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1 | INTRODUCTION

Biliary atresia (BA) is a neonatal fibrosing cho-
langiopathy that progresses to cirrhosis and liver
failure if left untreated.” Early diagnosis and timely
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Abstract

Biliary atresia (BA) is a progressive, fibrosing cholangiopathy of infancy
characterized by inflammatory obstruction of the bile ducts, ultimately leading
to end-stage liver disease if untreated. Early diagnosis and timely surgical
intervention via hepatoportoenterostomy (HPE) are critical for improving
outcomes; however, prognostication remains challenging due to heteroge-
neous responses to surgery and variable clinical trajectories. This review
provides a comprehensive synthesis of current research on prognostic bio-
markers in BA, encompassing clinical indicators, routine laboratory parame-
ters, novel serum biomarkers, histopathologic features, hepatic gene
expression profiles, imaging modalities, and both in vitro and computational
prognostic modeling systems. While traditional clinical factors, such as age at
HPE and postoperative serum bilirubin levels, continue to serve as important
predictors of outcome, they lack sufficient discriminatory power for individu-
alized risk stratification. Recent advances have identified emerging bio-
markers, including inflammatory cytokines, immune activation markers, and
indicators of fibrosis and extracellular matrix remodeling, which show
potential in correlating with disease progression and native liver survival.
Imaging modalities such as ultrasound elastography have also demonstrated
promise in noninvasively assessing liver stiffness and predicting clinical
outcomes. Furthermore, the identification of hepatic gene expression signa-
tures and multigene prognostic classifiers offers new avenues for precision
risk assessment. However, most of these advancements have not translated
into clinical practice due to small sample sizes and limited external validation.
Future research efforts must focus on large-scale, multicenter studies to
validate findings and establish robust, integrative prognostic models that can
inform clinical decision-making and facilitate personalized therapeutic strat-
egies in BA.

KEYWORDS
biliary atresia, biomarker, prediction, prognosis

surgical intervention via hepatoportoenterostomy
(HPE) can improve clinical outcomes.? Approxi-
mately 50% of BA patients will require liver trans-
plantation (LT) by age two.® Beyond infancy, native
liver survival in BA following HPE into young
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-
adulthood ranges from 23% to 44%, with the majority
undergoing LT by 21 years of age.*™®

Due to wide variation in clinical trajectories,
ranging from rapid progression toward LT in infancy to
decades of native liver survival, clinicians need reli-
able tools that can predict an individual patient's dis-
ease course. Accurate prognostication can guide the
timing of transplant referral, intensity of surveillance,
and future selection for emerging disease-modifying
trials. There are currently no widely accepted or
consistently applied measures for predicting post-
HPE prognosis.* Beyond standard laboratory values,
several investigative tools, including imaging tech-
niques, histopathological assessments, novel serum
biomarkers, and hepatic gene expression profiling,
have been explored to improve prognostic accuracy
(Figure 1). This review aims to provide a compre-
hensive and updated overview of the current land-
scape of prognostic biomarkers in BA, highlighting
emerging tools that may enhance future risk stratifi-
cation and inform clinical decision-making.

2 | CLINICAL FEATURES AND
STANDARD LABORATORY TESTS

Early diagnosis and the timing of HPE are widely rec-
ognized as critical predictors of prognosis in BA in large
scale studies.>®'° Favorable surgical outcomes are
associated with HPE performed before 45-60 days of
life. In fact, a recent systematic review and meta-
analysis of 564 BA patients demonstrated that HPE
performed before 30 days of age is associated with a
substantial increase in native liver survival at 5, 10, and
even 20 years postoperatively.?

A study conducted by the Childhood Liver Dis-
ease Research Network (ChiLDReN) found a total
serum bilirubin level <2 mg/dL at 3 months post-HPE
was predictive of transplant-free survival at 2 years
(86% TB<2mg/dL vs. 20% TB>2mg/dL)."" Other
studies similarly show a clear difference in 2 year
transplant-free survival between children with total
serum bilirubin <2mg/dL and those with total
bilirubin > 6 mg/dL (84% vs. 16%).'? However, nor-
malization of serum bilirubin levels following HPE
does not consistently predict favorable long-term
clinical outcomes. Among infants who achieve bili-
rubin normalization, a substantial proportion con-
tinue to experience complications, including
splenomegaly (71%), thrombocytopenia (45%), and
ascites (18%)."" Notably, 18% of these infants still
require liver transplantation within the first 2 years of
life, despite initial biochemical improvement.’’

The prognostic value of gamma-glutamyl transfer-
ase (GGT) has also been investigated as a po-
tential biomarker. Ihn et al. reported that GGT
levels>5501U/L at 5 months post-HPE were

What is Known

e Early bilirubin clearance after hepato-
portoenterostomy and younger age at sur-
gery have been main prognostic benchmarks
for biliary atresia.

Imaging, histology and single-analyte serum
tests have been studied, yet no universally
accepted risk-stratification tool exists.

What is New

e Early studies suggest novel serum bio-

markers including serum bile acids,
inflammatory cytokines, markers of fibrosis/
extracellular matrix remodeling may imp-
rove risk prediction.

Multi-gene hepatic signatures suggest that
inflammatory versus fibrotic subtypes track
with biliary atresia (BA) prognosis.
Shear-wave elastography measurements
both pre and post hepatoportoenterostomy
hold prognostic value.

Pilot integrative models (clinical + imaging +
omics) show encouraging discrimination.

associated with worse outcomes, even in the absence
of jaundice (hazard ratio [HR]: 1.74; 95% CI:
1.40-2.87)." In another study, Shankar et al. found
that low GGT levels (<200 IU/L) at the time of pre-
sentation were associated with poorer prognosis com-
pared to patients presenting with higher GGT levels.'*
Similarly, Sun et al. demonstrated that the 2-year native
liver survival rate was significantly lower in patients
with GGT levels<300IU/L compared to those with
GGT > 300 IU/L (HR: 1.80; 95% CI: 1.38-2.33)."° Thus,
both low and persistently high GGT levels may have
prognostic implications in BA, depending on the clinical
context and timing of measurement.

In addition to individual laboratory values, the
Aspartate Aminotransferase-to-Platelet Ratio Index
(APRI) has been explored as a prognostic tool in BA,
particularly for assessing hepatic fibrosis.'® Varia-
bility in thresholds has been noted across studies.
Grieve et al. reported that an APRI > 1.22 had 75%
sensitivity and 84% specificity for cirrhosis in BA,
while APRI>3.0 was associated with persistent
jaundice and the need for liver transplantation.
Muntean et al. observed that patients in the highest
APRI quartile had a significantly lower 5-year native
liver survival (34%) compared to those in the lowest
quartile (54%)."” Suominen et al. identified an
APRI > 1.34 as predictive of increased transplant risk
and APRI correlated with histological portal fibrosis
and CD34-positive microvessels in the centrizonal

85UB9 1 SUOLILIOD) BAITERID) 8 (qedt|dde ay) Aq peusenob afe Saoe YO ‘88N JO Se|n Jo) Akeqi auljuO 4|1 UO (SUOIIPUOD-PUR-SLULBIL0D A3 | 1M Aeq 1 BuljUOy//:SdNy) SUOTIPUOD pUe SWid 1 aU) 995 *[6202/20/7T] Uo ArigiT aulluo A8|IA “TETOL €ud(/Z00T OT/10p/W02" A 1M Ale.q 1 puljuoy/:Sdny WOy pepeoiumod ‘0 ‘TO8Y9EST



e

ANOUTI ET AL.
Clinical Labs
Computational Models
Serum Bile Acids M
[{? % J \\\Ultrasound elastography
Prognostic Biomarkers in
Inflammatory Blllary Atresia

Markers: interleukin
and cytokine .°
response oot ?

°

® o

°
°

°
°

\\
\X/
rd

N
o

Patient-derived organoids

.
. o
LR RS

e R\ 1]/9
B *“\\ r — 8 — Histology
Sl w

Fibrotic Markers: hepatic stellate cell activation and

extracellular matrix remodeling

FIGURE 1

Prognostic biomarkers in biliary atresia (BA). Key modalities informing outcome prediction summarized in this review are

clinical laboratory values, serum bile acids, inflammatory cytokines and interleukins, fibrosis and extracellular matrix markers, liver
histology, cholangiocyte organoid models, ultrasound elastography, and computational modeling. These approaches aim to enhance

risk stratification in BA.

region.'® APRI is a promising noninvasive marker
with potential prognostic value in BA.

3 | NOVEL SERUM MARKERS

A growing body of research has focused on identifying
novel serum biomarkers with prognostic significance in
BA, aiming to complement or surpass traditional clinical
indicators (Table 1).

3.1 | Serum bile acids

Despite normalization of total bilirubin following
HPE, serum bile acids often remain elevated, indi-
cating incomplete recovery of bile acid excretion.
A 2023 ChiLDReN study analyzing serum samples
from 137 infants with normalized bilirubin levels at
6 months postoperatively identified a serum bile acid
threshold of <40 pmol/L as predictive of improved
liver biochemistries, including higher albumin
and platelet counts at 2 years. Infants with bile
acids<40pmol/L had a 10-year cumulative inci-
dence of liver transplant or death of 8.5% (95% CI:

1.1%—26.1%), compared to 42.9% (95% ClI: 28.6%—
56.4%) among those > 40 pmol/L."®

3.2 | Inflammatory cytokines

Circulating cytokines, IL-8, IL-18, and IL-34, have
also been evaluated as potential negative prognos-
tic markers in BA. IL-8 contributes to bile duct
injury through neutrophil recruitment and immune
activation.?° Udomsinprasert et al. reported that
higher plasma IL-8 levels were associated with sig-
nificantly reduced survival in BA patients.?’ Simi-
larly, Bessho et al. identified IL-8 and laminin
subunit gamma 2 (LAMC2) as part of a BA-specific
hepatic gene expression signature, linking IL-8
overexpression with disease progression. In a
murine model of BA, disrupting IL-8 signaling
reduced bile duct injury and improved survival.??
Moreover, serum IL-18 has also been found to be
significantly associated with increased jaundice and
decreased survival time in BA.?®> Honsawek et al.
found that higher IL-34 levels were linked to
decreased survival and positively correlated with li-
ver stiffness.?*
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TABLE 1

Novel serum prognostic biomarkers in biliary atresia.

Marker

Key characteristics

Clinical relevance

Prognostic utility and significant
findings

Total serum bile acids
(TBA)™®

Cytokines (IL-82°722, |L-1825,
IL-342%, IL-12p402°)

Matrix metalloproteinase-7
(MMP-7)%8

Reflects bile acid metabolism
and congestion.

Soluble polypeptides involved
in immune responses.

Matrix metalloproteinase
involved in tissue remodeling.

Elevated even with normal
total bilirubin levels,
indicating ongoing
congestion.

Elevated in BA patients
compared to healthy
controls.

Diagnostic marker for BA
differentiation from other
cholestatic diseases.

TBA > 40 pmol/L at 6 months post-HPE
associated with worse outcomes,
advanced liver disease.

Elevated IL-8, IL-18, and IL-34 associated
with worse outcomes (jaundice, fibrosis,
hepatic dysfunction). Elevated IL-12p40
predicts 3-month jaundice-free survival
(81% PPV, 83% NPV), fourfold increased
3-year survival with native liver.

Elevated levels associated with non-
function post-HPE, increased risk of poor
outcomes. MMP-7 at 6 week and 3 months

Cartilage oligomeric matrix
protein (COMP)?”

Tissue remodeling mediated in
part by cartilage oligomeric
matrix protein.

Clusterin (CLU)?® Extracellular chaperone linked

to fibrosis and liver dysfunction.

Fibroblast growth factor
(FGF-19)%°

Fibroblast growth factor linked
to bile acid regulation.

Mac-2 binding protein glycan
isomer (M2BPGi)*°

Glycosylation-modified protein,
reflects liver fibrosis.

Correlated with hepatic
fibrosis in BA.

Lower levels in BA patients
with poor outcomes.

Increased serum levels
associated with poor KPE
outcomes.

Elevated in BA patients with
advanced liver fibrosis.

post HPE predict survival with native liver
at 2 years (AUC 0.796, Cl 0.707-0.867
and AUC 0.861, CI:0.781-0.920,
respectively)

Higher COMP levels associated with poor
survival outcomes, particularly in patients
with advanced fibrosis.

Reduced CLU linked to poor survival rates
post-HPE (AUC 0.85, sensitivity 81.5%,
specificity 73.5%).

FGF-19 < 109 pg/mL predicts native liver
survival (HR 4.31, Cl: 1.90-9.74) and
correlates with primary bile acid levels.

M2BPGi predicts advanced fibrosis (=F3)
and correlates with liver stiffness and
fibrosis stages. Cutoff of 1.84 COI predicts
cirrhosis (AUC 0.93, sensitivity 91%,
specificity 96%).

Abbreviations: AUC, area under the curve; BA, biliary atresia; Cl, confidence interval; HPE, hepatoportoenterostomy; HR, hazard ratio; IL, interleukin.

Conversely, IL-12p40 has been identified as a
favorable prognostic marker. Preoperative serum
IL-12p40 levels =33 pg/mL predicted jaundice-free
status at 3 months post-HPE with positive and neg-
ative predictive values of 81% and 83.3%, respec-
tively. Higher IL-12p40 levels were also associated
with a fourfold increase in 3-year native liver sur-
vival.?® Furthermore, a recent ChiLDReN study
identified elevated serum granulocyte-macrophage
colony-stimulating factor (GM-CSF) as a positive
prognostic biomarker in predicting successful biliary
drainage post-HPE, driven by GM-CSF's role in
modulating polarization of macrophages.®’

3.3 | Markers of extracellular matrix
(ECM) remodeling/fibrosis

Circulating markers of ECM remodeling and fibrosis
have been increasingly studied for their prognostic
utility in BA, as they may reflect underlying hepatic

disease progression. Matrix metalloproteinase-7
(MMP-7), a key regulator of ECM turnover, has been
established as a highly sensitive diagnostic biomarker
for BA.%27%8 Beyond diagnosis, both baseline and post-
HPE serum levels of MMP-7 have been linked to
reduced biliary drainage and accelerated fibrosis pro-
gression in a single center study, supporting its prog-
nostic relevance.?®°

Other matrix-related proteins further support the
link between ECM remodeling and clinical out-
comes. Udomsinprasert et al. reported that elevated
circulating levels of cartilage oligomeric matrix pro-
tein (COMP) were associated with advanced hepatic
fibrosis and poorer survival in BA patients.?” In a
subsequent study, the same group identified signif-
icantly lower serum levels of clusterin (CLU), an
extracellular chaperone involved in tissue remodel-
ing, in BA patients with jaundice, advanced fibrosis,
and decreased survival post-HPE (AUC=0.85;
sensitivity 81.5%, specificity 73.5%).2® Nyholm et al.
evaluated fibroblast growth factor 19 (FGF19),
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another ECM-associated molecule, and found
serum FGF19 levels < 109 pg/mL were predictive of
reduced native liver survival (HR: 4.31, 95% CI
1.90-9.74).2° Additionally, serum Mac-2 binding
protein glycan isomer (M2BPGi), is a marker pro-
duced by hepatic stellate cells and previously vali-
dated in chronic hepatitis B and C and metabolic
associated steatotic liver disease.*® Ueno et al.
demonstrated that M2BPGi levels significantly
correlated with hepatic fibrosis severity in BA, pre-
dicting cirrhosis with high accuracy (AUC 0.93,
sensitivity and specificity of 91% and 96%, respec-
tively).®° These outcomes support the use of ECM
remodeling markers as noninvasive BA fibrosis
monitoring and long-term prediction tools.

TABLE 2 Hepatic gene expression in biliary atresia.

e

In continuity with molecular serum-based biomarkers,
liver histopathological features at the time of BA diag-
nosis have also been studied for their prognostic value.
Histologic scoring systems in BA typically assess
the degree of hepatic inflammation, fibrosis, and ductal
proliferation. Regardless of age, the data strongly
indicate that severe fibrosis at the KP results in a poor
outcome.*' Xu et al. developed a BA-specific histologic
staging system focused on fibrosis severity, which was
found to be strongly associated with native liver sur-
vival.*? Patients classified as Stage 3 or 4 had signifi-
cantly worse prognoses, with 83.3% of stage 4 patients
dying or requiring liver transplantation.*> However,

4 | HISTOLOGY

Marker

Key characteristics

Clinical relevance

Prognostic utility and significant
findings

Sonic Hedgehog
(SHH)**

Secretin receptor
(SCTR)*®

Alpha smooth muscle
actin (a-SMA)“*®

Collagen hybridizing
peptide (CHP)*’

Autotaxin (ATX)*®

m6A and THY14°

Signal transducer and
activator of Transcription
3 (STAT-3)*°

Kie7°"

Interleukin 17A
(IL-17A)%2

Morphogen gene crucial in
regulating cell differentiation,
proliferation, and patterning during
development

Regulates ductal bile secretion and
helps in maintaining biliary
homeostasis

Hepatic stellate activation
increases the expression of
collagen and alpha smooth muscle
actin

CHP is marker to quantify hepatic
fibrosis

Fibrogenic enzyme produced by
lysophosphatidic acid

Proteins involved in extracellular
matrix organization and hepatic
stellate cell activation

Mediates cell signaling from
cytokines and growth factors

Marker for cellular proliferation

Drives intrahepatic bile duct injury
in BA

Elevated in BA compared to
healthy controls

Elevated levels associated with
poor HPE outcomes

Elevated levels in BA. Associated
with increased fibrosis, reduced
jaundice clearance and lower
native liver survival

Higher CHP levels associated
with poor outcome of HPE

Elevated in BA patients with
fibrosis

Elevated levels in BA patients
compared to controls

Decreased expression linked to
biliary epithelial cell damage

High Ki67 area proportion is a
significant predictor of poor
prognosis

High levels of IL-17A+ cells in the
liver are associated with
increased macrophage infiltration

Associated with decreased jaundice-
free survival. Abnormal expression
leads to cirrhosis. Reactionary
expression of SHH and downstream
transcription factors leads to bile duct
damage

Elevated SCTR levels in BA patients
at HPE linked to 34%—-54% lower
5-year native liver survival

BA patients with elevated a-SMA
expression had decreased native

survival (57.1 vs. 92.3% in high vs. low

expression groups)

Higher CHP levels significantly
associated with a 3.6-fold increased
risk of LT by age 4, and increased to

nearly sevenfold when controlling sex,

bilirubin and albumin post HPE

Correlates with severe liver stiffness
(B: 0.012) and positively correlates
with Metavir fibrosis stage in

BA (r=0.79)

Correlates with worse increased
fibrosis and poor prognosis

Reduced expression of STAT3 in BA
patients lead to increased production
of the CXCLA1, contributing to biliary
epithelial cell damage.

Ki67 area proportion =0.77%
significantly predicted worse
outcomes (HR: 9.29, 95% ClI
3.47-24.91).

IL-17A+ cells were prevalent in the
portal triads in BA subjects and
progressive disease

Abbreviations: BA, biliary atresia; HPE, hepatoportoenterostomy.
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.
other studies suggest that histologic features beyond
fibrosis may offer superior prognostic utility. The extent
of biliary proliferation, assessed by cytokeratin 7
staining, was independently associated in one study
with reduced 1-year native liver survival and was the
most significant predictor of outcome, surpassing both

patient age and fibrosis stage.**

41 | Hepatic gene expression

While histological analysis provides important infor-
mation on liver injury and fibrosis, emerging data on
hepatic gene expression is offering deeper insights into
the molecular underpinnings of BA and its prognostic
implications (Table 2).

41.1 | Markers of hepatobiliary
development

The SHH morphogen gene plays a critical role in regu-
lating cellular differentiation, proliferation, and patterning
during hepatobiliary development.®® In BA, reactive up-
regulation of SHH and its downstream transcriptional
targets in response to bile duct injury is associated with
decreased jaundice-free survival.***® Protein expres-
sion of SHH related factor GLI family zinc finger-2 and
epithelial mesenchymal transition related factors were
high in BA patients, suggesting the enhancement of
SHH signaling pathway in BA cirrhosis.®*

Similarly, the hepatic secretin receptor (SCTR),
which regulates ductal bile secretion and biliary epi-
thelial homeostasis, has shown prognostic relevance.
In an analysis of BA liver specimens using real time
polymerase chain reaction and immunohistochemistry,
Godbole et al. reported that higher SCTR expression at
the time of HPE was associated with a 34%—-55%
reduction in 5-year native liver survival. Furthermore,
median SCTR mRNA levels were significantly higher in
patients who failed to achieve jaundice clearance post-
HPE (75-fold vs. 42-fold). °:°°

41.2 | Markers of fibrosis and extracellular
matrix remodeling

Building upon insights from hepatic gene expression,
several liver tissue-based markers reflecting fibrosis and
ECM remodeling have been investigated for their prog-
nostic significance in BA. Activation of hepatic stellate
cells leads to increased expression of collagen and
alpha-smooth muscle actin (a-SMA), both key mediators
of fibrogenesis.®® Kerola et al. demonstrated signifi-
cantly elevated hepatic collagen type | expression in
BA patients compared to controls (area fraction: 15.6%
vs. 6.8%), along with increased periductal a-SMA

expression in 64% of patients, even after successful
HPE.>” Elevated a-SMA levels have been associated in
other studies with increased fibrosis, reduced jaundice
clearance, and decreased native liver survival.*6%®
Additionally, combined high expression of hepatic
glypican-3 and a-SMA was linked to poorer outcomes,
with a native liver survival rate of 57.1% compared to
92.3% in those with low expression.*® In a pilot study by
Jaramillo et al., collagen hybridizing peptide (CHP) was
used to quantify fibrosis in liver tissue from 21 BA pa-
tients. Higher CHP intensity at the time of HPE was
associated with a significantly increased risk of liver
transplantation within 1 year (50% in the high-CHP
group vs. 27% in the low-CHP group).*” Quantified
fibrosis by CHP predicted a 3.6-fold increased risk of
transplantation by age 4, which increased to nearly
sevenfold after adjusting for sex, bilirubin, and albumin
levels at 3 months post-HPE.*’

In addition to traditional markers, several novel
pro-fibrotic factors have recently been identified in
BA. Autotaxin, a fibrogenic enzyme produced by
lysophosphatidic acid, is significantly elevated in BA
and correlates strongly with both severe liver stiff-
ness (B coefficient: 0.012) and Metavir fibrosis stage
(r=0.79).*3°8 Similarly N6-methyladenosine (m6A)
and thymus cell antigen-1 (THY1), both implicated in
extracellular matrix organization and hepatic stellate
cell activation, are markedly increased in BA patients
relative to controls and linked to poorer overall
prognosis.*®

413 |
markers

Cellular proliferation and immune

Beyond ECM remodeling, markers of cellular prolifer-
ation and immune activation have emerged as potential
prognostic indicators in BA. Signal transducer and
activator of transcription 3 (STAT3) plays a central role
in mediating signals from cytokines and growth fac-
tors.®® Fu et al. demonstrated that reduced hepatic
expression of STAT3 in BA patients led to increased
production of the neutrophil chemoattractant CXCL1
and biliary epithelial cell injury. In murine models,
STATS activation was shown to attenuate inflammation
and prolong survival beyond 25 days.*® The cellular
proliferation marker Ki67 has similarly shown prog-
nostic value, as higher expression in BA correlates with
poor native liver survival post-HPE. Specifically, a Ki67
area proportion >0.77% significantly predicted worse
outcomes (HR: 9.29, 95% Cl 3.47-24.91).%"

41.4 | Immune activation

In addition to proliferative markers, immune cell
polarization and cytokine signaling in the liver
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influence disease progression. Nagayabu et al. ex-
amined the prognostic role of hepatic macrophage
polarization, reporting that a higher ratio of anti-
inflammatory, fibrosis-associated M2 macrophages
correlated with improved native liver survival
and reduced need for liver transplantation within
2 years.®® Conversely, patients with predominant
pro-inflammatory M1 macrophages experienced
increased rates of postoperative cholangitis and
poorer outcomes.®® Immune interactions involving
dendritic cells, Th17 cells, and macrophages have
also been identified as key drivers of intrahepatic bile
duct injury in BA. This pathway primes naive CD4+ T
cells to produce IL-17A, which stimulates cholangio-
cytes to release chemokines such as CCL2, thereby
recruiting CD68+ inflammatory macrophages.®® Spe-
cifically, dendritic cells prime naive CD4 + T cells to
produce IL-17A, triggering CCL2 secretion from cho-
langiocytes, which subsequently recruits inflammatory
macrophages and intensifies bile duct injury.>? In line
with these findings, Lages et al. showed prominent
IL-17A-positive cell infiltration in the portal triads of BA
patients with progressive disease necessitating liver
transplantation within 2 years of age.®?

4.1.5 | Multi-gene signatures

Expanding upon single-gene and pathway-level
analyses, recent studies have identified multi-gene
expression profiles that enhance prognostic stratifi-
cation in BA. Luo et al. defined a 14-gene molecular
signature, combined with total bilirubin levels
3 months post-HPE, which strongly correlates with
survival outcomes at 2 years of age. In the low-
survival group, fibrosis-related genes were promi-
nently expressed and associated with a HR of 2.2 for
poor outcomes (95% CIl: 1.4-3.6). In contrast, high
expression of genes involved in glutathione metab-
olism was linked to improved survival, and treat-
ment with N-acetylcysteine in experimental models
attenuated liver fibrosis.®’

Similarly, Moyer et al. identified distinct molecular
subtypes in BA based on gene expression patterns.
Patients with an inflammatory molecular signature
exhibited overexpression of 77 genes primarily asso-
ciated with immune system activation, including
pathways related to T-cell and natural killer (NK) cell
function.®? Clinically, this group was characterized by
earlier age at diagnosis and better transplant-
free survival, suggesting that the inflammatory signa-
ture may represent an earlier, potentially more
responsive disease stage. In contrast, a fibrosis-
associated signature marked by upregulation of
38 genes involved in extracellular matrix production
and tissue remodeling was linked to more advanced
disease and poorer outcomes.®?

e

In addition to molecular and histological markers,
imaging modalities, particularly ultrasound elasto-
graphy based techniques, have emerged as valuable
tools for assessing disease progression and predicting
outcomes in BA post-HPE. Shear wave elastography
(SWE), a quantitative ultrasound technique, has shown
promise in identifying advanced hepatic fibrosis both
pre- and postoperatively, with variable cut-offs in dif-
ferent studies. Before HPE, liver stiffness values >
17.5 kPa were predictive of significant fibrosis (F3—F4),
with 63.6% sensitivity and 86.4% specificity.®® Post-
operatively, patients with poor outcomes exhibited
significantly higher liver stiffness (11.71 kPa) compared
to those with good outcomes (6.11 kPa).5* A study by
Yoon et al. demonstrated that a liver SWE cutoff of
10.3kPa on the day of surgery predicted poor out-
comes with 100% sensitivity and 73.9% specificity,
while a threshold of 11.4kPa on postoperative Day 5
provided 75% sensitivity and 73.9% specificity.®® SWE
has also been useful in predicting native liver survival in
BA patients following HPE.®® Patients with liver stiff-
ness <15.0kPa had favorable native liver survival,
whereas those with stiffness values between 15.0 and
23.1kPa were at moderate risk of poor outcomes.
Notably, liver stiffness>23.1 kPa was associated
with a significantly increased risk of liver failure, with
a HR of 4.0 and likelihood of transplantation within
12 months.®® In another study, Hwang et al. reported
that a SWE liver stiffness threshold of 8.7 kPa could
effectively distinguish pre-cirrhotic patients from those
with compensated or decompensated cirrhosis, with a
sensitivity of 81.3% and specificity of 86.7%.°°

4.2 | Imaging tools

4.3 | In vitro and computational
prognostic modeling systems

Complementing advances in imaging and molecular
profiling, in vitro systems and computational models
have recently emerged as innovative tools to predict
outcomes in BA following HPE.

4.3.1 | Patient derived organoids

Organoids are three-dimensional, miniaturized struc-
tures derived from stem cells that recapitulate key
structural and functional aspects of native tissues. Wai
et al. demonstrated that organoids generated from BA
patients with native liver survival exhibited a pro-
nounced shift toward cholangiocytic gene expression,
resembling healthy control organoids. None of the
patients in the native liver survival group required
liver transplantation during a mean follow-up period of
2.9 years (range: 1.64-5.57 years). In contrast,
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organoids from patients who subsequently required li-
ver transplantation retained elevated expression of
hepatocyte-associated genes post-HPE. These orga-
noids exhibited significant upregulation of CYP3A4 and
CYP2ET1 (log, fold change: 14.50 and 10.94, respec-
tively) and concurrent downregulation of cholangiocyte
markers AQP7 and SOX9 (log, fold change: —1.9 and
—1.76, respectively).®”

4.3.2 | Prediction models
Several predictive models incorporating combinations
of clinical, biochemical, imaging, and transcriptomic
data have been developed to estimate prognosis in BA.
Wang et al. proposed a multi-parameter model inte-
grating preoperative SWE, a nine-gene prognostic
classifier, albumin levels, and age at surgery to predict
native liver survival following HPE.®® Key predictors of
poor outcome included liver stiffness > 23.1 kPa, serum
albumin<33¢g/L, and age at surgery>81 days. The
model demonstrated strong predictive performance,
with a concordance index (C-index) of 0.83 in the
training cohort and 0.74 in the validation cohort, out-
performing earlier models lacking gene expression
data. Notably, 12-month native liver survival was 80.8%
in the low-risk group versus 35.7% in the high-risk
group.®®

The Biliary Atresia Liver Fibrosis (BALF) score is
another risk model that incorporates clinical and bio-
chemical parameters, including TB, GGT, albumin, and
age, to predict post-HPE liver fibrosis severity.®® A
BALF score >4.12 identified patients at high risk of
advanced fibrosis and poor outcomes, while a thresh-
old of 5.64 predicted cirrhosis (F4) with 94.1% sensi-
tivity and 93.3% specificity.®® Zhen et al. developed an
additional early prognostic scoring system specific to
type lll BA, incorporating variables such as early cho-
langitis, age at surgery, time to jaundice clearance,
postoperative total and direct bilirubin, ALT, AST, and
surgical approach (laparoscopic or open).”® A cutoff
score of 7.71 effectively distinguished patients with
native liver survival at 2 years, with a sensitivity of 86%
and specificity of 98%."°

5 | DISCUSSION

Meaningful advances have been made in refining risk
prediction strategies for BA, a disease marked by
clinical heterogeneity and variable responses to
surgical intervention. A broad range of prognostic
markers has been investigated, including labora-
tory parameters, histopathologic features, molecular
biomarkers, imaging modalities, and integrative
scoring systems, to predict disease progression and
transplant-free survival. Serum markers such as

bilirubin, bile acids, GGT, cytokines (IL-8, IL-18,
IL-34, and IL-12p40), and fibrosis-related proteins
(MMP-7, COMP, CLU, FGF19, and M2BPGi) have
shown predictive utility in cohort studies. Histologic
findings and hepatic gene expression profiles have
identified key pathways involving bile duct injury,
matrix remodeling, immune activation, and hepato-
biliary development that associate with prognosis.
Early studies in patient-derived organoids in BA show
some prognostic utility. Noninvasive imaging tools
such as shear wave elastography offer quantitative
thresholds linked to fibrosis severity and clinical
outcomes. Computational models and scoring sys-
tems, incorporating gene expression, biochemical
data, and imaging parameters, represent a novel
direction in individualized prognostication.

Important limitations persist in the interpretation
and clinical applicability of prognostic biomarkers in
BA. Most studies are single-center or involve
small cohorts, limiting generalizability. Variability in
assay platforms, biomarker thresholds, and follow-
up metrics complicates cross-study comparisons
and precludes the establishment of a standardized
prognostic approach. Consequently, no single bio-
marker or model currently serves as a universally
accepted tool for clinical risk stratification in BA.
Future progress will require large, multicenter stud-
ies using standardized protocols to validate the utility
of candidate markers and composite models. Inte-
grating datasets through centralized platforms or
data commons may enable harmonized analyses
and improve reproducibility. Ultimately, a rigorously
validated, multi-modal prognostic model combining
clinical, molecular, and imaging data may be es-
sential to advance personalized management strat-
egies in BA.

6 | CONCLUSION

A breadth of prognostic biomarkers, ranging from lab-
oratory parameters, histology, serum markers, imag-
ing, and integrative scoring systems, show promise in
BA and are presented in this review. Future studies in
multicenter cohorts are required to determine clinical
utility.
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