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long-term association of maternal plasma PFAS concentrations at delivery and their mixture with
child body mass index (BMI) and the risk of Overweight or Obesity (OWO) at the age of 2-18
years.

Methods: The study included 1189 mother—child dyads from the prospective Boston Birth
Cohort. Eight PFAS were measured in maternal plasma samples collected 24-72 h after delivery.
Outcomes were BMI Z-score and OWO status of children at 2-18 years. The exposure-outcome
associations were evaluated with linear and modified Poisson mixed-effects regression for
individual PFAS and Bayesian kernel machine regression and quantile-based g-computation
models for PFAS mixture. We explored the effect modification by maternal pre-pregnancy OWO,
child age, sex, and race.

Results: Maternal plasma samples had PFAS detection frequencies from 87 % to 100 % and
geometric means ranging from 0.11 to 3.67 ng/mL. PFHpS and PFHXS were associated with
higher child BMI Z-score. Such associations were stronger in children aged 6-12 years and 13-18
years than in 2-5 years. Stratified by maternal pre-pregnancy OWO, significant associations of
the PFAS mixture with child BMI Z-score were only found in children of non-OWO mothers. In
children aged 13-18 years, children with both high maternal plasma PFDeA, PFNA, and PFOA
concentrations and maternal OWO had the highest risks of OWO compared to children with either
only. Such synergistic effects were not found in younger children.

Conclusions: Early life exposure to individual PFAS and their mixture were associated with
a higher risk of childhood OWO, with stronger associations observed in older child age groups
and in children of non-OWO mothers. Synergistic effects of PFAS exposures and maternal pre-
pregnancy OWO became evident in adolescence.

Keywords

PFAS; Childhood overweight or obesity; BMI; Maternal overweight or obesity; DOHaD theory;
Prenatal exposure

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of manufactured chemicals that
have been widely applied in fire extinguishers, industrial detergents, water- or oil-resistant
materials, and food packaging (Pan et al., 2024). Due to their physicochemical properties,
PFAS are persistent and widespread in the environment, leading to bioaccumulation and
biomagnification in the food chain (Jain & Ducatman, 2019), and once in the human body,
they remain for a long time (half-lives of 1.5-8.5 years) (Rosato et al., 2024). Although

the use of some PFAS has been restricted since the early 2000s in the United States (US)
(Buck et al., 2011), they are still widely detected in human blood, breastmilk, and other
bio-samples (Iszatt et al., 2019; Starling et al., 2024), indicating ubiquitous health risk on the
general population. PFAS have been broadly reported to have adverse effects on endocrine,
immune, nervous, digestive, and reproductive systems (Fenton et al., 2021). Besides the
effects on adults, PFAS can also cross the placental barrier (Wang et al., 2019), with
implications for irreversible long-term health threats to fetuses.
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Childhood Overweight or Obesity (OWO) has increased substantially over the past decades
and become a worldwide health and social issue (Di Cesare et al., 2019). In the US,
approximately one in five (19.7 %) youth aged 2-19 years had obesity from 2017 to 2020
(Hu & Staiano, 2022). The negative impacts of childhood OWO not only include physical
and psychological disorders of children (Liu et al., 2023) but also track into adulthood. As
suggested by the Developmental Origins of Health and Diseases (DOHaD) theory (Barker
& Osmond, 1986), adverse health events in early life may lead to worse health status
across the lifespan. Children with OWO have higher risks of hypertension, type-2 diabetes,
musculoskeletal disorders, cardiovascular disease, and cancers in adulthood (Gurnani et al.,
2015), causing health burdens on both individuals and society. Therefore, identifying and
preventing risk factors of childhood OWO are of great public health significance.

As a class of endocrine-disrupting chemicals (EDC), PFAS have been reported to be a
group of potential obesogens, whose effects begin in the fetal period (Nappi et al., 2016).
However, the previous studies between in-utero PFAS exposure and childhood OWO vyielded
inconsistent findings. While two systematic reviews concluded no significant associations
between prenatal exposure to PFAS and child body mass index (BMI) (Frangione et

al., 2024; Stratakis et al., 2022), another meta-analysis including 26 studies found that

child BMI had a positive relation with prenatal exposure to perfluorononanoic acid

(PFNA) but negative with perfluorooctanesulfonic acid (PFOS) (Frigerio et al., 2023).

The Environmental influences on Child Health Outcomes (ECHQO) Program reported

that maternal gestational plasma/serum 2-(N-Methyl-perfluorooctane sulfonamido) acetic
acid (Me-PFOSA-AcOH), perfluorodecanoic acid (PFDeA), perfluorohexanesulfonic acid
(PFHxXS), and the PFAS mixture were associated with BMI Z-score and OWO status
between the ages of 2-5 years (Liu et al., 2023). The Healthy Start longitudinal cohort (US)
and Shanghai-Minhang Birth Cohort Study (China) both observed associations between
maternal gestational serum/plasma PFNA and higher BMI of preschool-aged children
(Starling et al., 2024; Sun et al., 2024). The Sheyang Mini Birth Cohort Study (SMBCS,
China) found that cord serum PFAS mixture was associated with higher obesity risk in only
female children at 10 years (Wang et al., 2024b). On the other hand, the Health Outcomes
and Measures of the Environment (HOME) Study suggested that /n-utero perfluorooctanoic
acid (PFOA) exposure was linked to lower BMI in early childhood but higher BMI at the
age of 12 years, while PFOS and PFHXS exposure was related to lower BMI across the
first 12 years (Braun et al., 2021). Laizhou Wan (Bay) Birth Cohort (China) concluded that
PFAS mixture in maternal serum collected three days before delivery was associated with
decreased fat mass and body fat in children aged 7 years, while the negative associations
remained in male children but reversed to positive associations in females (Zhang et al.,
2022b).

The current study sought to address important data gaps and provide new insight into

the heterogeneity of the associations of PFAS with child BMI/OWO across the published
literature. Most existing studies only included children under 13 years, were conducted in
predominantly white populations or outside the US, focused on a few legacy PFAS, and
only a few studies investigated associations with the PFAS mixture. Based on the Boston
Birth Cohort (BBC), a US, urban, low-income, racially diverse prospective birth cohort, the
current study aimed to investigate associations of maternal plasma concentrations of 8 PFAS
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at delivery with child BMI and the risk of OWO at the age of 2-18 years with both single
and mixture analyses. Additionally, we investigated effect modifiers including age, sex, race,
and maternal pre-pregnancy OWO.

2. Material and methods

2.1. Study participants

The current study was based on the BBC, a predominantly urban, low-income,

Black prospective birth cohort study in the US, which has been registered on
ClinicalTrials.gov(NCT03228875). The rationale and details of the study design were
described in a previous publication (Pearson et al., 2022). Briefly, the BBC was initiated

at Boston Medical Center (BMC) in 1998. Any woman who delivered a singleton live infant
at BMC was eligible to be included. Research staff met with mothers 24-72 h after delivery
to obtain written informed consent. Research staff administered a standardized postpartum
questionnaire, collected a maternal venous blood sample, and abstracted electronic medical
records. In a separate but linked Institutional Review Boards (IRB) protocol, the research
team approached mother—child dyads during outpatient medical appointments at BMC to
obtain consent for participation for longitudinal follow-up. Informed consent was obtained
from the mother and the child at age-determined intervals as required by the BMC

IRB. When children reached age 18 + years, they were reconsented as adults. A total

of 3,416 mother—child dyads consented to be longitudinally followed and the median
follow-up length was 14.5 years. Of those, 3,235 children had at least one height and
weight measurement. In 2023, 1,333 maternal plasma samples were processed for PFAS
measurement. Finally, we included 1,189 mother—child pairs who had both maternal plasma
PFAS data and at least one child height and weight measure at the age of 2-18 years (Figure
S1). The study protocol has been reviewed and approved by the IRB of the BMC and the
Johns Hopkins Bloomberg School of Public Health.

2.2. PFAS measurement

Maternal venous blood samples were collected 24-72 h after delivery by trained research
staff in ethylenediaminetetraacetic (EDTA) acid-coated test tubes, centrifuged within two
hours of collection to separate plasma and red blood cells, and stored at —80 °C until
measurement (Li et al., 2024; Zhang et al., 2022a).

In 2023, 1,333 maternal plasma samples, with the inclusion criteria of participants’
enrollment in postnatal follow-ups and adequate volumes of plasma samples, were
processed for PFAS measurement. The plasma samples were transported on dry ice to the
Environmental and Chemical Laboratory Services (ECLS), Public Health and Environmental
Laboratories (PHEL) at the New Jersey Department of Health (NJDOH), to measure 12
PFAS using a sensitive method optimized from a standard method of the Centers for
Disease Control and Prevention (CDC) (#6304.04) (Yu et al., 2017). This method has
been successfully employed in a statewide PFAS biomonitoring project for more than
one thousand de-identified human samples (Yu et al., 2020). In the current study, we
excluded 4 PFAS with a low detection frequency (range: 15 %-60 %) and included

8 PFAS with a detection frequency over 85 %: 1) Me-PFOSA-AcOH; 2) PFDeA,; 3)
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perfluoroheptanesulfonic acid (PFHpS); 4) PFHXS; 5) PFNA,; 6) PFOA,; 7) PFOS; 8)
perfluoroundecanoic acid (PFUNA).

The detailed measurement methods of PFAS were described elsewhere (Graber et al., 2021;
Lietal., 2024; Yu et al., 2017). In short, PFAS were measured using an online solid-phase
extraction (SPE) unit (PICO, Spark Holland, Amsterdam, Netherlands) coupled to a high- or
ultra-high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS
SCIEX QTRAP ™ 6500 or UHPLC-MS/MS SCIEX QTRAP ™ 7500). 50 uL of plasma,
spiked with 25 L of mass-labeled internal standards and diluted to 600 pL with 0.1 M
formic acid, were loaded onto the online SPE cartridge for the 6500 (Polaris C8-SE, 2 mm
x 10 mm x 8um, PEEK, bar) and for the 7500 (CHROspe Polymer Divinylbenzene, 25-35
pum, 10x1 mm ID, PEEK, 1000 bar) for extraction. The extract flowed onto the protective
guard column (Agilent XDB-Cg, 4.6 mm x 12.5 mm x 5 um) for the 6500 and (Agilent
Zorbax SB-C18, 2.1 mm x 5 mm x 1.8 pm) for the 7500 to remove any impurities from
reaching the analytical column. This extract then finally flowed onto the analytical column
for the 6500 (Agilent Eclipse XDB Cg, 3 mm x 100 mm x 3.5 um) and the 7500 (Agilent
ZORBAX SB-C18 RRHD, 2.1 mm x 150 mm, 1.8 um) for separation. Target analytes
were eluted using an aqueous solution mobile phase A, for the 6500 (buffered with 10 mM
NH4Ac / ACN, 95:5, pH of 4.30 +/- 0.05, filtered with 0.2 um nylon filter) and for the
7500 (buffered with 10 mM NHzAc / ACN, 95:5, pH = 4.00 + 0.05, filtered with 0.2 pm
nylon filter). The organic solution mobile phase B for the 6500 (ACN and Methanol, 1:1)
and 7500 (ACN) was then identified and quantified by tandem mass spectrometry using

the scheduled multiple reaction monitoring (SMRM) mode. The precursor and product ions
were monitored to identify and quantify the target PFAS. Besides, additional product ions
were used for PFHXS and PFOS for further confirmation of each species, as bile salts
present in biological samples are known to interfere with proper quantification.

The analytical laboratory has maintained proficiency in the CDC’s Biomonitoring Quality
Assurance Support Program (BQASP) or the Arctic Monitoring and Assessment Program
(AMAP) Ring Test for Persistent Organic Pollutants in Human Serum since 2016, achieving
a 100 % score on all proficiency tests. All sample analyses and data underwent rigorous
NJDOH Quality Assurance / Quality Control (QA/QC) procedures, including blank and

QC checks for each analytical batch, and validation against established protocols prior to
reporting. The limits of detection (LODs) for PFAS ranged from 0.005 ng/mL to 0.061
ng/mL, with corresponding limits of quantification (LOQs) from 0.015 ng/mL to 0.182
ng/mL. Routine correlations were performed to assess that both the 6500 and 7500 LC-
MS/MS instruments are producing similar results.

2.3. Child BMI Z-score and OWO measurement

Child height and weight data were extracted from the electronic medical records, which
were measured with light clothes and without shoes, and documented by trained medical
staff with standard clinical protocols and equipment during child clinic visits. To date,
the BBC has recorded 60,676 measures of height and body weight from 3,235 children.
Each child had a median of 16 (interquartile range: 9, 24) measures. As BBC recruited
participants in a rolling process, most of the children are still under 18 years; some
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participants could only be followed until 18 years old unless they reconsented themselves.
Therefore, only 49 of 3,235 children reached 18 years and had measurements after 18 years,
of whom only 4 also had maternal PFAS data. We dropped the data collected after the age

of 18 years to address potential selection bias. Child BMI was calculated as the child’s body
weight (kg) divided by the child’s height (m). BMI Z-score and percentile were standardized
by sex and age according to the US national reference values from the CDC (CDC, 2023).
As this reference for calculating a child’s BMI Z-score and percentile begins at age 2 years,
we restricted our age range to 2-18 years. We categorized children as OWO if the BMI
percentile was = 85 percentile.

2.4. Covariates

Information on covariates was extracted from medical records and the maternal postpartum
questionnaire of BBC. We incorporated covariates based on confounders included in
previous studies and directed acyclic graphs (DAGs; Figure S2). The following covariates
were included in the fully adjusted model: maternal age at delivery (years), maternal
educational level (high school or below versus college or above), maternal race (Black
versus non-Black), maternal pre-pregnancy BMI (kg/m?2), maternal diabetes (either
Gestational Diabetes Mellitus or Diabetes Mellitus), child’s biological sex (male versus
female), birthweight-for-gestational age [appropriate for gestational age (AGA), small for
gestational age (SGA), or large for gestational age (LGA)], year of birth (1999-2006

versus 2007-2016), delivery mode (vaginal delivery versus cesarean section), and parity
(nulliparous versus multiparous). Maternal pre-pregnancy BMI was calculated as maternal
pre-pregnancy body weight (kg) divided by maternal height (m), which were both obtained
from the maternal postpartum questionnaire. Maternal pre-pregnancy OWO was defined as a
pre-pregnancy BMI = 25 kg/m2. Maternal diabetes and birthweight-for-gestational age were
adjusted in all main models because they are strongly associated with childhood obesity. We
adjusted for the year of birth because our samples were collected over a long period during
which the PFAS exposure levels may change. The variable of year of birth was included as a
binary variable cut by 2006, because eight major companies in the PFAS industry in the US
agreed to phase out PFOA and PFOA-related production in 2006, before when PFOS was
phased out in 2002 (Viberg & Eriksson, 2011). We observed a turning point around 2006

on the smooth plots between birth year and maternal plasma PFAS concentrations. Previous
studies also suggested significant changes in population exposure levels around 2006 (Pan
et al., 2024). We adjusted for delivery mode since more blood loss during cesarean section
may result in lower PFAS concentrations in maternal plasma at delivery (Ansari et al., 2022;
Khan et al., 2006). Preterm birth was not included as a covariate because we did not observe
a significant difference in gestational age or proportion of preterm between children with or
without childhood OWO (Table 1), and preterm is more likely a potential mediator than a
confounder. We conducted multivariate imputation by chained equations (mice package for
R) for missing values of covariates (fewer than 5 %).

2.5. Statistical analysis

Mean, standard deviation, frequency, and percentages were applied to describe the general
characteristics of included mother—child pairs. Characteristics were described among all
children, children with childhood OWO, and children without OWO. We compared the
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characteristics between included and excluded mother—child dyads to check for potential
selection bias. The distribution of PFAS in maternal plasma samples at delivery was
described with geometric mean, minimum, maximum, and quartiles. The correlation among
PFAS was tested with Spearman’s rank order correlation coefficients. The concentrations of
PFAS below the LODs were imputed with LOD/V2.

To evaluate associations between individual PFAS and repeated measures of child BMI
Z-score and child OWO status, we conducted linear and modified Poisson mixed-effects
models adjusting for covariates. Log2-transformed PFAS concentrations were included as
exposure variables. To address the predominant effect of maternal OWO on childhood
OWO suggested by our previous work (Si et al., 2023), we conducted stratified analyses by
maternal OWO. Also, we combined maternal OWO (no versus yes) with quartiles (Q1-Q3
versus Q4) of each PFAS as a 4-level categorical variable as the exposure, to evaluate the
joint association of PFAS with maternal OWO on child BMI Z-score and OWO status.

To explore other effect modifiers, we conducted secondary analyses stratified by child age
group, sex, and race. To further examine the age-dependent effects of PFAS, we used linear
spline mixed-effects models to predict child BMI trajectories at 2—18 years stratified by
quartiles of maternal PFAS concentrations. We created child age splines with 2 knots at 6
and 13 years and fixed the other covariates at their means in the trajectory analysis.

We conducted mixture analyses to investigate associations between the PFAS mixture and
the last measure of child BMI Z-score and OWO. We used Bayesian kernel machine
regression (BKMR) models (bkmrpackage for R) with a Markov Chain Monte Carlo
(MCMC) algorithm of 50,000 iterations (Bohb et al., 2015). We tested the convergence of
models with effective sample size for bulk and tail quantities and potential scale reduction
factor on rank normalized split chains. Log2-transformed PFAS were set as exposure
variables to examine their relations with either the child BMI Z-score or the child OWO
status. Models among all children, children with maternal OWO, and children without
maternal OWO were fitted. Besides, we further fitted BKMR with 8 PFAS and maternal pre-
pregnancy BMI as exposure and examined bivariate exposure-effect relations to investigate
the potential effect modification of maternal OWO. Additionally, we conducted quantile-
based g-computation models (ggcomp package for R) (Keil et al., 2020). Analyses were
run using package default settings to estimate associations of the PFAS mixture and two
outcomes, overall and stratified by maternal OWO. We used ggcompint package for R to
assess if the effects of the PFAS mixture on child BMI Z-score and child OWO varies by
maternal OWO (Keil et al., 2020). While BKMR uses Gaussian process regression to fit

a flexible, nonparametric function to estimate the individual, joint, and cumulative effects
of the mixture allowing for non-linearity and interactions among mixture components,
quantile-based g-computation provides a more interpretable, single dose-response parameter
for the association and has increased statistical power compared to BKMR. Therefore, the
application of both models complements each other and helps cross check the robustness of
results.

We conducted sensitivity analyses as follows: First, as diet is the primary source of PFAS
exposure in most populations (especially fish intake) (Wang et al., 2024a), we further
adjusted for fish intake during pregnancy and Mediterranean Diet Score (Che et al., 2023).
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Second, to address potential concerns that maternal diabetes and birthweight-for-gestational
age could be causal intermediates between prenatal PFAS exposures and childhood obesity,
we explored the associations excluding these two variables as confounders. Third, we
examined if maternal smoking during pregnhancy could affect PFAS-OWO association, since
our previous study found that maternal smoking may increase childhood risk of OWO (Hou
et al., 2022). Fourth, we additionally adjusted for breastfeeding as breastmilk is a potential
source of elevated PFAS exposures in infancy (Zheng et al., 2021).

We conducted the statistical analyses using R version 4.4.0 (R Core Team, 2024), RStudio
2024.04.0 (Posit team, 2024), and Stata version 18.0 (StataCorp, 2023).

3. Results

The average delivery age of included mothers was 28.8 + 6.5 years, 59 % were Black, 65

% received education of high school or lower, and 54 % had pre-pregnancy OWO (Table 1).
Of the children, 49 % were male and 38 % were born with cesarean section. Compared with
normal-weight children, OWO children were more likely born to mothers who were older
at delivery, had OWO before pregnancy, had diabetes, and delivered via cesarean section.
Compared to all participants in the BBC, although the included participants had a lower
proportion of preterm (23 % versus 29 %), the other characteristics were comparable (Table
S1). The numbers of children with at least one BMI measured at 2-5 years, 6-12 years, and
13-18 years were 1,136, 964, and 472, respectively (Figure S1).

The concentration distributions of PFAS in maternal plasma are reported in Table 2. The
detection frequencies of PFAS in study participants ranged from 87.22 % (Me-PFOSA-
AcOH) to 100 % (PFNA and PFOS). Among 8 PFAS, PFOS had the highest geometric
mean of 3.67 ng/mL, while Me-PFOSA-AcOH and PFHpS had the lowest geometric mean
of 0.11 ng/mL. The Spearman correlation coefficients among PFAS ranged from 0.02
(Me-PFOSA-AcOH with PFUnA) to 0.80 (PFDeA with PFUnA) (Figure S3).

Fig. 1 and Table S2 present the associations between individual PFAS and repeated
measures of child BMI Z-score and OWO examined by linear and modified Poisson mixed-
effects models. Maternal plasma PFHXS concentrations were associated with higher child
BMI Z-score ( = 0.07; 95 % CI: 0.02, 0.12). Stratified by child age group, the associations
between PFHXS and child BMI Z-score were stronger in older child age groups (2-5

years: p = 0.04; 95 % CI: -0.01, 0.09; 6-12 years: p = 0.08; 95 % CI: 0.03, 0.13; 13-18
years: § = 0.09; 95 % CI: 0.02, 0.15). Similar positive associations and age-dependent
associations were also observed between PFHpS and child BMI Z-score. We did not observe
a significant difference in child BMI trajectories by maternal plasma PFAS concentration
quartiles (Figure S4). PFDeA concentration was associated with a 10 % (95 % CI: 1.00,
1.20) higher risk of child OWO (Table S2).

Fig. 2 shows the associations between the PFAS mixture and the last measure of child
BMI Z-score and OWO. In overall models of BKMR and quantile-based g-computation,
the PFAS mixture was not significantly associated with child BMI Z-score and OWO.
However, after stratifying by maternal OWO in quantile-based g-computation models, the
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PFAS mixture was associated with higher child BMI Z-score in children of non-OWO
mothers only (B = 0.21; 95 % CI: 0.05, 0.36) (Table S4). The effect measure modification
Pvalue of maternal OWO between PFAS and child BMI Z-score was 0.03 (Table S4).
The bivariate exposure-effect relations between PFAS and maternal pre-pregnancy BMI in
BKMR also suggested the modifying role of maternal OWO (Figure S5). In models of
individual PFAS, associations of Me-PFOSA-AcOH, PFDeA, and PFHxS with child BMI
Z-score or OWO were also stronger in children of non-OWO mothers (Table S2).

Fig. 3 and Table S7-S10 report the joint effects of maternal PFAS and maternal OWO.

In overall models (Table S7), compared to the reference group of children with PFAS in
Q1-Q3 and non-OWO mothers, children with high maternal PFNA concentrations only (RR
=1.41; 95 % CI: 1.06, 1.87) and children with maternal OWO only (RR = 1.67; 95 % ClI:
1.40, 1.99) both had higher risks of child OWO, and those with both high maternal PFNA
concentrations and maternal OWO showed the highest risk of child OWO (RR = 1.99; 95 %
Cl: 1.54, 2.56). Notably, synergistic joint effects of PFDeA, PFNA, and PFOA with maternal
OWO were observed in the age group of 13-18 years but not in younger children (Fig. 3).

Secondary analyses stratified by sex and race are reported in Table S2, Table S9, and

Table S10. Stratified by child sex, Me-PFOSA-AcOH, PFDeA, and PFHXxS showed
stronger associations with child OWO in females than males. In the race-stratified analysis,
associations of PFDeA, PFHpS, PFHXS, and PFOS with child BMI Z-score or OWO tended
to be stronger among non-Black children compared to Black children.

In the sensitivity analyses, additional adjustment of fish intake and Mediterranean diet
score (Table S11), excluded adjustment of maternal diabetes and birthweight-for-gestational
age (Table S12), additional adjustment of maternal smoking (Table S13), and additional
adjustment of breastfeeding (Table S14), respectively, did not substantially change our
results.

4. Discussion

The current study investigated the associations of maternal plasma PFAS concentrations at
delivery with childhood BMI and OWO risk at 2-18 years. We observed that PFHpS and
PFHxXS were associated with higher child BMI Z-score. The associations were stronger in
older child age groups. In both single and mixture analyses, associations of PFAS with
child BMI Z-score were stronger in children of non-OWO mothers. We observed synergistic
joint effects of PFAS and maternal pre-pregnancy OWO only in the age group of 13-18
years. This study investigated the effects of more types of PFAS in a longer time scale
compared with prior research, provided new insights that maternal OWO may modify the
relation between PFAS mixture and child OWO, and reported differential joint effects of
PFAS and maternal OWO by child’s age group. Our findings may contribute to explaining
the inconsistent exposure-effect relations reported by previous studies and indicate a new
perspective for health effect identification and prevention of PFAS.

We found that PFHXS was associated with higher child BMI Z-score, which is consistent
with previous studies. The ECHO cohorts observed a subtle positive association of BMI
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Z-score with PFHxS (f = 0.07; 95 % CI: 0.01, 0.12) (Liu et al., 2023). The SMBCS
observed that PFHXS was associated with being in the high BMI trajectory group (OR: 1.43;
95 % CI: 1.02, 2.01; P=0.04) (Dai et al., 2023). As we found a 10 % higher risk of child
OWO at 2-18 years associated with PFDeA, the SMBCS suggested that PFDeA (f = 0.19;
95 % CI: 0.06, 0.31; P< 0.01) was linked to increased BMI from birth to 10 years in linear
mixed-effects models (Dai et al., 2023). The Healthy Start longitudinal cohort reported a
non-significant association of the mixture of PFDeA, PFHXS, PFNA, PFOA, and PFOS in
maternal gestational serum with the BMI of children (median age: 4.6 years) (Starling et al.,
2024), which were observed in our study as well. Such positive relations between PFAS and
child BMI/OWO were also reported by the Scandinavian Successive Small-for-Gestational
Age births study and the HOME Study (Lauritzen et al., 2018; Liu et al., 2020). However,
two systematic reviews observed conflicting results in previous studies and concluded that
prenatal PFAS exposures were not statistically associated with child BMI (Frangione et al.,
2024; Frigerio et al., 2023). The inconsistency may be attributable to different PFAS types
tested, exposure levels, follow-up years (age of children), and source populations.

We observed stronger associations of PFHpS and PFHxS with child OWO in children aged
6-12 years and 13-18 years than children aged 2-5 years. Such findings suggested that

the effects of prenatal PFAS exposures may have latent effects that become evident in later
child life stages, which may help explain the null associations reported by previous studies
(Frangione et al., 2024; Frigerio et al., 2023), as most studies only included children under
13 years. The age-dependent associations between prenatal PFAS exposures and child BMI
were also found in other studies. The Project Viva observed associations of PFAS mixture
in maternal early pregnancy plasma with higher BMI (B = 0.52; 95 % CI: —-0.02, 1.06) and
higher obesity risk at 16-20 years (by quantile-based g-computation models, estimate per
quartile: 1.52; 95 % CI: 1.03, 2.25); notably, they found a more rapid increase in child BMI
starting from 9-11 years in children with higher exposures of PFOS, Me-PFOSA-AcOH, and
2-(N-ethyl-perfluorooctane sulfonamido) acetate (Zhang et al., 2023). In the HOME Study,
maternal first trimester serum PFOS and PFHXS were associated with child adiposity at
age 8 years (Braun et al., 2016). However, when they followed the children up until age

12 years, PFOS and PFHxS were monotonically associated with lower child BMI (Braun
et al., 2021). They also found PFOA was associated with lower BMI in infancy and early
childhood, but accelerated BMI gains later, and then higher BMI at 12 years (Braun et al.,
2021). Taiwan Birth Panel Study concluded cord blood PFOS concentration was associated
with a lower BMI in female children at 6 months to 2 years, but was associated with a
higher BMI at 5-9 years (Chen et al., 2017). So far, most studies that investigated the effects
of prenatal exposure to PFAS were limited to the age below 13 years, the latent effects of
prenatal PFAS exposures remained to be more explored.

Our mixture analyses stratified by maternal OWO suggested that the trend between PFAS
mixture differed substantially among children with or without OWO mothers. In quantile-
based g-computation models, we observed a significant association between the PFAS
mixture and a higher child BMI Z-score in children of non-OWO mothers only. Using
BKMR, we also found a more prominent positive trend in children of non-OWO mothers.
To our knowledge, although most studies adjusted for maternal pre-pregnancy BMI as a
covariate, our study was the first to consider maternal OWO as an effect modifier when
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exploring the association between PFAS and childhood OWO. As mentioned above, almost
all studies that investigated the mixture effects of PFAS found a weak or non-significant
relation, even though they reported a significant association with individual PFAS (Liu

et al., 2023; Starling et al., 2024). Our exploration incorporating maternal OWO may
provide a clue to clarify underlying associations or explain subtle findings in mixture
analyses, that is, the effects of the PFAS mixture may be masked by the effect of maternal
OWO. Different proportions of OWO mothers might also partly explain the incoherent
results in published studies. Future studies on prenatal PFAS exposures and child obesity
may conduct secondary analyses stratifying by maternal OWO to address potential effect
masking. Additionally, we found the synergistic effects of PFAS and maternal OWO only
in children aged 13-18 years. Maternal OWO may influence the nutrient and inflammatory
biomarkers transportation to the fetus, cause epigenetic changes and reprogram organ and
tissue structure of the fetus, and alter the metabolic function and microbiome of offspring,
predisposing the fetus more sensitive to /n-utero exposures to environmental obesogens,
such as PFAS (Catalano & Shankar, 2017). However, such effects may not be observed

in early childhood, as we found stronger associations between PFAS and child BMI in
older child age groups. In adolescence, the effects of prenatal PFAS became stronger and
presented synergistic effects with maternal OWO. However, we did not find an animal
study that investigated the joint effects of maternal OWO and prenatal PFAS exposures, the
biological mechanisms of our findings remain further exploration.

We found stronger positive associations of Me-PFOSA-AcOH, PFDeA, and PFHXS with
child OWO in females. Among existing studies examining the sex-specific effects of

PFAS, the HOME Study found PFOA and PFHXS were consistently associated with higher
adiposity in females but not in males aged 12 years (Liu et al., 2020). The Hamamatsu Birth
Cohort for Mothers and Children (HBC) study observed a negative association between
PFOA and BMI Z-score only among females aged 0-5.5 years (Horikoshi et al., 2021). As
more research concluded more pronounced associations among females (Sun et al., 2024;
Svensson et al., 2023), null sex-differential associations were also reported (Liu et al., 2023;
Starling et al., 2024). However, given the synergistic effects of PFAS and maternal OWO in
children aged 13-18 years we observed, these studies likely missed the differential effects by
sex because the children were not followed long enough.

The biological mechanisms by which early life PFAS exposure affects childhood OWO

are not fully understood, but some pathways have been suggested by previous studies.

First, PFAS can simulate free fatty acids and activate the peroxisome proliferator-activated
receptors (PPARS), facilitating the proliferation of 3 T3-L1 pre-adipocytes, influencing fatty
acid metabolism, and causing adipogenesis, therefore increasing the risk of obesity (Behr

et al., 2020). Moreover, an animal study reported that exposure to PFAS in the embryonic
period may reduce the PPAR gene expression, leading to life-long effects on obesity (Sant et
al., 2021). Second, as a class of EDC, PFAS may change the thyroid hormones and cortisol
levels, reprogram the hypothalamic—pituitary—adrenal (HPA) axis, and then influence the
body weight (Lopez-Espinosa et al., 2012; Zhao et al., 2011). Third, PFAS were reported

to have estrogenic properties, which may help explain the sex-specific effects (Rosen et al.,
2017). Fourth, PFAS may be able to interrupt the lipid metabolism process by impacting
the transport, storage, oxidation, and synthesis of lipids and fatty acids (Kaye et al., 2024).
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Another BBC study also observed associations of individual PFAS and PFAS mixture in
maternal plasma with multiple lipids in cord plasma (Li et al., 2024). Finally, mitochondrial
dysfunction (Starkov & Wallace, 2002), change in DNA methylation (Starling et al., 2020),
and gut microbiome dysbiosis (Sen et al., 2024) were suggested to be potential mechanisms
through which PFAS impact childhood obesity risks. Additionally, the only significant
individual association with PFHxS observed in our study may be attributable to its highest
placental transfer rate compared to other PFAS (Kang et al., 2021).

Some strengths of this study should be highlighted. The prospective cohort study design
guaranteed the temporal relationship between exposures and outcomes; the large sample size
offered relatively high statistical power; the unique composition of predominantly urban,
low-income, Black populations suggested insights for under-represented populations. Most
importantly, we followed the children for 18 years, longer than most existing studies, which
allowed us to identify synergistic effects of PFAS and maternal OWO that become evident
in adolescence and highlight the latent, long-term effects of early life PFAS exposure.
Second, we included 8 legacy PFAS, especially some rarely measured PFAS such as Me-
PFOSA-ACOH, PFDeA, and PFUNA, allowing a more thorough scene of exposure-effect
relations between multiple types of PFAS and childhood obesity. We conducted both single
and mixture analyses to investigate the impacts of both individual and combined PFAS
exposures. Finally, benefiting from the high proportion of OWO mothers in the BBC (52 %),
we were able to conduct stratified analyses by maternal OWO and evaluated joint effects of
early life exposure to PFAS and maternal pre-pregnancy OWO, proposing new insights and
informing future studies between PFAS and childhood obesity.

Nevertheless, several limitations of the study cannot be ignored. First, we observed a smaller
proportion of preterm-born children in the included participants than all participants in the
BBC, indicating potential selection bias in this study. However, the other characteristics
were generally comparable, and we adjusted for most of these characteristics in models

to account for differences in these factors. Second, a single maternal plasma sample at
delivery was used to represent PFAS exposure throughout the gestational period. Although
PFAS levels may change from pregnancy to postpartum, a previous study reported that
PFAS concentrations in maternal serum at birth were highly correlated with concentrations
in infant cord serum (r = 0.79-0.92) (Kato et al., 2014). Therefore, maternal PFAS
concentrations in samples collected only 24-72 h after delivery may be a reliable proxy

for fetal exposure in this study. Third, BMI Z-score and OWO status identified by BMI
percentile were applied as the outcomes, which were both not direct indexes for body fat,
leading to potential misclassification of child OWO. Fourth, although we observed joint
effects of maternal OWO and early life PFAS exposures, we did not have animal studies

to explain the underlying biological mechanisms. Fifth, Children in our study spanned a
wide age range and were in different stages of puberty. While we did not adjust for pubertal
status as it could be a causal intermediate (Lee et al., 2021), future studies could consider
the role of pubertal development in the relations between early life PFAS exposure and
body composition. Finally, we were unable to control unmeasured confounding, such as
child PFAS exposures, and residual confounding, although we adjusted for fish intake,
Mediterranean diet score, maternal smoking history, and breastfeeding in sensitivity analyses
and found our estimates were robust to potential confounding.
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PFOS and PFOA were voluntarily phased out by major companies in 2002 and 2006 (Viberg
& Eriksson, 2011), and these PFAS were designated as hazardous substances under the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) by
the U.S. Environmental Protection Agency (EPA) in April 2024 (US EPA, 2024). The PFAS
Strategic Roadmap of EPA (US EPA, 2021) emphasizes the need for continuing research

on toxicity and human health effects of other PFAS to inform future actions to protect
public health. Thus, the current study contributes to the evidence of long-term health effects
of early-life exposure to multiple PFAS, provides new insights in explaining inconsistent
findings of previous studies, and informs future studies to better elucidate the health effects
of PFAS and develop effective interventions for childhood obesity.

5. Conclusion

In this prospective birth cohort of US understudied, high-risk mother—child dyads, the study
demonstrated individual and mixture effects of early life PFAS exposures on childhood
OWO. PFHpS and PFHXS concentrations in maternal plasma at delivery were associated
with a greater child BMI Z-score. Such associations were stronger in older child age groups
(6-12 and 13-18 years). Maternal OWO acted as an effect modifier, with associations
generally stronger among children of non-OWO mothers. However, the synergistic effects of
prenatal PFAS exposure and maternal pre-pregnancy OWO became evident in adolescence.
These findings underscore the complexity of the PEFAS-BMI (or OWO) associations, help
explain inconsistent findings reported by previous studies, and inform future research
design, analyses, and comparisons across studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We sincerely appreciate all study participants in the Boston Birth Cohort. We also thank the Boston Medical Center
nursing staff and the Boston Birth Cohort field team for their support and help with the study.

Funding sources

The Boston Birth Cohort is funded by the National Institutes of Health
(2R01HD041702,R01HD098232,R01ES031272, RO1ES031521, and U01ES034983) and the Maternal and Child
Health Bureau (UT7MC45949). Dr. Choi is supported by the National Institutes of Health (K99ES035464). Drs.
Yu and Fan are supported by the CDC State Biomonitoring Grant (UB8EH001151) and the New Jersey State
Government. Dr. Buckley is supported by the National Institutes of Health (RO1ES030078, ROLES033252). The
content is solely the responsibility of the authors and does not necessarily represent the official views of the funding
agencies.

Data availability

Data will be made available on request.

Abbreviations:

AGA appropriate for gestational age

Environ Int. Author manuscript; available in PMC 2025 February 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

BBC
BMC
BKMR
BMI
CDC

Cl
DOHaD
EDC

HPLC-MS/MS

IRB
LGA
LOD

LOQ

Me-PFOSA-AcOH

owo
PFAS
PFDeA
PFHpS
PFHXS
PFNA
PFOA
PFOS
PFUNA
OR
QA
QC
RR

SGA

Page 14

Boston Birth Cohort

Boston Medical Center

Bayesian kernel machine regression

body mass index

Centers for Disease Control and Prevention
confidence interval

Developmental Origins of Health and Diseases theory
endocrine-disrupting chemical

high-performance liquid chromatography-tandem mass
spectrometry

Institutional Review Boards

large for gestational age

limit of detection

limit of quantification
2-(N-Methyl-perfluorooctane sulfonamido) acetic acid
overweight or obesity

per- and polyfluoroalkyl substances
perfluorodecanoic acid
perfluoroheptane sulfonic acid
perfluorohexanesulfonic acid
perfluorononanoic acid
perfluorooctanoic acid
perfluorooctanesulfonic acid
perfluoroundecanoic acid

odds ratio

Quality Assurance

Quality Control

risk ratio

small for gestational age

Environ Int. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 15

SPE solid-phase extraction

us the United States

References

Ansari J, Farber MK, Thurer RL, Guo N, Rubenstein A, Carvalho B, 2022. Quantitative blood loss
after vaginal delivery: a retrospective analysis of 104 079 measurements at 41 institutions. Int. J.
Obstet. Anesth 51, 103256. 10.1016/j.ijoa.2022.103256. [PubMed: 35636143]

Barker DJP, Osmond C, 1986. Infant mortality, childhood nutrition, and ischaemic heart disease in
England and Wales. Lancet 327 (8489), 1077-1081. 10.1016/S0140-6736(86)91340-1.

Behr A-C, Plinsch C, Braeuning A, Buhrke T, 2020. Activation of human nuclear receptors by
perfluoroalkylated substances (PFAS). Toxicol. In Vitro 62, 104700. 10.1016/j.tiv.2019.104700.
[PubMed: 31676336]

Bobb JF, Valeri L, Claus Henn B, Christiani DC, Wright RO, Mazumdar M, Godleski JJ, Coull
BA, 2015. Bayesian kernel machine regression for estimating the health effects of multi-pollutant
mixtures. Biostatistics 16 (3), 493-508. 10.1093/biostatistics/kxu058. [PubMed: 25532525]

Braun JM, Chen A, Romano ME, Calafat AM, Webster GM, Yolton K, Lanphear BP, 2016. Prenatal
perfluoroalkyl substance exposure and child adiposity at 8 years of age: the HOME study. Obesity
(Silver Spring Md.) 24 (1), 231-237. 10.1002/0oby.21258. [PubMed: 26554535]

Braun JM, Eliot M, Papandonatos GD, Buckley JP, Cecil KM, Kalkwarf HJ, Chen A, Eaton CB,
Kelsey K, Lanphear BP, Yolton K, 2021. Gestational perfluoroalkyl substance exposure and body
mass index trajectories over the first 12 years of life. Int. J. Obesity 45 (1), 25-35. 10.1038/
s41366-020-00717-x.

Buck RC, Franklin J, Berger U, Conder JM, Cousins IT, de Voogt P, Jensen AA, Kannan K, Mabury
SA, van Leeuwen SP, 2011. Perfluoroalkyl and polyfluoroalkyl substances in the environment:
terminology, classification, and origins. Integr. Environ. Assess. Manag 7 (4), 513-541. 10.1002/
ieam.258. [PubMed: 21793199]

Catalano PM, Shankar K, 2017. Obesity and pregnancy: Mechanisms of short term and long term
adverse consequences for mother and child. BMJ 356, j1. 10.1136/bmj.j1. [PubMed: 28179267]
Centers for Disease Control and Prevention (CDC). (2023). CDC growth chart. https://www.cdc.gov/

growthcharts/ (Original work published 2000).

Che X, Gross SM, Wang G, Hong X, Pearson C, Bartell T, Wang X, 2023. Impact of consuming
a Mediterranean-style diet during pregnancy on neurodevelopmental disabilities in offspring:
results from the Boston Birth Cohort. Precis. Nutr 2 (3). 10.1097/PN9.0000000000000047 €00047.
[PubMed: 37744413]

Chen M-H, Ng S, Hsieh C-J, Lin C-C, Hsieh W-S, Chen P-C, 2017. The impact of prenatal
perfluoroalkyl substances exposure on neonatal and child growth. Sci. Total Environ. 607-608,
669-675. 10.1016/j.scitotenv.2017.06.273. [PubMed: 28709101]

Dai Y, Zhang J, Wang Z, Ding J, Xu S, Zhang B, Guo J, Qi X, Chang X, Wu C, Zhou Z, 2023. Per- and
polyfluoroalkyl substances in umbilical cord serum and body mass index trajectories from birth
to age 10 years: findings from a longitudinal birth cohort (SMBCS). Environ. Int 180, 108238.
10.1016/j.envint.2023.108238. [PubMed: 37783122]

Di Cesare M, Sori¢ M, Bovet P, Miranda JJ, Bhutta Z, Stevens GA, Laxmaiah A, Kengne A-P,
Bentham J, 2019. The epidemiological burden of obesity in childhood: a worldwide epidemic
requiring urgent action. BMC Med. 17, 212. 10.1186/s12916-019-1449-8. [PubMed: 31760948]

Fenton SE, Ducatman A, Boobis A, DeWitt JC, Lau C, Ng C, Smith JS, Roberts SM, 2021. Per-
and polyfluoroalkyl substance toxicity and human health review: current state of knowledge
and strategies for informing future research. Environ. Toxicol. Chem 40 (3), 606-630. 10.1002/
etc.4890. [PubMed: 33017053]

Frangione B, Birk S, Benzouak T, Rodriguez-Villamizar LA, Karim F, Dugandzic R,

Villeneuve PJ, 2024. Exposure to perfluoroalkyl and polyfluoroalkyl substances and pediatric
obesity: a systematic review and meta-analysis. Int. J. Obesity 48 (2), 131-146. 10.1038/
s41366-023-01401-6.

Environ Int. Author manuscript; available in PMC 2025 February 01.


https://www.cdc.gov/growthcharts/
https://www.cdc.gov/growthcharts/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 16

Frigerio G, Ferrari CM, Fustinoni S, 2023. Prenatal and childhood exposure to per-/polyfluoroalkyl
substances (PFASS) and its associations with childhood overweight and/or obesity: a systematic
review with meta-analyses. Environ. Health: A Global Access Sci. Sour. 22 (1), 56. 10.1186/
$12940-023-01006-6.

Graber JM, Black TM, Shah NN, Caban-Martinez AJ, Lu S, Brancard T, Yu CH, Turyk ME, Black
K, Steinberg MB, Fan Z, Burgess JL, 2021. Prevalence and Predictors of Per- and Polyfluoroalkyl
Substances (PFAS) serum levels among members of a suburban US volunteer fire department. Int.
J. Environ. Res. Public Health 18 (7), 3730. 10.3390/ijerph18073730. [PubMed: 33918459]

Gurnani M, Birken C, Hamilton J, 2015. Childhood obesity: causes, consequences, and management.
Pediatr. Clin. North Am 62 (4), 821-840. 10.1016/j.pcl.2015.04.001. [PubMed: 26210619]

Horikoshi T, Nishimura T, Nomura Y, Iwabuchi T, Itoh H, Takizawa T, Tsuchiya KJ, 2021.

Umbilical cord serum concentrations of perfluorooctane sulfonate, perfluorooctanoic acid, and
the body mass index changes from birth to 5 1/2 years of age. Sci. Rep 11 (1), 19789. 10.1038/
541598-021-99174-3. [PubMed: 34611219]

Hou W, Zhang M, Ji Y, Hong X, Wang G, Xu R, Liang L, Saria S, Ji H, 2022. A prospective
birth cohort study of maternal prenatal cigarette smoking assessed by self-report and biomarkers
on childhood risk of overweight or obesity. Precis. Nutr 1 (3). 10.1097/PN9.0000000000000017
€00017. [PubMed: 37744083]

Hu K, Staiano AE, 2022. Trends in obesity prevalence among children and adolescents aged 2
to 19 years in the US from 2011 to 2020. JAMA Pediatr. 176 (10), 1037-1039. 10.1001/
jamapediatrics.2022.2052. [PubMed: 35877133]

Iszatt N, Janssen S, Lenters V, Dahl C, Stigum H, Knight R, Mandal S, Peddada S, Gonzalez A,
Midtvedt T, Eggesbg M, 2019. Environmental toxicants in breast milk of Norwegian mothers and
gut bacteria composition and metabolites in their infants at 1 month. Microbiome 7 (1), Scopus,
10.1186/S40168-019-0645-2.

Jain RB, Ducatman A, 2019. Perfluoroalky! acids serum concentrations and their relationship to
biomarkers of renal failure: serum and urine albumin, creatinine, and albumin creatinine ratios
across the spectrum of glomerular function among US adults. Environ. Res 174, 143-151.
10.1016/j.envres.2019.04.034. [PubMed: 31077989]

Kang H, Kim H-S, Yoon YS, Lee J, Kho Y, Lee J, Chang HJ, Cho YH, Kim YA, 2021. Placental
Transfer and Composition of Perfluoroalkyl Substances (PFASs): a Korean Birth panel of parent-
infant triads. Toxics 9 (7). 10.3390/toxics9070168. Article 7.

Kato K, Wong L-Y, Chen A, Dunbar C, Webster GM, Lanphear BP, Calafat AM, 2014. Changes
in serum concentrations of maternal poly- and Perfluoroalkyl substances over the course of
pregnancy and predictors of exposure in a Multiethnic cohort of Cincinnati, Ohio pregnant women
during 2003-2006. Environ. Sci. Tech 48 (16), 9600-9608. 10.1021/es501811k.

Kaye E, Marques E, Agudelo Areiza J, Modaresi SMS, Slitt A, 2024. Exposure to a PFOA, PFOS and
PFHxS mixture during gestation and lactation alters the liver proteome in offspring of CD-1 mice.
Toxics 12 (5), 348. 10.3390/toxics12050348. [PubMed: 38787127]

Keil AP, Buckley JP, O’Brien KM, Ferguson KK, Zhao S, White AJ, 2020. A quantile-based g-
computation approach to addressing the effects of exposure mixtures. Environ. Health Perspect
128 (4), 047004. 10.1289/EHP5838. [PubMed: 32255670]

Khan FA, Khan M, Ali A, Chohan U, 2006. Estimation of blood loss during caesarean section: an
audit. JPMA J. Pak. Med. Assoc 56 (12), 572-575. [PubMed: 17312645]

Lauritzen HB, Larose TL, @ien T, Sandanger TM, Odland J&, van de Bor M, Jacobsen GW, 2018.
Prenatal exposure to persistent organic pollutants and child overweight/obesity at 5-year follow-
up: a prospective cohort study. Environ. Health: A Global Access Sci. Sour 17 (1), 9. 10.1186/
$12940-017-0338-x.

Lee YJ, Jung HW, Kim HY, Choi Y-J, Lee YA, 2021. Early-life exposure to per- and poly-fluorinated
alkyl substances and growth, adiposity, and puberty in children: a systematic review. Front.
Endocrinol 12, 683297. 10.3389/fend0.2021.683297.

Li Z, Zhang M, Hong X, Wang G, Choi G, Nadeau KC, Buckley JP, Wang X, 2024. Cord plasma
metabolomic signatures of prenatal per- and polyfluoroalkyl substance (PFAS) exposures in
the Boston Birth Cohort. Environ. Int 194, 109144. 10.1016/j.envint.2024.109144. [PubMed:
39615256]

Environ Int. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 17

Liu 'Y, Li N, Papandonatos GD, Calafat AM, Eaton CB, Kelsey KT, Chen A, Lanphear BP, Cecil
KM, Kalkwarf HJ, Yolton K, Braun JM, 2020. Exposure to per- and polyfluoroalkyl substances
and adiposity at age 12 years: evaluating periods of susceptibility. Environ. Sci. Tech 54 (24),
16039-16049. 10.1021/acs.est.0c06088.

Liu Y, Wosu AC, Fleisch AF, Dunlop AL, Starling AP, Ferrara A, Dabelea D, Oken E, Buckley JP,
Chatzi L, Karagas MR, Romano ME, Schantz S, O’Connor TG, Woodruff TJ, Zhu Y, Hamra
GB, Braun JM, 2023. Associations of gestational perfluoroalkyl substances exposure with early
childhood BMI Z-scores and risk of overweight/obesity: results from the ECHO cohorts. Environ.
Health Perspect 131 (6), 67001. 10.1289/EHP11545. [PubMed: 37283528]

Lopez-Espinosa M-J, Mondal D, Armstrong B, Bloom MS, Fletcher T, 2012. Thyroid function and
Perfluoroalkyl acids in children living near a chemical plant. Environ. Health Perspect 120 (7),
1036-1041. 10.1289/ehp.1104370. [PubMed: 22453676]

Nappi F, Barrea L, Di Somma C, Savanelli MC, Muscogiuri G, Orio F, Savastano S, 2016. Endocrine
aspects of environmental “Obesogen” pollutants. Int. J. Environ. Res. Public Health 13 (8).
10.3390/ijerph13080765. Article 8.

Pan J, Ouyang C, Zhou S, Wang X, Liu H, Zhang J, Wang X, Shi X, Yang A, Hu X, 2024. Temporal
trend of serum perfluorooctanoic acid and perfluorooctane sulfonic acid among US adults with
or without comorbidities in NHANES 1999-2018. Toxics 12 (5), 314. 10.3390/toxics12050314.
[PubMed: 38787093]

Pearson C, Bartell T, Wang G, Hong X, Rusk SA, Fu L, Cerda S, Bustamante-Helfrich B, Kuohung W,
Yarrington C, Adams WG, Wang X, 2022. Boston birth cohort profile: rationale and study design.
Precis. Nutr 1 (2). 10.1097/PN9.0000000000000011 e00011. [PubMed: 37745944]

Rosato |, Bonato T, Fletcher T, Batzella E, Canova C, 2024. Estimation of per- and polyfluoroalkyl
substances (PFAS) half-lives in human studies: a systematic review and meta-analysis. Environ.
Res 242, 117743. 10.1016/j.envres.2023.117743. [PubMed: 38008199]

Rosen MB, Das KP, Rooney J, Abbott B, Lau C, Corton JC, 2017. PPARa-independent transcriptional
targets of perfluoroalkyl acids revealed by transcript profiling. Toxicology 387, 95-107. 10.1016/
j.tox.2017.05.013. [PubMed: 28558994]

Sant KE, Annunziato K, Conlin S, Teicher G, Chen P, Venezia O, Downes GB, Park Y, Timme-Laragy
AR, 2021. Developmental exposures to perfluorooctanesulfonic acid (PFOS) impact embryonic
nutrition, pancreatic morphology, and adiposity in the zebrafish. Danio Rerio. Environ. Poll 275.
10.1016/j.envpol.2021.116644.

Sen P, Fan Y, Schlezinger JJ, Ehrlich SD, Webster TF, Hydtyldinen T, Pedersen O, Oresic
M, 2024. Exposure to environmental toxicants is associated with gut microbiome dysbiosis,
insulin resistance and obesity. Environ. Int 186, 108569. 10.1016/j.envint.2024.108569. [PubMed:
38522229]

Si J, Meir AY, Hong X, Wang G, Huang W, Pearson C, Adams WG, Wang X, Liang L, 2023. Maternal
pre-pregnancy BMI, offspring epigenome-wide DNA methylation, and childhood obesity: findings
from the Boston Birth Cohort. BMC Med. 21 (1), 317. 10.1186/s12916-023-03003-5. [PubMed:
37612641]

Starkov AA, Wallace KB, 2002. Structural determinants of fluorochemical-induced mitochondrial
dysfunction. Toxicol. Sci 66 (2), 244-252. 10.1093/toxsci/66.2.244. [PubMed: 11896291]

Starling AP, Liu C, Shen G, Yang IV, Kechris K, Borengasser SJ, Boyle KE, Zhang W, Smith
HA, Calafat AM, Hamman RF, Adgate JL, Dabelea D, 2020. Prenatal exposure to per-
and polyfluoroalkyl substances, umbilical cord blood DNA methylation, and cardio-metabolic
indicators in newborns: the healthy start study. Environ. Health Perspect 128 (12), 127014.
10.1289/EHP6888. [PubMed: 33356526]

Starling AP, Friedman C, Boyle KE, Adgate JL, Glueck DH, Allshouse WB, Calafat AM, Bloemsma
LD, Dabelea D, 2024. Prenatal exposure to per-and polyfluoroalkyl substances and early
childhood adiposity and cardiometabolic health in the Healthy Start study. Int. J. Obesity 48 (2),
276-283. 10.1038/S41366-023-01420-3.

Stratakis N, Rock S, La Merrill MA, Saez M, Robinson O, Fecht D, Vrijheid M, Valvi D, Conti
DV, McConnell R, & Chatzi VL (2022). Prenatal exposure to persistent organic pollutants and
childhood obesity: A systematic review and meta-analysis of human studies. Obesity Reviews : An

Environ Int. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 18

Official Journal of the International Association for the Study of Obesity, 23 Suppl 1(Suppl 1),
€13383. 10.1111/0br.13383. [PubMed: 34766696]

Sun S, Xie Z, Song X, Wen S, Yuan W, Miao M, Ji H, Liang H, 2024. Prenatal exposure to Per- and
polyfluoroalkyl substances and adiposity measures of children at 4 and 6 years: a prospective birth
cohort in China. Ecotoxicol. Environ. Saf 269, 115751. 10.1016/j.ecoenv.2023.115751. [PubMed:
38042132]

Svensson K, Gennings C, Lindh C, Kiviranta H, Rantakokko P, Wikstrom S, Bornehag C-G, 2023.
Prenatal exposures to mixtures of endocrine disrupting chemicals and sex-specific associations
with children’s BMI and overweight at 5.5 years of age in the SELMA study. Environ. Int 179,
108176. 10.1016/j.envint.2023.108176. [PubMed: 37672941]

US EPA, O. (2021, October 14). PFAS Strategic Roadmap: EPA’s Commitments to Action 2021-2024
[Overviews and Factsheets].https://www.epa.gov/pfas/pfas-strategic-roadmap-epas-commitments-
action-2021-2024.

US EPA, O. (2024, April 19). Biden-Harris Administration Finalizes Critical Rule to Clean up PFAS
Contamination to Protect Public Health [News Release]. https://www.epa.gov/newsreleases/biden-
harris-administration-finalizes-critical-rule-clean-pfas-contamination-protect.

Viberg H, Eriksson P, 2011. Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA). In: Reproductive and Developmental Toxicology. Elsevier, pp. 623-635. 10.1016/
B978-0-12-382032-7.10047-5.

Wang Y, Han W, Wang C, Zhou Y, Shi R, Bonefeld-Jgrgensen EC, Yao Q, Yuan T, Gao Y, Zhang
J, Tian Y, 2019. Efficiency of maternal-fetal transfer of perfluoroalkyl and polyfluoroalkyl
substances. Environ. Sci. Pollut. Res 26 (3), 2691-2698. 10.1007/s11356-018-3686-3.

Wang Y, Gui J, Howe CG, Emond JA, Criswell RL, Gallagher LG, Huset CA, Peterson LA, Botelho
JC, Calafat AM, Christensen B, Karagas MR, Romano ME, 2024a. Association of diet with per-
and polyfluoroalkyl substances in plasma and human milk in the New Hampshire Birth Cohort
Study. Sci. Total Environ 933, 173157. 10.1016/j.scitotenv.2024.173157. [PubMed: 38740209]

Wang Z, Zhang B, Zhang J, Xu S, Dai Y, Ding J, Guo J, Qi X, Chang X, Wu C, Zhou Z,
2024b. Prenatal exposure to per- and polyfluoroalkyl substances and sex-specific associations
with offspring adiposity at 10 years of age: metabolic perturbation plays a role. Environ. Int 192,
109037. 10.1016/j.envint.2024.109037. [PubMed: 39353210]

Yu CH, Patel B, Palencia M, Fan (Tina) Z, 2017. A sensitive and accurate method for the
determination of perfluoroalkyl and polyfluoroalkyl substances in human serum using a high
performance liquid chromatography-online solid phase extraction-tandem mass spectrometry. J.
Chromatogr. A 1480, 1-10. 10.1016/j.chroma.2016.11.063. [PubMed: 27993395]

Yu CH, Riker CD, Lu S, Fan (Tina) Z, 2020. Biomonitoring of emerging contaminants, perfluoroalkyl
and polyfluoroalkyl substances (PFAS), in New Jersey adults in 2016-2018. Int. J. Hyg. Environ.
Health 223 (1), 34-44. 10.1016/j.ijheh.2019.10.008. [PubMed: 31679856]

Zhang S, Lei X, Zhang Y, Shi R, Zhang Q, Gao Y, Yuan T, Li J, Tian Y, 2022h. Prenatal exposure to
per- and polyfluoroalkyl substances and childhood adiposity at 7 years of age. Chemosphere 307
(Pt 4), 136077. 10.1016/j.chemosphere.2022.136077. [PubMed: 36002061]

Zhang M, Yu CH, Wang G, Buckley JP, Hong X, Pearson C, Adams WG, Fan (Tina) Z, Wang X,
2022a. Longitudinal trajectories and determinants of plasma per- and polyfluoroalky! substance
(PFAS) levels from birth to early childhood and metabolomic associations: a pilot study in the
Boston Birth Cohort. Precis. Nutr 1 (1), e€00004. [PubMed: 36936201]

Zhang M, Rifas-Shiman SL, Aris IM, Fleisch AF, Lin P-1-D, Nichols AR, Oken E, Hivert M-F, 2023.
Associations of prenatal per- and polyfluoroalkyl substance (PFAS) exposures with offspring
adiposity and body composition at 16-20 years of age: project viva. Environ. Health Perspect 131
(12), 127002. 10.1289/EHP12597. [PubMed: 38054701]

Zhao B, Lian Q, Chu Y, Hardy DO, Li X-K, Ge R-S, 2011. The inhibition of human and rat
11B-hydroxysteroid dehydrogenase 2 by perfluoroalkylated substances. J. Steroid Biochem. Mol.
Biol 125 (1), 143-147. 10.1016/j.jsbmb.2010.12.017. [PubMed: 21237268]

Zheng G, Schreder E, Dempsey JC, Uding N, Chu V, Andres G, Sathyanarayana S, Salamova A,
2021. Per- and polyfluoroalkyl substances (PFAS) in breast milk: concerning trends for current-use
PFAS. Environ. Sci. Tech 55 (11), 7510-7520. 10.1021/acs.est.0c06978.

Environ Int. Author manuscript; available in PMC 2025 February 01.


https://www.epa.gov/pfas/pfas-strategic-roadmap-epas-commitments-action-2021-2024
https://www.epa.gov/pfas/pfas-strategic-roadmap-epas-commitments-action-2021-2024
https://www.epa.gov/newsreleases/biden-harris-administration-finalizes-critical-rule-clean-pfas-contamination-protect
https://www.epa.gov/newsreleases/biden-harris-administration-finalizes-critical-rule-clean-pfas-contamination-protect

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lietal.

Overall-
2-5 years-
6-12 years-

13-18 years-

Overall-
2-5 years-
6-12 years-

13-18 years-

Overall-
2-5 years-
6-12 years-

13-18 years-

Fig. 1.

Me-PFOSA-AcOH

-01 00 01

-0.1

0.0

0.1

® OQverall

) 2-5
® 6-1
® 13-1

Difference (95% CI) in child BMI Z-Score

Association of maternal plasma PFAS with repeated child BMI Z-score at the age

of 2-18 years examined by linear and modified Poisson mixed-effects models among
1,189 mother—child dyads in the Boston Birth Cohort. Note: Abbreviations: PFAS

— per- and polyfluoroalkyl substances; BMI — body mass index; Cl — confidence
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acid; PFOS - perfluorooctanesulfonic acid; PFUnA — perfluoroundecanoic acid. Models
were adjusted for maternal age, education, race, maternal pre-pregnancy BMI, diabetes,
child’s sex, birthweight-for-gestational age (ie. AGA, SGA, LGA), year of birth, delivery
mode, and parity. The estimates and 95 % CI of associations of PFAS with child BMI
Z-score and child OWO are reported in Table S2.
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child OWO as cumulative levels across all PFAS exposures increase. Abbreviations: PFAS —
per- and polyfluoroalkyl substances; BMI — body mass index; OWO — overweight or obesity.
Models were adjusted for maternal age, education, race, maternal pre-pregnancy BMI (only
in overall models), diabetes, child’s sex, birthweight-for-gestational age (ie. AGA, SGA,
LGA), year of birth, delivery mode, and parity. The estimates, 95 % CI, and weights of each
exposure in quantile-based g-computation models are reported in Table S4.
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acid; PFUnA - perfluoroundecanoic acid. Models were adjusted for maternal age, education,
race, diabetes, child’s sex, birthweight-for-gestational age (ie. AGA, SGA, LGA), year of
birth, delivery mode, and parity. The reference group is children of non-OWO mother

and low PFAS exposures. Low PFAS exposures were defined as maternal plasma PFAS
concentrations in Quartile 1-3, and high PFAS exposures were defined as maternal plasma
PFAS concentrations in Quartile 4. We classified low/high as Quartile 1-3/Quartile 4
because we observed similar estimates of associations in Quartile 1-3 in Table S6. The
estimates and 95 % CI of associations presented in this figure are reported in Table S8.
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Table 1

General characteristics of 1189 mother—child dyads in the Boston Birth Cohort. 4.

Characteristics No. (%) / Mean + SD P value ©

Total (n=1189)  child non-oWO b (n=624)  Child owo b (n = 565)

Maternal age at delivery (years) 28.8+6.5 28.1+64 29.6+6.4 <0.01
Maternal race

Black 705 (59) 365 (58) 340 (60)

Non-Black 484 (41) 259 (42) 225 (40) 0.60

Maternal education ¢

High school or below 764 (65) 397 (64) 367 (65)

College or above 419 (35) 225 (36) 194 (35) 0.61
Maternal pre-pregnancy BMI (kg/m?) € 27.0+6.6 252+56 29.0+£6.9 <0.01
Maternal pre-pregnancy OWO ¢ 616 (54) 250 (42) 366 (69) <0.01
Maternal pregestational or gestational diabetes 202 (17) 79 (13) 123 (22) <0.01
Maternal smoking history during pregnancy ¢ 195 (16) 92 (15) 103 (18) 0.12
Parity

Nulliparous 505 (42) 277 (44) 228 (40)

Multiparous 684 (58) 347 (56) 337 (60) 0.18
Year of delivery

1999-2006 360 (30) 203 (33) 157 (28)

2007-2016 829 (70) 421 (67) 408 (72) 0.09
Delivery mode

Vaginal delivery 741 (62) 423 (68) 318 (56)

Cesarean section 448 (38) 201 (32) 247 (44) <0.01
Child’s sex

Male 585 (49) 318 (51) 267 (47)

Female 604 (51) 306 (49) 298 (53) 0.22
Gestational age (weeks) 38.0+3.1 38.0+3.1 38.0+3.1 0.94
Preterm

< 37 weeks 277 (23) 148 (24) 129 (23)

> 37 weeks 912 (77) 476 (76) 436 (77) 0.77
Birth weight (g) 2983.8+781.2  2914.3+7457 3060.5 + 812.5 <0.01
Birthweight-for-gestational age

AGA 937 (79) 503 (81) 434 (77)

SGA 128 (11) 80 (13) 48 (8)

LGA 123 (10) 41 (6) 82 (15) <0.01

Note:

aAbbreviations: No. — frequency; % — percentage; SD — standard deviation; OWO — overweight or obesity; BMI — body mass index; AGA —
appropriate for gestational age; SGA — small for gestational age; LGA - large for gestational age.

bChiId OWO status is defined as the BMI percentile at the last visit at the age of 2-18 years was = 85 percentile.
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cThe number of missing values: maternal education: 6; maternal pre-pregnancy BMI: 57; maternal smoking history during pregnancy: 7. The
missing values were imputed with multivariate imputation by chained equations (/mice package for R) in the following analyses.

dMaternaI pre-pregnancy OWO is defined as a maternal pre-pregnancy BMI = 25 kg/mz.

e . . N . . . . . .
Covariate differences in children with and without childhood OWO were tested by #test for continuous variables and chi-square test for
categorical variables.
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