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Background: Distinguishing biliary atresia from non-biliary atresia in patients with cholestasis is
challenging, as these conditions have a similar clinical presentation. We developed and externally validated a
screening model for biliary atresia and devised a web-based calculator for use in clinical settings.

Methods: A screening model was developed based on data from 227 cholestatic infants (82 and 145 with
and without biliary atresia, respectively) and validated in 234 infants (90 and 144 with and without biliary
atresia, respectively) admitted to three hospitals. Variables were selected from routine examination results
using the least absolute shrinkage and selection operator method and entered into a logistic regression model
to construct a biliary-atresia-risk—predicting equation. Cutoff values for risk stratification were estimated
using model sensitivity, derived from the receiver-operating characteristic curves.

Results: The final screening model included seven variables (i.e., weight at admission, clay-colored stools,
y-glutamyl transpeptidase and albumin levels at admission, abnormal gallbladder, triangular cord sign, and
change in total bilirubin levels). The model generated an area under the curve of 0.94 with a sensitivity
of 91.46 and specificity of 86.62 in the derivation cohort. This was confirmed in the validation cohort, as
we found an area under the curve of 0.93 with a sensitivity of 93.1 and specificity of 80.15. Patients were
stratified into three risk groups (low-, moderate-, and high-risk groups). Biliary atresia was excluded in the
low-risk group. The high-risk group showed a higher detection rate of biliary atresia compared to the stool
color screening method alone. This model was integrated into a user-friendly web-based system.
Conclusions: The screening tool had a high predictive value and may help in decision-making by
physicians at tertiary and community hospitals.
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Introduction

Biliary atresia (BA) is a common cause of cirrhosis and
end-stage liver disease in children and, if untreated, can
lead to death within the first 2 years of life (1-3). Recently,
several studies have provided compelling evidence that
early surgical intervention (Kasai portoenterostomy) could
significantly improve the prognosis of patients with BA (4,5).
When Kasai hepatic portoenterostomy is performed within
the first 45 days of life, the survival rates with the native
liver can reach 65.5% and 40.5% at the age of 2 years and
15 years, respectively (5). Therefore, prompt diagnosis for
BA is required.

Intraoperative cholangiography (I0C) is the gold
standard for the diagnosis of BA. It is an invasive procedure
that presents a risk of developing adverse effects.
Moreover, this surgical procedure requires the skills of
experienced surgeons and anesthesiologists, limiting its
use in the primary or secondary hospital setting. Lack
of interventional exploration could delay diagnosis and
treatment; at the same time, referral to a tertiary hospital
could expose infants without BA to unnecessary invasive
examination. Thus, a screening method is crucial and could
lead to significant progress in the timely detection of BA in
infants with cholestasis.

Currently, in Japan and Taiwan, screening the pale stools
of infants with biliary atresia using the stool color chart has
been widely used. This might have resulted in improved
treatment times (6,7). However, the sensitivity of stool color
card screening at the 1-month check-up was only 76.5% (7).
Besides, the serum direct bilirubin concentration was used for
BA screening in an American cohort study and showed high
sensitivity and specificity rates (8). However, these screening
tools showed an extremely low positive predictive value
(5.9%), which means that elevated direct bilirubin can also
been found in conditions with severe intrahepatic cholestasis,
such as cytomegalovirus hepatitis (8,9). Jancelewicz et al.
developed a screening algorithm for the exclusion of biliary
atresia in infants with cholestatic jaundice. However, this
algorithm included percutaneous cholangiogram or liver
biopsy, which was an invasive procedure (10). This fact
limited the potential of these tools as accurate biomarkers
for early screening in infants with cholestasis. To date, there
is no single non-invasive diagnostic procedure that is clearly
superior in the diagnosis of BA (11). Furthermore, infants
with BA present with elevated total bilirubin (TBIL), direct
bilirubin (DBIL), and liver transaminases levels, including
y-glutamyl transpeptidase (GGT) levels (3,12). In cases of
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a progressive congenital cholangiopathy, there are no data
supporting the idea that dynamic changes in these variables
could help to predict BA.

In this study, we postulated that a multivariate model
based on routine noninvasive tests may help screen infants
with cholestasis for the presence of BA. Moreover, to
facilitate the utilization of our models, we intended to
develop an online medical calculator based on the screening
model. Thus, our aim was to develop and externally validate
a screening model for BA based on routinely available
examinations and develop a web-based tool to aid decision-
making in cases of patient referral and IOC examination.
The present manuscript was written in accordance with the
TRIPOD reporting checklist (available at http://dx.doi.
org/10.21037/tp-20-170) (13).

Methods
Study design

This retrospective study was conducted in two-stages and
involved three large tertiary hospitals in Shanghai, China.
First, to develop a screening model for BA, we obtained
a derivation cohort by collecting data from infants with
cholestasis admitted to Xinhua Hospital between January
2010 and April 2019. Next, we assembled an external
multicenter validation cohort from Shanghai Children’s
Medical Center (January 2016 to August 2019) and
Children’s Hospital of Shanghai (June 2014 to August 2019)
to validate the performance of this model.

Ethical statement

The study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). The study was approved by
the Institutional Review Board of each participating hospital
(ethical approval No. XHEC-C-2019-073) and individual
consent for this retrospective analysis was waived.

Participants and data collection

The inclusion criteria for infants participating in the study
were as follows: age at first hospital admission <100 days;
gestational age >34 weeks or birth weight >2,000 g;
DBIL >20% of the TBIL for TBIL >85 pmol/L or DBIL
>17 pmol/L for TBIL <85 pmol/L (14). At admission,
routine investigations were conducted to establish the
diagnosis including the liver function test and ultrasound
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682 Patients with cholestasis in Xinhua Hospital
From January 2010 to April 2019
First admission age <100 days
Birthweight =2000g or gestational age >34 weeks

455 Excluded
19 with congenital multiple
malformation
33 inability to undergo the
ultrasound
7 with congenital choledochal
cyst
40 refused intraoperative
cholangiography
88 insufficient follow-up
measures to establish
a diagnosis of biliary atresia
268 had only one liver function
tests before operation
during hospitalization

Y

406 Patients with cholestasis in Shanghai Children’s Medical
Center from June 2016 to August 2019, and Children’s
Hospital of Shanghai form June 2014 to August 2019
First admission age <100 days
Birthweight =2000g or gestational age =34 weeks

Y

227 infants were included in this study

Y

Derivation Cohort
Construction of a screen model

Figure 1 Flowchart of the study population.

(US) examination. The ultimate diagnosis of BA was
confirmed by IOC in combination with histological features
of intraoperative liver biopsies, which showed abnormal
biliary tree, bile duct proliferation, bile plugs, moderate
to marked ductular reaction, portal stromal edema, and
periportal fibrosis (3,15,16). Non-BA was confirmed by
IOC, showing a patent biliary tree or normalized/obviously
decreased bilirubin values during hospitalization until
discharge or at follow-up.

The exclusion included multiple congenital
malformations, congenital choledochal cyst, inability to
undergo US scans, refusal to undergo IOC, and insufficient
follow-up measurements to establish a diagnosis of biliary
atresia. Moreover, to obtain the dynamic change in liver
function parameters for each patient, we excluded those
who had undergone only one liver function test before
operation during hospitalization.

Finally, the data obtained from 227 patients (82 BA
and 145 with and without BA, respectively) were used
to build a logistic regression model and to determine a
screening score. Two hundred and thirty-four patients
(90 BA and 144 with and without BA, respectively) were
used to build a logistic regression model and to determine
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172 Excluded
14 with congenital multiple
malformation
16 inability to undergo the
ultrasound
5 with congenital choledochal
—> cyst
29 refused intraoperative
cholangiography
23 insufficient follow-up
measures to establish
a diagnosis of biliary atresia
85 had only one liver function
tests before operation
during hospitalization

234 infants were included in this study

Y

External Validation Cohort
Predict accuracy of the screen tool

a screening(s) were used to validate the scoring system
(Figure 1). Clinical data (i.e., patient demographics; clinical
symptoms; parameters of conventional US; and serum
TBIL (pmol/L), DBIL (pmol/L), alanine transaminase
(U/L), aspartate transaminase (U/L), alkaline phosphatase
(U/L), GGT (U/L), and albumin (g/L) levels were obtained
from hospital records. Liver function was assessed on
hospital admission and subsequently during routine clinical
and laboratory workup at 5-7 days following admission
every week until discharge. The dynamic change (A) in
liver function parameters was determined by calculating the
difference between the value measured at admission and
that obtained from the first repeat measurement following
admission and before surgical operation. The gallbladder
length was assessed by US. Especially, non-visualization of
the gallbladder or gallbladder length <15 mm was defined
as abnormal (17). Triangular cord (T'C) sign was defined as
the presence of an abnormal triangular or tubular echogenic
area in the porta hepatis region (18).

Statistical analyses

Based on the results of our pilot study, we found that
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Table 1 Demographic characteristics of study population including the derivation and validation data set (N=461)

Parameters Study population Derivation data set  Validation data set Validation vs.
(n=461) (n=227) (n=234) derivation, P
Birth weight, mean (SD), g 3,157.3+516.7 3,148.5+481.8 3,165.9+549.3 0.719
Age at admission, mean (SD), day 47.6+20.7 45.2+18.4 49.9+22.5 0.012
Weight at admission mean (SD), g 4,444 1+1,082.7 4,242.9+998.0 4,640.9+1,127.3 <0.001
Gestational age
Preterm, No. (%) 47 (10.2) 21(9.9) 26 (11.1) 0.509
Term, No. (%) 414 (89.8) 206 (90.7) 208 (88.9)
Sex
Male, No. (%) 269 (58.4) 137 (60.4) 132 (56.4) 0.391
Female, No. (%) 192 (41.6) 90 (39.6) 102 (43.6)

SD, standard deviation.

some parameters such as DBIL, GGT, or TC sign were
significantly changed in the BA group. The sample size was
calculated by these parameters using the SAS power and
sample size application 13.2 (SAS Institute Inc., Cary, NC,
USA) to calculate 95% confidence interval (CI) and 80%
power. We calculated and chose the biggest estimated sample
size, which was at least 218 participants for the derivation set.
Assuming half of the derivation set, we calculated a sample
size of at least 109 participants for the external validation set.

In the derivation cohort, we used the least absolute
shrinkage and selection operator (LASSO) method to
select the potential predictors of BA. LASSO procedures
are frequently used in domains with very large datasets,
which can shrink small coefficients exactly to zero, resulting
in a sparse representation of the solution. Therefore, this
procedure could provide a method for variable selection by
shrinking the regression coefficients (19). Predictors were
identified using the LASSO procedure and inserted into
multivariate logistic regression models. The final logistic
regression model was fit to identify a screen algorithm
for BA. Receiver operating characteristic (ROC) curves
were constructed to evaluate the predictive properties of
each selected predictor, and the ability of the model to
discriminate between patients with and without BA by
using the derivation data. This model was applied to the
validation cohort to verify diagnostic ability.

To evaluate the effectiveness of the model in risk
stratification, we further estimated the risk of BA for
participants assigned into three stratified groups: the low-,
moderate-, and high-risk groups. The two risk cutoff points
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that would achieve the desired partitioning were defined as
the highest probabilities that maintained sensitivity rates of
100% and 80% in the derivation cohort (20). The detection
rate in each risk group was calculated for the derivation and
validation sets. We also developed a user-friendly online
calculator to assist readers with the application of our models.

In univariate analysis, the Chi-squared test was performed
for categorical variables, while Student’s 7 test or the
Wilcoxon test was used for continuous variables. Descriptive
results were expressed as means + standard deviations
(SD), medians (interquartile ranges, IQRs), or numbers
(percentages) of individuals. A statistically significant
difference was defined as a P value <0.05. Statistical analysis
was performed using SAS 9.2 (SAS Institute, Inc.) and
illustrations were plotted using Origin 9 (OriginLab Corp.,
Northampton, MA, USA).

Results
Characteristics of derivation and validation coborts

The derivation (n=227) and validation cohorts (n=234)
comprised a total of 461 participants, with 172 (37.3%)
cases of BA observed after performing IOC. The
demographic characteristics of the derivation and validation
cohorts are presented in Table 1. Overall, 269 male and
192 female infants were enrolled in the study, with a mean
admission age of 47.6+20.7 days. Compared with the
derivation cohorts, patients in the external validation cohort
were slightly older and heavier.

The final diagnoses in the non-BA group included
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idiopathic neonatal/infantile hepatitis syndrome (n=182),
cytomegalovirus hepatitis (n=81), parenteral nutrition
associated cholestasis (n=12), Alagille’s syndrome (n=5),
neonatal intrahepatic cholestasis caused by citrin deficiency
(n=4), sepsis (n=2), tyrosinemia (n=2), and Epstein-Barr
virus infection (n=1).

Construction of the BA screen scove in the derivation cobort

In the derivation cohort, we collected basic characteristics
to identify cholestatic patients with a risk of BA. There
were no significant differences between the BA and non-BA
groups in demographic and clinical parameters, including
age at admission, sex, recurrent jaundice, hepatomegaly, and
splenomegaly (P>0.05, all). Patients with BA had higher
birthweight and weight at admission and higher frequency
of clay-colored stools compared with those without BA.
Regarding liver function, there were significant differences
in the value of A total bile acid, ATBIL, DBIL, ADBIL,
and GGT (U/L) at admission between the BA and non-
BA groups. The frequency of abnormal gallbladder size and
the presence of triangular cord sign were also significantly
higher in the BA than in the non-BA group (7able 2).

We applied the LASSO procedure to all variables. Using
the LASSO approach, we retained seven measurements, to
identify the predictor variables of BA: weight at admission,
clay-colored stools, GGT and albumin level at admission,
abnormal gallbladder, TC sign, and ATBIL. Figure 2 plots
the coefficient progression of the different variables for BA
and non-BA in the LASSO model. The seven variables were
entered into a logistic regression model to construct an
equation predicting the likelihood of BA. Table 3 shows the
coefficients obtained from the univariate logistic regression,
along with the diagnostic performance of each variable.
Significantly elevated odds ratios (ORs) were observed for
weight at admission, abnormal gallbladder, triangular cord
sign, clay-colored stools, GGT levels at admission, and
ATBIL. A significantly decreased OR was observed for the
albumin levels at admission. Among the routine laboratory
and US examinations, GGT at admission, clay-colored
stools, and triangular cord sign had the highest area under
the curve (AUC), highest sensitivity, and highest specificity,
respectively.

Finally, we developed the following formula to identify
patients with BA:

P=1/(1+1/(exp((-3.5872)+ (0.8644)*weight at admission +
1.4572* clay-colored stools + 1.8654*abnormal gallbladder
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+0.00317*GGT at admission + 0.0158*ATBIL + (-0.0807)*
albumin at admission + 2.5456*T°C sign)))

The regression coefficients represent per unit change
increase in the contribution of each predictor to the
calculation of the log odds of a patient being a case. The
overall AUC of the prediction model was 0.94 (95% CI:
0.899-0.967), with a sensitivity of 91.46 (95% CI: 83.2—
96.5) and a specificity of 86.62 (95% CI: 79.9-91.7). This
formula was referred as a screening tool for BA.

To evaluate the effectiveness of the model in risk
stratification and clinical utility, we divided patients into
three groups (low-, moderate-, and high-risk groups) based
on their risk probabilities. The two risk cutoff points were
determined to achieve the desired partitioning and were
defined as the highest probability maintaining sensitivities of
100% and 80%, with predicted probabilities of 0.05317 and
0.49998. As a result, 33.9%, 36.6%, and 29.5% of the total
population from the derivation data set were assigned into
the high-, intermediate-, and low-risk groups, respectively
(1able 4, Figure 3). The detection rate for BA was 85.7% in
the high-risk group. This was higher than the detection rate
of the stool color screening method alone and there were no
cases of BA in the low-risk group (7uble 4).

External validation model

In the external validation data set, data from 234 patients
(90 and 144 with and without BA, respectively) were used to
verify the applicability of the BA screen formula. The ROC
curve constructed by the screen model yielded an AUC of
0.93 (95% CI: 0.890-0.962) with a sensitivity of 93.1 (95%
CI: 85.6-97.4) and specificity of 80.15(95% CI: 72.3-86.6),
which were similar to those observed in the derivation
cohort.

The two cut-off points were applied to the validation date
set, and approximately 36.3%, 36.3%, 27.3% of patients
were classified into the high-, intermediate-, and low-risk
groups, respectively. The detection rate for the high-risk
group was 84.7%, which was similar to that observed in
the derivation cohort and higher than that obtained after
using the stool color screening method alone. Interestingly,
80.5% and 80.0% of BA cases fell into the high-risk group
in the derivation and validation set, respectively, and no
case fell into the low-risk group (1able 4, Figure 3). The
detection rate for the high-risk group in both datasets was
greater than twice compared to the corresponding of the
total population (7able 4).
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Table 2 Baseline characteristics of patients with vs. without biliary atresia in the derivation cohort (N=227)
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Parameters BA (n=82) Non-BA (n=145) P
Birth weight (g) 3,252.0+460.7 3,090.0+485.1 0.015
Age at admission (day) 46.0+15.6 44.7+19.9 0.586
Weight at admission (g) 4,508.8+900.1 4,092.6+1,022.0 0.002
Preterm 5(6.1) 16 (11.0) 0.218
Male 51 (62.2) 86 (59.3) 0.67
Clinical measures
Recurrent jaundice 20 (24.4) 36 (24.8) 0.941
clay-colored stools 42 (51.2) 29 (20.0) <0.001
Hepatomegaly 38 (46.3) 59 (40.7) 0.408
Splenomegaly 10 (12.2) 21 (14.5) 0.630
Liver function test
TBA at admission (umol/L) 103.1 (76.2, 127.9) 91.0 (64.8, 132.5) 0.091
ATBA -0.9 (-19.9, 13.0) -10.9 (-46.6, 11.0) 0.013
ALT at admission (U/L) 124.0 (73.3, 213.5) 115.5(61.8, 184.5) 0.446
AALT (U/L) 14.5(-21.0, 48.3) 6.0 (-28.3, 81.3) 0.744
AST at admission (U/L) 193.0 (129.3, 308.5) 168.0 (98.0, 290.3) 0.109
AAST (U/L) 0.1 (-46.3, 50.3) -12.5(-82.5, 53.8) 0.252
AKP at admission (U/L) 461.0 (358.0, 624.5) 488.5 (349.0, 619.3) 0.656
AAKP (U/L) -32.5(-100.5, 45.5) -57.5 (-146.0, 26.3) 0.080
TBIL at admission (umol/L) 159.7 (138.6, 187.5) 149.7 (103.0, 211.1) 0.185
ATBIL (umol/L) -5.3 (-26.9, 16.6) -47.6 (-83.6, —14.4) <0.001
DBIL at admission (umol/L) 96.3 (72.7, 126.5) 82.0 (50.2, 116.8) 0.004
ADBIL (umol/L) 7.4 (-8.4,28.4) -15.8 (-40.8, 6.7) <0.001
GGT at admission (U/L) 427.0 (221.3,731.5) 133.0 (81.8,218.5) <0.001
AGGT(U/L) 10.5 (-37.5, 83.3) -10.5 (-42.0, 36.5) 0.06
ALB at admission (g/L) 37.4 (34.7,41.0) 37.5(34.4, 39.9) 0.780
AALB (g/L) -0.8(-4.2,2.1) -1.0(-3.3, 1.6) 0.822
Ultrasonography findings
Abnormal gallbladder (N, %) 47 (57.3) 24 (16.6) <0.001
Triangular cord sign 32 (39.0) 5(3.4) <0.001

BA, biliary atresia; TBA, total bile acid; ALT, alanine transaminase; AST, aspartate transaminase; AKP, alkaline phosphatase; TBIL, total
bilirubin; DBIL, direct bilirubin; GGT, y-glutamyl transferase; ALB, albumin. Data are presented as mean + standard deviation, N (%), or
median (IQR, inter quartile range).
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selected from the model, including weight at admission, abnormal gallbladder, triangular cord sign, clay-colored stools, GGT at admission,

albumin at admission, and A Total bilirubin. LASSO, least absolute shrinkage and selection operator; AICC, corrected Akaike's information

criterion; GGT, y-glutamyl transpeptidase.

Clinical usefulness of the risk calculator

To facilitate the utilization of our model, we developed a
detailed user-friendly online version of the risk calculator
(available free of charge at http://infantsmec.cn/exp/). This
was developed to allow clinicians to use the screening tool
for rapid calculation of BA risk in patients, facilitating the
decision making in clinical practice.

An example of risk calculation is presented: in the
validation cohort, a 50-day-old infant with cholestasis
underwent routine investigations and repeated liver function
tests at 5 days after admission. The following data obtained
at admission were entered: weight, 4.5 kg; GGT, 585 U/L;
albumin, 33.9 g/L, TBIL, 126.7 pmol/L; repeated TBIL,
141.2 pmol/L; presence of the clay-colored stool; presence
of an abnormal gallbladder; and positive TC sign. Using
the calculator, we obtained an overall predictive ability of

0.99993. The infant was classified into the high-risk group

© Translational Pediatrics. All rights reserved.

and the IOC was recommended by the tool.

Discussion

In this study, we proposed a BA screening tool using
routine demographic, clinical, laboratory, and radiological
variables to discriminate between BA and other cholestatic
disorders. By combining seven easily obtained predictors
(including weight at admission, the stool color card value,
GGT and albumin at admission, presence of an abnormal
gallbladder, TC sign, and ATBIL), our final model
achieved high discrimination and capacity with an AUC
of 0.94, sensitivity of 91.46, and specificity of 86.62 in the
derivation cohort, and an AUC of 0.93, sensitivity of 93.1,
and specificity of 80.15 in an externally validated cohort.
Overall, 80.5% and 80% of BA cases fell in the high-risk
group in the derivation and validation sets, respectively, and
no case fell in the low-risk group. The detection rate in the
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Table 3 Univariate logistic regression analysis and diagnostic performance of selected parameters associated with biliary atresia in the derivation

cohort

Variable Standardized B OR (95% Cl) P value (9:;)CC|) Se?:;;”él;%) Sp‘(e;;fi/co”él)(%)
Weight at admission 0.458 2.37(1.42,3.98)  0.0032 0.61(0.55,0.68) 93.9(86.3,98.0)  27.59 (20.5, 35.6)
Abnormal gallbladder 0.559 6.46 (2.7,15.46)  <0.0001 0.70 (0.64,0.76) 57.32 (45.9,68.2)  83.33 (65.6, 80.6)
Triangular cord sign 0.605 12.75(3.93,41.37)  <0.0001 0.68 (0.61,0.74) 39.02 (28.4,50.4)  96.50 (92.0, 98.9)
Clay-colored stools 0.402 429(1.81,10.18)  0.0017 0.74 (0.68,0.80) 87.8(78.7,94.0)  55.56 (47.1, 63.8)
y-glutamyl transpeptidase ~ 0.818  1.003 (1.002, 1.005) <0.0001  0.82 (0.77, 0.87)  76.83 (66.2, 85.4)  75.17 (67.3, 82.0)
at admission

A Total bilirubin 0.863  1.016(1.008,1.024) <0.0001 0.7 (0.70,0.82) 81.71(71.6,89.4)  62.76 (54.3, 70.6)
Albumin at admission ~0.306 0.92(0.83,0.99) 00255 0.51(0.44,0.58) 31.71(21.9,42.9) 76.55 (68.8, 83.2)

AUC, area under the curve; Cl, confidence interval.

Table 4 Effectiveness of risk stratification based on the screen model and clay stool of biliary atresia in derivation and validation cohort

Derivation cohort (n=227)

Validation cohort (n=234)

. Detection Detection
No. of . Detection No. of )
. No. of biliary rate of . Detection rate  rate of
Biliary atresia cholestatic ) rate of . cholestatic No. of cases .
Cutoffs . atresia . biliary ) . of esophageal  biliary
screen method infants . biliary L infants classified ) L
e classified L atresia in e . . high-grade  atresia in
classified . ) atresia in classified into into each risk | . -
) . into each risk . the total . lesions in each the total
into each risk roup, N (%) each risk opulation each risk group, N (%) risk group (%) population
group, N (%) TP R group (%) PP group, N (%) group ) pop
(%) (%)
High risk group =0.49998 77 (33.9) 66 (80.5) 85.7 82/227 85 (36.3) 72 (80.0) 84.7 90/234
in the screen (36.1) (38.5)
model
Intermediate  <0.49998, 83 (36.6) 16 (19.5) 19.3 85 (36.3) 18 (20.0) 21.2
risk group in the >0.05317
screen model
Low risk group <0.05317 67 (29.5) 0 0 64 (27.3) 0 0
in the screen
model
Clay-colored Presence 71 (31.3) 42 (51.2) 59.2 62 (26.5) 35 (38.9) 56.5
stools in the

total population

high-risk group was much higher than that obtained using
the stool color method alone. Moreover, in our study, a user-
friendly online version of the risk calculator demonstrated
satisfactory outcomes, allowing the widespread use of this
model in clinical practice. Our tool may be valuable in making
decisions to screen patients and highlights the importance
of avoiding invasive procedures in low-risk patients, thus,
limiting the performance of IOC to high-risk patients.

To explore a combined screening tool for the diagnosis
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of BA using basic investigations that could be performed
routinely, we enrolled three tertiary care hospitals in
Shanghai receiving referrals of cases of cholestatic infants
from across China. In our prediction model, the estimated
risk may help distinguish individuals with different levels
of risk. We recommended 1I0C for individuals at high risk.
Surgical exploration was not recommended for patients with
a low BA risk. Further investigations, such as hepatobiliary
scintigraphy and liver biopsy, were recommended in
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Figure 3 Biliary atresia screening model in individual infants in
the derivation cohort and the validation cohort. This model had an
AUC of 0.94 (95% CI: 0.899-0.967) in the derivation cohort and
an AUC of 0.93 (95% CI: 0.890-0.962) in the validation cohort.
The dashed line represents the two cutoff values (0.05317 and
0.49998) for the high-, intermediate-, and low group. In the high-
risk group, the detection rate of BA was 85.7% in the derivation
cohort and 84.7% in the validation cohort, and no case fell in the
low-risk group in the derivation cohort (a) and in the validation
cohort (b), respectively. AUC, area under the curve; CI, confidence

interval; BA, biliary atresia.

patients with an intermediate risk of BA.

Seven final predictors were identified through the
LASSO method. Unlike standard multiple linear regression,
LASSO can control multicollinearity resulting from highly
correlated variables and performs shrinkage and automatic
variable selection simultaneously (21). Of these, clay-
colored stools had the highest sensitivity, which was one
key feature suggestive of BA. In some regions, stool color
cards have been used for mass screening for BA with high
sensitivity (7,22). Our results showed that in cholestatic
patients, clay-colored stools had a sensitivity of 87.8%,
specificity of 55.56%, and the detection rate of BA was
much lower than that in the high-risk group in both
cohorts. US, another simple and noninvasive procedure,
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was widely used. Several US findings have been described
as useful indicators of BA. Especially, the gallbladder length
and triangular cord sign, easily measured by conventional
US, are useful in the diagnosis of BA (23). Our study found
that TC sign had the highest specificity (96.50%), which
was consistent with previous studies (24). However, its poor
sensitivity (39.02%), indicated that diagnosis of BA should
not solely rely on this method.

Routinely-available liver function tests, which are useful
in the identification of BA, were also included in this model.
The usefulness of GGT to identify BA has been extensively
investigated and demonstrated (3,11). Interestingly, we
found that ATBIL concentration was higher in the BA than
in the non-BA group (P<0.001). ATBIL also had a high
standardized P value in the model, indicating that it had a
greater effect on the screening tool. Previous studies have
reported that elevated conjugated bilirubin levels could be
used to screen for BA in neonates (25). In our study, DBIL
was not included in this model using the LASSO method.
However, we found that elevated or slightly decreased TBIL
levels had a sensitivity of 81.71% for the diagnosis of BA
in infants with cholestasis. Observing the dynamic changes
in TBIL that might be more significant than TBIL levels
in identifying BA, since BA is a progressive hepatobiliary
disorder in infants with cholestasis. The Kasai procedure is
recommended within the first 60 days of life in infants with
BA, to achieve significant bile drainage (26). Therefore,
repeated liver function tests and observation procedures
within 1 week in cholestatic infants aged <60 days are
recommended, as this method does not delay diagnosis and
avoids unnecessary surgical intervention.

Recent studies have investigated the use of other scoring
systems to identify BA in infants with cholestasis (3,11,17,27).
Kim et al. reported that accurate diagnosis of BA among
neonates with cholestasis was achieved using a new scoring
system that combined clinical, US, and hepatobiliary
scintigraphy findings (17). El-Guindi et 4/. devised an
accurate diagnostic scoring system with high sensitivity and
specificity based on the histopathological evaluation of liver
biopsy, which is an invasive procedure (11).

Although these scoring systems may have greater accuracy,
our study, which was developed and validated in a large
cohort of patients with BA, presented several strengths. First,
the clinical and laboratory parameters used in our screening
tool were non-invasive, readily available, and routinely
ordered during hospital admission, even in the primary and
secondary hospital setting. Furthermore, the final optimized
BA screening tool is convenient to use with a freely accessible
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website that enables the clinicians to calculate the BA risk
and, therefore, may aid in decision making regarding the
appropriate patient care. Finally, we set up two cutoff points
to classify patients into three risk stratification groups.
Approximately 30% of patients were classified as having low
risk, and none of these patients were diagnosed with BA,
indicating that this screening tool has an excellent predictive
capability for excluding BA in the derivation and validation
cohorts. Therefore, particularly in the primary hospital
setting, patients could avoid undergoing unnecessary invasive
procedures, with savings in respect of the costs of referral to
and medical expenses incurred in large tertiary care hospitals.
However, some limitations of this study should be
addressed. First, the study protocol required all enrolled
patients to undergo two sets of blood tests to observe
changes in liver function. Thus, the number of enrolled
patients was lower than overall number of patients who
underwent IOC but were excluded, as they did not have
undergone two liver function tests. Second, this screening
tool did not include more accurate examinations, such
as hepatobiliary scintigraphy and liver biopsy (28), that
could be routinely requested in a tertiary referral center.
Nevertheless, the BA screening tool allows clinicians to use
commonly available laboratory parameters to make an initial
assessment, which would trigger further investigations.

Conclusions

In summary, our study provided a web-based clinical
tool for BA screening in clinical practice with low-cost
and easy-to-use stratification. This tool presented a high
accuracy of prediction and its performance was validated
in an independent population. Using this tool, clinicians
can identify BA in patients at an early stage of disease and
proceed promptly with IOC and Kasai portoenterostomy
in the high-risk group. The tool allows patients with a low
risk of BA to be discharged without the need for invasive
exploration. The web-based tool could help health-care
providers estimate stratification of the individualized
BA risk by inputting routinely available laboratory and
demographic-based variables. Therefore, its use would be of
great importance, as the physicians working at the tertiary
and community hospitals would easily identify cases of BA.
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