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Abstract

Bile acids (BAs) are crucial signaling molecules in neurodevelopment, and per- and
polyfluoroalkyl (PFAS) exposure has been linked to
neurodevelopmental outcomes. However, the role of specific BAs in modifying the
association between PFAS and longitudinal neurodevelopmental trajectories remains
unknown. We quantified 32 PFAS in maternal serum and 17 BAs in serum from 3-year-old
children in the Maoming Birth Cohort. Neurodevelopment was repeatedly evaluated using
age-standardized instruments. PFAS effects were evaluated by logistic regression and
grouped weighted quantile sum (GWQS). Random forest analysis identified six primary
conjugated BAs associated with low neurodevelopmental trajectories, and their
interactions with PFAS were assessed. Group-based trajectory modeling identified two
neurodevelopmental trajectories: persistently high (n = 242) and low (n = 36). Higher
prenatal levels of legacy PFAS were associated with low neurodevelopmental trajectories.
GWQS regression revealed mixture effects for legacy PFAS [odds ratio (OR) = 2.18, 95%
confidence interval (C1): 1.01-4.73]. Primary conjugated BAs [e.g., taurocholic acid (TCA),
taurochenodeoxycholic acid (TCDCA)] modified the observed associations. The odds of
perfluorooctane sulfonate-associated low neurodevelopmental trajectories were greater
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for children with lower TCDCA levels (OR = 2.70; 95%CI: 1.02-7.17; P, ineraction = 0.0063) than for those with higher
levels. Children with higher TCA levels exhibited lower odds of low neurodevelopmental trajectories than those with
lower levels (Py, ieraction = 0.0088). Our findings provide longitudinal evidence on PFAS-related lower
neurodevelopment and identify primary conjugated BAs as significant effect modifiers. The mechanisms underlying
this effect modification require further investigation.

INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) comprise a diverse class of over 4,700 fluorinated compounds
extensively used in a wide range of consumer and industrial products due to their physicochemical
properties"?. Human exposure to PFAS primarily occurs via ingestion of contaminated food and water, as
well as inhalation of polluted air and household dust"”. PFAS have been widely detected in maternal blood™,
breast milk, and umbilical cord serum! across diverse populations. PFAS can cross the placental barrier!®”,
thereby posing a potential risk of fetal exposure during critical windows of early development.

The developing brain undergoes critical phases of neural migration, rapid proliferation, and synapse
formation", during which prenatal PFAS exposure may interfere with neurodevelopmental processes.
Although the neurodevelopmental toxicity of PFAS is well established in animal models - including learning
and memory deficits in male mice following lactational perfluorooctane sulfonate (PFOS) exposure”, as well
as behavioral alterations accompanied by transcriptional changes in genes related to the nervous and
muscular systems in zebrafish embryos!®' - findings from human epidemiological studies remain
inconsistent. A comprehensive systematic review of 31 birth cohort studies indicated that prenatal PFAS
exposure is associated with poorer cognitive and behavioral outcomes, with over half of the studies reporting
significant cognitive or neurobehavioral effects""". To date, epidemiological studies have predominantly
employed cross-sectional designs to investigate associations between prenatal PFAS exposure and isolated

13,14

neurodevelopmental outcomes, such as attention problems!?, behavioral dysregulation"*'*), and cognitive
deficits">'*). Moreover, most studies assessed neurodevelopment at a single time point, without longitudinal

tracking across early developmental stages.

Although several longitudinal studies have reported associations between prenatal PFAS exposure and early
neurodevelopmental trajectories"”*"!, most have been confined to infancy or toddlerhood (< 36 months),
leaving a critical knowledge gap in understanding neurodevelopmental effects beyond infancy. The preschool
period is characterized by significant neurobiological processes, including synaptic pruning, cortical
maturation, and heightened metabolic activity, which are essential for the emergence of higher-order
cognitive and behavioral functions”"??. Despite its neurodevelopmental importance, this period remains
understudied in PFAS-related research. To address this gap, longitudinal monitoring of neurodevelopmental
trajectories throughout the preschool years is essential.
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Emerging evidence suggests that metabolic disruption may underlie PFAS-related neurodevelopmental
effects. For example, the MARBLES study reported that prenatal PFAS exposure may affect child
neurodevelopment via alterations in maternal metabolic pathways®. In particular, bile acids (BAs) -
essential hepatic metabolites involved in lipid, cholesterol, and xenobiotic metabolism - have recently been
implicated in the development and function of the nervous system”*. Some BAs, such as taurocholic acid
(TCA), tauroursodeoxycholic acid (TUDCA), and glycoursodeoxycholilc acid (GUDCA), have been
reported to exert neuroprotective effects””, while others, including certain primary conjugated BAs, may
contribute to neurotoxic processes®. Moreover, prenatal PFAS exposure has been associated with alterations
in primary BA profiles in children at age 3" Given that BAs are signaling molecules capable of crossing the
blood-brain barrier and modulating neuroinflammation and neuronal survival®** - with some exerting
neuroprotection and others neurotoxicity - we reasoned that the variation in childhood BA levels may be a
critical factor underlying differential susceptibility to PFAS-related neurodevelopmental deficits. However, to
our knowledge, no epidemiological study has systematically investigated which specific BA species modify
the association between prenatal PFAS exposure and neurodevelopmental trajectories, or the nature of this
effect modification.

To address this gap, we hypothesized that the association between prenatal PFAS exposure and
neurodevelopmental trajectories is modified by the serum concentrations of specific BA species. This study
aimed to: (1) prospectively evaluate the longitudinal relationship between prenatal PFAS exposure and
neurodevelopmental trajectories in preschool children; and (2) identify and quantify the effect modification
exerted by specific childhood BA species. To our knowledge, this study is among the first to investigate
specific BA species as potential effect modifiers of the association between prenatal PFAS exposure and
neurodevelopmental outcomes, providing new insights into the role of BA metabolites in PFAS-related
neurodevelopmental deficits.

EXPERIMENTAL

Study population

All participants were enrolled from the ongoing Chinese Maoming Birth Cohort Study (2015-2018), as
previously described™. Written informed consent was obtained from the parents or legal guardians of all
participating children prior to inclusion in the study, and standardized questionnaires were used to collect
information on demographic characteristics, maternal lifestyle factors, and reproductive characteristics.
Maternal blood samples were collected during the third trimester, along with infant birth data. Children were
followed up regularly, with blood sample collection and guardian-completed questionnaires at each visit.

31]

Based on predefined inclusion and exclusion criteria®", we excluded children who were lost to follow-up,
failed to provide blood samples, or had multiple pregnancies. For the primary longitudinal trajectory
modeling, we included children with two or more repeated neurodevelopmental assessments between 33-84
months of age, yielding a final sample of 278 children. From this longitudinal cohort, 225 pairs with available
3-year blood samples (range: 30-36 months; median: 34 months) were included to assess the modifying effect
of BAs on PFAS-neurodevelopment associations. Details of the sample selection process, including a cross-
sectional sample for ancillary analyses, are provided in Supplementary Figure 1 and Supplementary Text 1.
This study was approved by the Committee of Human Sciences of Sun Yat-sen University (approval no.

SYSU-2016-018) and was conducted in accordance with the principles of the Declaration of Helsinki.

PFAS measurement

Maternal serum was collected during the third trimester, immediately centrifuged at 1,500 rpm for 20 min,
and the separated serum was stored at -80 °C until subsequent analysis. A total of 32 PFAS were identified
and quantified, and the detailed analytical method has been described previously'””. Briefly, serum PFAS
concentrations were quantified using an ultra-performance liquid chromatograph coupled to an Agilent 6410
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Triple Quadrupole mass spectrometer (UPLC-MS/MS; Agilent, USA). The full chemical names, limits of
detection (LODs), and concentration distributions of all PFAS are presented in Supplementary Table 1.
PFAS concentrations below the LOD were replaced with LOD/v28**. Our statistical analysis focused on 12
PFAS with detection rates 2 70%"** to ensure analytical robustness while covering key emerging compounds.
These PFAS were further classified into legacy and alternative groups based on production history and
chemical structure!***”. Legacy PFAS refers to long-chain perfluoroalkyl acids that have been largely phased
out, such as perfluorooctanoic acid (PFOA) and PFOS. Alternative PFAS include short-chain or novel
fluorinated compounds used as their replacements. Accordingly, the 12 PFAS were divided into two groups:
four alternative PFAS - 6:2 chlorinated polyfluorinated ether sulfonate acid (6:2 CI-PFESA), 8:2 CI-PFESA,
perfluoro-n-nbutanoic acid (PFBA), and perfluoro-n-hexanoic acid (PFHxA) - and eight legacy PFAS -
linear perfluoro-1-hexane sulfonate (linear PFHxS), PFOS, PFOA, perfluoro-n-nonaoic acid (PFNA),
perfluoro-n-decanoic acid (PFDA), perfluoro-n-undecanoic acid (PFUnDA), perfluoro-n-dodecanoic acid
(PFDoDA), and perfluoro-n-tridecanoic acid (PFTrDA).

BAs measurements

Given that gut microbiota and BA profiles stabilize by 3 years of age"®*”, and this stage represents a critical
window of susceptibility to environmental chemical exposures'*”, serum BAs at 3 years can reflect metabolic
status during early developmental periods. Therefore, we identified and quantified BAs in the serum of 3-
year-old children (range: 30-36 months; median: 34 months), as described in our previous study™’. Briefly,
17 types of BA species were identified using ultra-performance liquid chromatography-multiple reaction
monitoring mass spectrometry (UPLC/MRM-MS). Subsequently, 15 BAs with detection rates exceeding 75%
were selected for analysis to ensure high data quality!*”). BAs are categorically classified as primary,
synthesized from cholesterol in the liver, or secondary, derived from bacterial metabolites'*. The analytical
method encompassed 15 BAs, which were classified into primary and secondary categories. The primary BAs
comprised 3 unconjugated species [cholic acid (CA), chenodeoxycholic acid (CDCA), and hyocholic acid
(HCA)] and 6 conjugated forms [TCA, glycohyocholic acid (GHCA), glycocholic acid (GCA),
taurochenodeoxycholic acid (TCDCA), glycochenodeoxycholic acid (GCDCA), and taurohyocholic acid
(THCA)]. The secondary BAs included 2 unconjugated types [deoxycholic acid (DCA) and ursodeoxycholic
acid (UDCA)] and 4 conjugated types [GUDCA, glycodeoxycholic acid (GDCA), glycolithocholic acid
(GLCA), and taurodeoxycholic acid (TDCA)]. Concentrations below the LOD were substituted with
LOD/72. Detailed information regarding full names, detection rates, classifications, and LODs is provided in
Supplementary Table 2.

Neurodevelopment assessments

Neurodevelopment was assessed at 33, 36, 42, 48, 54, 60, 72, and 84 months of age, with each participant
completing at least one follow-up. Age-appropriate instruments were used for evaluation: the Ages & Stages
Questionnaire, Third Edition (ASQ-3) was administered for children aged 2-66 months, covering five
domains - communication, gross motor, fine motor, problem-solving, and personal-social skills"”". For
children aged 60 to 83 months, cognitive function was assessed using the Wechsler Preschool and Primary
Scale of Intelligence-Fourth Edition (WPPSI-IV), which includes 10 core subtests contributing to five indices
and Full-Scale IQ (FSIQ)"“**?). At 84 months and older, cognitive performance was assessed using the
Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV), which provides standardized scores
across four domains and a composite FSIQ!**.. All assessments were performed by trained physicians in a
controlled environment. Neurodevelopmental scores on the age-standardized scales were calculated based on
the ASQ-3, WPPSI-IV, and WISC-IV criteria. Scores across different ages and testing modes exhibit
substantial comparability'*”), indicating that consistent and comparable outcomes can be obtained. We
applied a scale transformation to harmonize neurodevelopmental scores across ages and assessment tools,
enabling consistent comparison and facilitating trajectory modeling. This approach is consistent with recent
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longitudinal studies that have combined cognitive scores from multiple instruments to model developmental
trajectories across early childhood*. A detailed rationale for this approach, including its scientific basis and
the importance of ensuring comparability across assessment methods, is provided in Supplementary Text 2.

Covariates

Based on prior research on PFAS exposure and neurodevelopment!">'”, we constructed a directed acyclic
graph (DAG) to identify potential confounding variables [Supplementary Figure 2]. Trained staff collected
covariate data using structured questionnaires during follow-up, including maternal age (years), pre-
pregnancy body mass index (BMI, kg/m?), parity (primiparous or multiparous), parental education (< high
school; > high school), family income (< 30,000; 30,000-100,000 and 2 100,000 CNY/year), maternal passive
smoking before pregnancy, alcohol consumption, and folic acid or vitamin supplementation during
pregnancy (yes or no for all)!*’. Breastfeeding duration was categorized as 0, < 6, or > 6 months!”. Additional
perinatal data were extracted from medical records, including gestational age (weeks), birthweight (g),
delivery method (vaginal or cesarean), and child sex.

Statistical analysis

Demographic and clinical characteristics were summarized as means + standard deviations (SDs) for
continuous variables and as numbers (percentages) for categorical variables. Missing data were present for
several covariates, and no missing values were observed for the primary exposure (PFAS), outcome
(trajectory group), or BA modifiers. PFAS and BA concentrations were natural-log transformed due to their
skewed distributions and were analyzed as continuous variables. Pearson correlation was used to examine
associations among PFAS. Statistical analyses were performed using R (version 4.3.1) and STATA (version
18.0), with statistical significance set at P < 0.05.

Main analysis

Multiple linear regression models were first employed to evaluate the associations of maternal serum PFAS
concentrations and child serum BA levels (at 3 years) with neurodevelopmental outcomes across various
domains assessed between 33 and 84 months of age. Each PFAS was modeled as a continuous variable per
natural-log (In) unit increase.

Group-based trajectory modeling

Group-based trajectory modeling (GBTM) was used to characterize longitudinal patterns of
neurodevelopment from 33 to 84 months of age, using repeated cognitive assessments at 33, 36, 42, 48, 54,
60, 72, and 84 months. Individual trajectories were constructed using the ‘traj’ package in STATA (version
18.0)"**. To ensure model robustness, only children with at least two assessments were included. Models
specifying 1-5 latent trajectories with linear, quadratic, or cubic terms were evaluated based on Bayesian
Information Criterion (BIC), average posterior probabilities (AvePP 2 0.7), and interpretability'*”. The
technical details of GBTM have been previously described™. A two-group solution was selected, with the
lower neurodevelopmental scores group defined as high-risk. Details on model specification and selection
criteria are provided in Supplementary Texts 3 and 4 and Supplementary Table 3.

Logistic regression and grouped weighted quantile sum models

Logistic regression models with multivariable adjustment were applied to estimate the associations between
prenatal PFAS exposure and neurodevelopmental trajectories, comparing the low-trajectory (high-risk)
group against the high-trajectory (reference) group.

To evaluate the joint effects of PEAS mixtures, we employed grouped weighted quantile sum (GWQS)
regression models, following our previously described methodologies"”. PFAS were classified into legacy and
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alternative categories based on their distinct industrial histories and regulatory status***”\. This framework
has been successfully applied in prior epidemiological studies on neurodevelopment"”. Within the GWQS
framework, we constructed the legacy and alternative PFAS indices sequentially, running the GWQS model
separately for each PFAS subset. Odds ratios (ORs) with 95% confidence intervals (CIs) were estimated to
assess the risk of persistently low neurodevelopmental trajectories.

Exploratory analysis

To identify BAs most predictive of low neurodevelopmental trajectories, we first applied a random forest
(RF) model. RF algorithm is an ensemble learning method that constructs a multitude of decision trees and
aggregates their predictions, offering high predictive accuracy, the ability to model complex nonlinear
relationships, and robustness against overfitting"****/. Its utility in identifying key features from high-
dimensional biological data has been demonstrated in recent meta-analyses and data-mining studies”>*. We
implemented a permutation-based RF approach for critical feature selection. The input matrix comprised
log-transformed concentrations of 15 BAs, with binary classification of neurodevelopmental trajectories
(high vs. low) as the outcome. Feature importance was quantified using the percentage increase in mean
squared error (%IncMSE), and then ranked. Detailed methodological specifications are provided in
Supplementary Text 5. %IncMSE was calculated as Equation (1):

1 100 MSEI(,I) - MSEoriginal
1500 =l MSEoriginal

%IncMSE; = x 100 (1)

Where %IncMSE, is the importance of the i-th feature, MSE ,,,,, is the mean squared error of the model with
the original data, and MSE,"” is the MSE after permuting the i-th feature in the b-th permutation, averaged

over 1,500 permutations.

Combining variable importance from RF with associations from multiple linear regression models linking
BA levels to neurodevelopmental scores across age, we selected six primary conjugated BAs (TCA, GHCA,
TCDCA, GCDCA, GCA, and THCA) for further analysis. These BAs were dichotomized into high and low
groups based on median concentrations. We then assessed the interaction between prenatal PFAS exposure
and BA levels using logistic regression models with interaction terms. Subgroup analyses were subsequently
performed to explore the effects of prenatal PFAS exposure on neurodevelopmental trajectories across
different BA concentration profiles. By comparing these effects under various profiles, we aimed to elucidate
the potential regulatory role of primary BAs in the relationship between prenatal PFAS exposure and child
neurodevelopment. For this exploratory interaction analysis, a P-value of < 0.1 was pre-defined as nominally
significant to increase sensitivity for detecting novel biological interactions, consistent with prior
environmental health studies"™.

Sensitivity analyses

To evaluate the robustness of our findings, we conducted several sensitivity analyses. First, we adjusted for
delivery method (vaginal vs. cesarean) in a separate sensitivity model to further control for potential
confounding. Given that breastfeeding may contribute to postnatal PFAS exposure®**), we further adjusted
our model by including breastfeeding duration (0 months, < 6 months, and > 6 months) as a covariate.
Second, we re-estimated neurodevelopmental trajectories using GBTM over a broader age range (0-84
months) to determine whether the trajectory patterns identified in the main analysis (33-84 months) were
robust to the inclusion of earlier developmental data. Third, to assess whether trajectory identification was
unduly influenced by the use of specific assessment tools, we performed additional GBTM analyses by
sequentially excluding later-age instruments. Specifically, we refitted the models using: (i) data from ASQ-3
and WPPSI-IV only (33-72 months), excluding the WISC-IV; and (ii) data from ASQ-3 only (33-60
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months), excluding both WPPSI-IV and WISC-IV. This approach explicitly tested the stability of the
trajectory classification against potential instrument-specific bias.

RESULTS AND DISCUSSION

Characteristics of participants

A total of 278 children with at least two repeated neurodevelopmental assessments were included in the
primary longitudinal trajectory analysis. Their demographic characteristics are summarized in Table 1. The
participating mothers had a mean age of 29.5 years and a pre-pregnancy BMI of 21.1 kg/m*. More than half
(55.4%) were primiparous, and 52.0% had an education level beyond high school. Among the children, the
average gestational age was 37.4 weeks, with a mean birth weight of 2,852.9 g. When comparing the two
trajectory groups, children in the low-trajectory group were more likely to have mothers with lower maternal
education levels (73.5% vs. 44.0% with < high school, P = 0.003), lower paternal education (P = 0.043), and a
higher proportion of male children (P = 0.016). Selective loss to follow-up is a common concern in
longitudinal birth cohorts, as it may affect the representativeness of the analytic sample. However,
methodological studies have shown that even substantial non-participation in cohort studies does not
necessarily translate into meaningful bias in exposure-outcome associations'™”’. Nonetheless, replication in
larger and more diverse populations would further strengthen the generalizability of our findings. A total of
821 repeated neurodevelopmental assessments were conducted from 33 to 84 months of age. The
distribution of scores across these timepoints is detailed in Supplementary Table 4. A comparison of baseline
characteristics between the longitudinal trajectory sample (n = 278) and the cross-sectional sample (n = 460,
used only for ancillary analyses) is provided in Supplementary Table 5.

Concentrations of maternal serum PFAS and children’s serum BAs

Supplementary Table 6 presents the detection rates and serum concentrations of the target PFAS. All 12
PFAS had detection rates exceeding 72.61%, with PFOS, PFOA, PENA, and PFDA showing the highest rates
(all 2 99.78%). The median total concentration of legacy PFAS was 7.54 ng/mL [interquartile range (IQR):
5.45-11.01 ng/mL], compared to 1.59 ng/mL (IQR: 0.86-2.68 ng/mL) for alternative PFAS. Among legacy
PFAS, median concentration ranged from 0.04 to 4.28 ng/mL, with PFOS exhibiting the highest median
concentration (4.28 ng/mL), followed by PFOA (1.04 ng/mL). Notably, these concentrations were
substantially lower than those reported in previous studies from Denmark (30.1 ng/mL)"**, the United States
(25.7 ng/mL)"", and Greenland (8.99 ng/mL)!*"), potentially reflecting temporal and spatial trends in
exposure levels following the implementation of regulatory measures. For alternative PFAS, median
concentration ranged from 0.01 to 0.67 ng/mL, with PFBA showing the highest median concentration.
Additionally, we observed generally positive correlations among the different PFAS, with moderate to strong
correlations observed among legacy long-chain PFAS (e.g., PFEOS-PENA: r = 0.71; PENA-PFDA: r = 0.83;
PFDA-PFUnDA: r = 0.75) [Supplementary Figure 3]. The dominance of PFOS and PFOA in maternal serum
is consistent with global observations and can be attributed to their extensive historical use and high
bioaccumulative potential®". As long-chain perfluoroalkyl substances, PFOS and PFOA exhibit prolonged
biological half-lives (e.g., 5.4 years for PFOS and 3.8 years for PFOA in females), which are markedly longer
than those of short-chain alternatives [e.g., 1 month for perfluorobutanesulfonic acid (PFBS)]"'". This
property facilitates their persistent accumulation in human tissues, including transplacental transfer to the
fetus'®”, potentially contributing to adverse effects on fetal growth and development.

As shown in Supplementary Table 7, primary conjugated BAs predominated in children’s serum, with
GCDCA [median concentration: 2,140.00 nmol/L (nM)], GCA (595.00 nM), and TCDCA (480.50 nM)
showing the highest concentrations. This predominance of primary conjugated BAs - specifically GCDCA,
GCA, and TCDCA - is consistent with the physiological BA profile in early life, primarily driven by robust
hepatic conjugation and an immature gut microbiota with limited capacity for converting primary to
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Table 1. Baseline characteristics of the study population stratified by neurodevelopmental trajectory groups (n = 278) [mean +
SD/N(%)]

Children aged 3-7 years

. High Low
. with at least two
Variable neurodevelopmental neurodevelopmental
neurodevelopmental traiectory (n = 242) trajectory (n = 36) value®
assessments (n = 278) ) y ) y
Mother
Maternal age 29.54 4522 29.53 + 511 29.61+597 0.934
(years)a
Pre-pregnancy BMI
2113 +3.54 21.23+3.61 20.48 £3.06 0.253
(kg/m2)e<
parity®
Primiparous 153 (55.4) 135 (56.2) 18 (50.0) 0.6
Multiparous 123 (44.6) 105 (43.8) 18 (50.0)
Maternal education®
< High school 120 (48.0) 95 (44.0) 25 (73.5) 0.003
> High school 130 (52.0) 121 (56.0) 9 (26.5)
Paternal education®
< High school 133 (53.0) 109 (50.2) 24 (70.6) 0.043
> High school 18 (47.0) 108 (49.8) 10 (29.4)
Family income
(CNY/year)bd
< 30,000 66 (28.4) 57 (28.5) 9(28.1) 0.981
30,000-100,000 98 (42.2) 84 (42.0) 14 (43.8)
>100,000 68 (29.3) 59 (29.5) 9(28.1)
Maternal passive
smoking before Yes 123 (49.2) 106 (49.1) 17 (50.0) 1
pregnancy®
Alcohol drinking® Yes 7(2.8) 6(2.8) 1(2.9) 1
Folic acid or vitamin
supplementation Yes 231(91.7) 200 (91.7) 31(91.2) 1
during pregnancy®
Child
Gestational age 37424265 37.48+258 37.06+3.07 0372
(weeks)a
Delivery method®
Vaginal delivery 152 (55.1) 133 (55.4) 19 (52.8) 0.907
Cesarean delivery 124 (44.9) 107 (44.6) 17 (47.2)
Sex®
Boy 145 (52.2) 119 (49.2) 26 (72.2) 0.016
Girl 133 (47.8) 123 (50.8) 10 (27.8)
Birthweight (g)? 2,852.90 + 615.81 2,869.79 +£592.49 2,740.28 +753.36 0.24
Breastfeeding
duration®
0 month 19 (8.1 17(8.2) 271D 0.05
< 6 months 71(30.2) 57 (27.5) 14 (50.0)
> 6 months 145 (61.7) 133(64.3) 12 (42.9)

2Data are shown as mean + SD for continuous variables. "Data are shown as n (%) for categorical variables. ¢ Pre-pregnancy BMI was calculated as
weight (kg) divided by height squared (m?). ‘CNY = Chinese Yuan. P values were derived from t-tests for continuous variables and y? tests for
categorical variables, comparing high- vs. low-trajectory groups. Bold indicates statistically significant differences between the two trajectory
groups (P < 0.05). Percentages for categorical variables were calculated based on the effective sample size for each variable (reported in the table
as n values). Missing values were present for the following categorical covariates: parity (n = 276, 2 missing); maternal education (n = 250, 28
missing); paternal education (n = 251, 27 missing); family income (n = 232, 46 missing); maternal passive smoking (n = 250, 28 missing); alcohol
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drinking (n = 252, 26 missing); folic acid/vitamin supplementation (n = 252, 26 missing); delivery method (n = 276, 2 missing); breastfeeding
duration (n = 235, 43 missing). For continuous covariates, missing values were: maternal age (n = 276, 2 missing); pre-pregnancy BMI (n = 246, 32
missing); gestational age (n = 276, 2 missing); birthweight (n = 276, 2 missing). SD: Standard deviation; BMI: body mass index.

secondary BAs>*’), Among secondary BAs, GUDCA was most abundant (494.00 nM), while others were
detected at lower levels.

Longitudinal associations between PFAS (individual and mixtures) exposure and
neurodevelopmental trajectories in preschool children

ASQ scores across five developmental domains (communication, gross motor, fine motor, problem-solving,
and personal-social) at 33-60 months are summarized in Supplementary Tables 8-13. Supplementary Tables
14 and 15 display the FSIQ and its subdimension results as assessed by the WPPSI-IV and WISC-IV for
children aged 72-84 months. In covariate-adjusted multivariable linear regression models, most prenatal
PFAS exposures were adversely associated with neurodevelopmental outcomes at 33, 42, 48, 54, 72, and 84
months, except for 8:2 CI-PFESA, linear PFHxS, PFOS, PFDoDA, and PFTrDA. However, these associations
varied inconsistently across ages. The relationship between prenatal PFAS exposure and child intelligence
development remains complex in the literature, with studies reporting negative associations'****), no

66,67]

significant relationships!**”!, mixed associations!***”, or even positive effects'*®. In our study, prenatal
exposure to certain PFAS compounds (e.g., PFHxA, PFDA, PFUnDA) was negatively associated with Total
ASQ and FSIQ from 33 to 84 months, whereas other compounds (e.g., 8:2 CI-PFESA) exhibited positive

14,17

associations. These findings are partly consistent with previous studies"*'”. The observed heterogeneity
across different ages may stem from the dynamic vulnerability of the developing brain'*/, the differing
sensitivity of assessment tools"”, the cumulative effects of PFAS"”, and the increasing influence of postnatal
environmental factors - such as family socioeconomic status, education, nutritional status, and mental well-

being - over time"*.

Overall, the mixed directional associations underscore the potential for mixture effects and the variation of
PFAS impacts across developmental stages. Cross-sectional analyses, while informative, may obscure
dynamic changes and fail to capture evolving trajectories over time. Therefore, longitudinal approaches are
essential to better understand how prenatal PFAS exposure affects neurodevelopmental outcomes across
early childhood. The trajectory-based analysis in the following section further addresses this need.

To date, only five recent studies have examined the relationship between prenatal PFAS exposure and
neurodevelopmental trajectories using GBTM, all focusing on children under 40 months of age!” 7).
However, most of these studies have focused on infancy or toddlerhood (< 36 months), leaving a significant
gap in understanding how PFAS exposure impacts neurodevelopment beyond infancy. The preschool period
represents a critical window for neurodevelopment, characterized by substantial neurobiological processes,
including synaptic pruning, cortical maturation, and the development of higher-order cognitive functions
such as problem-solving and communication”"*?. Despite its neurodevelopmental importance, no prior
study has applied trajectory-based methods to investigate PFAS impacts on this distinct developmental
window.

To address this methodological and temporal gap, our study used GBTM to characterize
neurodevelopmental trajectories from age 3 to 7 years and assess their association with prenatal PFAS
exposure. After converting age-standardized total ASQ and IQ scores into a 100-point scale (hereafter
referred to as neurodevelopmental scores; Figure 1A), we categorized these scores into two trajectory groups
(n =36 vs. 242) using the GBTM model. Unlike cross-sectional designs that capture static snapshots, GBTM
uniquely identifies heterogeneous subgroups with shared longitudinal patterns, enabling us to detect how
PFAS may shift children toward persistently low developmental pathways and to characterize dynamic
neurodevelopmental processes, including potential delayed or cumulative effects of exposure!”7?!. The
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Figure 1. Neurodevelopmental trajectories of children aged 33-84 months (n = 278), modeled using GBTM. (A) Age-dependent changes in
neurodevelopmental scores. Neurodevelopmental scores are normalized based on the ASQ total score and the Wechsler 1Q total score
obtained between 33-84 months of age. A detailed rationale for this approach is provided in Supplementary Text 2, where we explain its
scientific basis and the importance of ensuring comparability across assessment methods; (B) Predicted trajectories (dashed lines: red for
high, green for low) and observed data (symbols: red crosses for high, green crosses for low). Based on the maximum posterior probability
rule, 36 children (12.95%) were classified into the persistently low group and 242 children (87.05%) into the persistently high group for
subsequent analyses. Trajectory groups were named according to their initial values and subsequent trends. GBTM: Group-based
trajectory modeling; ASQ-3: Ages & Stages Questionnaires, Third Edition; WPPSI-IV: Wechsler Preschool and Primary Scale of
Intelligence—Fourth Edition; WISC-IV: Wechsler Intelligence Scale for Children—Fourth Edition.

estimated trajectories are presented in Figure 1B. The high-trajectory group maintained relatively stable
scores over time, whereas the low-trajectory group showed a pronounced decline at 60 months. We speculate
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that this critical juncture, coinciding with school entry, places heightened cognitive and behavioral demands
on children. Those already on a lower developmental trajectory - potentially due to prenatal insults such as
PFAS exposure!”! - may lack the cognitive reserves to adapt efficiently, a challenge that could be
compounded by underlying neurodevelopmental disruptions (e.g., synaptic pruning inefficiency)”. This
divergence identifies 60-72 months as a vulnerable window for identification and monitoring, aligning with
the “Matthew effect” in neurocognitive development'**””..

The low-trajectory group comprised 12.95% of the sample. In covariate-adjusted logistic regression models,
several legacy PFAS were associated with increased odds of belonging to the persistently low trajectory
group, with the high-score group as the reference [Figure 2A and Supplementary Table 16]. Extending prior
findings focused on infancy and toddlerhood"””"), we observed that prenatal exposure to legacy PFAS (PFDA,
PFDoDA, and PFUnDA) remained significantly associated with low neurodevelopmental trajectories even as
children transitioned into the preschool years. Specifically, a per In-unit increase in prenatal concentration of
PFDA concentration was associated with a 138% increase in the odds of low neurodevelopmental trajectories
(OR = 2.38; 95%CI: 1.05-5.37). Similarly, significant positive associations were observed for PFDoDA (OR =
1.66; 95%CI: 1.10-2.52) and PFUnDA (OR = 2.36; 95%CI: 1.00-5.54). Similar associations have been reported
in other trajectory-based studies during infancy, where elevated prenatal levels of PEDA, PFDoDA, and
PFUnDA were linked to increased risks of adverse neurodevelopmental outcomes, including low
communication and problem-solving trajectories"”'*). However, our study is the first to reveal that these
associations extend into the critical preschool period. This suggests that prenatal PFAS exposure may act as a
latent risk factor, predisposing children to suboptimal developmental pathways even years after birth. The
observed association with low trajectories may be partly explained by PFAS interfering with critical periods
of neurodevelopment in the preschool years. Experimental studies indicate that PFAS can disrupt synaptic
pruning, glutamatergic signaling, and neurotransmitter systems””**", mechanisms essential for the cortical
maturation that underlies higher-order cognitive functions.

In addition, a significant association was observed between the legacy PFAS mixture and the persistently low
neurodevelopmental trajectory group (P < 0.05). Specifically, each quartile increase in the legacy PFAS
GWQS index was associated with increased odds of belonging to the persistently low neurodevelopmental
trajectory group (OR = 2.18, 95%CI: 1.01-4.73). Consistent with these findings, PFDoDA (0.73) and PFOA
(0.11) were assigned the highest weights in the mixture analysis [Figure 2B]. The high weights of these
specific compounds in the GWQS model, a finding corroborated by their adverse trends in our single-
exposure analyses, may be attributed to their distinct and potent toxicological profiles. PFDoDA, a long-
chain PFAS, likely exerts its dominant influence through its exceptional bioaccumulation potential®!. PFOA,
in contrast, is a well-established developmental toxicant known for efficient placental transfer and its role as
a PPARo agonist®!, which can directly interfere with neuronal differentiation and lipid metabolism in the
developing brain®’. This pattern, where specific compounds with strong individual toxicities drive the
overall mixture effect, aligns with previous mixture studies that also identified PFOA as a key contributor!”..
Oh et al. demonstrated through principal component analysis that a principal component comprising PFOS,
PFOA, PFHxS, and PFNA was positively associated with an increased odds of autism spectrum disorder
(ASD) [relative risk (RR) = 1.10; 95%CI: 0.97-1.25]""!. Similarly, another study reported that PFAS mixture
exposure was negatively correlated with nonverbal working memory (8 = -0.08; 95%CI: -0.12~-0.03)""). In the
study by Li et al."”, the GWQS regression was employed to evaluate the combined effects of PFAS mixtures,
revealing that legacy PFAS mixtures were positively associated with the risk of low trajectories in gross motor
function and problem-solving ability, primarily contributed by PFOS and PFOA. Given the real-world co-
exposure to multiple environmental chemicals, future research should further explore their cumulative
impact on neurodevelopment.
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Figure 2. Associations of third-trimester maternal PFAS exposure (individual and mixture) with neurodevelopmental trajectories in
preschool children (33-84 months). (A) Associations between maternal serum concentrations of individual PFAS compounds (ng/mL)
and neurodevelopmental trajectories in preschool-aged children, measured by neurodevelopmental scores. ORs and 95%Cls were
calculated through logistic regression and GWQS regression models to compare children in the persistently low trajectory group with
those in the persistently high trajectory group (n = 278).'P < 0.05. Two GWQS indices were created: GWQS 1 for exposure to alternative
PFAS (6:2 CI-PFESA, 8:2 CI-PFESA, PFHxA, PFBA), and GWQS 2 for exposure to legacy PFAS (PFDoDA, PFOA, linear PFHxS, PFUNDA,
PFOS, PFDA, PENA, and PFTrDA). The GWQS indices for each group were evaluated, where a one-unit increase in the GWQS index
signified a quartile increase in the PFAS mixture of each group; (B) Relative weights of individual PFAS within the mixture models in GWQS
regression. Mean weights and selection frequencies were estimated from 100 bootstrap samples. Legacy PFAS GWQS model: coefficient
=0.779 (SE=0.395, P = 0.048); Alternative PFAS GWQS model: coefficient = -0.455 (SE = 0.452, P = 0.314). The top panel shows
legacy PFAS, and the bottom panel shows alternative PFAS. Larger weight indices indicate greater contributions of specific PFAS
compounds to the mixture's overall effect on neurodevelopmental trajectories. All models were controlled for maternal age, pre-pregnancy
BMI, parity, maternal education, family income, maternal passive smoking before pregnancy, alcohol drinking, folic acid or vitamin
supplementation during pregnancy, child sex, and gestational age. PFAS: polyfluoroalkyl substances; ORs: odds ratios; Cls: confidence
intervals; GWQS: grouped weighted quantile sum; 6:2 CI-PFESA: 6:2 chlorinated polyfluorinated ether sulfonate acid; 8:2 CI-PFESA: 8:2
chlorinated polyfluorinated ether sulfonate acid; PFHxA: perfluoro-n-hexanoic acid; PFBA: perfluoro-n-nbutanoic acid; PFDoDA: perfluoro-
n-dodecanoic acid; PFOA: perfluorooctanoic acid; PFHxS: perfluoro-1-hexane sulfonate; PFUnDA: perfluoro-n-undecanoic acid; PFOS:
perfluorooctane sulfonate; PFDA: perfluoro-n-decanoic acid; PFNA: perfluoro-n-nonaoic acid; PFTrDA: perfluoro-n-tridecanoic acid; SE:
standard error; BMI: body mass index; PFDA: perfluoro-n-decanoic acid.

Our findings further reinforce the significant association between prenatal exposure to legacy PFAS and
adverse neurodevelopmental trajectories, highlighting the importance of early exposure assessment and
providing novel insights into the underlying mechanisms.

Regulatory role of primary conjugated BAs in the association between PFAS and neurodevelopment
In an exploratory analysis, we evaluated serum levels of 15 BAs in 3-year-old children (Median: 34 months)
to investigate the interaction effect of BAs on the association between PFAS and neurodevelopment. An RF
model identified several BAs as important predictors of low neurodevelopmental trajectories, with TCA,
GHCA, TCDCA, and GCDCA showing the highest relative importance [Figure 3A]. Notably, six of these
eight top-ranked BAs were primary conjugated BAs (TCA, GHCA, TCDCA, GCDCA, GCA, and THCA).
These findings were supported by multivariable linear regression analyses.
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Figure 3. Regulatory role of primary conjugated BAs in the association between prenatal PFAS exposure and neurodevelopmental
trajectories (n = 225). (A) Identification of key primary conjugated BAs predictive of neurodevelopment. RF analysis ranked BAs by their
importance in predicting children’s neurodevelopmental trajectories (%IncMSE). Six of these eight top-ranked BAs were primary
conjugated BAs (TCA, GHCA, TCDCA, GCDCA, GCA, and THCA); (B-D) Logistic regression models were employed to estimate the
associations (ORs and 95%Cls) between maternal serum PFAS concentrations during pregnancy and children’s neurodevelopmental
trajectories, stratified by child TCA, TCDCA, and GCA levels (high vs. low, median split). Interaction P-values reflect effect modification.
For interaction terms, we considered P < 0.1 as nominally significant. The ORs indicate the likelihood of a child being in the persistently low
neurodevelopmental trajectory group, with the persistently high group as the reference. All models were controlled for maternal age, pre-
pregnancy BMI, parity, maternal education, family income, maternal passive smoking before pregnancy, alcohol drinking, folic acid or
vitamin supplementation during pregnancy, child sex, and gestational age. Detailed estimates are presented in Supplementary Tables
17-22. BAs: Bile acids; PFAS: per- and polyfluoroalkyl substances; RF: random forest; %IncMSE: percentage increase in mean squared error;
TCA: taurocholic acid; GHCA: glycohyocholic acid; TCDCA: taurochenodeoxycholic acid; GCDCA: glycochenodeoxycholic acid; GCA:
glycocholic acid; THCA: taurohyocholic acid; ORs: odds ratios; Cls: confidence intervals; BMI: body mass index; GUDCA:
glycoursodeoxycholilc acid; DCA: deoxycholic acid; GDCA: glycodeoxycholic acid; TDCA: taurodeoxycholic acid; CA: cholic acid; CDCA:
chenodeoxycholic acid; GLCA: glycolithocholic acid; HCA: hyocholic acid; UDCA: ursodeoxycholic acid; PFOS: perfluorooctane sulfonate;
PFDA: perfluoro-n-decanoic acid; PFDoDA: perfluoro-n-dodecanoic acid; PFUnDA: perfluoro-n-undecanoic acid.

Since primary conjugated BAs showed significant relevance to neurodevelopment, we further investigated
their interactions with PFAS exposure. We stratified six primary conjugated BA levels into two groups based
on the median concentrations. In an exploratory analysis, stratified logistic regression analyses were
< 0.1) between PFOS, PFDA, and PFUnDA

exposure and primary conjugated BA levels. For example, among children with high TCA concentrations,

conducted to identify potential interactions (all P,

for interaction

each 1-In unit increase in prenatal PFOS concentration was associated with 80% lower odds of low

neurodevelopmental trajectories (OR = 0.20; 95%CI: 0.04-0.97; P =0.0088), whereas the opposite

for interaction

pattern was observed in the low TCA group [Figure 3B and Supplementary Table 17]. Consistent findings
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were observed for TCDCA [Figure 3C and Supplementary Table 18]. In children with lower TCDCA levels,
each In unit of PFOS was significantly associated with 170% increased odds of low neurodevelopmental
trajectories (OR = 2.70; 95%Cl: 1.02-7.17), while these associations were markedly reversed in children with
higher TCDCA levels (P, =0.0063).

or interaction
Moreover, we detected statistically significant interactions between GCA and PFDA (P, ...cion = 0-0773), as
well as between GCA and PFUnDA (P, =0.0314) and between TCDCA and PFUnDA (P

0.0804) [Figure 3C and D, Supplementary Tables 18 and 19]. This established context provides a critical

for interaction for interaction —

foundation for interpreting our central observation: that specific primary conjugated BAs - most notably
TCA and TCDCA, which showed robust interaction with PFOS (all P
the association between maternal PFAS exposure and neurodevelopmental trajectories in preschool-aged

or interaction < 0-01) - significantly modify
children. Our interaction analyses revealed that lower circulating levels of these BAs amplified the adverse
associations of prenatal PFOS and PFDA exposure with low neurodevelopmental trajectories. This pattern
raises the possibility that a reduced capacity of this specific BA profile could be associated with exacerbated
neurodevelopmental susceptibility to PFAS.

We also observed similar modifying trends for other primary conjugated BAs (GCDCA, GHCA, and THCA)
in the exploratory analyses, as shown in Supplementary Figure 4 and Supplementary Tables 20-22. The
biological plausibility of this finding is supported by converging evidence from BA neurobiology and PFAS
toxicology. The ability of BAs to function as multifunctional signaling molecules stems from their
amphipathic nature and extensive structural diversity, which enables specific interactions with a range of
receptors'®!. This structure-activity relationship underlies the ability of different BA species to exert
specialized effects on a wide range of processes, including inflammatory responses, metabolic homeostasis,
intestinal barrier function, and nervous system health via the gut-brain axis"®*. In particular, primary
conjugated BAs, including TCA and TCDCA, have been implicated in key neuroprotective processes, and
evidence suggests that they mediate these and other systemic effects - such as the regulation of inflammation,
maintenance of intestinal barrier integrity, and modulation of metabolic homeostasis - primarily through the
farnesoid X receptor (FXR)!**,

Beyond these systemic roles, emerging evidence suggests that primary conjugated BAs such as TCA and
TCDCA may play unique roles in supporting neuronal health. For instance, experimental studies have
shown that these BAs can modulate intracellular calcium signaling and mitochondrial function, which are
critical for neuronal survival and activity"®”. Additionally, TCA levels in the brain have been reported to be
significantly lower in patients with Alzheimer’s disease!®!, implying a possible association between reduced
primary conjugated BA levels and neurodegenerative processes. This evidence further reinforces our
research findings.

PFAS exposure has also been associated with disruption of the metabolic environment in which BAs
function. Experimental studies have shown that PFAS can perturb BA metabolism by inhibiting key
synthesis enzymes (e.g., CYP7A1, CYP27A1)"™ and activating the PPARa pathway®>*". Additionally, PFAS
exposure has been linked to alterations in gut microbiota composition, which may contribute to gut barrier
dysfunction, oxidative stress, and chronic neuroinflammation - pathways that have been implicated in
neurodevelopmental impairments"*>*”.. Importantly, while BA profiles may reflect upstream alterations in gut
microbiota composition"***, systemic metabolic status'*"), or nutritional factors"®, accumulating evidence
also supports their potential functional role in PFAS-associated pathophysiology. Animal studies
demonstrate that PFAS exposure directly perturbs BA homeostasis - elevating circulating BAs and altering
ileal apical sodium-dependent bile acid transporter (ASBT) expression'®’ - consistent with disrupted
enterohepatic recirculation. Concurrently, BAs act as signaling molecules via FXR and TGR5, which regulate
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metabolic, inflammatory, and neuroactive pathways"*>*. PEAS-induced BA shifts have been associated with
metabolic outcomes in human cohorts"””, suggesting plausible biological relevance beyond mere biomarker
status. Thus, the observed BA alterations may serve dual roles - as integrative biomarkers and as potential
contributors to downstream effects - highlighting the need for targeted mechanistic validation.

When interpreting the effect modification by BAs, the temporal relationship between the measurement at
age 3 and neurodevelopment through age 7 warrants consideration. Evidence suggests the gut-microbiota-
BA axis matures to a more stable, adult-like state around age 3 compared to infancy”**\. The lagged analyses,
adjusting for 33-month baseline scores, revealed consistent associations between early-childhood BA levels
and subsequent neurodevelopmental scores. These findings support that this metabolic phenotype is a
relevant and persistent modifier during early childhood, corroborating evidence from prospective birth
cohort studies”.

Collectively, the observed pattern - where higher levels of specific primary conjugated BAs (e.g., TCA,
TCDCA) were associated with an attenuation of the adverse PFAS-neurodevelopment association - is
consistent with a metabolic profile that may reflect a homeostatic or adaptive response. This interpretation is
speculative and offered as a plausible hypothesis. It synthesizes our epidemiological finding with separate
lines of evidence indicating that such a BA profile possesses anti-inflammatory and cell-protective
properties”®**!, whereas PFAS exposure has been linked to pro-inflammatory and disruptive biological
processes****. Consequently, higher primary conjugated BA levels were associated with lower odds of low
neurodevelopmental trajectories, compatible with the idea that this metabolic profile might attenuate the
adverse neurodevelopmental associations of PFAS exposure in an observational context. This interaction
might align with known roles of BAs in modulating gut barrier function, inflammatory tone, and neural
homeostasis - pathways implicated in neurodevelopment™.

While previous epidemiological studies have primarily reported suppressive effects of PFAS on overall BA
levels"”, our study advances the field by identifying that the relative abundance of specific primary
conjugated BAs can modify the neurodevelopmental risks posed by prenatal PFAS exposure. This
underscores the importance of evaluating not just BA concentrations, but their functional roles in the
context of environmental toxicants.

Finally, a potential alternative explanation is reverse causality, whereby a child’s neurodevelopmental
trajectory could influence subsequent dietary patterns, potentially creating an indirect association with BA
metabolism. This consideration is supported by previous studies indicating that children with
neurodevelopmental disorders, such as autism, often exhibit food selectivity, which can shape gut microbial
composition””**. Given the established role of gut microbiota in converting primary to secondary BAs", a
theoretical pathway from neurodevelopment to diet and then to BA pool composition is plausible. However,
the specific BA metabolites we identified as significant effect modifiers were primary conjugated BAs, such as
TCA and TCDCA. The homeostasis of these primary BAs is governed by hepatic synthesis and enzymatic
conjugation - processes under tight host control"™'*". Consequently, their systemic levels are more stable
and less susceptible to dietary influence than those of secondary BAs. Our lagged analyses further support
this interpretation, demonstrating that BA levels at age 3 predict subsequent neurodevelopmental changes
after controlling for baseline status at 33 months [Supplementary Figures 5 and 6]. Moreover, mechanistic
evidence indicates that BAs act as signaling molecules influencing neuronal health through nuclear receptors,
with reduced TCA levels linked to neurodegenerative pathology”***. Crucially, BA levels were measured at
age 3, before the assessment of neurodevelopmental trajectories from 33-84 months. This temporal sequence,
combined with the specific biology of primary BAs and the supporting evidence from our lagged analyses
and mechanistic studies, makes it unlikely that reverse causality is the primary explanation for our
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observations, although bidirectional gut-brain axis effects cannot be entirely ruled out. Future studies should
integrate experimental models with large-scale population data to further elucidate the mechanisms
underlying BA-PFAS interactions in neurodevelopment. Specifically, experimental models are needed to
determine whether targeted BA modulation (e.g., ASBT inhibition or FXR/TGR5 agonism) can attenuate
PFAS-induced neurodevelopmental deficits in vivo or in vitro.

Sensitivity analysis

The robustness of the primary findings was confirmed through sensitivity analyses. After adjusting for
delivery method and breastfeeding duration, the associations between key legacy PFAS and the low
neurodevelopmental trajectory remained stable. The association for PFDA was nearly identical (sensitivity
analysis OR = 2.38, 95%CI: 1.05-5.39; primary analysis OR = 2.38, 95%CI: 1.05-5.37). Similarly, the
associations for PFDoDA and PFUnDA also remained statistically significant in the sensitivity analysis
[Supplementary Table 23]. Our sensitivity analyses further showed consistent associations between BA levels
at age 3 and neurodevelopmental scores at later time points. In lagged analyses adjusting for the 33-month
baseline neurodevelopmental score, higher levels of primary conjugated BAs - particularly GCA, TCA, and
TCDCA - remained significantly associated with higher neurodevelopmental scores across subsequent time
points (42-84 months) [Supplementary Figures 5 and 6]. To further validate the robustness of our results, we
conducted a sensitivity analysis by comparing the neurodevelopmental trajectories between ages 0-84
months with those from 33-84 months. The trajectory patterns were highly consistent with those obtained
from the main analysis (33-84 months), with comparable group structures and developmental trends
observed across both timeframes [Supplementary Figures 7 and 8]. Additionally, we assessed the stability of
the trajectory classification itself by sequentially excluding later-age cognitive assessments. The identification
of the “low neurodevelopmental trajectory” group proved highly robust, with consistent trajectory shapes
and stable group membership (> 90% agreement) across models that utilized different subsets of the
assessment instruments [Supplementary Table 24]. Together, these analyses provide evidence that the
identified developmental phenotype is not dependent on any single tool used in the assessment battery.

Strengths

This study has several notable strengths. First, to our knowledge, this study provides novel longitudinal
evidence on the modifying role of specific primary conjugated BA profiles (e.g., TCA, TCDCA, and GCA) in
the association between maternal PFAS exposure and neurodevelopmental trajectories among preschool-
aged children (33-84 months). While previous epidemiologic studies have separately examined the
associations between maternal PFAS exposure and neurodevelopmental trajectories, as well as the links
between PFAS and primary BA profiles, the modifying effects of primary BA profiles on the association
between maternal PFAS exposure and neurodevelopmental trajectories have not been explored"”*”". Qur
findings reveal that BAs may act as critical mediators in this relationship, highlighting a novel pathway for
future investigation. Second, unlike most previous studies that employed cross-sectional designs or static
analyses to assess neurodevelopment at a single time point, our study applied a GBTM approach to follow
children longitudinally from age 3 to 7. This innovative method enabled us to capture the dynamic evolution
of neurodevelopment over time, rather than providing a static snapshot. By identifying distinct
developmental trajectories, GBTM allowed us to characterize heterogeneous neurodevelopmental patterns,
evaluate potential delayed or cumulative effects of maternal PFAS exposure, and pinpoint sensitive windows
during the preschool period”" 7!, Third, previous longitudinal studies have predominantly focused on
infancy or toddlerhood (i.e., under 36 months)"””"\. The preschool period is a key developmental window
characterized by significant neurobiological changes”"*?, which remains underexplored in PFAS-related
research. Our study uniquely addresses this gap by prospectively following children from 33 to 84 months of
age, thus comprehensively covering the entire preschool period and providing novel insights into the long-
term neurodevelopmental outcomes associated with maternal PFAS exposure. Fourth, by integrating GWQS
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regression, we assessed the mixture effects of both legacy and emerging PFAS, and found that legacy PFAS
mixtures were more strongly associated with lower neurodevelopmental trajectories. The use of GWQS
allowed us to address the real-world scenario of simultaneous exposure to multiple PFAS compounds and to
quantify their joint effects, which has been underexplored in pediatric populations'”>***, Together, these
approaches offered a more comprehensive and refined assessment of PFAS exposures, contributing to a
better understanding of their cumulative impact on neurodevelopment during the preschool period.

Limitations

Our study has several limitations. First, although this study provides longitudinal evidence on PFAS-related
neurodevelopmental trajectories, the sample size is relatively modest. However, we rigorously evaluated the
risk of overfitting using established model selection criteria (BIC, AvePP > 0.70, entropy), post-hoc power
analyses, and bootstrap validation, which collectively support the robustness of the two-group trajectory
solution. Our findings should be considered exploratory, and replication in larger, independent cohorts is
warranted. Second, we cannot rule out residual confounding from unmeasured exposures to other

75]

neurotoxicants””, such as heavy metals and microplastics, or from more detailed aspects of maternal
nutrition'””). Future studies with comprehensive biomonitoring of multiple contaminant and nutrient
profiles, coupled with multi-omics approaches, are warranted to better understand these potential interactive
effects on neurodevelopment within a broader systemic context. Third, while epidemiological evidence
suggests BAs may modify PFAS neurotoxicity, the observational design cannot establish causality. BA
alterations may reflect gut microbiota composition***, metabolic status'*"), or nutritional factors", rather
than direct mechanistic effectors. Although PFAS-induced BA shifts correlate with metabolic outcomes'””
and animal studies demonstrate direct perturbation of enterohepatic circulation, causal involvement in
neurotoxicity requires validation via neural organoids, targeted animal models, and multi-omics integration.
Given the logistical challenges and lack of longitudinal BA data in early childhood, this design represents a
practical and hypothesis-generating approach. Correspondingly, the evidence for PFAS-BA interactions
presented here is preliminary and exploratory. Our analyses used a nominal significance level (P < 0.1) to
improve the detection of potential signals, and the wide CIs indicate limited precision. Future research with
larger cohorts is needed to apply stricter multiple testing corrections and robustly validate these preliminary
findings. Fourth, BA concentrations in our study were measured cross-sectionally at age 3, whereas
neurodevelopmental outcomes were assessed longitudinally from ages 3 to 7. This temporal misalignment
may raise concerns, particularly given the potential for BA profiles to vary across developmental stages.
However, existing studies suggest that pediatric BA profiles remain relatively stable in the absence of
hepatobiliary or intestinal disease”®*. Additionally, previous literature indicates that early-life metabolic
profiles can predict long-term neurodevelopment”’, reinforcing the value of age-3 BA measurements as
biologically meaningful markers. Given the logistical challenges and lack of longitudinal BA data in early
childhood, this design represents a practical and scientifically justified approach. We acknowledge that a
single BA measurement cannot capture potential temporal fluctuations, and future studies with repeated BA
sampling across childhood would further strengthen causal inference. Lastly, our study focused on
neurodevelopmental trajectories from 33 to 84 months of age, excluding the earlier period from o to 33
months. This may limit the comprehensiveness of our findings across the full early childhood developmental
window. However, this design aimed to capture exposure effects during the preschool years - a critical
window for higher-order cognitive, language, and socioemotional development. Importantly, supplementary
analyses of 0-84-month trajectories showed high concordance with the 33-84-month sub-trajectories
[Supplementary Figure 8], supporting the robustness of our findings. Although the ASQ-3 exhibits a ceiling
effect in older children (a well-documented psychometric property), our sensitivity analyses demonstrated
greater than 91% agreement in trajectory classification between the ASQ-only model and the primary full
model [Supplementary Table 24].


https://file.oaecenter.com/published/pdf/b7035e93360fe6fc2b6123634a251313/1786958971/jeea5030-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/b7035e93360fe6fc2b6123634a251313/1786958971/jeea5030-SupplementaryMaterials.pdf

Page 18 of 23 Zhang et al. J. Environ. Expo. Assess. 2026, 5, 28

CONCLUSION

In summary, this longitudinal study identifies primary conjugated BAs - particularly TCA and TCDCA - as
effect modifiers of prenatal PFAS-neurodevelopment associations. Higher childhood levels of these BAs were
associated with attenuated adverse effects of legacy PFAS. These findings suggest that BA profiles may
facilitate risk stratification or early identification of vulnerable children, though validation in independent
cohorts is needed. Future research should also explore whether nutritional or microbial strategies that
promote a favorable BA profile could mitigate PFAS-related neurodevelopmental risks, and clarify the
underlying mechanisms, potentially involving the gut-brain axis.
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