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Abstract

Objectives: To compare the predictive value of serum bile acids on native liver
survival (NLS) and portal hypertension (PH) at various time points early after
portoenterostomy (PE) in biliary atresia (BA).

Methods: This was a retrospective observational study. Serum bilirubin and
bile acid concentrations were defined by enzymatic spectrophotometry 1, 3,
and 6 months after PE. After defining optimal bilirubin and bile acids cutoffs by
area under the receiver operating characteristic (AUROC) curves, cutoffs were
compared with other predictors of NLS and PH in Cox regression.

Results: Out of 56 patients, 42 (75%) achieved clearance of jaundice (COJ,
bilirubin <20 pmol/L at 6 months). Both bilirubin and bile acids at 3 and
6 months were accurate predictors of NLS among all patients (AUROC
0.82-0.91, p <0.001). In COJ patients, bile acids (AUROC 0.82, p =0.003), but
not bilirubin, at 1 month also predicted NLS. Among all patients, the strongest
predictors of NLS were bilirubin >18.5 uymol/L and bile acids >150 pmol/L at
3 months, increasing the risk of transplantation/death seven- and eightfold,
respectively (p <0.001 for both). In COJ patients, the strongest predictor of
NLS was bile acids >119 pmol/L at 3 months, increasing the risk of trans-
plantation/death 12-fold (p =0.014). Bile acids and bilirubin at 3 and 6 months
predicted PH development in COJ patients with moderate accuracy (AUROC
0.72-0.78, p =0.004-0.019). Bilirubin >8.5 pmol/L and bile acids >78 pmol/L at
6 months increased PH risk 13-fold (p <0.001) and 4-fold (p =0.006).
Conclusions: Serum bile acids offer a simple and useful additional tool to
predict PE outcomes in BA, particularly after COJ.

Abbreviations: APRIi, aspartate aminotransferase to platelet ratio index; AUROC, area under the receiving operating characteristic; BA, biliary atresia; BASM, BA
splenic malformation; ClI, confidence interval; COJ, clearance of jaundice; GGT, gamma-glutamyl transferase; HR, hazard ratio; LT, liver transplantation; NLS, native
liver survival; PE, portoenterostomy; PH, portal hypertension; UDCA, ursodeoxycholic acid.
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Serum bile acids as predictors of biliary atresia outcomes

Serum total bile acids 1, 3 and 6
months after portoenterostomy predict
native liver survival with accuracy
comparable to bilirubin
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1 | INTRODUCTION

Biliary atresia (BA) is a rare fibroinflammatory cho-
langiopathy that ultimately leads to cholestatic cirrhosis
due to ascending destruction of intrahepatic bile ducts.’
BA is diagnosed among newborns and accounts for
most of childhood liver transplantations (LTs) globally.?
Primary treatment of BA is portoenterostomy (PE),
which involves the replacement of the extrahepatic bile
ducts with a jejunal conduit, with the goal of preventing
disease progression by restoring bile flow.® Over half of
the patients achieve clearance of jaundice (COJ) after
PE, indicated by normalization of serum bilirubin within
6 months.*

The chronic BA cholangiopathy progresses variably
after PE.” While unsuccessful PE necessitates early LT
almost uniformly, close to 20% of patients require LT
within the first 2 years and around half of the patients
before adulthood following successful PE.®3° Portal
hypertension (PH) and esophageal varices develop in
over two thirds of children by school age.>'° Frequent
follow-ups and surveillance endoscopies are utilized to
identify patients whose liver disease progresses rapidly
and those who may develop life-threatening variceal
bleeding."" Although postoperative serum bilirubin level
is associated with native liver survival (NLS),%'27"® cur-
rently no accurate means exists to predict the develop-
ment of clinical liver disease complications, especially
after successful PE.

Accumulation of bile acids is considered the prin-
cipal driver of liver injury in cholestatic conditions.'®
Serum bile acids measured at 6 months or thereafter
following PE have been demonstrated to predict com-
plications of liver disease as well as NLS.'” The pur-
pose of this study was to examine whether easily
available measurement of serum total bile acids predict
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What is Known

e There is a need for reliable, early markers of
liver disease progression in biliary atresia.

e Serum total bile acids at 6 months after suc-
cessful portoenterostomy (PE) associated
with clinical outcomes.

What is New

* Serum total bile acids at 3 and 6 months after
PE predicted native liver survival (NLS) with
accuracy comparable to bilirubin.

* Among patients who cleared their jaundice,
serum bile acids already at 1 month after PE
predicted NLS, and at 3 and 6 months, both
NLS and development of portal hypertension.

such outcomes even earlier after PE, and to compare
their prognostic value to postoperative bilirubin levels.

2 | METHODS

2.1 | Patients and study design

This was a retrospective study including all BA patients
who underwent PE at Helsinki University Hospital during
2005—2022. Exclusion criteria were indeterminate COJ
status in patients who deceased soon after PE due to
severe associated malformations (n=2) or primary LT
due to late presentation (n=1). In 2005, the management
of BA in Finland was centralized at Helsinki University
Hospital, which is also responsible for the nationwide LT
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program.'® The study protocol was approved by the
research ethics committee (345/13/03/03/2008) and hos-
pital review board (§70HUS/284/2019), and it conforms to
the Declaration of Helsinki.

2.2 | Clinical management

The diagnosis of BA was confirmed by intraoperative
cholangiography when possible and histopathology of the
liver and biliary remnants in all cases. Ursodeoxycholic
acid (UDCA, 50 mg/kg/day) was routinely started after PE
as soon as enteral intake was resumed. In addition,
dexamethasone was administered with decreasing doses
during the first postoperative month, and antibiotic pro-
phylaxis was continued for no less than the first year.'®
Primary prophylaxis of esophageal variceal bleeding was
implemented in annual upper Gl endoscopies initiating at
age of 12 months or earlier after unsuccessful PE if
bleeding was suspected.'®'® Grade >2 esophageal vari-
ces were eradicated by using endoscopic sclerotherapy or
band ligation.'®'® Patients underwent abdominal ultra-
sound and serum liver biochemistry measurement at
follow-up visits 3, 6, 9, and 12 months after PE and
thereafter at least annually in Helsinki.'®

2.3 | Data collection and definitions
Clinical baseline characteristics and Metavir stage at the
time of PE were collected.?® Metavir Stages 3 and 4 were
considered as advanced fibrosis. COJ was defined as
normalization of total bilirubin (<20 pmol/L) within 6 months
of PE. PH was defined as the presence of >Grade
2 esophageal varices or thrombocytopenia (<150 x 10%/L)
in association with splenomegaly (spleen length >2 z-
scores above the age- and sex-specific reference values)
as assessed by ultrasound examination.'%?

2.4 | Serum bilirubin and bile acids
measurements

Serum total bilirubin and bile acid concentrations mea-
sured immediately before or at the time of PE as well as 1,
3, and 6 months after PE were registered. Serum bilirubin
and total bile acids were measured from nonfasting serum
samples using the standard methods of the accredited
hospital laboratory. Enzymatic  spectrophotometry
(reagent by Sentinel Diagnostics®, Siemens Healthineer
Atellica CH Analyzer) was used to define total bile acids
concentrations.? The upper limit of normal for total serum
bile acids was considered 6 pmol/L according to the
hospital laboratory reference limits. For a subset of pa-
tients, also individual conjugated and unconjugated serum
bile acids were quantified using high-performance liquid
chromatography—tandem mass spectrometry.?®

2.5 | Statistical methods

Continuous variables were expressed as medians with
interquartile ranges (IQRs) unless otherwise stated.
Spearman rank correlation was used to examine as-
sociations between continuous variables. Fisher exact
test and Mann—-Whitney U test were used for group
comparisons, and the Wilcoxon signed-rank test was
used for paired data. Receiver operating characteristic
(ROC) curves and area under the ROC (AUROC)
curves were used to define optimal cutoff values with
the maximum sum of sensitivity and specificity for
detection of LT or death and PH development.
Dichotomous variables were created based on optimal
cutoff values, and these variables were used as pre-
dictors of transplant- and PH-free survival in Cox pro-
portional hazards regression models. NLS was defined
from birth to last follow-up visit, date of LT or death, and
PH-free survival was defined from birth until the date of
PH diagnosis. Bile acids and bilirubin measurement
with the best predictive value in univariable regression
(1, 3, or 6 months after PE) was selected for the mul-
tivariable regression model, along with other statisti-
cally significant predictors. The level of significance
was set at p <0.05.

3 |
3.1 |

RESULTS
Patient characteristics

Altogether 56 patients were included, of which 42 (75%)
achieved COJ after PE. The median age at PE was
54 days in COJ patients as opposed to 78 days in non-
COJ patients (Table 1). Most patients (95%) had Type 3
BA, and 11% had BA splenic malformation (BASM).
Advanced liver fibrosis (Metavir Stages 3 and 4) was
diagnosed in 38% of patients at the time of PE. At the
latest follow-up, 29 (52%) patients were alive with their
NL and 23 (41%) with LT, while no patient was currently
listed for LT. Median NLS was 6.3 years among all pa-
tients while 7.5 years in COJ patients (Table 1). During
follow-up, PH was diagnosed in 36 patients (64%) at the
median age of 2.1 (1.1-6.6) years, and >=Grade 2 eso-
phageal varices were detected in 22 (39%) patients.

3.2 | Serum bile acids

Preoperative serum bile acid levels showed no differ-
ence between COJ and non-COJ groups. After COJ,
serum bile acids decreased significantly but, unlike
bilirubin, remained markedly elevated without reaching
normal levels (Table 1, Figure 1). In contrast, after
unsuccessful PE, bile acids showed no postoperative
decline and at 3 months were significantly higher
compared to preoperative values (Table 1, Figure 1).
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TABLE 1 Patient characteristics.
All patients (n =56) COJ (n=42) No COJ (n=14) p
Type of BA, n (%)

1 1(1.8) 1(2.4) 0 (0)

2 2 (3.6) 2 (4.8) 0 (0)

3 53 (94.6) 39 (92.9) 14 (100) 0.57
Age at PE, d 58 (34-80) 54 (25-73) 78 (47-95) 0.038
Associated malformations, 19 (33.9) 14 (33) 5 (36) 1.0
n (%)

BASM, n (%) 6 (10.7) 4 (9.5) 2 (14) 0.47
PH, n (%) 36 (64.3) 26 (61.9) 10 (71.4) 0.037
LT, n (%) 26 (46) 13 (31) 13 (93) <0.001
Advanced fibrosis, n (%) 21 (38) 16 (38) 5 (36) 0.21
Esophageal varices, n (%) 22 (39.3) 18 (42.9) 4 (28.6) 0.53
Preoperative bilirubin 168 (129-203) 169 (123-206) 163 (142-200) 0.68
Bilirubin at 1 mo (umol/L) 61 (26-102)" 38 (18-64) 147 (99-215) <0.001
Bilirubin at 3 mo (umol/L) 16 (7-30)? 10 (5-20) 151 (92—288) <0.001
Bilirubin at 6 mo (umol/L) 11 (6-37)° 8 (4-15) 265 (39-389) <0.001
Preoperative bile acids 169 (130-229) 165 (125-228) 169 (140-298) 0.52
Bile acids at 1 mo 114 (81-210)* 106 (71-164) 220 (104-254) 0.005
Bile acids at 3 mo 122 (48-194)° 98 (39-162) 340 (149-417) <0.001
Bile acids at 6 mo 82 (43-221)° 61 (41-138) 262 (139-490) 0.001
Follow-up time (years)? 6.3 (1.4-10) 7.5 (5.3-13) 0.9 (0.8-1.3) <0.001

Note: Data missing for '2, 23, 4, 47, 51, and 9 patients. Bilirubin and bile acids are expressed as pmol/L.
Abbreviations: BA, biliary atresia; BASM, BA splenic malformation; COJ, clearance of jaundice; d, days; LT, liver transplantation; mo, months after PE; PE,

portoenterostomy; PH, portal hypertension.
2Time to latest follow-up visit, LT, or death.

Altogether 11 patients underwent quantification of
individual bile acid species median 160 (38-236) days
after PE. In these measurements, total bile acid con-
centration was 28% (-8% to 40%) lower compared to
the enzymatic routine hospital laboratory method (70
[51-114] pmol/L vs. 106 [47-205] pmol/L) and included
61% (50%—66%) of UDCA.

3.3 | Prediction of NLS

Among all patients, high AUROC values for NLS were
observed for both serum bilirubin (0.84-0.91, p < 0.001
for all) and bile acids (0.82-0.87, p <0.001 for all) at 1,
3, and 6 months after PE (Table S1). The highest
AUROC values were recorded at 3 months for both
serum bilirubin (0.91) and bile acids (0.87) (Table S1).

In COJ patients, the highest AUROC value was
observed for bile acids at 3 months (0.85, p=0.001)

and bilirubin at 6 months (0.86, p <0.001) (Table S1).
Notably, at 1 month, bile acids predicted NLS with good
accuracy (0.82, p=0.003), whereas bilirubin did not
(0.67, p=0.105) (Table S1). Although preoperative bile
acids were not associated with NLS, decreasing bile
acids at 3 months predicted NLS with good accuracy in
all patients (0.85, p <0.001) and with moderate accu-
racy in COJ patients (0.77, p =0.005) (Table S2).

The optimal cutoff values were determined to
create dichotomous variables for regression analyses
(Tables S1-S3). In univariable regression including all
patients, the presence of BASM as well as bilirubin and
bile acids 1, 3, and 6 months after PE predicted NLS
(Table 2). Bilirubin and bile acids at 3 months after PE
were associated with the highest risk of LT or death and
were included in the multivariable model. Both variables
remained significant predictors of NLS, with bilirubin
>18.5 pmol/L increasing the risk by sevenfold and bile
acids >150 pmol/L over eightfold (Table 2, Figure 1).
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(A) Serum bile acids according to COJ. Boxplots represent median values with IQR. Dots correspond to outlier values. (B) Cumulative

native liver survival in all patients according to bile acids 3 months after PE (n = 56). (C) Cumulative native liver survival in COJ patients according to bile
acids 3 months after PE (n = 42). Cutoffs represent the optimal cutoffs with maximal sum of sensitivity and specificity from AUROC analyses. AUROC,
area under the receiver operating characteristic; COJ, clearance of jaundice; IQR, interquartile range; PE, portoenterostomy.

In COJ patients, the strongest predictors of NLS were
BASM, preoperative bilirubin, bilirubin >18.5 umol/L at
3 months, and bile acids >119 pmol/L at 3 months after
PE (Table 3). In the multivariable model, only bile acids at
3 months after PE remained a significant predictor, with
values >119 pmol/L increasing the risk of LT or death
12-fold (Table 3, Figure 1).

3.4 | Prediction of PH after COJ

Prediction of PH was analyzed only after COJ as the
non-COJ group included only 14 patients, 13 of whom

underwent early LT at the median age of 0.5
(0.7-1.2) years. Both bile acids and bilirubin at 3 and
6 months after PE showed moderate accuracy in pre-
dicting the development of PH in COJ patients
(Table S3). In univariable regression, bilirubin
>8.5 ymol/L at 6 months after PE was the strongest
predictor for development of PH (hazard ratio [HR]: 13,
95% confidence interval [CI]: 3.6-44, p<0.001),
whereas bile acids >78 ymol/L at 6 months (HR: 3.9,
95% ClI: 1.5-10, p=0.006) and >162pmol/L at
3 months (HR: 3.7, 95% CI: 1.6-8.7, p =0.002) as well
as bilirubin >10 pmol/L at 3 months (HR: 5.1, 95% CI:
2.1-12, p <0.001) were also significant. Other patient
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TABLE 2 Predictors of native liver survival in all patients. Results obtained from Cox proportional hazards regression model (total n = 56).

Univariable Multivariable
HR (95% CI) P HR (95% CI) P
Age at PE (continuous) 1.01 (+) 0.117
Age >60 days at PE 1.1 (0.5-2.3) 0.819
Associated malformations 1.8 (0.8-3.8) 0.138
BASM 4.0 (1.6-10) 0.004 0.9 (0.3-2.8) 0.842
Type of BA (3 vs. 1/2) 24 (0.06-8900) 0.296
Advanced fibrosis at PE 1.2 (0.5-2.9) 0.615
Preoperative bilirubin >173 pmol/L 2.03 (0.9-4.4) 0.077
Bilirubin >67 ymol/L at 1 mo 5.4 (2.3-12) <0.001
Bilirubin >18.5 umol/L at 3 mo 8.2 (3.04-22) <0.001 7.0 (2.2-22) <0.001
Bilirubin >18.5 pmol/L at 6 mo 5.3 (2.3-12) <0.001
Bile acids >116 ypmol/L at 1 mo 3.4 (1.4-8.1) 0.007
Bile acids >150 pmol/L at 3 mo 8.6 (3.5-21) <0.001 8.2 (2.8-24) <0.001
Bile acids >110 pmol/L at 6 mo 5.6 (2.2-15) <0.001
Bile acids >40 uymol/L at 6 mo® 0.85 (0.35-2.0) 0.71
Change at 3 mo <19.55 pmol/L (n = 46) 2.1 (0.77-5.7) 0.15

Abbreviations: BA, biliary atresia; BASM, BA splenic malformation; Change at 3 mo, change in serum bile acids at 3 months compared to preoperative values; Cl,

confidence interval; HR, hazard ratio; mo, months after PE; PE, portoenterostomy.

2Based on reference'”.

TABLE 3 Predictors of native liver survival in COJ patients (n =42). Results obtained from Cox proportional hazards regression model.

Univariable Multivariable

HR (95% CI) P HR (95% CI) P
Age at PE (continuous) 1.00 (-) 0.816
Age >60 days at PE 0.7 (0.2-2.1) 0.519
Associated malformations 2.8 (0.9-8.5) 0.065
BASM 13 (3.1-53) <0.001 3.9 (0.7-22) 0.120
Type of BA (3 vs. 1/2) 24 (0.01-85,000) 0.403
Advanced fibrosis at PE 1.6 (0.4-5.9) 0.505
Preoperative bilirubin >173 pmol/L 6.6 (1.5-30) 0.014 1.0 (-) 0.308
Bilirubin >36 pymol/L at 1 mo 1.3 (0.4-4.2) 0.678
Bilirubin >18.5 umol/L at 3 mo 5.4 (1.6-18) 0.006 3.7 (0.8-18) 0.106
Bilirubin >10 pmol/L at 6 mo 5.1 (1.4-19) 0.014
Bile acids >116 pmol/L at 1 mo 3.2 (0.99-11) 0.052
Bile acids >119 pmol/L at 3 mo 6.8 (1.8-26) 0.005 12 (1.6-82) 0.014
Bile acids >138 pmol/L at 6 mo 4.5 (1.4-15) 0.013
Bile acids >40 uymol/L at 6 mo?® 0.86 (0.36-2.1) 0.74
Change at 3 mo (<19.55 pmol/L) 0.49 (0.18-1.34) 0.17

Abbreviations: BA, biliary atresia; BASM, BA splenic malformation; Change at 3 mo, change in serum bile acids at 3 months compared to preoperative values; Cl,

confidence interval; COJ, clearance of jaundice; HR, hazard ratio; mo, months after PE; PE, portoenterostomy.

2Based on reference'”.
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characteristics were unrelated to the risk of PH, and
none of the included variables remained significant in
multivariable regression.

4 | DISCUSSION

This is the first study comparing the predictive value of
bile acids and bilirubin at different postoperative time
points following PE. Our findings suggest that serum
total bile acid level, measured early after PE, is a val-
uable additional tool in predicting transplant-free sur-
vival following PE in patients with BA. In the whole
sample, serum bile acid concentration >116 pmol/L at
1 month, >150 umol/L at 3 months, and >119 pmol/L
at 3 months in COJ patients strongly predicted
decreased NLS.

Several studies have analyzed the value of different
biomarkers in the prediction of BA outcomes.?*2° Serum
fibroblast growth factor 19 predicted NLS at time of PE,
but its cutoffs await further validation in independent
patient cohorts.?® Predictive values of other biomarkers
measured at time of PE, such as aspartate amino-
transferase (AST) to platelet ratio index (APRi)?"2®
gamma-glutamyl transferase (GGT),2°"®" and albumin®2
have remained moderate at best. APRi, AST, alanine
aminotransferase, albumin, and GGT'3%'33 as well as
matrix metalloproteinase 7°* measured 1-3 months
after PE associated to variable degree with NLS. How-
ever, none of these markers has outperformed serum
bilirubin measured during the first months after PE which
remains the gold standard and the mostly utilized pre-
dictor of transplant-free survival.'®>'®%® Accordingly, in
our cohort, serum total bile acids measured with routine
hospital laboratory methods at 1, 3, and 6 months after
PE, predicted NLS with high accuracies comparable to
bilirubin. However, unlike bilirubin, serum total bile acids
showed a significant predictive ability for NLS already at
1 month after PE in COJ patients, demonstrating its
additional prognostic value following a successful PE.

Cholestasis leads to accumulation of bile acids,
which in high concentrations promotes tissue damage
and activates different pro-inflammatory pathways fur-
ther contributing to liver injury.®® Inflammation-induced
downregulation of bile acid transporters, on the other
hand, has been shown to promote cholestasis even
before obstruction of the extrahepatic biliary tree in a
BA murine model.®” Thus, bile acid accumulation plays
a central role in the development of liver injury in BA,
explaining its predictive ability. Considering the ability
of bile acid levels to predict outcomes in various other
cholestatic diseases,*®° it is not surprising that they
are also associated with liver disease complications in
BA. In addition to predicting NLS, bile acids and bili-
rubin are also associated with the development of PH in
patients with COJ. However, optimal predictive cutoffs
for bilirubin at 3 and 6 months were below the normal

upper limit (<20 pmol/L), which may confuse their clin-
ical use. Serum bile acids measured during a long-term
follow-up after PE have been shown to correlate with
the severity of ductular reaction, which, in turn, pre-
dicts NLS.”

Replacement of cytotoxic, hydrophobic bile acids
from the bile acid pool is one of the numerous
mechanisms of UDCA.*° Similar to adults with chronic
cholangiopathies,*® UDCA slightly decreases serum
total bile acids also in children with various cholestatic
diseases.*’ Accordingly, in a previous study among
BA patients, serum total bile acids were not affected
by UDCA use, and COJ patients had similar bile acid
levels at 6 months compared to our COJ subgroup.’’
These observations suggest that serum total bile acid
concentration rather reflects the severity of liver dis-
ease than UDCA use and makes our results appli-
cable to other COJ cohorts. In the study by Harpavat
et al., a serum bile acid cutoff of 40 umol/L was used
as a predictor of poor outcomes without performing
statistical analyses to justify cutoff selection.” We
consider our higher bile acid cutoffs reliable as they
were chosen according to AUROC analyses. In future
studies, individual bile acid concentrations should
preferably be defined and correlated to UDCA use
and patient outcomes to better understand their
interplay.

Among the strengths of this study were repeated
measurement of bile acids at certain postoperative time
points, the long follow-up period, and uniform treatment
and follow-up strategies. This is also the first study to
analyze serum bile acid levels longitudinally early after
PE and compare their predictive value at different time
points. The relatively small sample size is a limitation,
and we analyzed serum UDCA fractions only in a
subset of patients. However, centralized management
of BA enabled comprehensive and complete collection
of clinical data, including all BA patients undergoing PE
nationwide.

In conclusion, the measurement of serum total bile
acids offers a simple and useful additional tool to pre-
dict PE outcomes in BA. Studies in larger independent
patient cohorts are needed to validate the cutoffs and
evaluate further the role of bile acids in various liver
disease complications in BA.
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