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Abstract

Objectives: To assess neurodevelopmental outcomes among children with biliary atresia (BA) 

surviving with their native liver at age 3-12 years and evaluate variables that associate with 

neurodevelopment.

Methods: Participants (age 3-12 years) in a prospective, longitudinal, multicenter study 

underwent neurodevelopmental testing with Weschler Preschool and Primary Scale of Intelligence, 

3rd edition (WPPSI-III, age 3-5 yrs.) and Weschler Intelligence Scale for Children, 4th edition 

(WISC-IV, age 6-12 yrs.). Continuous scores were analyzed using Kolmogorov-Smironov tests 

compared to a normal distribution (mean = 100±15). Effect of covariates on Full-Scale 

Intelligence Quotient (FSIQ) was analyzed using linear regression.

Results: Ninety-three participants completed 164 WPPSI-III (mean age 3.9) and 51 WISC-IV 

(mean age 6.9) tests. WPPSI-III FSIQ (104±14, P<0.02), Verbal IQ (106±14, P<0.001), and 

General Language Composite (107±16, P<0.001) distributions were shifted higher compared to 

test norms. WISC-IV FSIQ (105±12, P<0.01), Perceptual Reasoning Index (107±12, P<0.01), and 

Processing Speed Index (105±10, P<0.02) also shifted upwards. In univariate and multivariable 

analysis, parent education (P<0.01) was a significant predictor of FSIQ on WPPSI-III and 

positively associated with WISC-IV FSIQ. Male sex and higher total bilirubin and gamma 

glutamyl transferase (GGT) predicted lower WPPSI-III FSIQ. Portal hypertension was predictive 

of lower WISC-IV FSIQ.

Conclusion: This cohort of children with BA and native liver did not demonstrate higher 

prevalence of neurodevelopmental delays. Markers of advanced liver disease (higher total bilirubin 

and GGT for age ≤5 yrs; portal hypertension for age ≥6) correlate with lower FSIQ and may 

identify a vulnerable subset of patients who would benefit from intervention.
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Introduction:

Biliary atresia (BA) is a fibroinflammatory and obliterative cholangiopathy affecting 

children. Uncertainty remains regarding whether BA arises during fetal life or postnatally, 

however, recent efforts have demonstrated evidence of BA in the first days of life, suggesting 

its presence at the time of birth.(1) Still, BA remains the most common cause of pediatric 

end-stage liver disease and the leading indication for pediatric liver transplant.(2–4) Prior 

studies have demonstrated that developmental deficits are present in young children with BA 

and other chronic liver diseases.(5–9) Rapid neurodevelopment occurs over the first years of 

life and insults that accrue during this stage may be irreversible.(10) Very young children 

with BA display characteristic profiles of neurodevelopmental delays (11) and early 

transplant may not alleviate the degree of impairment.(12) Timely Kasai 

hepatoportoenterostomy (HPE) has enabled improved survival of children with their native 
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livers; however, the majority of affected children require liver transplantation before 20 years 

of life.(13) Thus, the progression of biliary cirrhosis in older children puts them at 

significant risk for the development of metabolic derangements, portal hypertension, 

minimal or overt hepatic encephalopathy, infection, nutritional deficiencies, and growth 

retardation, all of which may influence neurodevelopment across multiple domains. While 

overall health status and quality of life have been examined in older BA patients with their 

native livers (14, 15), neurodevelopment has been less-well characterized. Validated, age-

based instruments to measure neurodevelopment are valuable tools to assess health 

outcomes in children. These cognitive-specific clinical outcome assessments (COAs) enable 

the determination of how a disease affects a patient’s neurocognitive function and are used 

to define efficacy endpoints when studying the response to interventions.(16) We have 

previously reported that neurodevelopmental delays were present in BA patients with native 

liver ≤ 2 years of age (17), thus we hypothesized that delays would also be seen at later ages. 

Understanding the continuum of neurodevelopment in older children with BA, alive with 

their native liver, will be highly valuable in determining appropriate interventions, as well as 

potential benefits of such therapies, provided to these children. The current study assesses 

neurodevelopmental outcomes using individually administered age-appropriate intelligence 

tests to reflect a child’s abilities in discrete cognitive domains in pre-school and school aged 

children with BA, alive with their native liver.

Methods:

Participants with BA and their native liver ages 3-12 years enrolled in the NIDDK-supported 

Childhood Liver Disease Research Network (ChiLDReN) study, A Prospective Database of 

Infants with Cholestasis (PROBE, ), underwent neurodevelopmental testing with the 

Weschler Preschool and Primary Scale of Intelligence, 3rd edition (WPPSI-III) and the 

Weschler Intelligence Scale for Children, 4th edition (WISC-IV) between June 2007 and 

April 2018. Informed consent was obtained and the protocol was carried out under 

institutional review board approval. Successful HPE was defined as total bilirubin serum < 

1.5 mg/dl (<26 umol/L) within 6 months after HPE.(18) Biliary atresia with splenic 

malformation (BASM) was defined as BA with laterality features, including but not limited 

to polysplenia, asplenia, or right-sided spleen. Definite clinically evident portal hypertension 

(dCEPH) was defined as a history of specific complications of portal hypertension 

(clinically evident ascites or endoscopic evidence of varices) or clinical findings consistent 

with portal hypertension (splenomegaly [spleen > 2 cm below the costal margin] and 

thrombocytopenia [platelet count < 150,000/mm3]). (19–21) Exclusion criteria of the parent 

PROBE study included a birth weight of ≤2000 g, acute liver failure, previous hepatobiliary 

surgery (non-HPE), sepsis, hypoxia, shock, malignancy, primary hemolytic disease, 

parenteral nutritional associated cholestasis, or extracorporeal membrane oxygenation-

associated cholestasis.

Data, including biomarkers associated with hepatobiliary disease and physical exam 

findings, were collected per protocol and entered into a centralized database as previously 

described.(17)
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Neurodevelopmental Assessment Measures:

Protocol-established developmental testing was completed annually from age 3 through 5 

years (WPPSI-III), and every other year from age 6-12 (WISC-IV). Composite scores 

include overall Full-Scale Intelligence Quotient (FSIQ), as well as Verbal IQ (VIQ)/ Verbal 

Comprehension Index (VCI) and Performance IQ (PIQ) / Perceptual Reasoning Index (PRI) 

(WPPSI-III/WISC-IV). At age 4, Processing Speed Quotient (PSQ) / Processing Speed 

Index (PSI) was added and Working Memory Index (WMI) was included from age 6 

(WISC-IV only). General Language Composite (GLC) was also calculated from age 3-5 on 

the WPPSI-III. Although newer versions of both measures were published during the study 

period, we continued to use the older versions for consistency. Both newer versions (WPPSI-

IV, 2012 and WISC-V, 2014) are considerably restructured compared to the previous 

versions, which would make interpretation of results in this longitudinal study challenging if 

the newer tests were adopted midway in this study.

Statistical Analyses:

Scores were compared to the population norms using the first test of each type for each 

participant. Continuous scores were analyzed using Kolmogorov-Smironov tests compared 

to a normal distribution (mean 100, standard deviation 15). Scores were also categorized into 

bins of ≥100, 85-99, and <85 and graphically compared to expected counts.

Covariates of interests included demographics, medical history, and physical exam and 

laboratory measures within +/− 6 months of testing. Height and weight z-scores were 

calculated using SAS macros provided by the Centers for Disease Control and Prevention 

(CDC) using the CDC growth charts.(22) Values flagged by the macro as being biologically 

implausible were excluded from analysis. Skewed laboratory variables were transformed to 

the log10 scale.

Univariate and multivariable linear regressions were performed on continuous FSIQ for the 

first test of each measure (WPPSI-III, WISC-IV) for each participant. Univariate p-values 

were adjusted for multiple testing using the adaptive Hochberg correction for family-wise 

error rate. For multivariable modeling, missing data for covariates was imputed using 

IVEware(23) version 2.0 with 21 imputations. Model selection was performed in R using 

MI-LASSO with all covariates available for selection regardless of significance on univariate 

analysis.(24) Variables selected in the model fit with the optimal lambda were used in the 

final model. Descriptive statistics and final analyses were performed using SAS version 9.4 

(SAS Institute, Cary, NC).

Results:

Participant Characteristics:

A total of 597 PROBE participants with BA who underwent HPE were identified. 

Participants who underwent liver transplantation (n=253), died (n=23), had not reached the 

minimum age for appropriate WPPSI-III testing (n=57), or were lost to follow-up (n=32) did 

not undergo neurodevelopmental assessment. (Figure, Supplemental Digital Content 1 

provides details of sample ascertainment) Eligible participants who completed 
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neurodevelopmental testing (n=93) were more likely than those who were eligible but not 

tested (n=138) to be non-Hispanic and to have had a successful HPE (both P < 0.05, Table, 

Supplemental Digital Content 1). Demographic, medical, and clinical characteristics of all 

participants who underwent neurodevelopmental testing are provided in Table 1.

Neurodevelopmental Test Scores and Distribution:

A total of 164 WPPSI-III and 51 WISC-IV tests from 93 participants were available for the 

final analysis. FSIQ distributions for both WPPSI-III (FSIQ 104 ± 14, P < 0.02) and WISC-

IV (FSIQ 105 ± 12, P < 0.01) were shifted higher compared to test norms. Additional 

upward shifts were seen in WPPSI-III Verbal IQ (VIQ 106 ± 14, P < 0.001) and the general 

language composite score (GLC 107 ± 16, P < 0.001). WISC-IV Perceptual Reasoning 

Index (PRI 107 ± 12, P < 0.01) and Processing Speed Index (PSI 105 ± 10, P < 0.02) were 

also shifted upwards. (Table, Supplemental Digital Content 2) Categorical distribution of 

both WPPSI-III and WISC-IV scores demonstrated an overall upward shift, with higher 

proportion of average to above average scores than expected compared with the normal 

population. (Figure 1) Fewer than expected participants scored more than 1 standard 

deviation below the mean (FSIQ < 85) with only 8.4% (n=7) and 7.3% (n=3) of WPPSI-III 

and WISC-IV tested participants demonstrating severe deficits (2 or more standard 

deviations below the mean) at the time of first test.

Predictive Variables of FSIQ on WPPSI-III Testing:

Results of univariate and multivariable analyses identified demographic, medical history, and 

clinical variables predicted to associate with FSIQ scores. (Tables 2 and 3) Univariate 

analysis of WPPSI-III results (participants ≤ 5-years old, mean age 3.3 [SD 0.6], n=87) 

indicated that higher FSIQ associated with higher parent education (college degree or more 

vs less; P<0.01). Additionally, the models highlighted male sex and markers of advancing 

liver disease, including higher serum total bilirubin, GGT, ALT, and AST, as risk factors for 

lower FSIQ. Multivariable models using imputed data showed similar results with male sex 

and markers of advanced liver disease negatively influencing FSIQ on WPPSI-III tests. The 

pattern of highest household education (college degree or more) positively influencing FSIQ 

persisted. (Table 3) While models suggested non-white race was a factor associated with 

lower FSIQ, the overall demographic constitution of the cohort (Table 1) precludes a broader 

application of these findings. The median root mean squared error among the 21 imputations 

was 12.5 (range 12.3-12.7), a reduction from the general standard deviation for test scores of 

15. The tight range additionally indicates stability of the imputation procedure for parameter 

estimation.

Predictive Variables of FSIQ on WISC-IV Testing:

For participants ≥ 6-years old who completed WISC-IV testing (mean age 6.7 [SD 0.9], 

n=44), univariate analyses did not uncover any variables that were significantly predictive of 

lower FSIQ scores after adjusting for multiple testing. (Table 2) However, multivariable 

modeling using imputed data suggested participants with clinical evidence of portal 

hypertension were expected to have lower FSIQ than those without such evidence. Higher 

household education was again associated with higher FSIQ scores in participants who came 

from households where members had achieved a college degree or more. (Table 3) The 
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median root mean squared error among the 21 imputations was 11.5 (range 11.5-11.7), a 

reduction from the general standard deviation for test scores of 15. The tight range 

additionally indicates stability of the imputation procedure for parameter estimation.

Discussion:

Our findings represent the largest prospective, multi-center study of neurodevelopmental 

outcomes in preschool and school age patients with BA and native liver to date. We found 

children with BA and native liver (age 3-12 years) did not demonstrate an increased 

prevalence of neurodevelopmental delays. In fact, our sample demonstrated higher IQ scores 

compared to test norms on the WPPSI-III and WISC-IV. This is contrary to our initial 

hypothesis, in part based on prior studies (17) that delays would be prevalent in this 

population. There are likely several factors that contributed to these unexpected findings 

which we describe below. In those who did demonstrate lower IQ scores, we looked to better 

understand risks, and potentially identify treatment targets, when delays were present. We 

found that male sex and markers of advanced liver disease were risk factors for lower IQ.

As the success of HPE for BA is most dependent on earliest age of surgical intervention, 

there has been an increased focus on detection and timely referral.(1, 2, 25) However, 

challenges persist and the prevention of progressive liver injury and fibrosis that often 

occurs, even after successful HPE, contributes to the heavy disease burden for affected 

children, their families, and society as a whole.(3) Children with chronic liver diseases are 

known to be at increased risk of deficits in multiple neurodevelopmental domains; however, 

there remains a paucity of data on neurodevelopmental outcomes in children with 

hepatobiliary disease and their native liver, compared with those who have undergone liver 

transplantation.(9) Our group’s recent report on the neurodevelopmental outcomes of 1- and 

2 year old children with BA and their native liver after HPE demonstrated that substantial 

risk of delays are indeed present.(17) Collectively, and compounded by a renewed interest to 

incorporate neurodevelopmental outcomes as acceptable endpoints for clinical trial design 

(26), we examined IQ longitudinally in 3-12 year old children with BA and their native liver. 

Increased risk for neurodevelopmental delays in very young children with BA has been 

primarily associated with an unsuccessful HPE; however, even with evidence of an effective 

drainage procedure, vulnerability remains.(17) While the majority of our tested cohort was 

determined to have had a successful HPE, it was still surprising that we did not find 

persistent neurodevelopmental delays. It is possible that death (occurring in 23 participants ≤ 

3 years of age; and 2 participants ages of 3-12 years) and transplantation (required in 253 

subjects ≤ 3 years of age; and 22 participants ages of 3 to 12 years) over the course of the 

study may account for some of the testing results in our cohort as the patients with the most 

advanced liver disease either died or had their disease course interrupted by transplant. Then 

again, neurodevelopmental stabilization in the older cohort may reflect overall 

improvements in health status, a focus on nutritional rehabilitation, developmental 

interventions, and fewer disease related complications. This is supported by trajectory plots 

of participants who demonstrated neurodevelopmental deficits at younger age (≤ 2 years, 

Bayley Scales of Infant Development, 2nd edition) and higher functioning at older time 

points. (Figure Supplemental Digital Content 1) However, caution should be taken to not 
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over-interpret these results as neurodevelopmental testing in very young children, including 

Bayley measurements, have been shown to be insufficient predictors of future IQ.(27)

Alternatively, our findings may also be framed by the growing understanding of the 

“recovery continuum” whereby the concepts of early plasticity and early vulnerability are 

thought to represent two extremes explaining the wide spectrum of clinical outcomes in 

children who recover from early brain insults.(28) Here, it is proposed that an individual 

child’s recovery will depend upon a number of influences including injury-related factors 

(e.g. nature, severity, timing), constitutional factors (e.g. developmental stage, cognitive 

capacity, genetic make-up, gender) and environment (e.g. family function, social status, 

access to rehabilitation/intervention). Nevertheless, strategies are needed to identify those 

participants who are most at risk for neurodevelopmental delays so that appropriate 

interventions on modifiable variables may be pursued that can act to optimize outcomes for 

patients with progressive, chronic disease.

The clinical course of older children with BA with their native liver is well-described, in 

which effective biliary drainage and markers of cholestasis essentially may normalize in the 

months following successful HPE yet progressive hepatobiliary disease continues, usually 

manifesting with minimal aminotransferase elevations, advancing fibrosis, and portal 

hypertension. In our study, elevations in clinical markers of cholestasis were predictive of 

lower FSIQ scores in the cohort of participants age 3 to 5 years. For the oldest cohort ≥ 6 

years, the only clinical finding predictive of lower FSIQ in the best fit model was the 

presence of clinically evident portal hypertension. The effect of persistent cholestasis on 

WPPSI-III testing and portal hypertension on the WISC-IV would seem to extend findings 

reported in the very young (<2 years), where persistent or advancing liver disease, such as 

ascites and growth deficits, negatively influences neurodevelopment. (17)

Similar to our group’s prior findings (17), others have also reported on the 

neurodevelopmental deficits that are often seen in very young children with BA.(11, 29, 30) 

In older children with BA, the majority of the published literature describes those who have 

undergone liver transplant. In these reports, the intelligence scores were below the average 

of the norm population with mean FSIQ ranging from 86.6-98.0.(9, 30–39) We report for the 

first time on intelligence scores for older children with BA alive with their native liver who 

have avoided transplantation and demonstrate scores statistically shifted upwards and solidly 

within the average range vs test norms (WPPSI-III FSIQ 104±14, p=0.01; WISC-IV FSIQ 

105±12, p<0.01). One explanation for these discrepant findings may be the under-

appreciated effect of the transplant procedure itself. Major surgery, extended anesthesia, 

prolonged hospitalization, and immunosuppression are only a few of the many factors that 

may unduly influence the neurodevelopmental recovery potential for a given child. Future 

efforts would benefit from a better understanding of the peri-operative variables that can 

affect neurodevelopmental outcomes. Alternatively, our results may reflect the significant 

contributions of the higher socio-economic status of our population. In our cohort, 60% had 

a college degree or more, compared to 25-28% in the WPPSI-III/WISC-IV normative 

samples. Parent education is a well-known and important predictor of IQ for multiple 

reasons and it is possible the higher parent education in our sample may have resulted in an 

underestimate of neurocognitive deficits. In addition, assessments that include measures of 
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executive function, attention, and academic performance may provide a more sensitive 

appraisal of neurodevelopmental outcomes and yield a fuller understanding of the cognitive 

profiles of older children with BA.

Our study constitutes the largest examination of the neurodevelopmental outcomes in a 

prospective cohort of children with BA alive with their native livers; however, we 

acknowledge several potential biases and limitations which may limit the generalizability of 

our findings. Study ascertainment and completion of testing were challenging. Over the 

course of the study, 81 participants were lost to follow-up and only 40% of eligible 

participants completed their neurodevelopmental assessments likely resulting in 

ascertainment bias which is underscored by the disproportionate percentage of non-Hispanic 

white participants in our cohort. Secondly, there were few participants in PROBE with failed 

Kasai (a known risk for neurodevelopmental deficits) who survived without liver transplant 

in this age group. Furthermore, we recognize that the participants with the most advanced 

liver disease received a transplant or died prior to potential testing at age 3 years, and were 

thus not included in this analysis, biasing this analysis to children who survived to an older 

age with native liver. Another important limitation, especially considering above average IQ 

findings, is the use of older test versions throughout the study. The WPPSI-III and WISC-IV 

normative samples were based on 2000 census data, while the updated versions (WPPSI-IV 

2012 and WISC-V 2014) were based on 2010 data. Described as the “Flynn Effect”, IQ 

scores have been observed to rise over time (40), meaning the IQ scores reported here are 

likely somewhat inflated. Our study group chose to continue testing with the older measures 

rather than shift to the newer versions during the course of data collection because 

interpretation of aggregated data would be very challenging. Lastly, we note the narrowness 

in which FSIQ is reflective of more comprehensive neurocognitive health and the potential 

disparity between statistical significance and clinical effect. Measurement of 

multidimensional constructs, such as the health-related quality of life (HRQOL), which 

depict a group’s perceived physical and psychosocial functioning, have demonstrated school 

functioning to be low in children with BA and their native livers. (41) While these patient-

reported measurements are by definition subjective, they may more clearly signal clinically 

relevant issues.

In conclusion, we present for the first time the results of neurodevelopmental testing of older 

children with BA alive with their native liver from a large, multi-center prospective study. 

These findings did not demonstrate developmental delays but instead found a solidly 

average, if not an overall higher FSIQ in older participants (age 3-12 years) with BA and 

their native liver. However, elevations in clinical markers of cholestasis and the presence of 

portal hypertension did negatively affect neurodevelopmental measurement at varying 

timepoints. These data will be useful to future investigators determining surrogates of 

disease progression for interventional studies and clinical trials that will target subgroups of 

patients with initial drainage following HPE. Additionally, these data can be used currently 

to counsel patients and families about neurodevelopmental functions that can be expected in 

children with this devastating disease who are fortunate enough to avoid the need for early 

liver transplantation.
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What is Known:

• Biliary atresia (BA) is the most common cause of pediatric end-stage liver 

disease and the leading indication for pediatric liver transplant.

• Young children with BA display characteristic profiles of neurodevelopmental 

delays and early transplant may not alleviate impairment.

• Rapid neurodevelopment occurs over the first years of life and insults during 

this stage may be irreversible.
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What is New:

• Children with BA and native liver (age 3-12 years) did not demonstrate an 

increased prevalence of neurodevelopmental delays.

• Intelligence scores increased for this cohort within the average range vs test 

norms.

• Markers of advanced liver disease did negatively affect neurodevelopmental 

measurement at varying timepoints.
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Figure 1. Neurocognitive Score Distribution.
Distribution of WPPSI-III and WISC-IV scores compared to population norms. FSIQ: Full 

Scale Intelligent Quotient; GLC: General Language Composite; PIQ: Performance 

Intelligent Quotient; VIQ: Verbal Intelligent Quotient; PSQ: Processing Speed Quotient; 

PRI: Perceptual Reasoning Index; PSI: Processing Speed Index; VCI: Verbal 

Comprehension Index; WMI: Working Memory Index
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Table 3:

Variables included in multivariable linear regression results for impacting FSIQ testing

Variable Estimate (95% CI) P-value

WPPSI-III (21 imputed datasets of N=87 each, df=[p=6,d=66114])*

Intercept 106.02 (91.78, 120.25) <.001

Male vs. Female −6.76 (−12.38, −1.15) 0.018

Race Black vs. White −9.95 (−19.32, −0.59) 0.037

Other vs. White −6.82 (−13.22, −0.43) 0.037

Highest Household Education: College degree or more 8.58 (2.65, 14.52) 0.005

Total bilirubin, log10 scale −8.50 (−17.14, 0.14) 0.054

GGT, log10 scale −1.43 (−7.38, 4.53) 0.638

WISC-IV (21 imputed datasets of N=44 each, df=[p=3,d=314656])*

Intercept 104.37 (95.90, 112.84) <.001

Hispanic Ethnicity −4.54 (−15.48, 6.39) 0.416

Highest Household Education: College degree or more 5.65 (−2.75, 14.05) 0.187

Portal hypertension −5.45 (−13.06, 2.15) 0.160

*
for an overall test of the model, which references an F distribution with p,d degrees of freedom with p corresponding to the number of parameters 

in the model and d being the estimated degrees of freedom for the variability

FSIQ = Full-Scale Intelligence Quotient; GGT = Gamma glutamyl transferase
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