition-
ally, comparisons were made based on the era of management to account for changes
and improvement in the management of patients with BA. The same statistical analyses
were performed.

The Mann–Whitney U test was used to compare billing data given its non-parametric
distribution. Kaplan–Meier survival curves were obtained to compare patient and graft
survival. Statistics were performed using the IBM SPSS Statistics program (version 24.0.0.0).
A p < 0.05 was considered statistically significant.

3. Results

3.1. Pre-Transplant Data: Comparison of Patients Transplanted after pLT or KPE

The incidence of pLT was 12.4% (14/113). Patient’s characteristics and pre-transplant
waitlist data are presented in Table 1. Patients in the pLT group were significantly older at
the time of BA diagnosis (KPE 67.1 ± 25.5 vs. pLT 141.5 ± 46.0 days, p < 0.001). Although
the time between diagnosis and listing for transplant was shorter in the pLT group (KPE
140.8 ± 102.8 vs. pLT 44.5 ± 44.7 days, p = 0.001), the time that was spent on the waitlist
was not statistically shorter (p = 0.6). Neither the number of hospital admissions nor the
total number of days admitted while waiting for transplant were different when compar-
ing groups. Although there was a trend in a lower cumulative adjusted cost of hospital
admissions for the pLT group, this difference failed to reach statistical significance (KPE
$425,090.00 (285,282.83, 566,405.40) vs. pLT $253,004.10 (95,640.49, 431,530.70), p = 0.07).
The reasons for and number of hospital admissions were similar in both groups, except
for cholangitis. Patients from the KPE group were often admitted for cholangitis, a com-
plication that did not occur in any infant from the pLT group (KPE 31/99, 31.3% vs. pLT
0/14, p = 0.014). Two deaths on the waitlist occurred in the KPE group. Although there
were none in the pLT group, this difference was not significant (p = 0.59).

3.2. Transplant and Survival Data: Comparison between pLT and KPE Groups

Patients who received a pLT were nearly 4 weeks younger at the time of transplant (pLT
287.0 ± 82.7 days versus KPE 311.4 ± 144.0, p = 0.54) (Table 2). The groups were comparable
in terms of severity of disease at transplant (similar growth failure based on weight z-
scores and calculated PELD score). From a surgical standpoint, there was no difference
in length of surgery or intraoperative packed red blood cell transfusion requirements.
The number of combined returns to the operating room for any surgical complication
(bleeding, thrombosis, bowel perforation or biliary complications) or procedures performed
in interventional radiology were not different between groups. Post-operatively, the groups
were also similar in regards to the duration of mechanical ventilation and both intensive
care unit and for overall transplant hospitalization length of stay. The retransplantation
rate was not significantly different. There was a trend for a more expensive adjusted cost of
transplant admission for patients in the pLT group (KPE $588,887.00 (466,829.20, 902,360.70)
vs. pLT $932,675.30 (668,937.90, 1,120,433.90), p = 0.098.
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Table 1. Pre-transplant comparison of patients transplanted after KPE or as pLT: (*) represents a
statistically significant result; (‡) the pre-transplant admission cost comparison only included patients
managed since 2009 who received their KPE at our institution (n = 31) and patients from the pLT
group (n = 10).

Variables KPE (n = 99) pLT (n = 14) p Value

Age at KPE or diagnosis BA (days) (mean ± sd) 67.1 ± 25.5 141.5 ± 46.0 <0.001 *
Time to listing (days) (mean ± sd) 140.8 ± 102.8 44.5 ± 44.7 0.001 *
Waitlist time (days) (mean ± sd) 105.6 ± 102.8 90.8 ± 66.5 0.6

Hospital admissions while on waitlist (n, mean ± sd) 3.2 ± 3.3 2.6 ± 2.4 0.58
Days admitted while on waitlist (mean ± sd) 24.9 ± 31.2 22.4 ± 17.6 0.78

Adjusted cost of hospital admissions on the waitlist ‡
(median (IQR))

425,090.00
(285,282.83, 566,405.40)

253,004.10
(95,640.49, 431,530.70) 0.07

Admission on the waitlist (n, %): Cholangitis 31 (31.3) 0 0.014 *
Admission on the waitlist (n, %): Infections (other than

cholangitis) 41 (41.4) 6 (42.9) 0.92

Admission on the waitlist (n, %): Gastrointestinal
bleeding 20 (20.2) 2 (14.3) 0.6

Admission on the waitlist (n, %): Ascites or
Spontaneous bacterial peritonitis 25 (25.3) 5 (35.7) 0.41

Admission on the waitlist (n, %): Malnutrition 24 (24.2) 4 (28.6) 0.73
Death on the waitlist (yes) (n, %) 2 (2.0) 0 0.59

Table 2. Post-transplant comparison of patients transplanted after KPE or as pLT. Legend: PELD:
Pediatric End-stage Liver Disease; LDLT: Living donor liver transplantation; ICU: intensive care unit.

Variables KPE (n = 97) pLT (n = 14) p Value

Age at transplant (days) (mean ± sd) 311.4 ± 144.0 287.0 ± 82.7 0.54
Calculated PELD score at transplant (mean ± sd) 22 ± 11 27 ± 8 0.15

Type of donor (LDLT) (n, %) 39 (40.2) 4 (28.6) 0.4
Transplant surgery duration (minutes) (mean ± sd) 443.9 ± 98.6 423.1 ± 70.0 0.39

Intraoperative pRBC transfusion (cc/kg) (mean ± sd) 143.9 ± 122.3 136.1 ± 137.2 0.83
Duration of mechanical ventilation (days) (mean ± sd) 7.5 ± 6.6 9.8 ± 9.1 0.27

Length of ICU stay (days) (mean ± sd) 14.2 ± 25.6 14.2 ± 10.5 1
Length of hospital stay (days) (mean ± sd) 31.8 ± 36.0 32.8 ± 15.2 0.92

Return to ICU after transplant (n, %) 15 (15.5) 5 (35.7) 0.065
Surgical take back post-transplant (mean ± sd) 0.7 ± 1.1 1.0 ± 1.0 0.31

Adjusted cost of transplant admission (median (IQR)) 588,887.00
(466,829.20, 902,360.70)

932,675.30
(668,937.90, 1,120,433.90) 0.098

Retransplant (yes) (n, %) 8 (8.2) 2 (14.3) 0.46
1-year patient survival from list date (n, %) 93 (93.9) 14 (100.0) 0.35

1-year post-transplant patient survival (n, %) 91 (93.8) 14 (100.0) 0.35
3-year post-transplant patient survival (n, %) 88 (90.7) 13 (92.9) 0.8
1-year post-transplant graft survival (n, %) 88 (90.7) 13 (92.9) 0.78
3-year post-transplant graft survival (n, %) 86 (88.7) 12 (85.7) 0.78

The 1-year patient survival from both listing and after transplantation was 100% for
patients who received a pLT, but this was not significantly different from patients who were
transplanted after KPE, although two patients in the KPE group died while on the waitlist.
There was no statistical difference in 1-year and 3-year graft survival.

3.3. Does the Era Make A Difference? Pre-Transplant Comparison of Patients Transplanted after
KPE or pLT Based on Early versus Modern Era

In total, 95 of the 97 transplants were done by a single surgeon (R.S.) and a liver
transplant operating room team including liver transplant nurses and anesthesiologists. By
era, all 51 in the early and 44/46 in the later era were done by the same single surgeon.
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When comparing patients who received a pLT to those who were transplanted after
KPE, patients from the KPE group remained significantly younger in both eras at the time
of BA diagnosis (early era: KPE 67.9 ± 23.3 vs. pLT 139.4 ± 71.7 days, p < 0.001; modern era:
KPE 66.1 ± 27.9 vs. pLT 127.9 ± 37.2 days, p < 0.001) (Table 3). Although the time between
diagnosis and listing was shorter in the pLT group in both eras, it was not significantly
different in the early era. However, the difference became significant in the modern era,
as patients in the KPE group took longer to be listed than patients in the pLT group (KPE
171.5 ± 110.7 vs. pLT 48.6 ± 40.3 days, p = 0.002). The waitlist duration shortened in both
groups in the modern era. There was no difference in the number of hospital admissions
or days admitted while on the waitlist. Only the number of admissions for cholangitis
remained significantly higher in the KPE group.

Table 3. Pre-transplant comparison of patients transplanted after KPE or as pLT based on era:
demographics, diagnosis of BA and waitlist-related data. Legend: (*) represents a statistically
significant result.

Early Era (1997–2008) Modern Era (2009–2020)

Variables
KPE

(n = 51)
pLT

(n = 5)
p Value

KPE
(n = 48)

pLT
(n = 9)

p Value

Age at KPE or diagnosis BA (days)
(mean ± sd) 67.9 ± 23.3 139.4 ± 71.7 <0.001 * 66.1 ± 27.9 127.9 ± 37.2 <0.001 *

Time to listing (days) (mean ± sd) 112.1 ± 95.6 63.8 ± 69.3 0.28 171.5 ± 110.7 48.6 ± 40.3 0.002 *
Waitlist time (days) (mean ± sd) 117.8 ± 121.9 130.0 ± 83.1 0.83 92.6 ± 76.7 69.0 ± 47.4 0.38
Number of hospital admissions
while on waitlist (n, mean ± sd) 2.8 ± 3.3 2.0 ± 2.0 0.61 3.6 ± 3.4 3 ± 2.4 0.62

Number of days admitted while on
waitlist (mean ± sd) 23.1 ± 34.0 22.8 ± 23.9 0.99 26.1 ± 28.3 19.7 ± 16.0 0.53

Admission on the waitlist (n, %):
Cholangitis 15 (29.4) 0 0.16 16 (33.3) 0 0.041 *

Admission on the waitlist (n, %):
Infections (other than cholangitis) 20 (39.2) 3 (60.0) 0.37 21 (43.8) 3 (33.3) 0.56

Admission on the waitlist (n, %):
Gastrointestinal bleeding 11 (21.6) 0 (0) 0.25 9 (18.8) 3 (33.3) 0.81

Admission on the waitlist (n, %):
Ascites or Spontaneous bacterial

peritonitis
10 (19.6) 1 (20.0) 0.98 14 (29.2) 4 (44.4) 0.37

Admission on the waitlist (n, %):
Malnutrition 5 (9.8) 0 (0) 0.46 19 (39.6) 4 (44.4) 0.79

Death on the waitlist (n, %) 0 (0) 0 — 2 (4.2) 0 0.53

3.4. Transplant and Post-Transplant Survival Data: Comparison of Patients Transplanted after
KPE or pLT Based on Era

The age at transplant improved in the pLT group in the modern era compared to
the KPE group, but the difference remained not significant (KPE 326.4 ± 144.2 vs. pLT
261.3 ± 64.6 days, p = 0.19) (Table 4). Patients in the pLT group were significantly sicker
at the time of transplant as shown by a higher natural PELD score (KPE 16 ± 8 vs. pLT
23 ± 8, p = 0.022). The length of the transplant operation shortened in both groups in the
modern era, but the operative times, blood loss, ICU and hospital length of stay were quite
similar between the two groups. Post-operatively, in the modern era, there was a trend
to longer duration of mechanical ventilation for patients in the pLT group (KPE 7.7 ± 6.8
vs. pLT 12.3 ± 9.2 days, p = 0.085). The number of readmissions to the intensive care unit
were significantly more frequent in the early era in the pLT group (KPE 8/51, 15.7% vs.
pLT 3/5, 60%, p = 0.017). While the proportion of ICU readmissions remained higher in the
pLT in the modern era, this was no longer significant (KPE 7/46, 15.2 vs. pLT 3/9, 33.3%,
p = 0.2). Overall, there was no difference in 1-year or 3-year patient and graft survival
between groups.
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Table 4. Post-transplant comparison of patients transplanted after KPE or as pLT based on
era: transplant-related data and post-transplant outcomes. Legend: (*) represents a statistically
significant result.

Early Era (1997–2008) Modern Era (2009–2020)

Variables
KPE

(n = 51)
pLT

(n = 5)
p

Value
KPE

(n = 46)
pLT

(n = 9)
p

Value

Age at transplant (days) (mean ± sd) 297.9 ± 144.0 333.2 ± 98.6 0.6 326.4 ± 144.2 261.3 ± 64.6 0.19
Calculated PELD score at transplant (mean ± sd) 17 ± 9 18 ± 0 0.78 16 ± 8 23 ± 8 0.022 *

Type of donor (LDLT) (n, %) 25 (49.0) 1 (20.0) 0.21 14 (30.4) 3 (33.3) 0.86
OR duration (minutes) (mean ± sd) 467.8 ± 89.3 451.2 ± 76.9 0.69 417.4 ± 74.7 407.4 ± 64.3 0.71

Intraoperative pRBC transfusion (cc/kg)
(mean ± sd) 162.7 ± 142.1 156.7 ± 176.4 0.93 123.1 ± 92.9 124.7 ± 120.9 0.96

Days on the ventilator (days) (mean ± sd) 7.3 ± 6.4 2.0 ± 2.0 0.64 7.7 ± 6.8 12.3 ± 9.2 0.085
Length of ICU stay (days) (mean ± sd) 15.0 ± 34.1 7.0 ± 2.3 0.67 13.3 ± 10.2 17.6 ± 11.1 0.27

Length of hospital stay (days) (mean ± sd) 32.9 ± 40.1 24.3 ± 18.1 0.1 30.7 ± 31.5 34.7 ± 13.9 0.32
Return to ICU after transplant (n, %) 8 (15.7) 3 (60.0) 0.017 * 7 (15.2) 3 (33.3) 0.2

Retransplant (n, %) 8 (15.7) 2 (40.0) 0.18 1 (2.2) 0 (0) 0.66
1-year patient survival from list date (n, %) 48 (94.1) 5 (100.0) 0.58 45 (93.8) 9 (100.0) 0.45

1-year post-transplant patient survival (n, %) 46 (90.2) 5 (100.0) 0.48 45 (97.8) 9 (100.0) 0.66
3-year post-transplant patient survival (n, %) 44 (86.3) 5 (100.0) 0.39 44 (95.7) 8 (88.9) 0.4
1-year post-transplant graft survival (n, %) 43 (84.3) 4 (80.0) 0.86 45 (97.8) 9 (100.0) 0.66
3-year post-transplant graft survival (n, %) 42 (82.4) 4 (80.0) 0.94 44 (95.7) 8 (88.9) 0.4

3.5. Comparison of Patients Transplanted after KPE Based on Era

There was no difference in age at KPE (early 67.9 ± 23.3 vs. modern 66.1 ± 27.9
days, p = 0.73) (Table 5). However, the time to listing became significantly longer in the
modern era (early 112.1 ± 95.6 vs. modern 171.5 ± 110.7 days, p = 0.005). The number
of hospital admissions were similar in the two eras as were reasons for admission except
for a higher incidence of hospital admissions for malnutrition (including initiation of tube
feeds or parental nutrition) in the modern early (early 5/51, 9.8% vs. modern 19/48, 39.6%,
p = 0.001). Two deaths occurred on the waitlist in the modern era (p = 0.14).

KPE patients were older at transplant in the modern era, although not significantly
so (early 297.9 ± 144.0 vs. modern 326.4 ± 144.2 days, p = 0.21) (Table 6). The length of
transplant surgery shortened by almost an hour in the modern era (early 467.8 ± 89.3
vs. modern 417.4 ± 74.7 min, p = 0.005) and blood transfusion requirements diminished,
although not significantly (early 162.7 ± 142.1 vs. modern 123.1 ± 92.9 cc/kg, p = 0.11).
The rate of retransplantation improved significantly (early 8/51, 15.7% vs. modern 1/46,
2.2%, p = 0.022), and therefore, the 1-year and 3-year graft survival improved significantly
in the modern era.
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Table 5. Pre-transplant comparison of patients transplanted after KPE based on era: demographics,
diagnosis of BA and waitlist-related data. Legend: (*) represents a statistically significant result.

KPE

Variables Early Era (1997–2008) (n = 51)
Modern Era (2009–2020)

(n = 48)
p Value

Age at KPE (days) (mean ± sd) 67.9 ± 23.3 66.1 ± 27.9 0.73
Time to listing (days) (mean ± sd) 112.1 ± 95.6 171.5 ± 110.7 0.005 *
Waitlist time (days) (mean ± sd) 117.8 ± 121.9 92.6 ± 76.7 0.22

Number of hospital admissions while on
waitlist (mean ± sd) 2.7 ± 3.3 2.0 ± 2.0 0.17

Number of days admitted while on waitlist
(mean ± sd) 23.1 ± 34.0 26.1 ± 28.3 0.64

Admission on the waitlist (n, %): Cholangitis 15 (29.4) 16 (33.3) 0.67
Admission on the waitlist (n, %): Infections

(other than cholangitis) 20 (39.2) 21 (43.8) 0.65

Admission on the waitlist (n, %):
Gastrointestinal bleeding 11 (21.6) 9 (18.8) 0.73

Admission on the waitlist (n, %): Ascites or
Spontaneous bacterial peritonitis 10 (19.6) 14 (29.2) 0.27

Admission on the waitlist (n, %):
Malnutrition 5 (9.8) 19 (39.6) 0.001 *

Death on the waitlist (n, %) 0 (0) 2 (4.2) 0.14

Table 6. Post-transplant comparison of patients transplanted after KPE based on era: transplant-
related data and post-transplant outcomes. Legend: * represents a statistically significant result.

KPE

Variables
Early Era

(1997–2008) (n = 51)
Modern Era

(2009–2020) (n = 46)
p Value

Age at transplant (days) (mean ± sd) 297.9 ± 144.0 326.4 ± 144.2 0.21
Calculated PELD score at transplant (mean ± sd) 17 ± 9 16 ± 8 0.46

Type of donor (LDLT) (n, %) 25 (49.0) 14 (30.4) 0.06
OR duration (minutes) (mean ± sd) 467.8 ± 89.3 417.4 ± 74.7 0.005 *

Intraoperative pRBC transfusion (cc/kg) (mean ± sd) 162.7 ± 142.1 123.1 ± 92.9 0.11
Days on the ventilator (days) (mean ± sd) 7.3 ± 6.4 7.7 ± 6.8 0.84

Length of ICU stay (days) (mean ± sd) 15.0 ± 34.1 13.3 ± 10.2 0.73
Length of hospital stay (days) (mean ± sd) 32.9 ± 40.1 30.7 ± 31.5 0.73

Return to ICU after transplant (n, %) 8 (15.7) 7 (15.2) 0.95
Retransplant (n, %) 8 (15.7) 1 (2.2) 0.022 *

1-year patient survival from list date (n, %) 48 (94.1) 45 (93.8) 0.94
1-year post-transplant patient survival (n, %) 46 (90.2) 45 (97.8) 0.13
3-year post-transplant patient survival (n, %) 44 (86.3) 44 (95.7) 0.13

1-year graft survival (n, %) 43 (84.3) 45 (97.8) 0.025 *
3-year graft survival (n, %) 42 (82.4) 44 (95.7) 0.044 *

3.6. Results of pLT: Comparison of Patients Who Received a pLT Based on Era

There were no significant differences in demographic variables when comparing pa-
tients of the pLT based on era (Table 7). Although both the time to listing (early 63.8 ± 69.3
vs. modern 48.6 ± 40.3 days, p = 0.61) and the waitlist duration (early 130.0 ± 83.1 vs.
pLT 69.0 ± 47.4 days, p = 0.1) were shorter, the number of patients was small and did not
reach statistical significance. There was a trend in more admissions for malnutrition in the
modern era (early 0/5, 0% vs. modern 4/9, 44.4%, p = 0.078).
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Table 7. Pre-transplant comparison of patients transplanted after pLT based on era: demographics,
diagnosis of BA and waitlist-related data.

pLT

Variables Early Era (1997–2008) (n = 5)
Modern Era (2009–2020)

(n = 9)
p Value

Age at diagnosis BA (days) (mean ± sd) 139.4 ± 71.7 127.9 ± 37.2 0.70
Time to listing (days) (mean ± sd) 63.8 ± 69.3 48.6 ± 40.3 0.61
Waitlist time (days) (mean ± sd) 130.0 ± 83.1 69.0 ± 47.4 0.10

Number of hospital admissions while on
waitlist (mean ± sd) 3.6 ± 3.4 3 ± 2.4 0.45

Number of days admitted while on waitlist
(mean ± sd) 22.8 ± 23.9 19.8 ± 16.0 0.79

Admission on the waitlist (n, %): Cholangitis 0 0 —
Admission on the waitlist (n, %): Infections

(other than cholangitis) 3 (60.0) 3 (33.3) 0.33

Admission on the waitlist (n, %):
Gastrointestinal bleeding 0 (0) 3 (33.3) 0.15

Admission on the waitlist (n, %): Ascites or
Spontaneous bacterial peritonitis 1 (20.0) 4 (44.4) 0.36

Admission on the waitlist (n, %):
Malnutrition 0 (0) 4 (44.4) 0.078

Death on the waitlist (n, %) 0 0 —

Although patients in the modern era were transplanted faster, the difference was not
significant (age at transplant early 333.2 ± 98.6 vs. modern 261.3 ± 64.6 days, p = 0.12)
(Table 8). Length of surgery and transfusion requirements improved with time, but also not
significantly. Ventilation days, ICU stay and hospital stay were shorter in the early era, but
this is due to one early patient being excluded from those analyses, as he was chronically
ventilated through a tracheostomy and remained in the ICU until his discharge from the
hospital. The rate of retransplantation improved significantly in the modern era (early 2/5,
40.0% vs. 0/9, 0%, p = 0.04). The patient and graft survival were similar between eras.

Table 8. Post-transplant comparison of patients transplanted after pLT based on era: transplant-
related data and post-transplant outcomes (waitlist). Legend: (*) represents a statistically
significant result.

pLT

Variables
Early Era

(1997–2008) (n = 5)
Modern Era

(2009–2020) (n = 9)
p Value

Age at transplant (days) (mean ± sd) 333.2 ± 98.6 261.3 ± 64.6 0.12
Calculated PELD score at transplant (mean ± sd) 18 ± 0 23 ± 8 0.18

Type of donor (LDLT) (n, %) 1 (20.0) 3 (33.3) 0.60
OR duration (minutes) (mean ± sd) 451.2 ± 76.9 407.4 ± 64.3 0.28

Intraoperative pRBC transfusion (cc/kg) (mean ± sd) 156.7 ± 176.4 124.7 ± 120.8 0.69
Days on the ventilator (days) (mean ± sd) 2.0 ± 2.0 12.3 ± 9.2 0.099

Length of ICU stay (days) (mean ± sd) 7.0 ± 2.3 17.6 ± 11.1 0.12
Length of hospital stay (days) (mean ± sd) 24.3 ± 18.1 34.7 ± 13.9 0.28

Return to ICU after transplant (n, %) 3 (60.0) 3 (33.3) 0.33
Retransplant (n, %) 2 (40.0) 0 (0) 0.04 *

1-year patient survival from list date (n, %) 5 (100.0) 9 (100.0) –
1-year post-transplant patient survival (n, %) 5 (100.0) 9 (100.0) –
3-year post-transplant patient survival (n, %) 5 (100.0) 8 (88.9) 0.40
1-year post-transplant graft survival (n, %) 4 (80.0) 9 (100.0) 0.18
3-year post-transplant graft survival (n, %) 4 (80.0) 8 (88.9) 0.68
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4. Discussion

Primary liver transplant for children with biliary atresia is usually reserved for those
children who present with advanced liver disease at the time of diagnosis. Reported
incidences of pLT vary between 3–16% [9,13–18], but have been as low as less than 1% in
Japan [19,20] and as high as 40% in Brazil [11]. Comparing these incidences is challenging
given the different rates of organ donation and organ availability in different cultures and
countries. Additionally, some studies compare pLT to all patients transplanted after KPE
regardless of the timing of when a patient is ultimately listed for a transplant. Additionally,
the denominator for these studies varies: some use the total number of patients with
BA managed at their institution (regardless of their management), while others only
include patients with BA who were ultimately transplanted. In our institutional experience
spanning over 23 years, the overall rate of pLT was 10.7%, comparable to previously
published data.

Our study is purposefully limited to the comparison of outcomes in children after pLT
to those children who have had unsuccessful KPE and have had to undergo liver transplant
within two years of a failed KPE. It does not include comparisons to older children who
have had a successful KPE, since we wanted to focus on a population of children who
have derived no ostensible benefit from the KPE, and who, with the appropriate, albeit yet
unknown selection criteria, might have been spared an unnecessary surgery.

While some studies have reported that transplants after KPE are more complex (higher
blood transfusion volumes, longer operative time and increased rate of bowel perforations
due to the post-operative adhesions), the differences were actually not statistically signifi-
cant [12,18,21,22]. Our study showed comparable results between transplant after KPE or
pLT. This was felt to be related to the increased surgical experience in transplanting patients
after KPE and not to any significant paradigm shifts in the post-operative management
either after the KPE or the transplant. The surgical team remained constant over the time
span of both eras examined.

Another factor testifying to the increased surgical experience in transplanting complex
patients is the statistically lower rate of retransplantation in the modern era in both the
KPE and pLT groups.

Patients in the pLT group had a higher PELD score in the modern era and presented
at a later age in both eras. Despite these disadvantages, results in the pLT group were
comparable to the KPE group. This may explain the trend in a higher transplant admission
cost for the pLT group. The authors recognize that the PELD score is an imperfect metric to
reflect the severity of disease in children that underestimates pediatric waitlist mortality [23]
and that modifications to the scoring are needed to better attest of the status of patients,
and potentially decrease the request of exception points. However, one might speculate
that if pLT were done in more patients who presented earlier and would normally be
considered for a KPE, the overall morbidity would be reduced below what was observed
in both groups in the present study. The key is how to select those 30–50% of patients who
fail the KPE within two years so they could be spared surgery with no apparent benefit.

A higher PELD score in patients who received a pLT in the modern era did not trans-
late into a higher number of admissions while on the liver transplant waitlist. Conversely,
having undergone a previous KPE did not affect the rate of hospital admissions for compli-
cations of ESLD except for admissions for cholangitis. However, while all patients in the
pLT group were diagnosed and managed at our institution until transplant, 45% of patients
in the KPE group had their KPE done at an outside institution. Therefore, hospital admis-
sions that occurred at outside institutions while being active on the transplant waitlist were
not captured in our analysis and could explain why the difference in cost of admissions
was not significantly lower for the pLT group.

Improvements in both post-transplant medical as well as surgical care has led to
excellent survival after liver transplant for pediatric patients with BA [24]. Our experience
with pLT showed an excellent 100% patient survival at 1 year from listing and 1 year after
transplant, and comparable 3-year patient and graft survival to patients transplanted after
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KPE. This was similar to the findings from other published studies [9,25,26]. However, a
recent study reported superior long-term survival outcomes for pLT [10]. This study was
done by using a large database and based its patient selection on billing codes for diagnosis
and surgical procedures. Surprisingly, their rate of pLT was 50% which is much higher
than any previously reported rates and calls into question the accuracy of the methods.
Additionally, it does not take into account patients who underwent their KPE in another
state [27]. While single-center retrospective studies lack the power to show significant
association, large database studies lack granularity, accuracy and stringent data verification
processes, and their results should, therefore, be interpreted with caution.

It is currently difficult, if not impossible, to predict which patient with BA will expe-
rience early failure after KPE. The development of a predictive score based on pre-KPE
factors would help identify patients without ESLD at high risk for early failure in whom a
pLT could be recommended. Pre-KPE histological criteria have been proposed as a means
to predict successful bile drainage after a KPE [28], but it has been difficult to reproduce
those results. A Taiwanese study suggested a pLT be discussed with parents of children
with BA unless they have no living donor available [26]. Suggesting a higher number of
patients may undergo a pLT would raise the question of organ shortage and worsening
waitlist mortality. Additionally, the waitlist mortality is already the highest in patients less
than 1 year of age [29]. In our study, the only waitlist mortalities occurred in children listed
after KPE. The authors believe that if policies were established to ensure the splitting of all
liver suitable for split liver transplant (intent-to-split policy), the waitlist mortality could be
significantly reduced, as has been shown in other countries [30], despite potentially increas-
ing the number of pLT. Segmental grafts have been shown to have beneficial post-transplant
outcomes, including reduced incidence of hepatic artery thrombosis due to the large size
of donor vessels [31]. ABO incompatible liver transplantation can also be used safely in
infants less than 12 months given the immaturity of their immune system [32]. Lastly,
promoting living donation in centers able to perform technical variant graft transplants
would help reduce the waitlist mortality.

The Kasai operation remains the treatment of choice at the moment for all babies
diagnosed with biliary atresia unless the child demonstrates clear signs of deteriorating
liver function. However, in studies from many centers, it has been demonstrated that there
is a high failure rate of the KPE even in children with early diagnosis and before the onset
of liver failure [7]. Even though our results show no obvious disadvantage in doing the
actual transplant operation after a failed KPE, those children will have been subjected to
a prior operation that yielded no benefit, with considerable expenditures and with the
obvious consequences of suffering through a major operation. The key to adopting a more
selective use of the KPE in the treatment of children with BA is to develop accurate and
reliable predictors of failure in the approximately 30% of children who need a transplant
within 2 years of the KPE. Until the success of the KPE in delaying the need for a transplant
approaches 100% success either by immunological or anti-proliferative adjuncts to surgery,
a primary liver transplant with a success rate that approaches 100% should be considered
in any child who would be predicted to have an unfavorable result after a KPE.

The authors recognize limitations to their study. It is a small retrospective single center
study. However, as mentioned earlier, while it lacks the power of a large population sample,
it allows for thorough data verification and accuracy when compared to large databases
results. The study period extended over 23 years and the management of patients with
BA has evolved over time. However, it was not as different as the modern management
as other studies who reported and compared the use of other biliary drainage procedure
than KPE.

In conclusion, primary liver transplantation leads to similar outcomes when compared
to transplant after early failure of a Kasai portoenterostomy with less mortality on the wait-
list. It is possible that a larger multicenter retrospective review followed by a prospective
study may show the benefits of performing a primary liver transplant in selected children
who are predicted to have a poor outcome after a Kasai procedure.
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BA Biliary atresia
CPI Consumer price index
ESLD End-stage liver disease
ICU Intensive care unit
INR International normalized ratio
IR Interventional radiology
KPE Kasai portoenterostomy
LDLT Living donor liver transplantation
OSH Outside hospital
PELD Pediatric end-stage liver disease
PHIS Pediatric Health Information System
pLT Primary liver transplantation
pRBC Packed red blood cells
USD United States dollars
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Abstract: Biliary atresia (BA) is a rapidly progressive perinatal inflammatory disease, resulting
in liver failure. Hepatic Ly6CLo non-classical monocytes promote the resolution of perinatal liver
inflammation during rhesus rotavirus-mediated (RRV) BA in mice. In this study, we aim to investigate
the effects of inflammation on the transcription factor Nr4a1, a known regulator of non-classical
monocytes. Nr4a1-GFP reporter mice were injected with PBS for control or RRV within 24 h of
delivery to induce perinatal liver inflammation. GFP expression on myeloid immune populations in
the liver and bone marrow (BM) was quantified 3 and 14 days after injection using flow cytometry.
Statistical significance was determined using a student’s t-test and ANOVA, with a p-value < 0.05 for
significance. Our results demonstrate that non-classical monocytes in the neonatal liver exhibit the
highest mean fluorescence intensity (MFI) of Nr4a1 (Ly6CLo MFI 6344 vs. neutrophils 3611 p < 0.001;
macrophages 2782; p < 0.001; and Ly6CHi classical monocytes 4485; p < 0.0002). During inflammation,
hepatic Ly6CLo non-classical monocytes showed a significant increase in Nr4a1 expression intensity
from 6344 to 7600 (p = 0.012), while Nr4a1 expression remained unchanged on the other myeloid
populations. These findings highlight the potential of using Nr4a1 as a regulator of neonatal hepatic
Ly6CLo non-classical monocytes to mitigate perinatal liver inflammation.

Keywords: perinatal liver inflammation; innate immune system; monocytes; biliary atresia; cholangiopathy

1. Introduction

Biliary atresia (BA) is a perinatal hepatic inflammatory disease that results in rapid
obliteration of the biliary tree, leading to cirrhosis and requiring liver transplantation. The
etiology of BA is not fully understood, but multiple factors including genetic predispo-
sition, immune dysregulation, toxins, and infections are thought to ultimately result in
an inflammatory cascade within the liver [1]. Although a well-controlled acute inflamma-
tory response is essential for the resolution of tissue injury, a dysregulated inflammatory
response can lead to the development of pathological inflammation and devastating long-
term consequences [2]. Thus, understanding how perinatal hepatic inflammation is propa-
gated is an essential prerequisite for developing therapeutic targets that can interrupt this
inflammatory cascade and alleviate the need for liver transplantation in patients with BA.

The innate immune system, particularly through the actions of monocytes, plays a
crucial role in the initiation and resolution of inflammation [3–6]. There are two main
subtypes of monocytes: Ly6CHi classical monocytes are pro-inflammatory [3,7,8], and

J. Clin. Med. 2022, 11, 5290. https://doi.org/10.3390/jcm11185290 https://www.mdpi.com/journal/jcm127



J. Clin. Med. 2022, 11, 5290

Ly6CLo non-classical monocytes are pro-reparative [9–12]. In a murine model of BA, we
have demonstrated that the relative abundance of Ly6CLo non-classical monocytes pro-
motes the resolution of periportal liver inflammation and confers protection to liver disease
in neonates [12]. However, the development and differentiation of Ly6CLo non-classical
monocytes in neonatal mice are not well understood. In adult murine bone marrow, the
transcription factor Nr4a1 has been shown to play a critical role in mediating the differen-
tiation and survival of Ly6CLo non-classical monocytes [13]. Nr4a1 is an orphan nuclear
receptor and a member of the Nr4a family of intracellular transcription factors [14,15]. The
Nr4a1 family is widely expressed across various tissues, and its diverse scope of actions
includes DNA repair, cell proliferation, differentiation, apoptosis, migration, metabolism,
and inflammation [14,16]. Such diverse roles stem from the fact that Nr4a1 activity is tissue-
and environment-specific [17–19].

Given the importance of Ly6CLo non-classical monocytes in promoting the resolution
of perinatal liver inflammation, and our current understanding of Nr4a1 as a monocyte
regulator in the adult murine bone marrow, we sought to investigate the effects of inflam-
mation on Nr4a1 expression in a murine model of BA. Understanding the factors that
regulate non-classical monocytes during perinatal inflammation is particularly important,
because the early dysregulation of monocyte development can contribute to detrimental
sequelae of BA.

2. Materials and Methods

Mice. BALB/c wildtype mice were obtained from the National Cancer Institute
(Wilmington, MA) and Jackson labs (Bar Harbor, ME). Nr4a1-GFP reporter mice were
originally described by Zikherman et al. [20] and were backcrossed onto the BALB/c
background for >12 generations. All mouse experiments were approved by the UCSF
Institutional Animal Care and Use Committee, and animals received humane care in
accordance with the criteria outlined in the Guide for the Care and Use of Laboratory
Animals. Mice were euthanized by decapitation (pups < 7 days old) or carbon dioxide
inhalation (pups ≥ 7 days of age).

Creation of single-cell suspensions from fetal and neonatal livers. The liver and
bone marrow were isolated from euthanized mice. To create single-cell suspensions, livers
were weighed upon extraction and washed in cold PBS over ice for 5 min. Using sterile
fine surgical scissors, livers were cut into small pieces to facilitate mechanical dissociation
in cold PBS (for pups at 3 days of life) and in 2.5 mg/mL Liberase (Roche, Indianapolis, IN,
USA, 05401119001) homogenization buffer (for pups at 14 days of life). Once the liver was
completely homogenized, the cell suspension was passed through a 100 μm cell strainer
to remove any undigested tissue or debris and to create SCS. Neonatal bone marrow was
extracted by harvesting the sacral spine, pelvic bone, both femurs and tibias from each pup
and washing them in cold PBS over ice for 5 min followed by crushing the bones using a
pestle and mortar and washing the cells using cold PBS once the bones were completely
crushed. Washed cells were then passed through a 100 μm cell strainer to remove any
undigested bone or debris and to create an SCS. Both the liver and BM SCS were then
incubated in 1 mL of ACK Lysis buffer (Gibco, Waltham, MA, USA, A10492-01) over ice
to remove red blood cells, followed by manual cell counting to determine cell count and
viability. Cells were also stained using Ghost Live/Dead stain (Tonbo, San Diego, CA, USA,
13-0870-T100) to determine cell viability in analysis.

Flow cytometry. Liver and bone marrow single-cell suspensions were stained using
the following antibodies: Cd11c, clone N418 (Biolegend, San Diego, CA, USA, 117339);
Ly6C, clone HK1.4 (Biolegend, 128035); MHCII, clone M5/114.15.2 (eBioscience, Waltham,
MA, USA, 48-5321-82); Cd45, clone 30-F11 (eBioscience, 56-0451-82); Cd11b, clone M1/70
(eBioscience, 47-0112-82); Cd64, clone X54-5/7.1 (BD Biosciences, Franklin Lakes, NJ, USA,
741024); Ly6g, clone 1A8 (BD Biosciences, 560601); Fc block Cd16/Cd32, clone 2.4G2
(BD Biosciences, 553142); Ly6g, RB6-8c5 (Tonbo, San Diego, CA, USA, 60-5931); Ghost
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(Tonbo, 13-0870-T100). Flow cytometric data were acquired on a BD LSRII Fortessa X20
and analyzed using FlowJo (v10.8.1 Franklin Lakes, NJ, USA).

Postnatal model of perinatal inflammation. Rhesus rotavirus (RRV) and Cercopithe-
cus aethiops kidney epithelial (MA104) cells were obtained from Dr. Henry Greenberg
(Stanford University, Palo Alto, CA, USA). The virus was grown and titered in MA104 cells.
To induce postnatal hepatic inflammation, P0 pups were injected intraperitoneally with
1.5 × 106 focus-forming units (ffu) 24 h after delivery. Controls were injected with PBS
using the same technique.

Data analysis. To compare the two groups, the unpaired t-test with Welch’s correction,
the non-parametric Mann–Whitney test, and the Chi-square test were used, respectively,
for normally distributed variables, non-normally distributed variables, and proportions. A
one-way ANOVA with Tukey’s multiple comparisons test was used to compare multiple
groups. Myeloid populations after Ab-mediated depletion were quantified by dividing the
number of live cells of interest by organ weight. Graphpad Prism 9.0 (San Diego, CA, USA)
was used to generate graphs and perform statistical analysis.

3. Results

Ly6CLo non-classical monocytes reside in the neonatal liver. We quantified the pro-
portion of mature myeloid populations in the neonatal liver and bone marrow under home-
ostatic conditions. Using flow cytometry, we identified neutrophils (Ly6G+, MHCII−),
macrophages (CD64+, CD11b+/−), and monocytes (CD64− CD11b+). We further sepa-
rated monocytes into Ly6CHi classical and Ly6CLo non-classical monocytes (Figure 1a).
Monocytes, particularly Ly6CLo non-classical monocytes, were abundant in the liver but
not in the bone marrow (Figure 1b). This finding was similar to that derived in our previous
work, demonstrating the relative abundance of Ly6CLo non-classical monocytes in the
late-gestation fetus [12].

Figure 1. Pro-reparative Ly6CLo non-classical monocytes reside in the liver at the early neonatal

timepoint. (a) Myeloid populations including neutrophils, macrophages, Ly6CHi classical monocytes
and Ly6CLo non-classical monocytes identified by flow cytometry. (b) Myeloid populations at an
early neonatal timepoint (P3) as a proportion of all CD45% leukocytes. The neonatal liver (n = 19)
harvests significantly more monocytes, particularly Ly6CLo non-classical monocytes, compared to the
BM (n = 18) (BM 3.76% vs liver 5.62%; p = 0.0015). (c) At the juvenile timepoint (P14) the liver (n = 12)
no longer harvests monocytic populations. Ly6CHi classical monocytes predominately reside in the
BM (n = 11) at this point (BM 2.11% vs liver 0.58%, p < 0.0001). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

In P3 pups, monocytes comprised ~8% of all CD45+ leukocytes in the liver, com-
pared to ~6% in the bone marrow (p = 0.018). Ly6CLo non-classical monocytes were the
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predominant monocyte subset in the liver (5.62% vs. 3.76% for bone marrow, p = 0.001)
(Figure 1b). Higher proportions of neutrophils were seen in the bone marrow than in the
liver (69.78% vs. 53.43%, p = 0.002), whereas macrophages comprised ~12% in both organs.
In juvenile mice, monocytes no longer predominated in the liver at P14; instead, these were
seen in higher proportions in the bone marrow (4.59% vs. liver 3.1%, p = 0.01) (Figure 1c).
Ly6CHi classical monocytes were seen in higher proportions in the bone marrow (2.11% vs.
liver 0.58%, p < 0.0001), whereas Ly6CLo non-classical monocytes comprised ~2.5% of all
leukocytes in both organs at this timepoint (Figure 1c). Monocytes overall, and specifically
Ly6CLo non-classical monocytes, were present in higher proportions in the P3 liver than in
the bone marrow, and made up a smaller proportion of total leukocytes in P14 mice than in
neonates (Figure 1c).

Nr4a1 expression is highest in Ly6CLo non-classical monocytes compared to other

myeloid populations in the neonatal liver. We characterized Nr4a1 expression in mature
myeloid populations under homeostatic conditions in the neonatal liver and bone marrow.
To quantify the expression of Nr4a1, we used a reporter mouse in which the expression
of enhanced green fluorescent protein (GFP) is under the control of the Nr4a1 regulatory
region [20]. We observed that high proportions of all myeloid populations expressed
Nr4a1 (%GFP-positive cells) in both the neonatal liver and the bone marrow (Figure 2a–d).
In particular, significantly higher proportions of neutrophils, macrophages, and Ly6CHi

classical monocytes in the neonatal bone marrow expressed Nr4a1 compared to the neonatal
liver (Neutrophils: 80.03% vs. 66.52%; p = 0.02. Macrophages: 53.46% vs. 33.83%; p < 0.001.
Ly6CHi classical monocytes: 66.13% vs. 56.51%; p = 0.03) (Figure 2a–c). In contrast, relatively
equal proportions of Ly6CLo non-classical monocytes expressed Nr4a1 in both the neonatal
bone marrow and liver (66.60% vs. 68.42%; p = 0.67) (Figure 2d).

Figure 2. Cont.
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Figure 2. Ly6CLo non-classical monocytes exhibit the highest expression of Nr4a1. (a) Nr4a1
expression on neutrophils as %GFP positive (n = 14; BM 80.03% vs liver 66.52%; p = 0.02). Both organs
exhibit similar intensity of expression, represented as Mean Fluorescence Intensity (MFI) (BM 3408 vs
liver 3611; p = 0.25). (b) Neonatal BM macrophages show higher expression of Nr4a1 compared to
the liver (n = 14; BM %GFP 53.46% vs liver 33.83; p < 0.001) (BM MFI 4554 vs liver 2782; p < 0.0001).
(c) Higher proportion of Ly6CHi classical monocytes exhibit Nr4a1 expression in the neonatal BM
(n = 14; BM 66.13% vs Liver 56.51; p = 0.03); however, MFI is similar between both organs (BM
4575 vs liver 4485; p = 0.82). (d) High proportions of Ly6CLo non-classical monocytes exhibit Nr4a1
expression in both organs (n = 14; BM 66.60 vs liver 68.42%; p = 0.67); however, Ly6CLo non-classical
monocytes in the neonatal liver show a higher intensity of expression (BM MFI 5338 vs liver 6344;
p = 0.009). (e) Among the myeloid populations in the neonatal liver, Ly6CLo non-classical monocytes
exhibit the highest expression of Nr4a1 compared to neutrophils (MFI 6344 vs 3611, respectively;
p < 0.0001), macrophages (MFI 6344 vs 2782, respectively; p < 0.001), and Ly6CHi classical monocytes
(MFI 6344 vs 4485, respectively; p < 0.0002). (f) Ly6CLo non-classical monocytes also exhibit the
highest expression of Nr4a1 in the neonatal BM; however, the degree of intensity is significantly
lower than in the liver. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

Although Nr4a1 was expressed in moderately high proportions by neutrophils
(Figure 2a), macrophages (Figure 2b) and monocyte subsets (Figure 2c,d), we evaluated the
mean fluorescent intensity of Nr4a1 to quantify the level of Nr4a1 expression. Ly6CLo non-
classical monocytes had significantly higher expression of Nr4a1 compared to populations
in both the liver and the bone marrow (Figure 2e,f). Among the myeloid populations in the
neonatal liver, Ly6CLo non-classical monocytes showed the highest intensity of Nr4a1 ex-
pression compared to neutrophils (MFI 6344 vs. 3611; p < 0.001), macrophages (MFI 6344 vs.
2782; p < 0.001), and Ly6CHi classical monocytes (MFI 6344 vs. 4485; p < 0.0002) (Figure 2e).
Ly6CLo non-classical monocytes also exhibited the highest intensity of Nr4a1 expression in
the neonatal bone marrow compared to other myeloid populations (Figure 2f); however,
the Nr4a1 expression was significantly higher in liver Ly6CLo non-classical monocytes than
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in bone marrow Ly6CLo non-classical monocytes (MFI 6344 vs. 5338; p = 0.009) (Figure 2d).
These results demonstrate that although Nr4a1 was present in high proportions in most
myeloid populations, the expression was highest in Ly6CLo non-classical monocytes in the
neonatal liver.

Perinatal liver inflammation leads to increased expression of Nr4a1 in hepatic

Ly6CLo non-classical monocytes. Having shown that Nr4a1 expression is environment-
specific, we next quantified the proportion of mature myeloid populations, and character-
ized their Nr4a1 expression in the setting of inflammation in the neonatal bone marrow
(Figure 3) and liver (Figure 4). We used the well-established murine model of BA, which
involves the infection of neonatal pups with Rhesus rotavirus. The injection of RRV during
the first 24 h of life results in weight loss, jaundice, and death in the majority of neona-
tal pups by 21 days [12,21–24]. The characteristic histologic findings after RRV infection
include periportal inflammation, which is apparent within 3 days. Our thorough analy-
sis of the immune cells involved in the pathogenesis of RRV-mediated inflammation has
demonstrated a limited role for the adaptive immune system and type 2 immunity in the
pathogenesis of RRV, and has implicated Ly6CLo non-classical monocytes in the resolution
of murine BA [12].

In the neonatal bone marrow, the neutrophil population decreased during inflamma-
tion (WT 67.44% vs. RRV 46.49%; p = 0.004), whereas other myeloid populations remained
unchanged (Figure 3a,b). Nr4a1 expression remained stable in neutrophils (Figure 3c),
decreased in macrophages (WT 4416 vs. RRV 3739; p = 0.04) (Figure 3d) and Ly6CLo non-
classical monocytes (WT 5338 vs. RRV 4089; p = 0.003) (Figure 3f), and increased in Ly6CHi

classical monocytes (MFI WT 4575 vs. RRV 6259; p = 0.0002) (Figure 3e).
In the neonatal liver, the levels of hepatic macrophages decreased during inflammation

(WT 11.76% vs. RRV 6.53%; p < 0.0001), as did Ly6CLo non-classical monocytes (WT 4.96%
vs. RRV 3.12%; p = 0.037) (Figure 4a–c), but the proportions of hepatic neutrophils and
Ly6CHi classical monocytes were unchanged (Figure 4a). Despite these decreases in hepatic
macrophages and Ly6CLo non-classical monocytes, inflammatory conditions resulted in an
increase in Nr4a1 expression in those myeloid populations. The proportion of macrophages
expressing Nr4a1 increased to 45.73% (WT 33.38%, p = 0.0078), and the intensity of Nr4a1
expression also increased from 2848 to 3752 (p = 0.013) (Figure 4e). Approximately 70%
of all hepatic Ly6CLo non-classical monocytes expressed Nr4a1 under homeostatic and
inflammatory conditions, but the intensity of Nr4a1 expression increased significantly from
6344 to 7600 during inflammation (p = 0.012) (Figure 4g). Nr4a1 expression remained
unchanged in hepatic neutrophils and Ly6CHi classical monocytes Figure 4d,f).
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Figure 3. BM Ly6CLo non-classical monocytes decrease their Nr4a1 expression in the setting of

inflammation. (a,b) Myeloid populations and monocyte subsets at (P3) as a proportion of all CD45%
leukocytes under homeostatic (n = 18) and inflammatory (n = 14) conditions in the neonatal BM.
(c–f) %GFP and intensity of Nr4a1 expression (MFI) on myeloid populations in the BM under
homeostatic conditions (n = 14) and in the setting of inflammation (n = 14). * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001.
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Figure 4. Ly6CLo non-classical monocytes increase Nr4a1 expression in the setting of inflammation.
(a,b) Myeloid populations and monocyte subsets at (P3) as a proportion of all CD45% leukocytes
under homeostatic (n = 19) and inflammatory (n = 13) conditions in the neonatal liver. (c) Reduction
of Ly6CLo non-classical monocyte population in the liver by flow cytometry. (d–g) Intensity of Nr4a1
expression (MFI) is increased on macrophages and Ly6CLo non-classical monocytes in the setting of
inflammation (WT n = 14, RRV n = 12). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

4. Discussion

In this study, we hypothesized that Nr4a1 is important for Ly6CLo non-classical mono-
cyte differentiation, and is therefore a key regulator of perinatal liver inflammation. Our
results demonstrate that in the liver and bone marrow, Nr4a1 expression was highest among
hepatic neonatal Ly6CLo non-classical monocytes compared to neutrophils, macrophages,
and Ly6CHi classical monocytes. In a murine model of BA, although the levels of hepatic
Ly6CLo non-classical monocytes decreased, their expression of Nr4a1 increased signifi-
cantly. However, in the bone marrow, Nr4a1 expression decreased significantly during
inflammation, but increased in Ly6CHi classical monocytes. Collectively, these results
support the idea that Nr4a1 is an important transcription factor for the pro-reparative
response mediated by hepatic Ly6CLo non-classical monocytes during inflammation in
murine BA.

Ly6CLo non-classical monocytes have been shown to promote a pro-reparative re-
sponse in the setting of inflammation, and specifically promote the resolution of periportal
liver inflammation to confer protection to liver disease in murine neonates [9–12]. In our
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study, we demonstrate that the liver acts as a reservoir for Ly6CLo non-classical monocytes
in neonatal mice before the physiologic homing process of hematopoietic cells to the bone
marrow. While the homing process is a well-described phenomenon, the normal physiology
and development of the murine hematopoietic system shortly before and after birth are
not yet fully elucidated [25–27]. Hematopoietic cells have been examined extensively in
the murine fetus [28–30]; however, mature cells at later stages of development, particularly
in perinatal pups, have not been examined as thoroughly [31,32]. Hematopoietic cells are
believed to migrate to the fetal liver at approximately day 10 post-coitus, and at or near
birth, cells then migrate from the liver to the bone marrow, where they remain through-
out the animal’s adult life [25–27]. Our results demonstrate that by postnatal day 14, the
myeloid populations predominately reside in the bone marrow, and the liver no longer
maintains a significant proportion of monocytes. Not only does this finding clarify the
timing of the homing process from the liver to the bone marrow, but it also highlights
that the neonatal liver initially maintains a high proportion of the pro-reparative Ly6CLo

non-classical monocytes, raising the possibility that these cells may confer resistance to
perinatal injury.

Previous studies have demonstrated the importance of Nr4a1 in the differentiation and
survival of the pro-reparative Ly6CLo non-classical monocytes [13,33]. Monocyte subsets
arise from a common monocyte progenitor (cMoP) in the adult murine bone marrow,
but the intricacies of this development remain poorly understood due to the challenges
of lineage tracing [33]. The most accepted hypothesis currently supports the idea that
cMoPs give rise to Ly6CHi classical monocytes, which can then differentiate into Ly6CLo

non-classical monocytes [33–38]. Multiple transcription factors such as PU.1, C/EBP-β
and IRF8 have been implicated at various stages of monocyte development [39]; however,
Nr4a1 has been most notably shown to regulate the differentiation of Ly6CLo non-classical
monocytes in the adult murine bone marrow [13]. The relationship between Nr4a1 and
Ly6CLo non-classical monocytes in the perinatal period is largely unknown. Our results
demonstrate that Nr4a1 expression is highest among Ly6CLo non-classical monocytes in
the neonatal liver under homeostatic and inflammatory conditions. Despite the decrease
in the proportion of Ly6CLo non-classical monocytes in the liver during inflammation,
the intensity of Nr4a1 expression in this pro-reparative subset significantly increased in
response to inflammation. These data suggest that a small population of Nr4a1HiLy6CLo

monocytes may play a functional role during murine BA. Moreover, our data suggest that
Nr4a1 may play a role in the regulation of both Ly6CLo monocytes and macrophages during
inflammation. Though further work will be needed to specifically define the separate roles
of Ly6CLo monocytes and macrophages, our data highlight the potential implications of
using Nr4a1 as a regulator of neonatal hepatic Ly6CLo non-classical monocytes to mitigate
inflammatory injuries.

Further investigation is needed to determine the functional significance of Nr4a1 in
myeloid immune responses during perinatal liver inflammation. Previous studies have
shown that Nr4a1-deficient mice have significantly fewer Ly6CLo non-classical monocytes
circulating in their blood or spleen, or patrolling the endothelium [13]. Moreover, the few
Ly6CLo non-classical monocytes present in the bone marrow of Nr4a1-deficient mice were
found to be arrested in the S phase of the cell cycle, and rapidly underwent apoptosis [13].
Given that the patterns of Nr4a1 expression in neonatal pups in our study are similar
to those in studies of adult bone marrow [13], we anticipate that neonatal mice deficient
in Nr4a1 will also have significantly fewer Ly6CLo non-classical monocytes, and will
therefore not be able to mitigate perinatal liver inflammation effectively. Further studies
of the relationship between Nr4a1 and pro-reparative Ly6CLo non-classical monocytes
are needed before potential therapeutic targets can be developed to halt BA and other
inflammatory diseases.
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5. Conclusions

In conclusion, our results demonstrate that the transcription factor Nr4a1 is expressed
at its highest level in Ly6CLo non-classical monocytes in the neonatal mouse liver. Fur-
thermore, in response to inflammation, these levels decreased in Ly6CLo non-classical
monocytes in the bone marrow, but increased in Ly6CLo non-classical monocytes in the
liver. These findings highlight the potential implications of using Nr4a1 as a regulator of
neonatal hepatic Ly6CLo non-classical monocytes to mitigate perinatal liver inflammation.

Author Contributions: Conceptualization, A.N. and S.M.; methodology, S.M., C.S.L., A.A. and K.R.;
formal analysis, S.M.; validation, S.M; investigation, S.M.; resources, S.M., C.S.L., C.K., A.A., K.R.
J.F.A. and A.N.; data curation, S.M., C.S.L., C.K., A.N. and K.R.; writing—original draft preparation,
A.N. and S.M.; writing—review and editing, A.N. and S.M.; visualization, A.N. and S.M.; supervision,
A.N.; project administration, A.N. and S.M.; funding acquisition, A.N. and S.M. All authors have
read and agreed to the published version of the manuscript.

Funding: C.K. was supported by a fellowship from the Lundbeck Foundation’s Danish-American
Research Exchange Program, administered by Innovation Center Denmark, Silicon Valley. Additional
funding was provided by the NIH FAVOR T32 training grant (5T32AI125222-05, S.M.), National
Institute of Health grant K08AR072144 (J.F.A.), Nora Eccles Treadwell Foundation (J.F.A.), UCSF
Center for the Rheumatic Diseases (J.F.A.), American Pediatric Surgical Association Foundation Jay
Grosfeld, MD Scholar Award (A.N.), an American College of Surgeons Faculty Research Fellowship
(A.N.), a UCSF Liver Center Pilot Award (NIH P30 DK026743, A.N.), the UCSF Parnassus Flow
Cytometry Core (DRC Center Grant NIH P30 DK063720), and core resources of the UCSF Liver
Center (P30 DK026743).

Institutional Review Board Statement: The animal study protocol was approved by the Insti-
tutional Review Board of University of California, San Francisco (protocol code AN183751-02E,
17 March 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Henry Greenberg (Stanford University, CA) for
providing MA104 cells and Rhesus rotavirus. The authors would also like to thank Pamela Derish for
her critical review of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Hartley, J.L.; Davenport, M.; Kelly, D.A. Biliary atresia. Lancet 2009, 374, 1704–1713. [CrossRef]
2. Czaja, A.J. Hepatic inflammation and progressive liver fibrosis in chronic liver disease. World J. Gastroenterol. 2014, 20, 2515–2532.

[CrossRef] [PubMed]
3. Brempelis, K.J.; Crispe, I.N. Infiltrating monocytes in liver injury and repair. Clin. Transl. Immunol. 2016, 5, e113. [CrossRef]

[PubMed]
4. Liaskou, E.; Wilson, D.V.; Oo, Y.H. Innate immune cells in liver inflammation. Mediat. Inflamm. 2012, 2012, 949157. [CrossRef]
5. Robinson, M.W.; Harmon, C.; O'Farrelly, C. Liver immunology and its role in inflammation and homeostasis. Cell Mol. Immunol.

2016, 13, 267–276. [CrossRef]
6. Sander, L.E.; Sackett, S.D.; Dierssen, U.; Beraza, N.; Linke, R.P.; Muller, M.; Blander, J.M.; Tacke, F.; Trautwein, C. Hepatic

acute-phase proteins control innate immune responses during infection by promoting myeloid-derived suppressor cell function.
J. Exp. Med. 2010, 207, 1453–1464. [CrossRef]

7. Lee, P.Y.; Nelson-Maney, N.; Huang, Y.; Levescot, A.; Wang, Q.; Wei, K.; Cunin, P.; Li, Y.; Lederer, J.A.; Zhuang, H.; et al.
High-dimensional analysis reveals a pathogenic role of inflammatory monocytes in experimental diffuse alveolar hemorrhage.
JCI Insight 2019, 4, e129703. [CrossRef]

8. Olingy, C.E.; San Emeterio, C.L.; Ogle, M.E.; Krieger, J.R.; Bruce, A.C.; Pfau, D.D.; Jordan, B.T.; Peirce, S.M.; Botchwey, E.A.
Non-classical monocytes are biased progenitors of wound healing macrophages during soft tissue injury. Sci. Rep. 2017, 7, 447.
[CrossRef]

136



J. Clin. Med. 2022, 11, 5290

9. Gao, Y.; Zhou, J.; Qi, H.; Wei, J.; Yang, Y.; Yue, J.; Liu, X.; Zhang, Y.; Yang, R. LncRNA lncLy6C induced by microbiota metabolite
butyrate promotes differentiation of Ly6C(high) to Ly6C(int/neg) macrophages through lncLy6C/C/EBPbeta/Nr4A1 axis. Cell
Discov. 2020, 6, 87. [CrossRef]

10. Guilliams, M.; Mildner, A.; Yona, S. Developmental and Functional Heterogeneity of Monocytes. Immunity 2018, 49, 595–613.
[CrossRef]

11. Morias, Y.; Abels, C.; Laoui, D.; Van Overmeire, E.; Guilliams, M.; Schouppe, E.; Tacke, F.; deVries, C.J.; De Baetselier, P.; Beschin, A.
Ly6C- Monocytes Regulate Parasite-Induced Liver Inflammation by Inducing the Differentiation of Pathogenic Ly6C+ Monocytes
into Macrophages. PLoS Pathog. 2015, 11, e1004873. [CrossRef] [PubMed]

12. Alkhani, A.; Levy, C.S.; Tsui, M.; Rosenberg, K.A.; Polovina, K.; Mattis, A.N.; Mack, M.; Van Dyken, S.; Wang, B.M.; Maher, J.J.;
et al. Ly6c(Lo) non-classical monocytes promote resolution of rhesus rotavirus-mediated perinatal hepatic inflammation. Sci. Rep.
2020, 10, 7165. [CrossRef] [PubMed]

13. Hanna, R.N.; Carlin, L.M.; Hubbeling, H.G.; Nackiewicz, D.; Green, A.M.; Punt, J.A.; Geissmann, F.; Hedrick, C.C. The
transcription factor NR4A1 (Nur77) controls bone marrow differentiation and the survival of Ly6C- monocytes. Nat. Immunol.
2011, 12, 778–785. [CrossRef] [PubMed]

14. Herring, J.A.; Elison, W.S.; Tessem, J.S. Function of Nr4a Orphan Nuclear Receptors in Proliferation, Apoptosis and Fuel
Utilization Across Tissues. Cells 2019, 8, 1373. [CrossRef]

15. Martinez-Gonzalez, J.; Badimon, L. The NR4A subfamily of nuclear receptors: New early genes regulated by growth factors in
vascular cells. Cardiovasc. Res. 2005, 65, 609–618. [CrossRef]

16. Pawlak, A.; Strzadala, L.; Kalas, W. Non-genomic effects of the NR4A1/Nur77/TR3/NGFIB orphan nuclear receptor. Steroids
2015, 95, 1–6. [CrossRef] [PubMed]

17. Maxwell, M.A.; Muscat, G.E. The NR4A subgroup: Immediate early response genes with pleiotropic physiological roles. Nucl.
Recept. Signal. 2006, 4, e002. [CrossRef]

18. Mohan, H.M.; Aherne, C.M.; Rogers, A.C.; Baird, A.W.; Winter, D.C.; Murphy, E.P. Molecular pathways: The role of NR4A orphan
nuclear receptors in cancer. Clin. Cancer Res. 2012, 18, 3223–3228. [CrossRef]

19. Pearen, M.A.; Muscat, G.E. Minireview: Nuclear hormone receptor 4A signaling: Implications for metabolic disease. Mol.
Endocrinol. 2010, 24, 1891–1903. [CrossRef]

20. Zikherman, J.; Parameswaran, R.; Weiss, A. Endogenous antigen tunes the responsiveness of naive B cells but not T cells. Nature
2012, 489, 160–164. [CrossRef]

21. Liu, Y.J.; Li, K.; Yang, L.; Tang, S.T.; Wang, X.X.; Cao, G.Q.; Li, S.; Lei, H.Y.; Zhang, X. Dendritic Cells Regulate Treg-Th17 Axis in
Obstructive Phase of Bile Duct Injury in Murine Biliary Atresia. PLoS ONE 2015, 10, e0136214. [CrossRef]

22. Riepenhoff-Talty, M.; Schaekel, K.; Clark, H.F.; Mueller, W.; Uhnoo, I.; Rossi, T.; Fisher, J.; Ogra, P.L. Group A rotaviruses produce
extrahepatic biliary obstruction in orally inoculated newborn mice. Pediatr. Res. 1993, 33, 394–399. [CrossRef]

23. Shivakumar, P.; Campbell, K.M.; Sabla, G.E.; Miethke, A.; Tiao, G.; McNeal, M.M.; Ward, R.L.; Bezerra, J.A. Obstruction of
extrahepatic bile ducts by lymphocytes is regulated by IFN-gamma in experimental biliary atresia. J. Clin. Investig. 2004, 114,
322–329. [CrossRef] [PubMed]

24. Shivakumar, P.; Sabla, G.E.; Whitington, P.; Chougnet, C.A.; Bezerra, J.A. Neonatal NK cells target the mouse duct epithelium via
Nkg2d and drive tissue-specific injury in experimental biliary atresia. J. Clin. Investig. 2009, 119, 2281–2290. [CrossRef] [PubMed]

25. Clapp, D.W.; Dumenco, L.L.; Hatzoglou, M.; Gerson, S.L. Fetal liver hematopoietic stem cells as a target for in utero retroviral
gene transfer. Blood 1991, 78, 1132–1139. [CrossRef] [PubMed]

26. Keller, G.; Lacaud, G.; Robertson, S. Development of the hematopoietic system in the mouse. Exp. Hematol. 1999, 27, 777–787.
[CrossRef]

27. Wolber, F.M.; Leonard, E.; Michael, S.; Orschell-Traycoff, C.M.; Yoder, M.C.; Srour, E.F. Roles of spleen and liver in development
of the murine hematopoietic system. Exp. Hematol. 2002, 30, 1010–1019. [CrossRef]

28. Cumano, A.; Ferraz, J.C.; Klaine, M.; Di Santo, J.P.; Godin, I. Intraembryonic, but not yolk sac hematopoietic precursors, isolated
before circulation, provide long-term multilineage reconstitution. Immunity 2001, 15, 477–485. [CrossRef]

29. Golub, R.; Cumano, A. Embryonic hematopoiesis. Blood Cells Mol. Dis. 2013, 51, 226–231. [CrossRef]
30. McGrath, K.E.; Frame, J.M.; Palis, J. Early hematopoiesis and macrophage development. Semin. Immunol. 2015, 27, 379–387.

[CrossRef]
31. Ema, H.; Nakauchi, H. Expansion of hematopoietic stem cells in the developing liver of a mouse embryo. Blood 2000, 95, 2284–2288.

[CrossRef] [PubMed]
32. Ito, T.; Tajima, F.; Ogawa, M. Developmental changes of CD34 expression by murine hematopoietic stem cells. Exp. Hematol. 2000,

28, 1269–1273. [CrossRef]
33. Hettinger, J.; Richards, D.M.; Hansson, J.; Barra, M.M.; Joschko, A.C.; Krijgsveld, J.; Feuerer, M. Origin of monocytes and

macrophages in a committed progenitor. Nat. Immunol. 2013, 14, 821–830. [CrossRef] [PubMed]
34. Dal-Secco, D.; Wang, J.; Zeng, Z.; Kolaczkowska, E.; Wong, C.H.; Petri, B.; Ransohoff, R.M.; Charo, I.F.; Jenne, C.N.; Kubes, P. A

dynamic spectrum of monocytes arising from the in situ reprogramming of CCR2+ monocytes at a site of sterile injury. J. Exp.
Med. 2015, 212, 447–456. [CrossRef] [PubMed]

35. Geissmann, F.; Jung, S.; Littman, D.R. Blood monocytes consist of two principal subsets with distinct migratory properties.
Immunity 2003, 19, 71–82. [CrossRef]

137



J. Clin. Med. 2022, 11, 5290

36. Ginhoux, F.; Jung, S. Monocytes and macrophages: Developmental pathways and tissue homeostasis. Nat. Rev. Immunol. 2014, 14,
392–404. [CrossRef]

37. Sunderkotter, C.; Nikolic, T.; Dillon, M.J.; Van Rooijen, N.; Stehling, M.; Drevets, D.A.; Leenen, P.J. Subpopulations of mouse
blood monocytes differ in maturation stage and inflammatory response. J. Immunol. 2004, 172, 4410–4417. [CrossRef]

38. Yona, S.; Kim, K.W.; Wolf, Y.; Mildner, A.; Varol, D.; Breker, M.; Strauss-Ayali, D.; Viukov, S.; Guilliams, M.; Misharin, A.; et al.
Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis. Immunity 2013, 38, 79–91.
[CrossRef]

39. Auffray, C.; Sieweke, M.H.; Geissmann, F. Blood monocytes: Development, heterogeneity, and relationship with dendritic cells.
Annu. Rev. Immunol. 2009, 27, 669–692. [CrossRef]

138



Citation: Lemoine, C.P.;

Melin-Aldana, H.; Brandt, K.A.;

Superina, R. Identification of Early

Clinical and Histological Factors

Predictive of Kasai Portoenterostomy

Failure. J. Clin. Med. 2022, 11, 6523.

https://doi.org/10.3390/

jcm11216523

Academic Editor: Claus Petersen

Received: 1 August 2022

Accepted: 30 October 2022

Published: 3 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Identification of Early Clinical and Histological Factors
Predictive of Kasai Portoenterostomy Failure

Caroline P. Lemoine 1, Hector Melin-Aldana 2, Katherine A. Brandt 1 and Riccardo Superina 1,*

1 Division of Transplant and Advanced Hepatobiliary Surgery, Ann & Robert H. Lurie Children’s Hospital of
Chicago, Northwestern University Feinberg School of Medicine, Chicago, IL 60611, USA

2 Department of Pathology, Ann & Robert H. Lurie Children’s Hospital of Chicago, Northwestern University
Feinberg School of Medicine, Chicago, IL 60611, USA

* Correspondence: rsuperina@luriechildrens.org; Tel.: +312-227-4040; Fax: +312-227-9387

Abstract: Background: It is impossible to predict which patients with biliary atresia (BA) will fail after
Kasai portoenterostomy (KPE). We evaluated the predictive nature of pre-KPE clinical and histological
factors on transplant-free survival (TFS) and jaundice clearance. Methods: A retrospective review of
patients who received a KPE at our institution (1997–2018) was performed. Primary outcomes were
two-year TFS, five-year TFS, and jaundice clearance 3 months after KPE. p < 0.05 was considered
significant. Results: Fifty-four patients were included in this study. The two-year TFS was 35.1%, five-
year TFS was 24.5%, and 37% patients reached a direct bilirubin (DB) ≤ 2.0 mg/dL 3 months post KPE.
The median age at biopsy was younger in the five-year TFS (39.0 (24.5–55.5) vs. 56.0 days (51.0–67.0),
p = 0.011). Patients with DB ≤ 1.0 mg/dL 3 months after KPE were statistically younger at biopsy
(DB ≤ 1.0 44.0 (26.0–56.0) vs. DB > 1.0 56.0 days (51.0–69.0), p = 0.016). Ductal plate malformation
was less frequent in the five-year TFS (16/17, 94.1%, vs. 1/17, 5.9%, p = 0.037). Portal fibrosis (19/23,
82.6%, vs. 4/23, 17.4%, p = 0.028) and acute cholangitis (6/7, 85.7%, vs. 1/7, 14.3%, p = 0.047) occurred
less frequently in two-year TFS. Conclusion: Older age at biopsy, acute cholangitis, portal fibrosis,
and ductal plate malformation were associated with lower native liver survival. Evaluation in a
larger study population is needed to validate these results.

Keywords: biliary atresia; Kasai portoenterostomy; liver histology; transplant-free survival

1. Introduction

Biliary atresia (BA) is characterized by progressive fibrosing and scarring of the bile
ducts preventing bile excretion by the liver. If untreated, it leads to the development of
biliary cirrhosis and death in infancy [1,2]. The Kasai portoenterostomy (KPE) is the gold
standard for the treatment of BA. The success of this procedure is determined by its ability
to clear jaundice. The reported jaundice clearance rate is 55–60% [3]. Even with successful
bile drainage, half of children with BA will need a liver transplant (LT) by age 2. Infants
whose total bilirubin level remains above 2.0 mg/dL 3 months after KPE have been shown
to be at risk for early disease progression [4].

The standard of care remains to perform a KPE first and a secondary liver transplant
(LT) if it fails [5,6]. In the USA, only patients with advanced liver disease at diagnosis are
considered for primary LT. Although rarely performed (0.1–11%), it is associated with good
survival and outcomes [2,7,8]. Despite this, surgeons are reluctant to perform a primary LT,
since it is estimated that approximately one third of all patients with BA may not require a
LT. It is currently very difficult to predict which patients will survive long term with their
native liver (“success”) from those who will need a LT within the first two years of life
(“failure”). Identification of “early failure” patients could lead to avoiding an unnecessary
KPE, with earlier listing and LT, decreasing the wait list morbidity and mortality.

Many groups have tried to identify clinical and histological predictive factors of
post-KPE failure [9–12], but few groups have tried identifying pre-KPE factors that could
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predict native liver survival after KPE [13]. We aim to confirm the predictive value of those
previously reported histology findings and to identify additional predictive histological
and clinical factors.

2. Methods

2.1. Patient Selection and Data Collection

Institutional Review Board approval was obtained (IRB 2007-12989, study approved
31 August 2018). Since the surgical technique and number of KPEs per year per surgeon
have been shown to influence outcomes after KPE, only patients whose KPE was performed
by our institution’s pediatric hepatobiliary surgeon (RS) were included (August 1997–
December 2018). Fifty patients were excluded because of the following reasons: pre-KPE
biopsy slides were not available for review, they underwent a primary LT, they did not
have a liver biopsy before the KPE, or they had <2 years followup. Fifty-four patients were
ultimately included in this study.

2.2. Outcomes and Clinical Factors

Primary outcomes were defined as two-year and five-year transplant free survival
(TFS) and clearance of jaundice at 3 months after KPE (direct bilirubin (DB) ≤ 2.0 or
≤1.0 mg/dL). Clinical factors that were available pre-KPE were evaluated: age at diagnosis
of jaundice, age at liver biopsy, and DB at the time of liver biopsy.

2.3. Histological Factors

Azarow et al. evaluated the predictive nature of pre-KPE liver biopsy histologic
findings on post KPE outcomes [13]. These factors were evaluated, as well as those from
the “Histological assessment for cholestasis in infancy” developed by the Biliary Atresia
Research Consortium (BARC) [14]. The list of the histologic features that were reviewed is
presented in Table 1.

Table 1. List of histologic factors reviewed on liver biopsies as potential predictive factors of outcomes
(Legend: BARC: Biliary Atresia Research Consortium).

Histologic Findings Source

Portal tracts

Portal fibrosis BARC

Portal inflammation BARC

Portal edema BARC

Bile in zone 1 Azarow et al. [13]

Bile ducts

Bile duct proliferation BARC

Bile duct damage BARC

Acute cholangitis BARC/Azarow et al. [13]

Portal ductular reaction BARC

Ductal plate malformation BARC

Focal necrosis Azarow et al. [13]

Bridging necrosis BARC/Azarow et al. [13]

Hepatocytes

Hepatocellular cholestasis BARC

Lobular inflammation BARC/Azarow et al. [13]

Multinucleated giant hepatocytes BARC

Syncytial giant cells Azarow et al. [13]

Individually necrotic hepatocytes BARC

Hepatocellular rosettes BARC
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All 54 pre KPE liver biopsies were reviewed blindly by our institutional pediatric liver
pathologist (HMA) and two pediatric hepatobiliary surgeons (CL, RS). Participants were
unaware of the patient’s identity and KPE outcome. To reduce interobserver variation, all
features were evaluated with a tertiary (0 = absent/mild, 1 = moderate, 2 = severe, or 0 = ab-
sent/minimally present, 1 = present, 2 = prominent) and a binary system (0 = absent/mild,
1 = moderate/severe, or 0 = absent/minimally present, 1 = present/prominent), except for
the ductal plate malformation (DPM) and bile in zone 1 (binary scoring system only).

2.4. Statistical Analysis

The Chi-square test and Fisher’s exact test were used for univariate analyses of categor-
ical variables, while linear logistic regression was used for continuous variables. Statistics
were performed using the IBM SPSS Statistics program (version 24.0.0.0). A p < 0.05 was
considered statistically significant. A p < 0.1 was used to account for the limitations from
the small sample size in observing statistical trends.

3. Results

3.1. Descriptive Statistics and Outcomes

The patients’ characteristics are presented in Table 2. Fifty-four patients met the
inclusion criteria and were included in this study (fifty patients were excluded). The median
gestational age was 39 weeks (range 28–42); seven patients were born prematurely. Most
patients were diagnosed with jaundice on the first day of life (range 0–78). In 26 patients, an
alternative explanation for jaundice was mentioned. Only one patient had a biliary atresia
splenic malformation. The predictive value of this factor was therefore not evaluated. The
median age at the time of initial hepatology evaluation was 51 days (range 3–81), while
the median age at liver biopsy was 55.5 days (range 19–152). The median DB level was
5.3 mg/dL (2.5–14.7). All patients underwent a KPE (median age 59 days (range 22–153)).

Table 2. Descriptive statistics of the study population (Legend: KPE: Kasai portoenterostomy; (‡)
One patient was both breastfed and thought to have a perinatal infection; (§) Non-corrected age for
prematurely born patients).

Variable
Results

(n = 54)

Sex (n, male, %) 26 (48.1)

Gestational age (weeks, median, range) 39 (28–42)

Prematurity (n, yes, %) 7 (13.0)

Age at onset of jaundice (days, median, range) 1 (0–78)

Potential explanation for jaundice (n, yes, %) 26 (48.1) ‡

• Breastfeeding 20 (37)

• Perinatal infection 5 (9.3)

• Galactosemia 1 (1.9)

• Total parenteral nutrition 1 (1.9)

• ABO incompatibility 0 (0)

Biliary atresia splenic malformation (n, yes, %) 1 (1.9)

Age at biopsy (days, median, range) § 55.5 (19.0–152.0)

Aspartate aminotransferase at biopsy (IU/L, median, range) 168.5 (48–451)

Alanine aminotransferase at biopsy (IU/L, median, range) 110 (20–375)

Direct bilirubin at biopsy (mg/dL, median, range) 5.3 (2.5–14.7)

Age at KPE (days, median, range) § 59.0 (22.0–153.0)
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The median DB level 3 months after KPE was 4.1 mg/dL (0.1–13.9). Nineteen patients
(37.3%) reached a DB ≤ 2.0 3 months after KPE, while 14 (27.5%) achieved a DB ≤ 1.0.
The two-year TFS was 35.2% (19/54). The five-year TFS was 24.5% (12/49). Of note, the
19 patients who reached a DB ≤ 1.0 were not the same as those who had a two-year TFS.

3.2. Univariate Analysis of Clinical and Histological Factors Based on Individual Outcome

Clinical and histological factors that either reached statistical significance or displayed
a trend in predicting any outcome are presented in Table 3 (binary scoring system) and
Table 4 (tertiary scoring system). Representative histology slides of these features are
shown in Figure 1. Other histology findings that were evaluated in the statistical model are
presented in the Supplemental Tables S1 and S2 (Table S1 shows the univariate analysis
using the binary scoring system, Table S2 shows the results of the univariate analysis using
the tertiary scoring system).

Figure 1. Histology findings found to be statistically significant (p < 0.05: (A–C)) or a statistical trend
(p < 0.1: (D,E)) with either TFS or DB level at 3 months after KPE using univariate analysis. (Legend:
(A): DPM; (B): acute cholangitis; (C): portal fibrosis; (D): multinucleated giant cells; (E): syncytial
giant cells) ((A): Cytokeratin-19 stain; (B,D): hematoxylin and eosin stain; (C): Trichrome Masson
stain; (E): reticulin stain).
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3.2.1. Two-Year Transplant-Free Survival

Fifty-four patients were included in the two-year TFS analysis. There were no clinical
factors that could predict the two-year TFS. The median age at the onset of jaundice was
similar. The median age at biopsy and median DB at biopsy were higher in the LT group
but did not reach statistical significance (55 days (IQR 51.0, 67.0) vs. 48 days (IQR 26.0, 64.0),
p = 0.14). Using the binary scoring system of the histologic features, none reached statistical
significance. The multinucleated giant cells on liver biopsy showed a trend in failure after
KPE (76.9% vs. 23.1%, p = 0.073). When using the tertiary scoring system, portal fibrosis
(82.6% vs. 17.4%, p = 0.028) and acute cholangitis (85.7% vs. 14.3%, p = 0.047) were found
to be statistically significant. Severe portal fibrosis, severe acute cholangitis, and moderate
acute cholangitis were more prevalent in the two-year LT group.

3.2.2. Five-Year Transplant Free Survival

Forty-nine patients were included in the five-year TFS analysis. The median age at
biopsy was significantly lower in the five-year TFS group (56 days (IQR 51.0, 67.0) vs.
39 (IQR 24.0, 55.5), p = 0.011). DB at the time of liver biopsy was lower in the five-year
TFS group, but not significant (0 days (IQR 0.0, 7.0) vs. 10 days (IQR 0.0, 14.5), p = 0.63).
When evaluating liver biopsies with the binary scoring system, the presence of DPM was
associated with failure (94.1% vs. 5.9%, p = 0.037). Acute cholangitis showed a trend
towards KPE failure (85.2% vs. 14.8%, p = 0.081). Using the tertiary scoring system, severe
acute cholangitis reached statistical significance for failure (100.0% vs. 0.0%, p = 0.038).
Severe portal fibrosis was associated with a trend in KPE failure (87.0% vs. 13.0%, p = 0.072).

3.2.3. Clearance of Jaundice Three Months after KPE

When evaluating patients who reached a DB ≤ 2.0 (n = 19), only the presence of acute
cholangitis on the binary scoring system showed a trend towards failure (74.1% vs. 25.9%,
p = 0.076). Fourteen patients successfully reached a DB ≤ 1.0 3 months after KPE. They were
statistically younger at liver biopsy (44 days (IQR 26.0, 56.0) vs. 56 days (IQR 51.0, 69.0),
p = 0.016). None of the histologic factors reached statistical significance with the binary
scoring system. With the tertiary scoring system, three histologic features showed a trend
towards failure: severe portal fibrosis (85.7% vs. 14.3%, p = 0.066), severe acute cholangitis
(100.0% vs. 0.0%, p = 0.063), and numerous syncytial giant cells (100.0% vs. 0.0%, p = 0.085).

4. Discussion

While the KPE was a groundbreaking development in the management of infants
with BA, for most patients it remains a palliative procedure serving as a bridge to LT [15].
Reported native liver survival in Western countries varies between 20% and 56%, although
the length of followup varies greatly, making comparisons difficult. [7] Most of the re-
search aimed at identifying the predictive factors of BA outcomes focused on intra- or
postoperative factors. We sought to identify predictive factors of “early failure post-KPE”
relying on preoperative clinical and histological factors. Our results suggest that older age
at biopsy, DPM, moderate to severe portal fibrosis, and acute cholangitis are predictive
factors of failure. Additionally, multinucleated giant cells and syncytial giant cells could be
associated with a lower native liver survival.

Younger age at KPE is frequently cited as a favorable factor to achieve TFS and
resolution of jaundice [16–19]. Patients who receive a KPE at a younger age undergo a
diagnostic liver biopsy at a younger age, explaining how the younger age at biopsy was
associated with five-year TFS and achieving a DB ≤ 1.0 3 months after KPE in our study. The
ability to diagnose BA on early liver biopsy has been questioned, as “typical BA findings”
may not be present early or in premature infants [20,21]. However, a recent meta-analysis
showed there was no difference in the accuracy of liver biopsy in patients younger or older
than 60 days [22]. In our study, nearly half of the patients had an “alternative explanation”
for their jaundice. Pediatric gastroenterologists recommend investigating jaundice if it
persists 3 weeks after birth [23]. Earlier identification of direct hyperbilirubinemia could
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lead to earlier liver biopsy and improved post KPE outcomes. Therefore, when a liver
biopsy shows features suggestive of BA, an operative cholangiogram should be performed
promptly to allow patients to undergo a KPE at the youngest possible age, possibly allowing
jaundice clearance and survival with their native liver.

The presence of moderate or severe acute cholangitis on liver biopsy was the only
histologic feature found to be associated with all three outcomes investigated in this study.
This is the first report of the predictive nature of acute cholangitis on pre-KPE liver biopsy.
Infection and inflammation in already abnormal bile ducts may lead to unrecoverable
intrinsic injury despite KPE. In the BARC assessment, interobserver agreement was the
poorest in the histologic features of inflammation such as cholangitis [14]. The BARC
scoring system uses a 4-tier score. Reducing it to a binary or tertiary scoring system, as we
suggest, may improve pathologists’ agreement.

The presence of fibrosis on liver biopsy is a controversial predictor of post-KPE
outcome [24,25]. Studies have reported fibrosis as a predictor of poor outcomes as it
could compromise bile outflow [26–30]. Webb et al. reported that the absence of bridging
fibrosis on liver biopsy was the only factor significantly associated with improved five-
year TFS [31]. Another group showed that high-grade fibrosis was an indicator of poor
postoperative prognosis even when KPE was performed in young patients [27]. Our
experience is concordant with these groups.

DPM has been thought to represent an interruption of the normal remodeling process
of the biliary tract during fetal life [32]. Its incidence in patients with BA has been reported
between 20 and 50% [33]. DPM is considered a marker of antenatal onset of disease leading
to a longer duration of liver injury and has been associated with a lower jaundice clearance
rate 3 months after KPE and a shorter interval to LT [27,30,33–36]. Low et al. reported that
all their BA patients with DPM on biopsy had a poor outcome [33]. Safwan et al. reported
that 69% of patients in their study who underwent a primary LT had evidence of DPM on
biopsy, and DPM was associated with a shorter native-liver survival after KPE [35]. In our
cohort, thirty-five percent of patients had DPM identified on their pre KPE liver biopsy,
and the presence of DPM was associated with a lower five-year TFS.

Multinucleated hepatocytes are individual hepatocytes containing three or more nu-
clei [14]. Syncytial giant cells were originally described as large conglomerate of hepatocytes
containing up to 30 nuclei [37]. Azarow et al. reported that both were associated with
poor KPE outcomes [13]. Vazquez et al. reported the same association but on KPE surgical
specimens [38]. A recent study concluded that the presence of hepatitis-like features was
an indicator of poor short-term jaundice clearance [39]. These findings correlate with ours,
where multinucleated giant cells were associated with a lower two-year TFS, and syncytial
giant cells were associated with a lower jaundice clearance post-KPE.

The authors recognize the limitations of this study. First, it is a retrospective single
institution study with a small sample size. This is explained by the exclusion of 50 additional
patients due to liver biopsy performed at other institutions being unavailable for review; the
absence of a preoperative biopsy; primary LT; and other types of biliary drainage procedure.
Second, the liver biopsies were reviewed by a single pathologist. Since this pathologist
reviews all liver biopsies performed at our institution, it did not appear helpful to have other
pathologists participate in the review, especially since interobserver agreement between
expert pediatric liver pathologists can be challenging [14].

5. Conclusions

In conclusion, a combination of clinical factors (younger age at biopsy) and the pres-
ence of histologic factors on the diagnostic liver biopsy (presence of severe acute cholangitis,
portal fibrosis, and ductal plate malformation) of infants with BA can likely predict early
failure after KPE and would identify patients who could benefit from a primary LT. A
positive predictive score with a high degree of sensitivity and specificity that combines
elements of both clinical and histological parameters could be used to stream patients at
high risk for early failure into a primary transplant arm rather than having them undergo
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an operation that could be futile and that would complicate any probably future liver
transplant. A larger multicenter study will be needed to externally validate the findings
of this study. It will also allow the evaluation of other pertinent clinical and histologic
factors, as a larger study population may generate stronger results to be incorporated in a
predictive score of BA outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11216523/s1, Table S1: Additional data to Table 3: Univariate
analysis of clinical and histologic factors using the binary scoring system; Table S2: Additional data
to Table 4: Univariate analysis of clinical and histologic factors using the tertiary scoring system.
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Abstract: Biliary atresia, a fibro-obliterative disease of the newborn, is usually initially treated by
Kasai portoenterostomy, although there are many variations in technique and different options for
post-operative adjuvant medical therapy. A questionnaire on such topics (e.g., open vs. laparoscopic;
the need for liver mobilisation; use of post-operative steroids; use of post-operative anti-viral therapy,
etc.) was circulated to delegates (n = 43) of an international webinar (Biliary Atresia and Related
Diseases—BARD) held in June 2021. Respondents were mostly European, but included some from
North America, and represented 18 different countries overall. The results of this survey are presented
here, together with a commentary and review from an expert panel convened for the meeting on
current trends in practice.

Keywords: biliary atresia; Kasai operation; adjuvant therapy; corticosteroids; cytomegalovirus;
ursodeoxycholic acid

1. Introduction

Biliary atresia (BA) is an obliterative condition of the biliary tract that typically presents
with jaundice and pale stools during neonatal life [1,2]. All affected infants have conjugated
hyperbilirubinemia, often evident in the first days of life [3], along with elevated liver
enzymes, but may present little in the way of conclusive diagnostic signs, at least in the first
few weeks of life. Although diagnosis can be strongly suggested by a range of secondary
investigations including abdominal ultrasound, radionuclide imaging, and liver biopsy, it
is usually confirmed only at surgical exploration and intraoperative cholangiography.

This investigative strategy has changed little over the past few years, although there is
emerging interest in newer and potentially more specific biochemical markers such as MMP-
7 [4]. To date, the early studies have been Asian in origin and retrospective [5], with conflict-
ing cut-off values. Other possible diagnostic methods, again still very much in the inves-
tigative phase, include the use of AI algorithms in the interpretation of ultrasound data [6].

It is possible to screen for cases of BA, and this has been national strategy in Taiwan and
Japan, based on relatively low-tech stool-colour cards. More recently, particularly in Texas,
whole blood sampling with measurement of conjugated bilirubin has been trialled [7].

The definitive management of this condition is entirely surgical, usually with an initial
attempt at restoration of bile flow and preservation of the native liver (Kasai
portoenterostomy—KPE) in the first few months of life. If this fails or is felt to be fu-
tile, liver transplant may be carried out. In 1959, Morio Kasai, a Japanese surgeon working
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in Sendai, described his original experience with what has become known as KPE [8].
Over the subsequent two decades, this operation and its principle—radical excision of the
extrahepatic ducts with a biliary reconstruction in the porta hepatis—gradually became
accepted for infants with BA, although many modifications (e.g., Roux loop stomas and
intussusception valves) were attempted along the way [9,10]. It is also possible to perform
a KPE laparoscopically, although this is controversial and has not been widely adopted
outside certain high-volume Asian centres [11,12].

The first ever liver transplant in a child born with BA was reported in 1963 by Thomas
Starzl and a team from Denver, CO, USA [13]. Although actually unsuccessful, it prompted
the first wave of liver transplant centres to be set up during the 1960s, which demonstrated
the validity of the surgical technique. Nonetheless, the lack of effective immunosuppression
precluded longer-term success and a moratorium was declared. Liver transplantation was
re-invigorated in the 1980s with the discoveries of cyclosporin and subsequently tacrolimus,
leading to its widespread adoption throughout the world.

The aim of this paper is to review the current diagnostic strategies of BA, and to
provide a review of current operative techniques and the role of post-operative adjuvant
therapy for KPE, aligned to a survey of current practice. The future direction of clinical
research was also explored.

2. Methods

An online survey was conducted among members of the European reference network
RARE-LIVER, and members of the faculty of the Biliary Atresia and Related Diseases
(BARD) network (Supplementary File S1). Questions were drafted in multiple choice format
by members of the working group, all of whom were experienced paediatric hepatologists
and hepatobiliary surgeons. The survey was performed via an online tool (SurveyMonkey,
Survey Monkey Inc., now Momentive Inc.) and was completed anonymously. Respondents
could not be traced back to any participating centre. The results of the questionnaire were
subsequently discussed by an online panel during the 2021 online Biliary Atresia and
Related Diseases (BARD) conference.

3. Results

Completed forms were analysed from 43 respondents (with 22 self-declared as sur-
geons) from centres distributed across 18 countries.

3.1. Diagnostic Strategy

In patients with BA, the age at which KPE is performed is negatively related to the
success rate of the surgery, in terms both of clearance of jaundice and survival with native
liver [14,15]. However, neonatal cholestasis can be caused by a multitude of other conditions
and diseases other than BA, for which surgery is not indicated. It has been estimated that
BA accounts for 25–40% of neonatal cholestasis [16]. Accordingly, the initial diagnostic
strategy in infants with neonatal cholestasis aims to rapidly identify whether a condition
other than biliary atresia is the cause of the cholestasis. The workup of neonatal cholestasis
has been summarised in the joint guidelines of the North American Society for Pediatric
Gastroenterology, Hepatology, and Nutrition (NASPGHAN) and the European Society for
Paediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN); the reader is directed
there for details [16]. The causes of neonatal cholestasis can be categorized in anatomical
extrahepatic obstructions of bile flow (such as choledochal malformations, cholelithiasis),
genetic diseases, either multisystemic (Alagille syndrome, cystic fibrosis, galactosemia,
mitochondrial diseases, and others) or exclusively hepatic (alpha-1-antitrypsin deficiency,
bile acid synthesis defects, canalicular membrane transport protein defects, and others),
endocrinologic disorders (hypocortisolism, hypothyroidism), or as secondary to other
diseases (e.g., sepsis, congenital viral infection). Over recent years, the possibilities for
genetic analyses have increased [17,18]. The time needed for genetic analysis has so far
precluded it from being a prerequisite before intraoperative cholangiography and, in case
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of BA, KPE surgery. Since the turn-around time for genetic analyses has decreased over
the past decade, this may change in future. Early candidates would then be expected to be
infants referred in the very first weeks of life, who may not yet have acholic stools.

Generally, the diagnostic strategy for neonatal cholestasis aims at demonstrating or
excluding the most frequent non-BA causes. The workup as indicated in the guidelines
includes (re)checking of newborn blood-screening results (galactosemia, hypothyroidism,
cystic fibrosis), and blood analyses including measurement of white blood counts, dif-
ferential alpha-1-antitrypsin level and phenotype, thyroid hormone and TSH, bile acid
concentration, cortisol, glucose, lactate, and metabolic parameters. Urine analysis is aimed
at reducing substances (galactitol), and bacterial or viral infections (including CMV PCR).
Imaging of the liver is performed by ultrasound for anatomical abnormalities (choledochal
malformations, cholelithiasis) and by X-ray for evidence of multisystem disease (such as
in Alagille syndrome, or butterfly vertebrae). On indication such as a cardiac murmur,
a cardiac ultrasound doppler is performed for detection of congenital malformations, such
as pulmonary artery stenosis in Alagille syndrome. Most (but not all) centres perform
a percutaneous liver biopsy as a final step in the diagnostic analysis. In case of sufficient
histological indications compatible with biliary obstruction, particularly if combined with
ductular reaction and fibrosis, the decision is frequently made to perform intraoperative
cholangiography, followed by KPE, based on positive cholangiography or macroscopic
absence of extrahepatic bile ducts. The diagnostic use of hepatobiliary scintigraphy for
the discrimination of biliary atresia is no longer advocated, partly because of relatively
low specificity [19] which fails to abolish the need for liver biopsy and, if suspicious,
an intraoperative cholangiogram.

3.2. Surgical Strategy (Based on 42 Completed Questionnaires)

Confirmation of the actual diagnosis is the first step in the operation, and 80% of
respondents indicated that they would do this using a small right upper quadrant incision
centred over the anticipated position of the gallbladder; 20% would utilize less invasive
techniques for this step. Cholangiography was regarded as “obligatory” at this stage
by 60% of practitioners surveyed, by 33% only when inspection of the hepatoduodenal
ligament was inconclusive, and by 7% when an ERCP was not available or was inconclusive.
The use of indocyanine green is becoming more prevalent in adult biliary surgery, and
one respondent stated that they would use this diagnostically during KPE. Following
confirmation of the diagnosis, 95% would then look for other features of syndromic BA
(e.g., polysplenia).

There was only a single respondent who would perform the KPE laparoscopically,
all others opting for a conventional open technique. With this in mind, the degree of
liver mobilisation prior to porta hepatis was then investigated. Total mobilisation (i.e.,
division of suspensory ligaments on both right and left) would be performed by 33%,
partial mobilisation (i.e., division of only falciform and left triangular ligaments) by 43%,
and no additional mobilisation by 24%.

Surgical loupe magnification was used by 90% of respondents during dissection of the
porta hepatis, with most carrying out sharp dissection using a knife (78%) and avoiding
bipolar diathermy (52%).

Deliberate exposure of the Rex recessus was sought by 52%, and was regarded as
optional by 14%. Most surgeons (67%) aimed for an extended dissection of the porta hepatis
(beyond the division of the portal vein), with the remainder actively avoiding this.

The preferred length of the retrocolic Roux loop was 25–50 cm for 90% of respondents,
but 5% aimed for less than this while 5% aimed for more. A single respondent stated that
they would create an intussusception valve within the loop. Most surgeons would use
a hand-sewn (86%), end-to-side technique (67%) for the jejunojejunostomy.

All surgeons performed an end-to-side portoenterostomy using either an interrupted
(48%) or running stitch (43%) or both (9%), and usually using 6/0 sutures (57%). The
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total time for the KPE was assessed at 120–240 min (76%) and for those performing it
laparoscopically >240 min (71%).

Post-operatively, most respondents felt that prophylactic antibiotics should be pre-
scribed for >1 week (82%) and the regimen should include ursodeoxycholic acid (94%).
Respondents were split between use of steroids (50%) and no one used immunoglobulins,
farnesoid X receptor agonists, or ileal bile acid transporter (IBAT) inhibitors.

4. Discussion

The main aim of this paper is to present the breadth of current surgical techniques
and practice for biliary atresia as performed in a predominantly European and North
American setting. We did not seek to debate actual indications or limitations such as the
late-presenting infant or the possible role of liver transplantation as a primary procedure.

4.1. Surgical Strategy

Our survey confirms an important observation which bears repeating, that the Kasai
portoenterostomy is not a single, uniform operation performed every time by each surgeon
in the same way. Rather, it is simply a principle of extrahepatic dissection and excision
with (nowadays) a Roux loop reconstruction and anastomosis high in the porta hepatis.
It might be questioned whether the details matter, and in some respects they probably
do not. Visualisation of the biliary tree is an axiom of diagnosis, but can be achieved as
easily by laparoscopy as by an exploratory right upper quadrant incision. Similarly, despite
textbook adherence to the concept of cholangiography, in most cases the gallbladder is
so atrophic as to be without a lumen and hence the siting of a catheter is not possible.
Alternatively, about 20% of cases have a gallbladder that is structurally normal (evident
on ultrasound) but is filled with clear mucus. Cholangiography is essentially redundant
here, in that it will inevitably show a patent common bile duct into the duodenum but no
sign of a more proximal biliary tree. Some centres, particularly in France, would consider
a portocholecystostomy (i.e., the gallbladder opened and anastomosed to the transected
portal plate) for BA to make use of this feature [20]. This option effectively abolishes the risk
of post-operative cholangitis, although has a higher revision rate for leaks and obstruction.

In those centres with a less stringent, less discriminatory pre-surgical workup, the
proportion of non-BA cases coming to surgical exploration is likely to be higher and
cholangiography to exclude BA will performed more frequently. Cholangiography is
also important in cases of cystic BA, where it may or may not show connections to the
residual intrahepatic ducts and is able to distinguish cystic BA from cystic choledochal
malformation—a much more benign condition.

4.1.1. Role of Laparoscopy

Laparoscopic KPE remains unpopular in Europe and North America, although some
of the early reports arose from European centres [21–23]. More recently, more reports and
interest have arisen in the larger Asian centres, including in China [11,24]. However, no
report has shown or even implied its superiority to the more conventional open approach,
and indeed it is difficult to see a real rationale for this technique beyond the cosmetic.
Certainly, in terms of the primary objective—clearance of jaundice and preservation of the
native liver—it clearly has no advantage.

4.1.2. Degree of Liver Mobilisation

The need for liver mobilisation in the open technique continues to be contentious,
but exteriorization was favoured by 75% of respondents, although it is clear that this
can be achieved by less than complete mobilisation, dividing only the falciform ± left
triangular ligaments—the most popular technique. The degree of dissection in the porta
hepatis has changed over the years. It is clear from Kasai’s original descriptions that he
was relatively conservative in leaving residual biliary tissue in the porta and performing
the Roux loop anastomosis to form an ovoid section. His successor in Sendai, Ryoji Ohi,
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and other Japanese surgeons [25] adopted more radical dissection to widen the resultant
portoenterostomy and incorporate the interstices behind the bifurcation of the portal vein
on the left into the Rex recessus (facilitated by dividing the bridge between the third and
fourth segments), and on the right up to and sometimes into Rouviere’s fosse (containing
the posterior branches of the right hepatic artery and right portal vein). The majority (67%)
of our surgical group seem to favour this latter approach. Interestingly, Ohi’s successor
in Sendai, Masaki Nio, reverted somewhat to a less extensive dissection more in keeping
with the original [26]. Nowadays the only group of surgeons who have reverted to Kasai’s
original approach have been those who do this operation entirely laparoscopically, as it is
evident that radical dissection is only effectively possible as an open technique [27].

4.1.3. Roux Loop

Use of a retrocolic Roux loop was standard for all respondents, with the only debate
being about how long it should be. The clear majority aim for 40 cm with only one respon-
dent aiming for a short (<25 cm) loop and one deliberately measuring it as >50 cm. There
is little firm evidence on this matter presented in the literature. Most recently, a Chinese
centre prospectively randomized 166 infants, comparing standard length with a short
length (13–20 cm) [28]; there was no difference in incidence of cholangitis (43% vs. 47%) or
clearance of jaundice (45% vs. 50%).

A single surgeon favoured modification of the Roux limb by creation of an “intussus-
ception valve”. These were briefly in vogue during the 1990s [9] as they were thought to
prevent reflux and hence reduce cholangitis. A small-scale prospective trial from Tokyo
involving 20 infants showed no difference in outcome [29] and interest seemed to wane.
However, more recently this technique has become popular, at least in China where a recent
questionnaire-based survey showed it was being used in half of their centres [30]. It is
unclear whether this is in any way evidence-based.

A range of different techniques were reported for the jejunojejunostomy, including
end-to-side, end-to-end, hand-sewn, and stapled. By contrast, the actual portoenteros-
tomy anastomosis was invariably end-to-side and fashioned by most contributors using
a relatively fine (6/0) absorbable suture (PDS).

4.2. Post Operative Adjuvant Therapy

Biliary atresia affects both intra- and extra-hepatic bile ducts, and KPE primarily treats
only the extra-hepatic component. Many medications have been advocated to treat the
intra-hepatic bile duct damage, though few with any substantial evidence base.

The liver in the BA infant prior to KPE is subject to substantial cholestatic injury
with subsequent fibroinflammatory and necrotic pathophysiological adaptations [31]. KPE
provides surgical relief of the extrahepatic obstruction, which is key for the BA liver to
begin the process attempt to restore normal homeostasis, including reduction of retained
bile acids [32], and subsequent activity related to the presence of activated profibrotic
and inflammatory mechanisms [33–35]. However, despite KPE, the majority of infants
with BA present ongoing cholestasis and progression of liver disease, underlying the
expectation of continued inherent developmental cholangiopathy in these patients. In brief,
the expected early results of KPE are native liver survival (NLS) at age 2 of ~45–65%, with
significant variability between centres and countries e.g., [36–41]. Moreover, progressive
liver disease is ongoing in BA during childhood, leading ultimately to NLS rates of ~25%
by the beginnings of adulthood [39,41–43]. Thus, with progression of disease and the rapid
progression of subsequent liver disease there is a need for medical therapies aimed at
improving outcomes after KPE, in order to reduce the risk of death and the need for liver
transplant [44]. Among the adjuvant therapies that are generally accepted internationally
are antibiotics to address the risk of cholangitis, and ursodeoxycholic acid (UDCA) to act as
a potential choleretic and to improve the hydrophilicity of the bile acid pool [44,45]. UDCA
and antibiotics both received strong support in our survey (>80% of 33 respondents).
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The use of corticosteroids post-KPE is among the more controversial aspects of treat-
ment. Large studies have supported its use [46], including a recent randomised trial from
Shanghai [47]. However, there have also been studies indicating no discernible benefit
according to the available evidence [48]. Despite this gap in therapeutic support for steroids
post-KPE, along with evidence of an increase in side effects and impaired growth among
patients receiving steroids [49]; half (17/34) of respondents to the survey reported their
use. This is a crucial issue, as use of corticosteroids post-KPE varies widely around the
globe—from 0–100%. Clearly, more investigations are needed.

There are currently two ongoing international investigational studies exploring the
efficacy of intestinal bile acid transporter (IBAT) inhibitors post-KPE. These studies are
focussed on maralixibat (Phase 2, NCT 04524390; EMBARK), assessing a short-term out-
come of reduction in total bilirubin at 6 months, and odevixibat (Phase 3 NCT 04336722;
BOLD), with a clinical outcome measure of improvement of NLS at 2 years. The rationale
for IBAT inhibition seeks to address one of the causes of liver damage in cholestatic diseases
such as BA, by reducing the obligate intrahepatic bile acid levels [50]. IBAT inhibitors
are approved in many countries for relief of pruritus in children with Alagille syndrome
and PFIC [50–52].

Intriguingly, there was support for determining coexistent CMV infection at the time
of KPE, which should lead to consideration for antiviral treatment [53], with the potential to
improve post-KPE outcomes. Other considerations for improving outcomes that have yet
to be studied include varying methods of feeding infants (e.g., breast milk versus formula),
the role of parenteral nutrition, and appropriate roles for fat-soluble vitamin monitoring
and supplementation.

At least three-quarters of BA patients will need LT in their lifetime [39,54,55]. KPE is
essentially palliative in nature and is typically only the first step of treatment. One element
that was not addressed in our survey was the prevention of complications evident at the
time of transplantation (i.e., reducing post-operative intra-abdominal adhesion). It has
been shown [56,57] that duration of total hepatectomy, bleeding, and prognosis of liver
transplantation were adversely impacted when KPE was performed in a centre that does
not perform liver transplantation. Operative details which may reduce adhesions include
avoidance of unnecessary exposure of the intestines outside the abdomen, avoidance
of abdominal drains, and possibly the use of anti-adhesion adjuncts such as hyaluronic
acid (Seprafilm™, Baxter Inc., Deerfield, IL, USA) and hydrogels (CoSeal™, Baxter Inc.,
Deerfeield, IL, USA) around the liver. Both are in current use in European centres, though
without evidential support.

The obvious limitation of this study is that it is divorced from any report of actual
outcomes, and remains opinion-based. Nevertheless, it reflects the views of a large body of
surgeons and clinicians involved in the care of these infants.

5. Conclusions and Future Directions

In conclusion, the lack of uniform approach and absence of registries hampers progress
in untangling the nuances of the Kasai operation and determining the role of adjuvant ther-
apies for this complex and perplexing disease. It also seems very unlikely that sufficiently
powered randomized trials will be available to arrive at a clear answer. Nevertheless, we
look forward to a time in the near future when testing of existing and novel therapies will be
readily available to help guide clinicians and parents to achieve optimal outcomes. Further-
more, we note the emergence of possible biomarkers which may better refine the diagnostic
(e.g., MMP-7) [58] or prognostic processes (e.g., secretin receptor expression) [59].
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Abstract: The pathogenesis of biliary atresia (BA) is still not clear. The aim of this study was to
evaluate the expression of selected immunological parameters in liver tissue in BA children based on
CMV/EBV infection status. Eight of thirty-one children with newly diagnosed BA were included in
this prospective study and assigned to two groups (I with active infection, II without active or past
infection). All studies were performed on surgical liver biopsies. To visualize CD8+ T cells and CD56
expression, immunohistochemical staining was performed. The viral genetic material in the studied
groups was not found, but CMV infection significantly affected the number of CD8+ lymphocytes in
both the portal area and the bile ducts. The average number of CD8+ cells per mm2 of portal area in
Groups I and II was 335 and 200 (p = 0.002). The average number of these cellsthat infiltrated the
epithelium of the bile duct per mm2 in Group I and II was 0.73 and 0.37 (p = 0.0003), respectively.
Expression of CD56 in the bile ducts corresponded to the intensity of the inflammatory infiltrate of
CD8+ cells. Our results suggest that active CMV infection induces an increased infiltration of CD8+
lymphocytes, which could play a role in BA immunopathogenesis. Increased CD56 expression can be
a sign of a newly formed bile structure often without lumen, suggesting inhibition of the maturation
process in BA.

Keywords: biliary atresia; cytomegalovirus; cytotoxic T cells

1. Introduction

Biliary atresia (BA) is a progressive cholangiopathy of unclear etiology affecting extra-
and intrahepatic bile ducts. It is the most common cause of neonatal cholestasis and is
the main indication for liver transplantation in children. The nature of the disease is the
obstruction of the biliary outflow from the liver due to progressive inflammation, fibrosis,
and proliferation of the intrahepatic bile ducts [1]. Despite many years of research, the
etiopathogenesis of the disease is still not fully understood. It is suggested that BA is not a
single disease, but rather a phenotypic expression of various specific entities developing
as a result of a combination of external (e.g., viruses, toxins), immunological and genetic
factors [2,3].

Reports on the temporal–regional concentration of BA cases may support the theory
of damage to the bile ducts due to the action of a viral factor in the prenatal period. Of
the large list of viruses studied in the pediatric population with BA, cytomegatovirus
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(CMV) seems to be the most likely causative factor [4]. Fisher et al. demonstrated a higher
prevalence of anti-CMV antibodies in mothers of children with BA, a higher concentration
of CMV-IgM in infants, and the presence of viral DNA in the liver in half of the studied
patients with this disease [5]. Xu Y et al. detected CMV DNA in 60% of a large cohort
of Chinese patients [6]. In turn, Brindley et al., in 56% of BA patients (out of a group of
16 patients), observed a significant increase in liver T cells producing interferon-gamma
in response to CMV, compared to the control groups. This suggests a previous CMV
infection [7]. Davenport et al. found a correlation between CMV infection at diagnosis
and the presence of higher parameters of cholestasis, hepatitis and fibrosis, and the need
for liver transplantation in a group of 210 CMV IgM (+) children with BA [8]. In 2009, the
Hannover Group published the results of a biopsy study of 74 BA patients. Research on
the amount of RNA/DNA of hepatotropic viruses showed their presence in nearly 50%
of patients (reovirus—33%, CMV—11%, adenovirus—1%, enterovirus—1.5%). It has been
suggested that viral infection can play a role in the activation of immune deregulation
and loss of tolerance to bile epithelial antigens. The question remains whether viruses are
an integral part of the destructive inflammatory process of the biliary tract or if they are
of minor importance [9]. The aim of the present study was to evaluate the expression of
selected immunological parameters in liver tissue in BA children with active CMV/EBV
(Epstein–Barr virus) infection and in children without such an infection.

2. Materials and Methods

2.1. Patients

After receiving approval from the local ethics committee, we prospectively recruited
children with BA who underwent Kasai portoenterostomy between 2014 and 2019. All the
patients had complete obliteration of the bile ducts, and none of them presented biliary
atresia splenic malformation (BASM) syndrome. In all cases, the surgical liver biopsies
were performed during portoenterostomy to obtain tissue for analysis. Age of HPE was
presented in weeks and corrected in premature patients.

Liver biochemistry (total and direct bilirubin, aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), γ-glutamyltranspeptidase (GGT)) and coagulation features
(INR) at the time of diagnosis were available from the prospectively maintained database.

All 31 patients were tested for CMV/EBV infection (serum-specific antibodies of
immunoglobulins (Ig) M and IgG, and RT-PCR). None of the patients had active EBV
infection. Patients with active CMV infection (4 out of 31 children with positive IgM
antibodies or/and positive RT-PCR) were selected for Group I. Patients without an active
history of CMV/EBV infection (4 out of 31 children with negative IgM and IgG antibodies
and RT-PCR) were selected for Group II. Patients’ different virological status (6/31: CMV
IgM-IgG+ EBV IgM-IgG-; 9/31: CMV IgM-IgG+ EBV IgM-IgG+; 8/31: CMV IgM-,IgG-
EBV IgM-IgG+) did not qualify the subject for any of the above groups.

2.2. Determination of EBV and CMV Infection Status

The virological status of patients was based on serological and molecular tests per-
formed prior to hepatoportoenterostomy. Serum IgM and IgG CMV antibodies were
measured by a microparticle chemiluminescent immunoassay at the same time. A result
was considered positive when serum antibody titers exceeded the cutoff of 1.0 for IgM and
6.0 for IgG. To confirm CMV infection, molecular examination by RT-PCR (urine or serum)
was performed. Serological tests for specific IgM and IgG antibodies against viral capsid
antigens (VCA) of the EBV virus and antibodies against Epstein–Barr nuclear antigens
(EBNA) in the class IgG were performed using an enzyme-linked immunosorbent assay.
Serum EBV VCA IgM positivity was defined as serum levels above the cutoff value of
1.0 index.
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2.3. In Situ Hybridization Technique

The 3μm formalin-fixed paraffin-embedded (FFPE) tissue sections after 16 h at 56 ◦C
were dewaxed twice in Xylen, rehydrated through descending ethanol (100%, 90%, 70%)
series, and then rinsed in ultrapure water at room temperature. Preparations were digested
in a previously prepared 0.3% endogenous peroxidase with proteinase K (QUIAGEN,
Germantown, MD, USA) at a concentration level of 0.3 mg/mL. The hybridization was per-
formed with Histosonda EBER (Cenbimo, Lugo, Spain) and Histosonda Cytomegalovirus
CMV (Cenbimo, Lugo, Spain) probes for EBV and CMV, respectively. Slides were incubated
for 1 h at 62 ◦C in ThermoBrite (Abott Molecular, Chicago, IL, USA) for both CMV and EBV.
After hybridization, the slides were first incubated with monoclonal mouse anti-digoxin
antibody (Cenbimo, Lugo, Spain), and then with labeledpolymerhorseradish peroxidase
(HRP) anti-mouse immunoglobulins (Dako EnVision+ System–HRP, Santa Clara, CA, USA).
As the substrate, HRP3-amino-9-ethylcarbazole containing hydrogen peroxide was used
(Dako EnVision+ System–HRP, Santa Clara, CA, USA). The washed slides were stained with
Mayer’s hematoxylin(O.KINDLERMikroskopischeGläser EUKITT, Freiburg, Germany) and
sealed with coverslip and Dako Faramount Aqueous Mounting Medium (Dako, Santa Clara,
CA, USA). As positive controls for EBV and CMV, in situ hybridization sections from CMV-
or EBV-infected liver tissue were used. The negative controls were performed without the
specific hybridization probe.

2.4. Immunohistochemistry

The immunohistochemistry (IHC) staining reaction was performed on FFPE tissue
samples. IHC was performed on the Ventana BenchMark ULTRA IHC/ISH autostaining
system using primary antibodies anti-CD8 (Ventana anti-CD8, clone SP57, rabbit mono-
clonal primary antibody) and anti-CD56 (Cell Marque, clone MRQ-42, rabbit monoclonal
antibody) after antigen retrieval in Cell Conditioning 1 buffer followed by detection with
the Ultra View HRP system (Roche/Ventana).

2.5. Morphometric Analyses

IHC slides were scanned by an Hamamatsu NanoZoomer 2.0 RS scanner (Hamamatsu
Photonics, Hamamatsu, Japan) at a magnification of 40× and 20× for morphometric
analyses of CD8 and CD56 expression, respectively. Next, morphometric analyses were
performed with the use of a CellˆP program (Olympus). To analyze CD8+ cells, the three
portal areas were selected for each slide. The surface of the total portal areas and all bile
ducts in every portal area were measured. The number of CD8+ cells was counted and
calculated per 1 μm2 of both the portal area and the bile duct area. Results were presented
as an arithmetical mean ± standard deviation (SD).

To analyze anti-CD56 immunostaining, five regions within the portal area with positive
CD56 expression were selected for each slide. The results were presented as a percentage
of the area with CD56 expression in selected regions in relation to the entire area of the
scanned image under 20× magnification (this area was 147,978.43 μm2). The method of
analysis is illustrated in Figure 1. The threshold parameters were set using the HSI color
space model in the following way: hue (H) 90◦, saturation (S) 256◦, intensity value (I) 123◦.
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Figure 1. An example of estimation of the expression of CD56 in the portal area of the chosen regions
(20× magnification, 147,978.43 μm2).

2.6. Statistical Analyses

The data were analyzed using the Stata Program version 12.1. The Student’s t test and
the Mann–Whitney U test were performed to compare the two sets of data depending on
the group size and the type of distribution. The Shapiro–Wilk test was used to check if the
distribution was normal. A p value < 0.05 was considered statistically significant.

2.7. Ethics

The approval of the Bioethics Committee at The Children’s Memorial Health Institute
was obtained (number of ethical approval 17/KBE/2017). Written informed consent was
obtained from the parents or the legal guardians.

3. Results

3.1. Patients’ Characteristics

Thirty-one Caucasian children (fourteen female, seventeen male) aged 13.1 weeks
(range 3,4–31 weeks) with newly diagnosed BA were included in the study. The patients’
general biochemical and anthropological characteristics are presented in Table 1.

Table 1. The patients’ general biochemical and anthropological characteristics before the HPE.

Hbd
(Weeks)

Age of HPE
(Weeks) *

Total Bilirubin
(mg/dL)

Direct Bilirubin
(mg/dL)

ALT
(U/L)

AST
(U/L)

GGTP
(U/L)

INR

Q1 36 8.1 6.44 5.8 82 134 302 1.03
median 39 11.0 8.74 7.22 128 177 457 1.07

Q3 39.5 13.9 10.39 9.11 175 248.5 784 1.1

ALT—alanine aminotransferase; AST—aspartate aminotransferase; GGTP—γ-glutamyl transpeptidase; INR—Inter-
national Normalized Ratio; Q—quartile; Hbd—hebdomas—week of pregnancy; HPE—hepatoportoenterostomy.
* Age corrected in premature patients.

Of all these patients, eight were selected for further study and divided into two groups:
Group I (n = 4, 4 male, 0 female; aged 16 weeks [range 10–28 weeks]), with an active CMV
infection, and Group II (n = 4, 4 female, 0 male; aged 21 weeks [range 12–31 weeks]),
without a past and/or active CMV/EBV infection (Table 2).
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Table 2. Biochemical, anthropological and clinical characteristics of the patients from Group I and
Group II before the HPE.

Patient Sex
Hbd

(Weeks)

Age of
HPE

(Weeks) *

Total
Bilirubin
(mg/dL)

Direct
Bilirubin
(mg/dL)

ALT
(U/L)

AST
(U/L)

GGTP
(U/L)

INR
Age of

LTx
(Weeks) *

Time between
LTx and HPE

(Weeks)

G
ro

up
I 1 M 40 12 6.31 7.01 88 143 820 1 29 17

2 M 40 13 8.34 7.47 128 202 1616 1.05
3 M 40 10 9.37 7.92 225 358 314 1.08 38 28
4 M 27 15 11.66 10.24 271 439 450 1.28 28 13

G
ro

up
II 5 F 38 12 9.46 8.27 176 228 1652 1.08 43 29

6 F 39 11 5.91 5.24 104 177 358 1.07 41 30
7 F 26 11 10.5 9.3 544 685 204 1.15 166 155
8 F 24 15 14.44 12.62 271 326 754 1.07 dq

ALT—alanine aminotransferase; AST—aspartate aminotransferase; dq—disqualified from LTx; GGTP—γ-
glutamyl transpeptidase; Hbd—hebdomas—week of pregnancy; HPE—hepatoportoenterostomy; INR—Inter-
national Normalized Ratio; LTx liver—transplantation. * Age corrected in premature patients.

Six of eight selected patients underwent LTx (liver transplantation) (three patients
in Group I and three patients in Group II). The mean age of LTx patients in Group I was
32 weeks (20 weeks from HPE); in Group II it was 83 weeks (71 weeks from HPE). In Group
II, one patient was disqualified from LTx due to neurological complications of prematurity.
The patient died in the second year of its life. In Group I, one patient was listed for LTx at
the age of 5. Table 2 shows biochemical, anthropological and clinical characteristics of the
patients from Group I and Group II.

CMV and EBV infection status was confirmed by the assessment of specific IgM
and IgG concentrations and the RT-PCR method in all the children (Table 3). The in situ
hybridization technique did not show genetic material of either EBV or CMV in the liver
tissues of the study patients. Figure 2 shows a negative in situ hybridization result for the
CMV of a patient in Group I.

Table 3. Virological status of CMV infection in the study groups: Group I with active CMV infection
and Group II without active CMV infection.

Patient
CMV

IgM (AU/mL) IgG (AU/mL) PCR

Group I

1 0.57 59.7 (+)
2 7.5 41.5 (+)
3 0.79 715.2 (+)
4 8.9 1181 (+)

Group II

5 0.23 3.0 (−)
6 0.13 1.5 (−)
7 0.15 0.53 (−)
8 0.25 0.4 (−)

CMV IgM: positive >= 1.0; negative < 1.0. CMV IgG: positive >= 6.0; negative < 6.0.

3.2. Histopathology

Histopathology of the liver showed fibrosis, bile clusters in the bile ducts, ductular
proliferation and mild/moderate inflammation in all cases (Figure 3a). The presence of
periductal and ductal inflammation was documented by H&E staining within the portal
tracts: inflammatory infiltrates consisted of granulocytes and lymphocytes found in the
wall of bile ducts/ductules and were also distributed in the fibrotic tissue between portal
tracts. Bile plugs were also seen in every case and were accompanied by stromal oedema
(Figure 3b). Immunohistochemical staining for cytokeratins CK7 (Figure 4a) and CK19
(Figure 4b) was performed in every case.
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(a) (b) 

Figure 2. In situ hybridization for CMV in the liver tissue. The patient from Group Ishowing a
negative reaction (a) and the positive control for CMV (b).

Figure 3. Bile duct and ductular proliferation in the portal tract (a). Lymphocytic and granulocytic
infiltrates in the portal tract, bile clusters in the bile ducts, and fibrosis (Ishak fibrosis score 4) in the
patient from Group I (b). Hematoxylin and eosin: 250× (a), 500× (b).

Figure 4. Immunohistochemical staining for CK7 (a) and CK19 (b) fromthe patient from group I.

3.3. CD8 Expression

Inflammatory cells were present in the portal tracts lying in the fibrotic tissue and
infiltrating the bile ducts and ductules. The infiltration of lymphocytes CD8+ was more
prominent in Group I with an active CMV infection compared to Group II without such
infection (Figure 5). CD8+ cell infiltration dominated in portal areas in both groups. In
the ductules, CD8+ lymphocytes were located between cholangiocytes. Morphometric
analyses confirmed a statistically significant increase in the number of CD8+ lymphocytes
both in the portal areas (p = 0.002) and in the bile ducts (p = 0.002) in patients with active
CMV infection in comparison with the group of patients without infection (Group II). The
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number of lymphocytes expressing CD8 separately in the portal tracts and in the bile ducts
is presented in Table 4.

  
(a) (b) 

Figure 5. Presentation of the inflammatory infitrates of CD8+ cells in the portal spaces, including
bile ducts. IHC (Ventana, anti-CD8, clone SP57). Liver tissue from a patient with BA and with active
CMV infection (a) and without active or past CMV/EBV infection (b).

Table 4. The number of CD8+ cells in the liver tissue of children with active CMV infection (Group I)
and without CMV/EBV infection (Group II).

The Surface of
Slides (μm2)

The Surface of
Portal Areas (μm2)

The Number of CD8+
Cells Per μm2 of Portal

Areas

The Surface of Bile
Ducts in Portal

Areas (μm2)

The Number of
CD8+ Cells Per

μm2 of Bile Ducts

Group I 17.67 ± 7.86 0.62 ± 0.35 206.92 ± 82.01 *
p = 0.0019 2870.55 ± 3279.32 0.73 ± 1.23 #

p = 0.0019
Group II 17.99 ± 5.06 0.41 ± 0.28 82.00 ± 38.98 2089.63 ± 1973.30 0.37 ± 0.62

The results are presented as arithmetical means ± SD. * Statistically significant difference in portal areas between
the studied groups analyzed with the use of Student’s t test, p = 0.0019 (d.f. = 18); # Statistically significant
difference in bile ducts between studied groups analyzed with the use of the Mann–Whitney U test, p = 0.0019.

3.4. CD56 Expression

CD56 as a marker of immature bile ducts was expressed on the biliary epithelium of
the bile ducts and bizarre forms of DPM in all cases, but was more prominent in Group I
with CMV infection compared to Group II (Figure 6).

  
(a) (b) 

Figure 6. Expression of CD56 in the portal spaces. IHC (Cell Marque, anti-CD56, clone MRQ-42).
Liver tissue from a patient with BA and with an active CMV infection (a) and without an active or
past CMV/EBV infection (b).
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The morphometric analysis confirmed statistical significance in CD56 expression
between the groups (p = 0.00003) (Table 5).

Table 5. The CD56 expression in the livers of children with an active CMV infection (Group I) and
without an active CMV/EBV infection (Group II).

Group I
(n =4)
(%)

Group II
(n =4)
(%)

p-Value

2.92 ± 1.43 1.43 ± 0.28 0.00003
The medium percentage (%) ± standard deviation of CD56 expression was measured as described in Material
and Methods. Statistical differences were calculated with the use of the Mann–Whitney U test.

4. Discussion

Abnormal immune response in the pathogenesis of BA was reported before with the
special role of CMV infection as an external trigger [1,10–12].

In our study, we presented a significant increase in CD8+ lymphocytes in both portal
areas and bile ducts in patients with an active CMV infection vs. CMV-negative patients.
This is in line with previous reports on the cytotoxicity of lymphocytes towards the biliary
tract [11,13–15]. Mack et al. described the results of the transplantation of CD3+ cells
(probably containing CD4+, CD8+, NK cells) into adult SCID mice. The transplanted cells
lodged in the bile ducts, causing inflammation without losing the lumen of the ducts [11].
Shivakumar et al. showed that in response to a viral agent (Rotavirus Rhesus), CD8+
cells damage the bile ducts, leading to a BA-like phenotype in newborns. Interestingly,
in CD8+-deficient mice, the disease did not progress and the bile duct lumen remained
continuous [15].

Another study showed that the lymphocytic infiltration of the bile ducts in BA patients
consists mainly of CD8+ T cells and NK cells. CD8+ cells can damage the bile duct
epithelium as a result of NK cell activity [13]. The involvement of NK cells in biliary
diseases has been repeatedly described [13,16–18]. CD56 glycoprotein is the differentiation
antigen for these cells. One of the tasks of NK cells is to respond to infectious provocations
in the liver. The proliferation and activation of these lymphocytes lead to the destruction of
virus-infected cells [19]. In the study by Guo et al., abundant NK lymphocyte infiltration
was found in the extrahepatic bile ducts of neonates with BA, including patients with CMV
infection, compared to the controls [13]. We observed a similar relationship in our study.
There was higher expression of CD56 in BA patients with a CMV infection than in those
without infection.

On the other hand, CD56 is also a stem cell marker associated with biliary differentia-
tion and ductal reaction [20], and it is considered an additional marker in the diagnosis of
BA [21–25]. However, the increased expression of CD56 has also been observed in other
cholestatic diseases, such as choledochal cyst and progressive familial intrahepatic cholesta-
sis [25]. Zhang et al. observed in their study a positive correlation of CD56 expression with
liver fibrosis [23]. Similar conclusions were presented by Ayyanara et al. [25]. We suggest
that an increased expression of CD56 found in the portal space (including bile ducts in
children with active CMV infection compared to children without infection) can be a sign
of a newly formed bile structure often without lumen, suggesting the inhibition of the
maturation process in BA. It is probable that CMV infection in patients with BA worsens
the prognosis of the disease. In our study, patients with CMV infection required LTx at a
much younger age than those in the group without CMV infection (32 vs. 83 weeks).

Study Limitations

Our study is limited by the small size of our group of patients. However, it is necessary
to emphasize that three out of eight patients were extremely premature infants. Due to
extreme prematurity and its complications, the diagnosis of BA in this group is difficult.
For this reason, and due to the late referral of the patient to the reference center, KPE is
performed in these patients at a later age compared to full-term newborns [26]. Other
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limitations include the lack of a control group and patients with other cholestatic diseases,
non-BA and no confirmation of an increase in CD8+ number in peripheral blood, as well as
no double immunohistochemical staining to visualize CD8+ lymphocytes in liver tissue
co-stained with CD56, and cytokeratins such as CK7 or CK19. Immune profiles are different
in the early and late stages of response [27], but in our study we focused on late-stage
immune cells (CD8+ and CD56+), which is another limitation of our study. Further studies
on a larger group of patients are needed to assess the role of individual effector cells in the
pathogenesis of BA and the role of CMV infection in this process.

5. Conclusions

In conclusion, our observations indicate that active CMV infection induces an increased
infiltration of cytotoxic CD8+ cells that could play role in BA immunopathogenesis. The
expression of CD56 is not usually present in the mature biliary epithelium, but appears in
the reactive and proliferative biliary epithelium. CD56+ can be a sign of a newly formed
bile structure often without lumen, suggesting the inhibition of the maturation process
in BA.
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J. The Usefulness of Immunohistochemical Staining of Bile Tracts in Biliary Atresia. Clin. Exp. Hepatol. 2021, 7, 41–46. [CrossRef]

25. Ayyanar, P.; Mahalik, S.K.; Haldar, S.; Purkait, S.; Patra, S.; Mitra, S. Expression of CD56 is Not Limited to Biliary Atresia and
Correlates with the Degree of Fibrosis in Pediatric Cholestatic Diseases. Fetal Pediatr. Pathol. 2022, 41, 87–97. [CrossRef]

26. Van Wessel, D.B.; Boere, T.; Hulzebos, C.V.; de Kleine, R.H.; Verkade, H.J.; Hulscher, J.B. Preterm Infants With Biliary Atresia: A
Nationwide Cohort Analysis From The Netherlands. J. Pediatr. Gastroenterol. Nutr. 2017, 65, 370–374. [CrossRef]

27. Yang, C.; Xing, H.; Tan, B.; Zhang, M. Immune Characteristics in Biliary Atresia Based on Immune Genes and Immune Cell
Infiltration. Front. Pediatr. 2022, 10, 902571. [CrossRef]

167



Citation: Alkhani, A.; Korsholm, C.;

Levy, C.S.; Mohamedaly, S.;

Duwaerts, C.C.; Pietras, E.M.; Nijagal,

A. Neonatal Hepatic Myeloid

Progenitors Expand and Propagate

Liver Injury in Mice. J. Clin. Med.

2023, 12, 337. https://doi.org/

10.3390/jcm12010337

Academic Editor: Claus Petersen

Received: 2 December 2022

Revised: 24 December 2022

Accepted: 28 December 2022

Published: 1 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Neonatal Hepatic Myeloid Progenitors Expand and Propagate
Liver Injury in Mice

Anas Alkhani 1,2,†, Cathrine Korsholm 1,2,3,†, Claire S. Levy 1,2, Sarah Mohamedaly 1,2,

Caroline C. Duwaerts 2,4,‡, Eric M. Pietras 5 and Amar Nijagal 1,2,6,7,*

1 Department of Surgery, University of California, San Francisco, CA 94143, USA
2 The Liver Center, University of California, San Francisco, CA 94143, USA
3 Department of Comparative Pediatrics and Nutrition, University of Copenhagen,

1870 Frederiksberg C, Denmark
4 Department of Medicine, University of California, San Francisco, CA 94143, USA
5 Division of Hematology, University of Colorado Anschutz Medical Campus, Aurora, CO 80045, USA
6 The Pediatric Liver Center, UCSF Benioff Childrens’ Hospital, San Francisco, CA 94143, USA
7 Eli and Edythe Broad Center of Regeneration Medicine, University of California,

San Francisco, CA 94143, USA
* Correspondence: amar.nijagal@ucsf.edu; Tel.: +1-415-476-4086
† These authors contributed equally to this work.
‡ Current address: Gordian Biotechnology, South San Francisco, CA 94080, USA.

Abstract: Background: Biliary atresia (BA) is a progressive pediatric inflammatory disease of the liver
that leads to cirrhosis and necessitates liver transplantation. The rapid progression from liver injury
to liver failure in children with BA suggests that factors specific to the perinatal hepatic environment
are important for disease propagation. Hematopoietic stem and progenitor cells (HSPCs) reside in
the fetal liver and are known to serve as central hubs of inflammation. We hypothesized that HSPCs
are critical for the propagation of perinatal liver injury (PLI). Methods: Newborn BALB/c mice were
injected with rhesus rotavirus (RRV) to induce PLI or with PBS as control. Livers were compared
using histology and flow cytometry. To determine the effects of HSPCs on PLI, RRV-infected neonatal
mice were administered anti-CD47 and anti-CD117 to deplete HSPCs. Results: PLI significantly
increased the number of common myeloid progenitors and the number of CD34+ hematopoietic
progenitors. Elimination of HSPCs through antibody-mediated myeloablation rescued animals from
PLI and significantly increased survival (RRV+isotype control 36.4% vs. RRV+myeloablation 77.8%,
Chi-test = 0.003). Conclusions: HSPCs expand as a result of RRV infection and propagate PLI.
Targeting of HSPCs may be useful in preventing and treating neonatal inflammatory diseases of the
liver such as BA.

Keywords: biliary atresia; perinatal liver injury; hematopoietic stem and progenitor cells; myeloid
progenitor cells

1. Introduction

Biliary atresia (BA) is the leading cause of pediatric liver transplants worldwide [1].
Though its exact etiology is unknown, the progressive perinatal liver injury (PLI) observed
in patients with BA is caused by dysregulated immune responses to liver injury [2,3].
The rapid progression from liver injury to fulminant liver failure in children with BA
suggests that factors specific to the perinatal hepatic environment are important for disease
propagation. Therefore, understanding the perinatal hepatic immune environment in
which inflammatory diseases such as BA develop and progress is important to identify
promising treatment strategies for this devastating disease.

Our recent studies in mice indicate that the adaptive immune response plays a lim-
ited role in the pathogenesis of PLI [4], whereas the innate immune response, specifically
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myeloid populations, are critical for determining disease outcome as the relative propor-
tions of pro-inflammatory and pro-reparative myeloid cells control disease severity [4].

Hematopoietic stem and progenitor cells (HSPCs) give rise to immune populations
and reside in the liver of late-gestation human fetuses before emigrating to the bone
marrow (BM) [5,6]; in mice, this transition occurs during the first weeks of postnatal
life [7]. HSPCs react to inflammatory signals via Toll-like receptors, cytokines, and growth
factors [8], and act as central hubs of inflammation by coordinating immune responses [9].
For example, IL-1ß binds to HSPCs and induces transcriptomic changes that skew HSPC
differentiation towards myelopoiesis [8]. Through their rapid expansion and replenishment
of mature myeloid populations, HSPCs are fundamental in facilitating the transition from
inflammation to the resolution of liver disease [4,9–11]. Both human and murine models of
liver injury show that monocytes derived from HSPCs transition from pro-inflammatory
cells immediately after injury into pro-reparative monocytes once the injurious agent is
no longer present [4,10–12]. Our group has previously elaborated on this observation
by demonstrating that the abundance of pro-reparative Ly6CLo non-classical monocytes
renders animals resistant to PLI and that reducing the number of Ly6CLo non-classical
monocytes restores susceptibility to liver injury [4]. In addition to the rapid expansion
of HSPCs and their differentiation into myeloid cells during inflammation, dysregulation
of HSPCs can contribute to a feed-forward loop that leads to the pathologic expansion of
inflammatory myeloid populations, resulting in chronic inflammation and tissue injury [9].
Taken together, these findings support the role of HSPCs and their mature myeloid progeny
in propagating PLI.

In this study, we hypothesized that HSPCs propagate PLI in neonatal mice. To test this
hypothesis, we used an infectious model of PLI to examine the role of HSPCs in neonatal
liver injury. Using this model, we compared HSPCs and mature myeloid populations
from the liver and BM in the setting of homeostasis and PLI. Our results demonstrate
that HSPCs expand during PLI and that depletion of HSPCs prevents liver injury. These
findings support our hypothesis that HSPCs play an important role in propagating PLI.

2. Materials and Methods

2.1. Mice

BALB/c mice were obtained from the National Cancer Institute (Wilmington, MA,
USA), and received humane care according to the Guide for Care and Use of Laboratory
Animals. Mouse experiments were approved by the University of California, San Francisco
Institutional Animal Care and Use Committee, and all mice were euthanized according to
humane end points.

2.2. Creation of Single-Cell Suspensions

P3 and P14 livers were isolated and mechanically dissociated in phosphate-buffered
saline (PBS). Juvenile (P14) livers underwent additional enzymatic digestion using
2.5 mg/mL liberase (Roche Indianapolis, IN, USA, 05401119001) in 1 M CaCl2 HEPES
buffer. BM was isolated from the tibia, fibula, hip, and lower spines of neonatal (P3) and
juvenile (P14) animals, and mechanically dissociated in PBS. Both liver and BM single-cell
suspensions were filtered through a 100 um strainer prior to further analysis.

2.3. Flow Cytometry

Single-cell suspensions from the liver and BM were divided into two fractions. One
fraction was stained for surface markers on mature myeloid cells (Supplementary Table S1).
To isolate HSPCs, the other fraction was depleted of lineage-positive (Lin+) cells using a Direct
Lineage Cell Depletion Kit (Miltenyi Biotec, Cambridge, MA, USA, 130-110-470) and stained
for the following HSPCs: long-term hematopoietic stem cells (HSCLT), common myeloid
progenitors (CMP+ and CMP−), and terminal myeloid progenitors (TMPs: megakaryocytic-
erythroid progenitors, MEP; monocytic-dendritic progenitors, MDP; granulocytic-monocytic
progenitors, GMP; granulocytic progenitors, GP; monocytic and common monocytic pro-

169



J. Clin. Med. 2023, 12, 337

genitors, MP) using cell surface markers (Supplementary Table S2). Flow cytometry was
performed on a LSR Fortessa X20 (BD Biosciences, San Jose, CA, USA) and data were ana-
lyzed in FlowJo (Ashland, OR, USA).

2.4. Colony-Forming Unit (CFU) Assays

Single-cell suspensions from P3 and P14 livers and BMs were cultured on Metho-
CultTM media containing methylcellulose, recombinant mouse stem cell factor, IL-3, IL-6,
and recombinant human EPO. 2 × 104 cells were plated and incubated at 37 ◦C in 5%
CO2 for 12 days. The proliferation and differentiation ability of HSPCs was assessed by a
blinded observer who categorized CFU into granulocyte, macrophage (GM), granulocyte,
erythrocyte, macrophage, megakaryocyte (GEMM), and macrophage (M) colonies.

2.5. Postnatal Model of Perinatal Liver Injury

Rotavirus (RRV) was grown and titered in Cercopithecus aethiops kidney epithelial
(MA104) cells. PLI was induced by intraperitoneal injections (i.p.) of 1.5 × 106 focus
forming units (ffU) RRV within 24 h of birth (P0). Controls were injected i.p. with PBS.

2.6. Histologic Analysis

Liver tissue was analyzed using immunohistochemistry (IHC) for CD34+ cells or
hematoxylin and eosin (H&E). H&E slides were examined for signs of inflammatory
infiltrate and tissue injury (e.g., necrosis). IHC slides were imaged at 40× magnification
and CD34+ cells with large nuclei and little cytoplasm were counted as HSPCs by a blinded
observer using QuPath [13]. Since CD34 is also present in vascular endothelial cells, all
elongated cells with the morphologic appearance of endothelial cells were excluded [14].
The mean number of CD34+ cells/cm2 was calculated between all stained liver sections
using QuPath [13].

2.7. Antibody-Mediated Myeloablation in Neonatal Mice

Myeloablation was induced by i.p. injections (20 μL) of anti-CD117 and anti-CD47.
Anti-CD117 (0.20 μg/μL) was given only on day 0. Anti-CD47 was administered on day
0 (0.15 μg/μL), day 1 (0.20 μg/μL), day 2 (0.25 μg/μL), day 3 (0.30 μg/μL), and day 4
(0.35 μg/μL) post-RRV injection. Isotype controls were injected i.p. with isotype IgG2b
(similar regimen as anti-CD117) and isotype IgG2a (similar regimen as anti-CD47). Esca-
lating amounts of anti-CD47 and IgG2a were given to account for the natural increase in
pup weight that occurs after birth. All antibodies for this experiment were purchased from
BioXCell, West Lebanon, NH, USA.

2.8. Data Analysis

All graphs and statistics were generated using GraphPad Prism 9.3.1 (San Diego, CA,
USA). Individual proportions of HSPCs were calculated based on absolute cell counts
(ACC) as either a percentage (%) of the total lineage-negative progenitor compartment
(Lin−ve cells), or as a fraction of total HSCLT and downstream myeloid progenitors (CMPs
and TMPs). Mature myeloid cell proportions were calculated as a percentage of CD45+

leukocytes based on ACC. p-values were calculated using unpaired, non-parametric tests
(Mann–Whitney was used to compare the proportion and ACC of HSPCs) except for
survival comparisons that were performed using chi-squared. A p-value of <0.05 was
considered significant. Error bars represent mean ± standard deviation (SD). All authors
had access to the study data and reviewed and approved the final manuscript.

3. Results

3.1. The Liver Is a Reservoir for Hematopoietic Progenitors in Neonatal Mice

To define the distribution of myeloid progenitors in neonatal animals under normal
conditions, we quantified HSPCs (HSCLTs, CMPs, TMPs) and their mature progeny in the
liver and BM of neonatal (P3) and juvenile (P14) mice. All HSPC populations were identified
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using cell-surface markers: HSCLT were defined as Sca-1+. CMP and TMP populations
were defined as Sca-1−. Individual CMP and TMP populations were distinguished based
on the expression of CD34, FcγR, Flt3, Ly6C, and CD115 (Figure 1a–c) [15]. Since our
previous work demonstrated a limited role for T- and B-lymphocytes in the pathogenesis
of PLI, lymphoid progenitors were not quantified in this study [4].
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Figure 1. The liver is the main reservoir for myeloid progenitors in neonatal mice. (a) Schematic
showing differentiation hierarchy and cell-surface markers of hematopoietic stem and progenitor
cells (HSPCs): long-term hematopoietic stem cells (HSCLT), common myeloid progenitors (CMP+

and CMP−), and terminal myeloid progenitors (TMP: megakaryocytic-erythroid progenitors, MEP;
monocytic-dendritic progenitors, MDP; granulocytic-monocytic progenitors, GMP; granulocytic
progenitors, GP; monocytic and common monocytic progenitors, MP), and mature myeloid popula-
tions [15]. Plots demonstrating flow cytometric gating strategy of HSCLTs, CMPs, and TMPs in liver
and bone marrow (BM) of PBS-injected mice on postnatal day 3 (P3) in (b) and postnatal day 14 (P14)
in (c). Quantification of lineage negative (Lin−ve) fraction and absolute cell counts (ACC) of Lin−ve,

HSCLT, and CMP populations on P3 and P14 of life in (d) liver and (f) BM. Quantification of TMPs in
P3 and P14 (e) liver and (g) BM. n = 6 for each group. p-value * < 0.05; ** < 0.01. Error bars represent
mean ± SD.
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We first quantified the Lin−ve compartment in the liver and found that the percentage
and number of Lin−ve cells did not differ significantly between P3 and P14 livers (Figure 1d)
and that the number of individual HSPC populations (CMPs and TMPs) were significantly
lower at P14 compared to P3 (Figure 1d,e).

In contrast to these findings in the liver, both the number of Lin−ve cells and down-
stream progenitor populations (specifically HSCLT, CMP+, CMP−, MEP, and GP) in BM
increased significantly between P3 and P14 (Figure 1f,g). In both the liver and BM, the
mature myeloid populations mirrored the trends seen among progenitor populations as
mature populations decreased in the liver and increased in the BM from P3 to P14; these
differences, however, were not statistically significant (Supplementary Figure S1a,b).

Collectively, these findings quantify the extent to which the murine liver retains
hematopoietic progenitors during early neonatal life. These findings are also consistent
with the known migration of hematopoietic progenitors from the liver to the BM during
the first 2–3 weeks of postnatal life in mice [16].

3.2. The Juvenile Liver Retains Common Myeloid Progenitors and Myeloid
Differentiation Capacity

We next asked whether the relative proportions of individual HSPC populations in the
liver and BM changed from P3 to P14. In the liver, both the percentage of CMPs out of all
Lin−ve cells (Figure 2a) and CMPs as a fraction of total HSCLTs, CMPs, and TMPs (Figure 2b)
significantly increased between P3 and P14. Meanwhile, all liver TMPs decreased, although
this was only statistically significant for MDPs and MPs (Figure 2a,b). Unlike the liver, the
BM exhibited a relative increase in the percentages of HSCLTs, CMPs, and TMPs out of total
Lin−ve cells between P3 and P14 (Figure 2c). This increase was only significant for HSCLT,
MEPs, and GPs, and not for CMPs. The same trend was observed when we examined each
population as a fraction of all HSCLTs, CMPs, and TMPs (Figure 2d). These results indicate
that CMPs in the liver increase relative to other Lin−ve cells, at a time when the main site of
hematopoiesis is transitioning to the BM.
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Figure 2. The juvenile mouse liver retains common myeloid progenitors. Percentage of hematopoietic
stem cell (HSCLT), common myeloid progenitor (CMP), and terminal myeloid progenitor (TMP)
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To test the differentiation potential of HSPCs from the liver and BM, we quantified
colony-forming units of pro-myeloid colonies. The liver retained a similar pro-myeloid
differentiation capacity at P14 compared to P3 as the number of granulocyte monocyte (GM)
and granulocyte, erythrocyte, monocyte, megakaryocyte (GEMM) and megakaryocytes (M)
colonies remain unchanged (Supplementary Figure S2a). In P14 BM, however, colonies from
GM and GEMM increased, while the number of M colonies remained constant compared
to P3 (Supplementary Figure S2b).

The increase in CMPs in the livers of juvenile mice and the maintenance of myeloid
differentiation capacity led us to question whether HSPCs residing in the liver play a role
in perinatal liver injury.

3.3. Perinatal Liver Injury Leads to Expansion of CMPs in the Neonatal Liver

Based on our observation that the liver is a reservoir for HSPCs in neonatal mice and
the known role of HSPC populations as central hubs of inflammation, we hypothesized that
HSPC populations in the liver would expand during PLI. We have previously used rhesus
rotavirus infection (RRV) in neonatal mice to study the role of immune populations during
PLI [4]. Neonatal pups injected with RRV within the first 24 h of life develop progressive
liver injury and a periportal inflammatory infiltrate that resembles the histological findings
observed in human BA [17].

To evaluate the effects of PLI, we analyzed the livers of RRV-injected pups using flow
cytometry and histology three days after injury (P3). All HSPCs were identified from flow
plots as shown in Figure 3a. PLI significantly increased the number of Lin−ve cells in the
liver (Figure 3b), which was reflected in downstream HSCLTs and CMPs, though only
CMPs reached statistical significance (Figure 3c). PLI had no effect on TMPs (Figure 3c).
When we assessed each progenitor population as a fraction of total HSCLTs, CMPs, and
TMPs, we found that PLI led to increases in liver HSCLT and CMP fractions, though these
differences did not reach statistical significance (Figure 3d). Using immunohistochemistry
to localize CD34+ HSPCs in the P3 liver, we found that PLI significantly increased the
number of CD34+ HSPCs/cm2 relative to controls and that these cells infiltrated all parts of
the liver tissue with no identifiable pattern (Figure 3e,f). Notably, the expansion of CMPs
did not lead to an increase in mature myeloid populations at P3 (Figure 3g–i).

We questioned whether RRV infection affected HSPC populations residing in the
BM of neonatal mice, and observed no significant changes in the absolute cell counts or
percentages of HSPC populations in the BM after RRV infection (Figure 4a–c). Similar to
the liver, we also did not identify significant changes to mature myeloid populations in the
BM after RRV injection (Figure 4e–g). Taken together, RRV infection led to an expansion of
CMPs specifically in the livers of neonatal mice.

3.4. Perinatal Liver Injury Leads to Contraction of HSPCs and Expansion of Mature Myeloid
Populations in the Juvenile Liver

We next determined whether the expansion of CMPs seen in the neonatal liver after
RRV infection was persistent or temporary. We quantified HSPC populations in juvenile
mice 14 days after RRV infection (P14, Figure 5a) and we observed an overall reduction
in Lin−ve cells (Figure 5b). The number of HSPCs, including CMP+, MEPs, and MPs,
decreased in RRV-infected P14 livers, compared to PBS-injected controls (Figure 5b). Despite
the decrease in the number of these progenitor populations, MEP was the only progenitor
population to decrease significantly as a percentage of Lin−ve cells and as a fraction of
total HSCLTs, CMPs, and TMPs (Figure 5c,d). While the number of all mature myeloid
populations remained constant (Figure 5e,f), the percentage of neutrophils, monocytes,
and monocyte-derived macrophages out of CD45+ leukocytes significantly increased in
livers of RRV-infected juvenile mice, corresponding to the known peak of disease in RRV-
infected animals (Figure 5e,g) [17]. These findings demonstrate that PLI causes a temporary
expansion of CMPs in RRV-infected neonatal mice and that PLI results in a relative increase
in mature myeloid populations 14 days after RRV infection.
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Figure 3. Perinatal liver injury results in the expansion of myeloid progenitors in the neonatal liver.
(a) Representative flow plots demonstrating gating strategy of hematopoietic stem cells (HSCLT),
common myeloid progenitors (CMP), and terminal myeloid progenitors (TMP) in liver of PBS- and
RRV-injected 3-day-old (P3) mice. Quantification of absolute cell counts (ACC) of (b) lineage negative
(Lin−ve) cells and (c) HSCLTs, CMPs, TMPs in P3 livers from PBS- (n = 6) and RRV-injected (n = 7)
mice. (d) Relative fractions of HSCLT, CMP, and TMP populations in P3 livers from PBS- (n = 6)
and RRV-injected (n = 7) mice. (e) Representative P3 livers in the setting of PBS and RRV with red
arrows marking immunohistochemistry-stained CD34+ cells. (f) Quantification of CD34+ cells at
P3 in PBS- (n = 6) and RRV-injected mice (n = 9). High-power images are at 40× magnification.
(g) Representative flow plots demonstrating gating strategy of mature myeloid CD45+ populations in
liver of PBS- and RRV-injected 3-day-old (P3) mice. (h) Quantification of ACC of mature myeloid
populations in the liver of PBS- (n = 3) and RRV-injected (n = 5) mice at P3. (i) Quantification of
%CD45+ leukocytes of mature myeloid populations in the liver of PBS- (n = 4) and RRV-injected
(n = 8) mice at P3. p-value * < 0.05, ** <0.01. Error bars represent mean ± SD.
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Figure 4. Perinatal liver injury causes no quantitative change to HSPCs in the BM of neonatal mice.
(a) Representative flow plots demonstrating gating strategy of hematopoietic stem cells (HSCLT),
common myeloid progenitors (CMP), and terminal myeloid progenitors (TMP) in BM of PBS- and
RRV-injected 3-day-old (P3) mice. (b) Absolute cell counts (ACC) of lineage negative (Lin−ve) cells,
hematopoietic stem cells (HSCLT), common myeloid progenitors (CMPs), and terminal myeloid
progenitors (TMPs) of the BM, (c) percentage of total Lin−ve cells, (d) fraction of HSCLT, CMPs,
and TMPs. (e) Representative flow plots demonstrating gating strategy of mature myeloid CD45+

populations in BM of PBS- and RRV-injected 3-day-old (P3) mice. (f) ACC of mature myeloid
populations (PBS n = 3, RRV n = 5) of the BM and (g) percentage of individual mature myeloid
populations out of all CD45+ cells (PBS n = 3, RRV n = 5) at post-natal day 3 (P3). n = 6 for PBS and
n = 6 for RRV unless otherwise stated. Error bars represent mean ± SD.
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Figure 5. Perinatal liver injury leads to contraction of hematopoietic progenitors and expansion of
mature myeloid cell proportions in the juvenile liver. (a) Representative flow plots demonstrating
gating strategy of hematopoietic stem cells (HSCLT), common myeloid progenitors (CMP), and
terminal myeloid progenitors (TMP) in liver of PBS- and RRV-injected 14-day-old (P14) mice (b) Ab-
solute cell count (ACC) of lineage negative (Lin−ve) cells, hematopoietic stem cells (HSCLT), common
myeloid progenitors (CMPs), and terminal myeloid progenitors (TMPs) of the liver, (c) percentage
of total Lin−ve cells, and (d) fraction of whole for HSCLT, CMPs, and TMPs. (e) Representative
flow plots demonstrating gating strategy of mature myeloid CD45+ populations in liver of PBS- and
RRV-injected 14-day-old (P14) mice. (f) ACC of mature myeloid populations (PBS n = 3, RRV n = 3)
of the liver and (g) percentage of individual mature myeloid populations out of all CD45+ cells (PBS
n = 5, RRV n = 9) at post-natal day 14 (P14). n = 6 for PBS and n = 8 for RRV unless otherwise stated.
p-value * < 0.05. Error bars represent mean ± SD.

3.5. Myeloablation Protects Mice from RRV-Mediated Perinatal Liver Injury

The expansion of CMPs in the neonatal liver 3 days after RRV infection led us to
question whether HSPCs play a role in propagating PLI. To test this, we evaluated the effect
of depleting HSPCs on the progression of PLI, using synergistic, myeloablating anti-CD117
and anti-CD47 antibodies [18,19]. Myeloablation using anti-CD117 and anti-CD47 resulted
in a reduction in all HSPC populations (Figure 6a,b). Though the reductions in HSCLT
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and CMPs did not reach statistical significance, four of the five downstream progenitors
(GMP, MEP, GP, and MP) were significantly reduced after myeloablation (Figure 6a,b).
We then tested the effects of myeloablation on RRV-infected mice. Neonatal pups were
injected with RRV on day 0 to induce PLI. From day 0 to day 4, pups were also injected
with anti-CD117 + anti-CD47 (MA) or IgG2b + Ig2a isotype controls (Iso) (Figure 6c). In
the MA group, 78% of the pups survived RRV-mediated liver injury compared to only
36% in the isotype control group. (Figure 6d). MA pups also weighed more than isotype
controls, but this difference was not statistically significant (Figure 6e). The improvement
in survival and weight of the MA pups was corroborated by fewer moribund features, such
as hair loss, dehydration, hunched appearance, and jaundice (Figure 6f). Finally, the extent
of liver injury significantly decreased in the MA pups, as evidenced by lower levels of
serum alanine transferase (Figure 6g), less periportal immune infiltrate, and fewer regions
of hepatic necrosis (Figure 6h).

These results indicate that the propagation of PLI after RRV infection is dependent on HSPCs.
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Figure 6. Antibody-mediated myeloablation depletes myeloid progenitor populations and protects
mice from perinatal liver injury. (a) Representative flow plots demonstrating gating strategy of
hematopoietic stem cells (HSCLT), common myeloid progenitors (CMP), and terminal myeloid
progenitors (TMP) in liver of isotype (Iso)- and myeloablative (MA)-injected 3-day-old (P3) mice.
(b) Quantification of absolute cell counts (ACC) of HSCLTs, CMPs, TMPs in P3 livers from Iso- (n = 6)
and MA (n = 8) mice. (c) Dosage schedule illustrating rhesus rotavirus (RRV) injection, Iso, and MA.
(d) Percent survival of RRV+MA (n = 27) vs. RRV+Iso (n = 22) injected controls at three weeks of
life. (e) Pup weights of RRV+MA (n = 15) vs. RRV+Iso (n = 5) injected controls at three weeks of life.
(f) Pictures illustrating phenotypic changes in mice after RRV+MA and RRV+Iso at three weeks of
life. (g) Quantification of alanine transferase (ALT) in serum of RRV+MA (n = 3) treated mice vs.
RRV+Iso (n = 3) injected controls at three weeks of life. (h) Histological H&E sections (5×) of livers
from animals in both groups three weeks post-injection with either RRV + Iso or RRV + MA. Red
arrows indicate necrotic foci. Black boxes indicate 20× magnified insets (necrotic foci are shown in
RRV + Iso mice). p-value * < 0.05, ** < 0.01. Error bars represent mean ± SD.
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4. Discussion

In this study, we defined the composition of HSPCs during homeostasis in neona-
tal and juvenile mouse livers, and we used an infectious mouse model of perinatal liver
injury to define the changes that occur to HSPCs during liver injury. We found that
(1) common myeloid progenitors reside in the livers of juvenile mice even after the main
site of hematopoiesis has transitioned to the BM, (2) PLI leads to the expansion of com-
mon myeloid progenitors in neonatal mouse liver and causes an expansion of mature
myeloid progenitors in juvenile mouse liver, and (3) targeted depletion of HSPCs using
anti-CD117 and anti-CD47 prevents the development of RRV-induced PLI, as demonstrated
by improved survival, increased jaundice clearance, and decreased liver injury.

Our results demonstrate the neonatal and juvenile mouse liver continues to act as a
reservoir for common myeloid progenitors (CMPs) under homeostatic conditions. Further-
more, the differentiation capacity of HSPCs towards the myeloid lineage persists in the liver
even after the main hematopoietic site has shifted to the BM. These findings corroborate the
known role of the adult liver as a perpetual home for HSPCs [20]. The expansion of CMPs
observed in P14 juvenile mouse livers also indicates that select HSPC populations may be
important for the retention of myelopoiesis in the liver. Though the recruitment of myeloid
cells (neutrophils, monocytes) during inflammation occurs from the bloodstream [12], our
results also support the idea that remnant HSPCs in the liver may serve as central hubs of
inflammation during PLI.

Our findings also support the idea that liver inflammation during perinatal life affects
emigrating hepatic progenitor populations. In humans, the spatial and temporal overlap of
liver development and hematopoiesis in the late-gestational fetus [21] may contribute to the
devastating acute and chronic sequelae that affect liver- and immune function in progressive
inflammatory diseases such as BA. In our study, perinatal liver injury led to an early increase
in HSPCs and the depletion of these cells lessened clinical and histological signs of liver
injury. Similar findings of HSPCs driving injury have previously been observed in the heart,
where chronic inflammation directs HSPCs towards a pro-inflammatory phenotype that
then enhances inflammation in a destructive feed-forward loop [9]. Our findings indicate
that this detrimental feed-forward loop is similarly present in BA, where an injury to the
fetal liver leads to dysregulation of HSPCs and propagation of tissue injury [22]. This
theory is supported by the ‘layered hygiene hypothesis’ which suggests that fetal-derived
HSPCs contribute to adult immune function and consequently, that impairment of fetal
hematopoiesis can change the long-term trajectory of the immune system, potentially
causing both autoimmunity and increasing disease susceptibility [23].

The current treatment of BA relies on early surgical treatment to restore bile flow
after Kasai portoenterostomy, although most patients will continue to develop progressive
liver injury requiring liver transplantation, highlighting the need for new and innovative
treatments. Our results indicate that HSPCs propagate PLI in mice and suggest that HSPCs
may also contribute to human BA. Intriguingly, the manipulation of HSPC populations has
been found to influence disease outcome in human patients. In infants with BA who have
undergone Kasai portoenterostomy, the effect of administering three consecutive days of
granulocyte-colony-stimulating-factor (G-CSF) on liver inflammation was examined in a
phase 1 trial demonstrating that peripheral neutrophils and HSPCs initially increased before
decreasing to baseline levels after two weeks. Notably, G-CSF treatment was associated
with reduced cholestasis one month after treatment but reverted to control levels after three
months [24]. A phase 2 randomized controlled trial is currently underway to determine the
efficacy of G-CSF in patients with BA (NCT04373941). Our findings combined with those
from the phase I trial highlight that HSPC populations are dynamic during the course of
an inflammatory insult and their functions change depending on the stage of disease and
age of the patient. These findings also support the idea that manipulation of specific HSPC
subsets may prove to be efficacious in resolving BA.

Our observed changes to HSPCs after RRV infection support the idea that early perina-
tal liver inflammatory insults have long-term consequences to immune function. Children
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with BA have an increased infection rate and decreased vaccine responses compared to
healthy controls [25,26] and they are more likely than children with diseases other than BA
who received liver transplants to reject donor livers [27]. In mice, a primary pathogenic
stimulus has been found to cause changes in epigenetic and translational properties of
HSPCs [28,29] resulting in a sustained myeloid lineage bias and an increased inflammatory
response [8], which leads to a heightened response to similar secondary stimuli—a concept
known as ‘trained immunity’ [28,29]. Maladaptive training of the myeloid compartment
can result in increased susceptibility to other inflammatory conditions [8]. As myeloid cells
account for the primary immune response during PLI [4], maladaptive trained immunity
may similarly play a role in the long-term immune dysregulation observed in BA.

In our study, we eliminated HSCs and downstream hematopoietic progenitors using
targeted antibodies directed against CD117 and CD47, thereby avoiding the devastating
and non-specific tissue injury associated with traditional HSC-depleting strategies such as
radiation and chemotherapy [18]. This approach does, however, have limitations that need
to be addressed before considering its use in human patients. The intended removal of
stem- and progenitor cells leads to a transient, secondary reduction in red blood cells [18].
Though previous studies have found anti-CD47 and anti-CD117 induced anemia to be
mild and fully resolved within 2–3 weeks [30,31], further work will be needed to define
the impact of neonatal anti-CD117 and anti-CD47 myeloablation on short and long-term
anemia. Additional mild and temporary side effects of antibody-mediated myeloablation
have also been reported, including hair color change and reduction in spermatogonia [18].
We expect that the short duration of myeloablation we used in neonatal mice would result
in limited long-term toxicity; however, further studies would be needed to balance effective
dosing and duration with side effects in human patients.

In conclusion, our study demonstrates that myeloid progenitors increase during
PLI and that their depletion improves disease outcome. Future studies are necessary to
investigate the specific effects of myeloablation on myeloid progenitor populations in
neonates. Our study suggests that targeting hematopoietic progenitors may be useful in
preventing and treating neonatal liver inflammatory diseases such as BA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12010337/s1, Figure S1: Mature myeloid populations contract
in the liver while expanding in the bone marrow of the juvenile mouse, Figure S2: HSPCs in the
livers of juvenile mice maintain myeloid differentiation capacity, Table S1: Staining panel for mature
myeloid cells, Table S2: Staining panel for hematopoietic stem- and progenitor cells (HSPCs): Long-
term hematopoietic stem cells (HSCLT), common myeloid progenitors (CMPs), and terminal myeloid
progenitors (TMPs).

Author Contributions: Conceptualization, A.A., E.M.P. and A.N.; methodology, A.A., C.K., C.S.L.,
E.M.P. and A.N.; data analysis, A.A., C.K., S.M., C.S.L., C.C.D. and A.N.; manuscript preparation,
A.A., C.K., C.C.D. and A.N.; supervision, C.C.D., E.M.P. and A.N. All authors have read and agreed
to the published version of the manuscript.

Funding: C.K. was supported by a fellowship from the Lundbeck Foundation’s Danish-American
Research Exchange Program, administered by Innovation Center Denmark, Silicon Valley. Additional
funding was provided by the FAVOR NIH T32 Training grant (5T32AI125222-05, SM), an American
Pediatric Surgical Association Foundation Jay Grosfeld, MD Scholar Award (AN), an American
College of Surgeons Faculty Research Fellowship (AN), a UCSF Liver Center Pilot Award (NIH P30
DK026743, AN), the UCSF Parnassus Flow Cytometry Core (DRC Center Grant NIH P30 DK063720),
and core resources of the UCSF Liver Center (P30 DK026743).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of University of CA, San Francisco (protocol code AN183751-02E, approval date
17 March 2022).

Informed Consent Statement: Not applicable.

179



J. Clin. Med. 2023, 12, 337

Data Availability Statement: The original contributions presented in the study are included in the
article/supplementary material; further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to thank Henry Greenberg (Stanford University, CA,
USA) for providing MA104 cells and Rhesus rotavirus. The authors would also like to acknowledge
Scott Kogan for assistance with CFU assay interpretation, Kyle Cromer, Vibeke Brix Christensen,
and Pamela Derish for their critical review of the manuscript. C.K. was supported by a fellowship
from the Lundbeck Foundation’s Danish-American Research Exchange Program, administered by
Innovation Center Denmark, Silicon Valley. Additional funding was provided by the American
Pediatric Surgical Association Foundation Jay Grosfeld, MD Scholar Award (AN), an American
College of Surgeons Faculty Research Fellowship (AN), a UCSF Liver Center Pilot Award (NIH P30
DK026743, AN), the UCSF Parnassus Flow Cytometry Core (DRC Center Grant NIH P30 DK063720),
and core resources of the UCSF Liver Center (P30 DK026743).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ACC Absolute Cell Count
BA Biliary Atresia
BM Bone Marrow
CFU Colony Forming Units
CMP Common Myeloid Progenitors
ffU Focus Forming Units
G-CSF Granulocyte-colony-stimulating-factor
GEMM Granulocyte, Erythrocyte, Macrophage, Megakaryocyte
GM Granulocyte, Macrophage
GMP Granulocytic-monocytic Progenitors
GP Granulocytic Progenitors
H&E Hematoxylin Eosin
HSCLT Long-term Hematopoietic Stem Cells
HSPC Hematopoietic Stem and Progenitor cells
IHC Immunohistochemistry
Iso Isotype
Lin−ve Lineage negative hematopoietic compartment
Lin+ Lineage positive hematopoietic compartment
Ly6CHi Ly6cHi classical monocytes
Ly6CLo Ly6CLo non-classical monocytes
M Macrophage
MA Myeloablation
MDP Monocytic-dendritic Progenitors
MEP Megakaryocytic-erythroid Progenitors
MP Monocytic and common monocytic Progenitors
PLI Perinatal Liver Injury
RRV Rhesus Rotavirus
TMP Terminal Myeloid Progenitors
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Abstract: Prior to 1955, when Morio Kasai first performed the hepatic portoenterostomy procedure
which now bears his name, Biliary atresia (BA) was a uniformly fatal disease. Both the Kasai
procedure and liver transplantation have markedly improved the outlook for infants with this
condition. Although long-term survival with native liver occurs in the minority, survival rates post
liver transplantation are high. Most young people born with BA will now survive into adulthood
but their ongoing requirements for health care will necessitate their transition from a family-centred
paediatric service to a patient-centred adult service. Despite a rapid growth in transition services
over recent years and progress in transitional care, transition from paediatric to adult services is still a
risk for poor clinical and psychosocial outcomes and increased health care costs. Adult hepatologists
should be aware of the clinical management and complications of biliary atresia and the long-term
consequences of liver transplantation in childhood. Survivors of childhood illness require a different
approach to that for young adults presenting after 18 years of age with careful consideration of their
emotional, social, and sexual health. They need to understand the risks of non-adherence, both for
clinic appointments and medication, as well as the implications for graft loss. Developing adequate
transitional care for these young people is based on effective collaboration at the paediatric–adult
interface and is a major challenge for paediatric and adult providers alike in the 21st century. This
entails education for patients and adult physicians in order to familiarise them with the long-term
complications, in particular for those surviving with their native liver and the timing of consideration
of liver transplantation if required. This article focusses on the outcome for children with biliary
atresia who survive into adolescence and adult life with considerations on their current management
and prognosis.

Keywords: liver; biliary atresia; transition; adolescence; adherence; readiness; professionals; parents

1. Introduction

The Kasai hepatic portoenterostomy, which was first performed in 1955 [1], markedly
improved the outlook of children born with biliary atresia (BA). While there are a number
of studies to determine short-term outcome following the Kasai, data have emerged more
slowly regarding long-term outcomes. The purpose of this manuscript was to review
overall actuarial survival data up to 30 years post-Kasai, the health status of survivors both
with native liver and post-transplant, and predictors of outcome and strategies to improve
it. To achieve this review, the first 100 papers listed in Pub Med under the search term
“biliary atresia long term survival” were inspected and select ones were summarised, with
emphasis on the most detailed papers published within the last five years.
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J. Clin. Med. 2023, 12, 1594

2. Overall Survival Data up to 30 Years

One of the largest and most recent series published is that of Fanna et al. [2] who
summarised results on the 1428 patients with BA managed in France from 1986 to 2015.
In addition to their own series, the authors reported a comprehensive analysis of 11 BA
registries in Europe, America and Asia. (Table 1). Survival with native liver after the Kasai
operation at 10 years was 26 to 73% (average of means 44%); at 20 years after the Kasai in
the 3 registries reporting was 24–28%, and at 30 years after the Kasai was 22% for France
and 49% for Japan. Survival post liver transplant (LT) was 86% at 5 years to 79% at 30 years.
In total, 10.2% died without LT.
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3. Health Status of Survivors

3.1. Chronic Liver Disease

Kelay and Davenport [3] described the long-term health status of survivors with
native liver. Only 11% had no signs of liver disease. Manifestations of chronic liver disease
included cirrhosis in most after age 20 years, portal hypertension/varices, and recurrent
cholangitis. Malignant transformation was rare but did occur: hepatocellular carcinoma
developed in 0.8% and there were rare cases of hepatoblastoma and cholangiocarcinoma.
Interestingly growth and development were usually normal.

3.2. Health Related Quality of Life (HRQOL)

Rodijk et al. [4] reviewed the literature on HRQOL in children with biliary atresia
and noted that, in general scores in children with BA were lower than in healthy peers.
They also performed their own study in Dutch BA patients (n = 38; age 10 ± 3 years), the
parent-proxy physical score was significantly lower compared with healthy controls. It was
also lower than in children with a variety of other medical conditions. Psychosocial HRQOL
was lower than in healthy peers and largely comparable to children with other chronic
conditions. Parent-proxy physical HRQOL was adversely related to adverse medical events
in the past year, special education, and motor impairments; psychosocial HRQOL was
adversely related to behavioural problems. Liang et al. [5] also observed that having other
medical conditions impacted negatively on the HRQOL; an additional factor that impacted
the HRQOL was the parents’ knowledge of LT [5]. In general, HRQOL of parents of children
with BA was adversely affected [6]; Wong et al. [7] performed similar analyses and noted
that HRQOL scores did not differ in general between those with a native liver and those
post LT.

3.3. Neurodevelopmental Outcome

The Childhood Liver Disease Research and Education Network (ChiLDREN) per-
formed comprehensive neurodevelopmental testing on children with BA and their native
liver, ages 3–12 [8]. As shown in Figure 1 [8], iIn general average IQ scores were above
the expected. (as indicated by light gray). However, Ruuska et al. [9] found the opposite
Rodiijk et al. [10] studied 46 Dutch children ages 6–12 years with BA in a group some of
whom had had LT and some who were with native liver. Motor delays were particularly
prominent [10]. No longer-term studies of neurodevelopmental testing in children with BA
were identified.

3.4. Predictors of Outcome

One of the major determinants of long-term outcome is the age at Kasai (Figure 2).
Survival up to 30 years was 38, 27, 22, and 19% in patients operated on at 1 month, 2, 3
and later [2]. The anatomic pattern of the biliary remnant and the presence or absence of
Biliary Atresia Splenic Malformation (BASM) were also important determinants [2,3]. The
data regarding the impact of these factors on long-term survival up to 30 years are shown
in Table 2. As noted by Kelay [3], the etiology of BA also influenced outcome with worse
outcome for cat eye syndrome (chromosome 22 aneuploidy), and better outcome for cystic
BA. The type of anatomy influenced the type of operation and had an impact on 20-year
survival: hepatic portocholecystostomy 35% cystojejunostomy 40%, Type IIIa 19%.
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Figure 1. IQ scores in children with BA ages 3–12 years. Neurocognitive Score Distribution. Distribu-
tion of WPPSI-III and WISC-IV scores compared to population norms. FSIQ: Full Scale Intelligent
Quotient; GLC: General Language Composite; PIQ: Performance Intelligent Quotient; VIQ: Verbal In-
telligent Quotient; PSQ: Processing Speed Quotient; PRI: Perceptual Reasoning Index; PSI: Processing
Speed Index; VCI: Verbal Comprehension Index; WMI: Working Memory Index [8].

Figure 2. Survival with native liver according to age at Kasai operation [2]. At each point of follow-up:
N patients alive with native liver, SNL after Kasai operation (CI 95%). SNL = survival with native
liver [2].
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Table 2. Predictors of long-term outcome of BA in survivors of the Kasai with a native liver up to
30 years post Kasai [2].

Univariate Analysis

SNL _ SE standard error (number of patients alive with native liver at follow-up)

Prognostic factor N patients 5-Y SNL 10-Y SNL 20-Y SNL 30-Y SNL p

Anatomical pattern of
the extra

hepatic biliary remnant
<0.0001

Type 1 20 89.7% ± 6.9%
(18)

84.1% ± 8.4%
(16)

75.7% ± 11.2%
(11)

75.7% ± 11.2%
(11)

Type 2 104 60.4% ± 5.1%
(47)

51.6% ± 5.7%
(26)

44.3% ± 6.3%
(15)

36.9% ± 8.6%
(6)

Type 3 235 48.2% ± 3.4%
(92)

42.9% ± 3.5%
(68)

29.9% ± 3.8%
(25)

29.9% ± 3.8%
(25)

Type 4 917 36.0% ± 1.7%
(264)

30.7% ± 1.6%
(184)

23.1% ± 1.8%
(48)

18.1% ± 2.8%
(11)

Missing data 64
BASM syndrome <0.0001

No 1002 44.0% ± 1.6%
(366)

38.5% ± 1.6%
(258)

28.4% ± 1.8%
(72)

24.7% ± 2.4%
(19)

Yes 118 20.8% ± 3.8%
(20)

15.4% ± 3.7%
(11)

15.4% ± 3.7%
(11) 7.7% ± 5.7% (2)

Missing data
Age at Kasai operation <0.0001

<31 days 153 55.6% ± 4.4%
(60)

50.8% ± 4.6%
(39)

37.9% ± 5.5%
(17)

18.9% ± 13.7%
(2)

31–60 days 534 44.4% ± 2.2%
(197)

38.4% ± 2.2%
(134)

29.1% ± 2.6%
(34)

27.4% ± 2.9%
(17)

61–90 days 484 36.2% ± 2.3%
(146)

30.7% ± 2.2%
(102)

23.0% ± 2.4%
(35)

20.2% ± 2.9%
(11)

>90 days 165 33.3% ± 3.8%
(45)

26.7% ± 3.7%
(27)

18.6% ± 4.0%
(10)

14.0% ± 5.0%
(4)

Missing data 4

Multivariate analysis

Prognostic factor Hazard ratio 95% CI p

Anatomical pattern of
the extrahepatic biliary

remnant
Type 1 0.145 0.046–0.453 0.0009
Type 2 0.531 0.387–0.728
Type 3 0.746 0.605–0.920
Type 4 1

BASM syndrome
No 0.550 0.438–0.691 <0.0001
Yes 1

Age at Kasai operation
<31 days 0.538 0.388–0.745 0.0002

31–60 days 0.616 0.488–0.779
61–90 days 0.766 0.604–0.971
>90 days 1

BASM = BA splenic malformation syndrome; CI = confidence interval; SE = standard error; SNL = survival with
native liver.

A very recent report by van Wessel et al. [11] noted that the gut microbiota composition
of BA patients pre-Kasai associated with outcome at 6 months. No data are yet available re
the effect on long-term outcome. Interestingly enough, cytokines were not predictive of
outcome Madadi-Sanjaniet al. [12]. Harumatsu et al. [13] recently reported that microvascu-
lar proliferation of the portal vein branches at the time of Kasai was associated with better
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outcome; Sasaki et al. [14] made similar observations. Finally, Johansson et al. [15] recently
reported that reduction of hepatic FGF 19 at the time of Kasai predicted better outcome.

Wang et al. [16] noted a strong difference between the estimated 5-year native liver
survival (NLS) rates of their successful Kasai group (defined as clearance of jaundice at
4 weeks post Kasai) and failed Kasai group: NLS rates at 5 years post Kasai were 90.1% vs.
10.7% for successful vs. failed Kasai (p = 0.000). Shneider et al. [17] noted similar findings
for total serum bilirubin 3 months post-Kasai in the ChiLDReN BA cohort. Additionally,
utilising data from the ChiLDReN study, Venkat et al. [18] found that long-term survival
up to age 14 years could be modelled using platelet count, GGT, and predicted SE-free
survival at age 7 years. (Figure 3).

 

Figure 3. Incidence and risk for the SE-model (sentinel event) (A) Cumulative incidence of LTD
among the 240 study participants. (B) Kaplan-Meier curves for LT-free survival stratified by quartile
of risk score. Stratification of participants shows a high-risk group (group 4; brown) and a medium-
risk group (group 3; green), with the remaining two quartiles showing a similar lower risk. (C) Risk
factor distribution of participants in the analysis by quartiles of risk is provided. Venkat [18].

4. Adolescence and Transition

4.1. Adolescence

Adolescence is a challenging time for all young people and their families, as they
progress through multiple physical, developmental and cultural changes in parallel [19]. It
is a time of increasing independence and autonomy, with a belief in one’s own immortality,
struggles with peer pressure, a focus on body image, frequently undiagnosed mental
health problems.

In contrast to biological and cognitive changes, the psychosocial changes of adoles-
cence may be culturally determined and include the social “tasks” of adolescence such as
establishing relationships, achieving independence from parents and establishing financial
(i.e., vocational) independence [20,21]

Conversely, in the search for identity and independence, immature abstract thinking
common in adolescence may make medical management difficult through poor adherence
to medical regimens and “risky” health behaviours [22].

The additional burden of biliary atresia requiring regular hospital visits and medica-
tion can make this period even more difficult for young people to navigate, particularly
when they move from family-centred paediatric care to adult services [23].
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4.2. Transition

Transition is an active process that focusses on the medical, psychosocial and educa-
tional/vocational needs of adolescents as they move from child to adult-centred care [24,25].

The aims of transition are [26,27] to provide high quality, coordinated health care which
is patient-centred, age and developmentally appropriate, flexible, and comprehensive;
to encourage skills in communication, decision-making, self-care and self-advocacy; to
develop a sense of control and independence in health care [28] and to maximise life-long
physical and psychosocial health.

Transitional care acknowledges the reciprocal influences of adolescent development,
the underlying chronic illness and/or the effects of transplantation. Patients may have
been affected by their chronic liver disease with malnutrition or delayed puberty. Cognitive
development may have been affected by their disease or by drug side effects (steroids and
calcineurin inhibitors), pain, fatigue and repeated hospitalisation. The stage of cognitive
development is important in planning health and disease education for such young people
as well as their involvement in decision-making and self-care.

The combination of chronic liver disease/post-transplant and adolescent development
(physical, cognitive and psychosocial) are important considerations for the multidisci-
plinary teams. Both paediatricians and adult physicians should monitor growth and
pubertal development especially if there has been growth retardation due to the biliary
atresia. Some of these patients may have a learning disability and health providers need to
be skilled at both age and development appropriate management for this age-group.

Paediatric care focusses on the relationship with parent, professional and child, and
needs to change to an adult relationship of patient and professional. As they mature, young
people progress from using emotional strategies (such as wishful thinking or resignation)
to problem-solving strategies which may be delayed by their chronic illness [24–27].

4.3. The Transitional Care Programme

Transitional care should start at around 12 years of age to promote resilience and
self-determination in the young person and their families. There are no good measures
of transition readiness and as transition is a process, there is no agreed age for the end of
transition or the timing of transfer to adult care so it should be individualised for each
patient. Discussion and preparation for transition needs should be at a time of good
hepatic/graft function and transfer should not be implemented during an acute illness or
rejection or graft failure [29].

Although the focus should be on the young person, family relationships and stability
are important factors for resilience. Lack of parental support at this time has been associated
with negative outcomes, e.g., greater non-adherence to medication.

As the adolescent negotiates the tasks and transitions detailed above, his/her parent
are also managing the transition from being a parent of a dependent child to a parent of an
independent young adult and need appropriate support [30,31].

Ideally, there should be an identified health professional for each young person, who
can support the process in the paediatric and adult units and the primary health care team.
Equally essential are other key players such as teachers, (including careers and vocational
rehabilitation), social services and voluntary organizations who provide dedicated youth

Transition may take place in a variety of ways: via a transition clinic from paediatric to
an adult care or a specific adolescent clinic or a young adult clinic before moving into adult
care, but it is important that the Transition team, both adult and paediatric, work together.

Absolutely key to the success of the process is an interested and capable adult service,
willing to continue the transitional process in adult care. Establishing a local network of
interested and committed professionals is vital for the success of any transitional care pro-
gramme [32,33].
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4.4. Key Transitional Care Issues
4.4.1. Disease Education

Most young people with biliary atresia with or without a LT will have had their
initial disease education directed to the parents and so need to be educated about their
disease/post-transplant state. The use of age appropriate literature and a skilled play
worker or teacher are invaluable to help young people to understand and accept difficult
issues such as having a dead person’s organ, or facing a life-time of medical monitoring
and medication [34].

In addition, young people need to be aware of the signs and symptoms requiring
urgent medical attention and how to access to medical care, which may be daunting for
them in an adult unit. Information regarding drugs should include the importance of
adherence and side effect profile and monitoring but also rationale and benefits [35].

4.4.2. Generic Health Education and Sexual Health

Generic health issues need consideration especially as many adult health-promoting
behaviours become established during adolescence. Adolescents with chronic illness
report more age- related concerns than their healthy peers: acne, alcohol and drug, pe-
riods, headaches, anxiety, contraception, insomnia, worry about height and weight and
sexual health.

Greater levels of exercise are associated with well-being and long-term functioning in
patients with chronic conditions [36] and are to be encouraged when feasible, particularly
in view of the concerns of the metabolic syndrome post-transplant related to obesity and
inactivity [37,38].

All young people should understand the implications of their disease/post-transplant
state, e.g., immunosuppression and other treatments, on their sexual and reproductive
health as they may be sexually active [35,39].

It is important to provide information about contraception. Although barrier methods
are the safest, there is a high failure rate. It is safe for girls to take a low dose oestro-
gen/progesterone contraceptive pill or to take the ‘morning after pill’ [40]. Chronic liver
disease may have delayed puberty but this will begin after a successful transplant. Most
immunosuppressive drugs are not teratogenic or affect fertility apart from mycophenolate
mofetil which should be avoided in adolescent girls. Many girls develop menorrhagia
post-transplant and specific advice from a gynaecologist trained in managing contraception
and pregnancy in patients with chronic liver disease or immunosuppression is useful.

4.4.3. Substance Misuse

Cigarette smoking should be discouraged as there may be an increased risk of lung
cancer post-transplant. Substance misuse has been reported in young people who are non-
adherent with medication and hence an important aspect of history taking. It is important
to highlight the importance of sensible behaviour, e.g., LT recipients may drink alcohol
with their peers in moderation [41].

4.4.4. Self-Advocacy and Psychosocial Issues

Self-advocacy skills are a key goal of transition, such as being independent from
parents, having a full understanding of their illness, involvement in decision-making,
self-medication, adherence, etc. The young person should begin to develop these skills
within the transition clinic and become more confident in decision-making, managing their
own health by developing communication skills, independent living skills, accessing the
health and educational services to prepare them for adult life [42].

Seeing the young person independently from the parent helps provide the privacy for
such discussions of generic health concerns such as sexual health, alcohol use.

Coping with teasing and/or bullying as well as disclosure issues are important issues
to address with the young person during adolescence and transition. Transplant recipients
may be particularly vulnerable because of their altered appearance from disease or medica-
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tion, or because of time lost from school. Exploring and developing coping strategies for
disclosure with a health professional can help the young person gain in confidence. Peer
support may be a useful means of promoting well-being for such young people in addition
to psychological support [43].

Despite the many potential problems, many long-term survivors with biliary atresia
report satisfactory completion of education and high levels of employment [44].

4.4.5. Non-Adherence

Non-adherence is a key risk factor for maintaining good disease control and is a
significant cause of post-transplant acute rejection, graft loss and death [45]. It remains
one of the most challenging aspects of managing care in the adolescent and young adult
population. It may be part of the spectrum of risk-taking behaviour or associated with
other risk-taking behaviours such as alcohol and drug use. It may be intentional or
non-intentional and include mean missing a dose, taking doses irregularly, changing
the prescribed dose, taking a medication holiday or stopping medications altogether [46].

Management is complex but should not be judgmental as a lack of sensitivity or
awareness of adolescent/young adult issues can be particularly damaging and may result
in increased non-adherence and disengagement with health care services. Interventions
should be tailored to the individual patient and use a combination of approaches such as
wireless enabled pill-boxes, customised text reminders, provision of electronic feedback and
individual behavioural sessions involving goal setting and motivational interviewing [47].

5. Medical and Surgical Management in Adolescence and Adult Life

Young adults with BA surviving with their native liver are likely to develop complica-
tions in adolescence and adult life. Reports vary from 60% of patients with BA surviving
long term without LT [48] to nearly two-thirds of young adults with BA developing com-
plications requiring LT [49]. The commonest complications were cholangitis (100%), portal
hypertension (80%) and variceal bleeding (45%). In contrast to adults with cirrhosis, hep-
atocellular carcinoma was rare (1.3%). Synthetic liver failure, recurrent cholangitis and
complications of portal hypertension were the main indications for Liver transplanta-
tion [50,51].

Cholangitis is a common complication post Kasai porto-enterostomy, seen in over 50%
of children in first 2 years after surgery. Less information on its prevalence in adolescence or
adulthood is available. In our series of 89 young people with BA surviving with their native
liver after the age of 16 years, 10% developed at least one episode of cholangitis between
the age of 12 and 16 years and this was found to be associated with a 4-fold risk of requiring
liver transplantation during adulthood [51] The symptoms can be non-specific and liver
function tests not helpful as 90% of BA patients will have some deranged liver function tests.
Cholangitis should be suspected when presenting with right upper quadrant pain, general
malaise and nausea. Imaging can demonstrate the presence of dilated biliary radicles or
rarely intra-ductal debris or stones whereas bile lakes and bile duct dilation typically not
seen. Roux-en-Y loop obstruction should be considered, and a nuclear medicine scan can
help to assess hepatic excretion as well as function. Treatment with antibiotics, preferably
via intravenous route, needs to be considered. Recurrent cholangitis is an indication for
listing for liver transplantation.

The presence of portal hypertension and development of varices on endoscopy during
adolescence has been shown to increase the risk of requiring liver transplantation in
adulthood, 7 and 8.5 fold, respectively. Assessment of presence of oesophageal and gastric
varices is particularly important in young women who are considering pregnancy as well
as during pregnancy to assess the risk of GI bleeding and decide on further management.
Westbrook et al. [52]. found that a platelet count of <110 × 109/L in women with cirrhosis
predicted the presence of varices during pregnancy [53]. In addition, evidence of more
advanced liver disease, defined as Model of end stage liver disease (MELD) score of >6 and
United Kingdom end stage liver disease score (UKELD) >46, increased maternal and foetal
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risk during pregnancy [52]. In BA, 58 live births in 40 females have been reported to date
and both cholangitis and variceal bleeding were risk factors for developing complications
during pregnancy [53,54].

Less is known about pubertal development and menstruation in young people with
biliary atresia. It is known that advanced liver disease alters the physiology of the
hypothalamic–pituitary–gonadal axis and disturbs oestrogen metabolism, affecting sexual
function. Prevalence of amenorrhoea in women with advanced liver disease has been
estimated between 30 and 71%; however, case series are small [55,56]. After liver trans-
plantation, the majority with have a normal menstrual cycle within the first year after
transplantation.

More recently, fibroscan has been used to assess portal hypertension in children and
young people with BA and liver stiffness > 24 kPa has been shown to be a good predictor
of portal hypertension in older children with BA [57].

In addition to portal hypertension and cholangitis, serum bilirubin levels just above
the upper limit of normal (>21 umol/L) at the age of 12 years have shown to predict the
need for LT in adulthood. Interestingly, serum sodium and creatinine levels included in
adult LT allocation models such as Model for End stage Liver Disease (MELD) and United
Kingdom End stage Liver disease (UKELD) do not reflect the severity of liver disease in
BA therefore these should be interpreted with caution in this setting [52]. A recent report
from the Scientific Registry of Transplant Recipients (SRTR) found that out of 331 patients
with biliary atresia listed for LT, including 114 adolescents (12–17 years) and 217 adults
(>18 years), adults demonstrated increased risk of waiting list mortality compared with
adolescents (10.9 higher risk on multivariate analysis) [58]. Additionally, in comparison
to the adult cohort, adolescents had lower laboratory MELD/Paediatric End-stage Liver
Disease (PELD) score at listing and at LT but demonstrated superior 5 year patient (98% vs.
84%) and graft (94% vs. 79.5%), respectively.

Jain et al. suggested that MELD > 8.5 and UKELD > 47 predicted LT > 16 years in 397
BA patients with 84% and 79% sensitivity and 73% and 73% specificity, respectively [59].
Other predictive scores were evaluated including Mayo Primary Sclerosing Cholangitis
risk score (MayoPSC) which includes markers of portal hypertension and synthetic func-
tion. MayoPSC revealed predictive accuracy for LT (AUROC 0.859), with a score of >0.87
predicting LT with 85% sensitivity and 82% specificity. MELD and MayoPSC at the age of
12 years as well as change in MELD, PELD and MayoPSC between 12 and 16 years, was
associated with the need for LT.

Adults with BA requiring LT also provide surgical challenges in particular related to
the vascular system. In a review of 36 adults with BA undergoing LT, 57.6% was found to
have significant enlargement of the splenic artery with 21% noted to have multiple splenic
artery aneurysms [51]. Spontaneous visceral porto-systemic shunting (SPSS) was present
in 72.7%. Survival was excellent with 10-year graft and patient survival exceeding 90%,
highlighting the importance of careful donor selection and transplant surgical expertise in
this condition.

What is not clear is whether the presence of SPSS is associated with the concept of
covert or minimal hepatic encephalopathy, well described in adults with cirrhosis but
less explored in children and adolescents. Considering that school functioning is lower
compared to controls, with 2–48% of children requiring additional educational support
further research initiatives should focus on cognitive function in patients with BA and its
relation with disease severity in order to improve social outcomes [60].

6. Summary

Advances in both medicine and surgery have significantly improved the prognosis
for infants born with biliary atresia. Although long-term survival with native liver occurs
in the minority, survival rates post liver transplantation are high. Most young people
born with BA are likely to survive into adulthood when they need to adapt to managing
their own care within adult services. Key to this success is an integrated transition service

193



J. Clin. Med. 2023, 12, 1594

between paediatric and adult care, supported by a multidisciplinary team to ensure good
clinical and psychosocial outcomes. Adult hepatologists should be aware of the clinical
management and complications of biliary atresia and the long-term consequences of liver
transplantation in childhood and work closely with their paediatric colleagues to achieve a
successful transition.
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Abstract: Background: Pediatric liver surgery is a complex and challenging procedure and can be
associated with major complications, including mortality. Best practices are not established. The aims
of this study were to evaluate surgeons’ individual and institutional practices in pediatric liver surgery
and make recommendations applicable to the management of children who require liver surgery.
Methods: A web-based survey was developed, focusing on the surgical management of children with
liver conditions. It was distributed to 34 pediatric surgery faculty members of the Biliary Atresia and
Related Disorders (BARD) consortium and 28 centers of the European Reference Network—Rare Liver.
Using the Delphi method, a series of questions was then created to develop ideas about potential
future developments in pediatric liver surgery. Results: The overall survey response rate was 70.6%
(24/34), while the response rate for the Delphi questionnaire was 26.5% (9/34). In centers performing
pediatric liver surgery, most pediatric subspecialties were present, although pediatric oncology was
the least present (79.2%). Nearly all participants surveyed agreed that basic and advanced imaging
modalities (including ERCP) should be available in those centers. Most pediatric liver surgeries were
performed by pediatric surgeons (69.6%). A majority of participants agreed that centers treating
pediatric liver tumors should include a pediatric transplant program (86%) able to perform technical
variant grafts and living donor liver transplantation. Fifty-six percent of responders believe pediatric
liver transplantation should be performed by specialized pediatric surgeons. Conclusion: Pediatric
liver surgery should be performed by specialized pediatric surgeons and should be centralized in
regional centers of excellence where all pediatric subspecialists are present. Pediatric hepatobiliary
and transplant training needs to be better promoted amongst pediatric surgery fellows to increase
this subspecialized workforce.

Keywords: pediatric liver surgery; pediatric liver transplantation; hepatoblastoma; hepatocellular
carcinoma; pediatric surgery workforce; subspecialization

1. Introduction

Hepatoblastoma and hepatocellular carcinoma (HCC) are the two most common
primary liver tumors affecting children and teenagers. However, despite this, those tu-
mors constitute rare diseases. It is estimated that approximately 100 children are treated
for hepatoblastoma at nearly 100 different institutions on an annual basis in the United
States [1,2]. Therefore, the number of liver resections performed at each individual center
and by individual pediatric surgeons is extremely low, and the management is not uniform.
Pediatric liver surgery can also be performed for benign tumors or infectious conditions.
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Over the last 33 years in the United States, the number of pediatric surgery training
programs has increased by 278%, and the number of pediatric surgeons increased by
132% [3]. The consequence of this increase in the workforce has been a reduction in index
cases per individual surgeon. On average, each U.S. surgeon performed less than one Kasai
portoenterostomy or choledochal cyst excision per year. Liver resection was not evaluated
in that study.

Studies from both the adult and pediatric surgery literature have shown improved out-
comes with the increased surgeon and center volume for rare conditions [4,5]. In children, a
relationship between volume and outcomes has been shown in Kasai portoenterostomy [6],
congenital diaphragmatic hernia repair [7], and Wilms tumor resection [8]. The success
of pediatric liver surgery is obviously not solely related to the surgeon performing the
surgery but also to the presence of other pediatric specialists and appropriate resources
at an institution to optimally diagnose, treat, and care for these children with complex
conditions.

In this study, an international group of pediatric hepatobiliary and transplant surgeons
aimed to evaluate and compare their individual and institutional practice in pediatric liver
surgery and to elaborate expert recommendations in the management of children with liver
tumors.

2. Methods

2.1. Development of the Questionnaire

A panel of experts consisting of pediatric hepatobiliary surgeons was created. Based
on author consensus, a total of 31 questions were generated, focusing on different aspects
of the management of pediatric liver conditions requiring either liver resection or transplan-
tation: (1) institutional logistics related to the management of children with liver disease
requiring surgical intervention; (2) surgical management, including indication for surgery,
surgical technique, duration of surgical interventions and estimated blood loss, postopera-
tive hospital stay; (3) oncology management for malignant conditions; (4) pediatric liver
transplantation. The detailed content of the questionnaire is available in Supplementary
Materials Document S1.

2.2. Study Design

The web-based questionnaire was developed in English. The questionnaire was a
self-administered, web-based survey using the online tool SurveyMonkey (http://www.
surveymonkey.com, accessed on 11 August 2020). Each participant could advance in the
survey after skipping a question. There were no mandatory questions.

2.3. Study Population

The questionnaire was electronically distributed to 34 faculty members of the Biliary
Atresia and Related Disorders (BARD) consortium and 28 centers of the European Reference
Network—Rare Liver. The questionnaire did not differentiate between free-standing
pediatric hospitals or pediatric departments part of an adult healthcare institution.

The survey was answered by a variety of surgeons: pediatric surgeons or transplant
surgeons (either pediatric or adult surgeons performing pediatric liver transplant or pedi-
atric hepatobiliary surgery) located in Europe, North America, Asia, and Australia.

2.4. Distribution of the Questionnaire

The survey was distributed by email. A cover letter clearly detailed the objectives of
the survey. Survey administration followed the Dillman principles and recommendations
of Burn et al. [9]. Participants were first contacted on 11 August 2020. A total of 2 reminder
emails were sent 2 and 4 weeks later. The survey was closed on 9 December 2020. Only
one participant was allowed to answer in each individual institution. Overall, 24 pediatric
surgeons answered the survey.
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2.5. Development of the Delphi Questionnaire

The variables assessed in the Delphi questionnaire were selected by consulting an
international panel of experts in pediatric hepatobiliary surgery. The questionnaire was
developed using a semi-structured interview with the aim of identifying redundant or
poorly worded questions. Testing of the questionnaire was performed by running the
questions to 10 other pediatric surgeons and hepatologists. Last, the reliability of the
questionnaire was assessed by re-testing the same pediatric surgeons with the questionnaire
at a 2-week interval. Participants were allowed to answer the Delphi questionnaire between
5 March 2021 and 29 April 2021. Nine surgeons answered the Delphi questionnaire (26.5%
response rate, 9/34).

2.6. Pre-Meeting Working Group

A working group was created constituted of four surgeons (CL, OMS, RS, and CP).
They analyzed the results of the Delphi questionnaire and organized a summary presenta-
tion of the survey and Delphi questionnaire results.

2.7. Expert Panel Meeting

The results of the survey and the Delphi questionnaire were presented and discussed
within an expert panel meeting during the virtual BARD webinar held on 30 June 2021.
Other participants in the webinar could also participate through online chat. Panelists were
provided with a summary depicting the results of the survey and the Delphi questionnaire.
RS served as moderator of the meeting session.

3. Results

3.1. Institutional Logistics Related to the Pediatric Liver Surgery

The survey was answered by 24 surgeons. The annual number of pediatric liver
surgical interventions performed in each institution varied greatly from 2 to >100. Pediatric
surgeons were present in 100% of institutions. The transplant surgery was present in 87.5%
(21/24) of cases. Pediatric anesthesiology (95.8%), pediatric hepatology, and pediatric
radiology (91.7%) were also often present. Pediatric oncology was the pediatric specialty
that was the least present at those institutions (79.2%). A pediatric intensive care unit
was present in all hospitals, while a pediatric ward was nearly always present (95.8%,
23/24). The number of beds dedicated to pediatric patients ranged from 10 to 500, while
the number of beds for pediatric surgery patients ranged from 10 to 250.

General imaging modalities (computed tomography (CT) or magnetic resonance
imaging (MRI)) were available in all centers. However, interventional radiology (IR) with
the ability to perform advanced procedures (percutaneous transhepatic cholangiogram
or portal vein embolization) was available in 91.7% (22/24) of institutions. Diagnostic
endoscopic retrograde cholangiopancreatography (ERCP) was available in 87.5% of cases,
but interventional gastroenterologists able to perform bile duct stenting in small infants
were present in 66.7% of surveyed institutions (16/24).

When surveyed through the Delphi questionnaire, all participants agreed that centers
performing pediatric liver surgery should provide ultrasound, CT, MRI, and diagnostic
interventional radiology. Almost all agreed advanced IR interventions (98%) and ERCP
(91%) should also be available.

3.2. Surgical Management

All surveyed participants reported that liver surgery for benign and malignant tumors
was performed at their institution. Hepatoblastoma and HCC were the two most common
indications. Trauma surgery (73.9%, 17/24) and surgery for infectious causes (abscess,
hydatic cysts) (69.6%, 16/24) were performed less frequently.

Most pediatric liver surgeries were performed by a pediatric surgeon (69.6%). (Figure 1)
Less frequently, a transplant surgeon (47.8%) or a pediatric surgeon assisted by a transplant
surgeon (47.8%) performed the intervention. In no instance did an adult general surgeon
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perform liver surgery on children. Of note, the survey did not specifically evaluate pediatric
surgeons with additional training in hepatobiliary and/or transplant surgery, nor did it
identify dedicated transplant surgeons who perform only pediatric transplants.

Figure 1. Questionnaire asking which provider performs pediatric liver surgery at surveyed centers.
(Each color represents a different answer).

Through the Delphi questionnaire, most surveyed participants (60%) answered that
pediatric liver surgery should be performed by a pediatric surgeon rather than a transplant
surgeon. (Figure 2) A majority of responders (64%) recommended that a pediatric liver
tumor surgical team include a pediatric surgeon and a transplant surgeon.

All responders reported being able to perform pediatric liver surgery via laparotomy
(most frequently through a transverse laparotomy with a midline extension; 40.9%), while
only 47.8% reported also using a laparoscopic approach. The Delphi questionnaire revealed
that the participants were evenly divided regarding which surgical approach should be
used for pediatric liver surgery and if laparoscopic constitutes a valuable option for both
minor and major pediatric liver surgical interventions (50%).

Standard left/right hepatectomy was performed at all institutions surveyed, while
non-anatomical liver resection and extended left/right hepatectomy were performed in
a majority of centers (22/24, 95.7%). The average operation duration ranged from 60
to 240 min for all liver resections except for the extended right (150–300 min) or left
(150–360 min) hepatectomy. Estimated blood losses were lower for standard left/right
hepatectomy or non-anatomical resection (20–500 mL) compared to extended hepatectomies
(25–750 mL). The utilization of total vascular exclusion of the liver and inflow exclusion
(Pringle maneuver) were utilized as needed. Five responders (22.7%) reported not utilizing

200



J. Clin. Med. 2023, 12, 3229

any type of vascular exclusion for their liver resections, although the question did not
specify in which instance vascular exclusion would or could be used. Most participants
(72.7%, 16/24) reported using the Cavitron ultrasonic surgical aspirator (CUSA) for the
parenchymal dissection. The non-stick bipolar diathermy (59.1%) and the “clamp crush”
technique (50.0%) were other commonly used techniques. Most participants reported
placing a surgical drain at the completion of liver resection (95.7%, 22/24). Overall hospital
length of stay varied from 2 to 30 days, and intensive care unit stay ranged from 1 to
10 days.

Figure 2. Questionnaire asking who should perform pediatric liver surgery: pediatric vs. transplant
surgeons. (The color represents the proportion of answers provided).

The Delphi questionnaire showed that while most participants believe the knowledge
of different vascular exclusion techniques is mandatory to perform pediatric liver surgery
(83%), less than a third believe a Pringle maneuver is necessary during parenchymal
dissection, and forty-two percent believe total vascular exclusion should be prepared for
major liver resections. The majority (94%) thought the CUSA or other such equipment
should be available in centers performing pediatric liver surgery.

3.3. Oncology Management

All surgeons answered that the oncological management of their pediatric patients
with liver tumors is performed by a pediatric oncologist. However, the chemotherapy
administration is performed at the same center in only two-thirds of cases. In the other
third, patients are treated at another center. Most institutions (22/24, 95.7%) decide on
postoperative oncological management at interdisciplinary oncology boards.

3.4. Pediatric Liver Transplantation

Pediatric liver transplantation was performed in most centers surveyed (20/24, 87.0%).
In most instances, either a pediatric surgeon (57.1%) and/or a transplant surgeon (61.9%)
performed the transplant. The post-transplant management was mostly performed by
pediatric hepatologists (90.5%) and assisted by pediatric or transplant surgeons (52.4%).
The survey did not specify if this question pertained to the short- or long-term management
of transplant recipients.

All centers performed deceased donor liver transplants, while most also performed
living donor liver transplants (95%, 19/20). Only 25% of centers accepted organs from
donors after cardiac death. All participants responded that split liver transplantation was
performed at their institution in addition to whole liver transplantation. (Figure 3) Most
programs offered multi-organ transplants (simultaneous liver–kidney transplant: 17/18,
94.4%; less frequently intestinal or multivisceral transplant: 7/18, 38.9%).

201



J. Clin. Med. 2023, 12, 3229

Figure 3. Different types of deceased donor liver transplantation graft types offered at surveyed
centers. (Each color represents a different answer).

The Delphi questionnaire showed most responders believed centers treating pediatric
liver tumors should include a pediatric transplant program (86%). (Figure 4) Although
the distribution was almost equal, a slight majority of responders believed pediatric liver
transplantation should be performed by specialized pediatric surgeons (56%). (Figure 5)

Figure 4. Questionnaire asking if centers treating pediatric liver tumors should include a pediatric
transplant program. (The color represents the proportion of answers provided).

Figure 5. Questionnaire asking who should perform pediatric liver transplantation: pediatric vs.
transplant surgeons. (The color represents the proportion of answers provided).
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4. Discussion

Pediatric hepatobiliary surgery constitutes a challenging surgical intervention, with
reported complication rates between 10–30% and a mortality rate of 5% [10–14]. In order to
achieve the best outcomes for children with surgical liver conditions, a multidisciplinary
team of pediatric specialists is needed. As presented by the World Federation of Associa-
tions of Pediatric Surgeons (WOFAPS) Declaration of Pediatric Surgery in 2001: “To provide
the best surgical care for infants and children, complex pediatric surgical procedures should
be carried out in specialized pediatric centers with appropriately equipped intensive care
facilities staffed 24 h per day, 7 days per week. In addition to the trained pediatric surgeons,
these facilities should be staffed with other pediatric specialists including radiologists,
anesthesiologists, and pathologists” [15].

As previously presented, complex hepatobiliary surgeries are now less frequently
performed by general pediatric surgeons. In the study by Abdullah et al., 60% of surveyed
pediatric surgeons had not performed either a Kasai portoenterostomy or a choledochal
cyst excision in the previous 12 months [3]. Liver resection is so rarely performed that it was
not even compiled in the list of procedures evaluated in that study. A 2016 study focused
on subspecialization in North American pediatric surgery groups showed that major liver
resection (left/right hepatectomy or extended resection) was performed by any surgeon
of a group in approximately 45% of cases and was performed by only certain dedicated
surgeons in less than 10% [16]. Recently, a group from Texas reported an improvement in
postoperative complications after major liver resection (52% to 20%) when they limited
pediatric liver resections to be performed by only 2 surgeons rather than anyone in a
group of 10 surgeons (previously creating an average of 3.3 cases/surgeon over a 10-year
period) [2]. Limiting the number of surgeons performing liver resections in a group allows
those hepatobiliary surgeons to increase their experience, becoming capable of performing
all types of liver resections and offering the best outcomes to patients.

Subspecialization in hepatobiliary surgery is not yet recognized by most general
pediatric surgeons. The most common specialties felt to be necessary are transplantation,
fetal interventions, and bariatric surgery [17]. Most respondents of an American Pediatric
Surgery Association (APSA) survey felt that specialists should not practice solely in their
subspecialty but rather act as content experts and consult on relevant cases. Why pediatric
surgeons are so reluctant to accept the benefits of subspecialization and concentrating
cases on a subgroup of surgeons is multifactorial: it might not be easily applicable in
rural settings or small groups/practices [16,18,19]. Additional years of formal training
(hepatobiliary and/or transplant fellowship) can be difficult to achieve for personal or
financial reasons. Nevertheless, in that same APSA survey, 50.8% of respondents responded
that additional specialization training is necessary after completing a fellowship in general
pediatric surgery.

Unlike adult general surgery, general pediatric surgery has been hanging on to the
concept of the true general surgeon, even in academic centers. A 2010 survey of gen-
eral surgery residency program directors reported that 71% of finishing general surgery
residents entered a subspecialty residency [20]. Pediatric surgery subspecialty fellow-
ships (fetal, colorectal, vascular anomalies, hepatobiliary, and trauma) are becoming more
available, but the true translation of this concept into the reality of daily practice remains
unfulfilled, particularly in the field of hepatobiliary surgery.

Hepatobiliary and pancreatic surgery deals with some of the most complicated and
technically challenging operations. A survey of Canadian general surgeons showed that
91% of respondents would refer patients with the complicated hepatobiliary disease to a
hepatobiliary expert [21]. Additionally, 95% of participants thought that some hepatobil-
iary procedures should be regionalized to high-volume, expert centers: pancreaticoduo-
denectomy, biliary reconstruction, and major hepatectomy (defined as two or more liver
segments). In adult surgery, a relationship between outcomes and high-volume centers has
been demonstrated.
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Additionally, training in transplant surgery allows pediatric surgeons to offer all
surgical treatment options to patients referred for the management of malignant liver
tumors. Lautz et al. showed that of 18 patients, who were referred for liver transplantation
by other pediatric surgeons and institutions because of what appeared to be unresectable
tumors, all were resected, and their survival was equal or superior to that of patients treated
with liver transplantation [22].

In the survey presented in this study, living donor liver transplantation was performed
in 95% of centers and split liver transplantation in 100% of programs. This proportion is
very different from most programs performing pediatric liver transplantation in the U.S.
However, the authors believe that any pediatric liver transplant program should have the
ability to offer all types of transplants, including technical variant grafts and living donor
transplantation, in order to decrease the waitlist mortality as much as possible.

As reported in our international survey, some institutions rely on an adult trans-
plant surgeon collaborating with a pediatric surgeon on liver resection in children and
teenagers [19]. While the authors agree that the safety of the patient is the most important
consideration in pediatric liver surgery and that a pediatric surgeon uncomfortable with
performing a liver surgery should not attempt such an endeavor on their own, relying
on an adult surgeon should not be the default solution. Again quoting Dr. Grosfeld in
the WOFAPS Declaration of Pediatric Surgery, “Children are not just small adults and
have medical and surgical problems and needs that often are quite different from those
encountered by adult physicians. [15] Every infant and child who suffers from an illness or
disease has the right to be treated [15] by a pediatric medical or surgical specialist” [15]. The
American Academy of Pediatrics (AAP) also issued a policy statement regarding referral to
pediatric surgical specialists [23]. The Surgical Advisory Panel recommended that “infants,
children, and adolescents with solid malignancies should be cared for from the outset
by a pediatric surgeon or a pediatric surgical specialist and a pediatric medical cancer
specialist.”

In conclusion, the authors and the participants of the BARD webinar propose the
following recommendations for the management of pediatric patients with liver disorders
requiring surgical treatment:

1. Pediatric liver surgery should be performed in institutions where all pediatric medical
and surgical specialists are available on site to provide specialized pediatric care;

2. Pediatric liver surgery should be performed in centers where advanced interventional
radiology and interventional gastroenterology are available to help provide all possi-
ble diagnostic and therapeutic adjuncts procedures to the management of children
with liver conditions;

3. Pediatric liver surgery should be performed in centers where pediatric liver trans-
plantation is performed (including technical variant grafts and living donor liver
transplantation) and where surgical oncologists are present in order to offer the best
oncological management;

4. Pediatric liver surgery should be performed by pediatric surgeons subspecialized in
hepatobiliary and transplant surgery to allow knowledge and mastering of all surgical
techniques, including vascular exclusion techniques;

5. Pediatric liver surgery should be centralized in regional centers of excellence in
pediatric hepatobiliary surgery;

6. Subspecialization in hepatobiliary and transplant surgery should be promoted amongst
pediatric surgery trainees; additionally, incentives or compensation strategies should
be developed to help support pediatric surgeons through additional years of training
and to avoid trainees being reluctant to complete subspecialty training.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12093229/s1, Figure S1: Liver Surgery Survey and Delphi
questionnaire.
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