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Research
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BACKGROUND: Gestational per- and polyfluoroalkyl substances (PFAS) exposure may be associated with adiposity and increased risk of obesity
among children and adolescents. However, results from epidemiological studies evaluating these associations are inconsistent.

OBJECTIVES: We estimated the associations of pregnancy PFAS concentrations with child body mass index (BMI) z-scores and risk of overweight/
obesity in eight U.S. cohorts.

METHODS: We used data from 1,391 mother—child pairs who enrolled in eight Environmental influences on Child Health Outcomes (ECHO) cohorts
(enrolled: 1999-2019). We quantified concentrations of seven PFAS in maternal plasma or serum in pregnancy. We measured child weight and height
between the ages of 2 and 5 y and calculated age- and sex-specific BMI z-scores; 19.6% children had more than one BMI measurement. We estimated
covariate-adjusted associations of individual PFAS and their mixture with child BMI z-scores and risk of overweight/obesity using linear mixed mod-
els, modified Poisson regression models, and Bayesian approaches for mixtures. We explored whether child sex modified these associations.
REsuLTS: We observed a pattern of subtle positive associations of PFAS concentrations in pregnancy with BMI z-scores and risk of overweight/obesity.
For instance, each doubling in perfluorohexane sulfonic acid concentrations was associated with higher BMI z-scores (B =0.07;95% CI: 0.01, 0.12). Each
doubling in perfluroundecanoic acid [relative risk (RR) =1.10; 95% CI: 1.04, 1.16] and N-methyl perfluorooctane sulfonamido acetic acid (RR =1.06;
95% CI: 1.00, 1.12) was associated with increased risk of overweight/obesity, with some evidence of a monotonic dose-response relation. We observed
weaker and more imprecise associations of the PFAS mixture with BMI or risk of overweight/obesity. Associations did not differ by child sex.
Discussion: In eight U.S.-based prospective cohorts, gestational exposure to higher levels of PFAS were associated with slightly higher childhood
BMI z-score and risk of overweight or obesity. Future studies should examine associations of gestational exposure to PFAS with adiposity and related
cardiometabolic consequences in older children. https://doi.org/10.1289/EHP11545

are at higher risk for cardiovascular disease compared with chil-
dren with normal weight.>3 In addition, childhood obesity tracks
into adulthood,* and children with overweight and obesity are at
increased risk of developing cardiometabolic diseases, musculo-
skeletal disorders, and cancers in adulthood, which may cause
premature death and disability.>>

Although the rise in childhood and adolescent obesity is widely
attributed to the lack of physical activity and unhealthy diet, these
factors do not fully explain the genesis and trends of the obesity
epidemic.?> Fetal exposure to endocrine-disrupting chemicals

Introduction

Child obesity has reached epidemic levels in developed and
developing countries.! Children with overweight and obesity are
more likely to manifest social and psychological disorders and
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(EDCs) or obesogens may predispose exposed individuals to
higher adiposity and risk of obesity.” Per- and polyfluoroalkyl
substances (PFAS), a diverse group of fluorinated chemicals, are
considered potential obesogens. PFAS have been used in a vari-
ety of consumer and industrial products, including food packag-
ing, cleaning products, nonstick cookware, ski wax, fire-fighting
foams, and processing aids for manufacturing fluoropolymers.®-1°
PFAS may contribute to childhood obesity by inducing changes
in DNA methylation'"-!? and the metabolome!3:!'* or by acti-
vating peroxisome proliferator-activated receptors-alpha and
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-gamma (PPARa/Yy) to alter lipid metabolism and adipocyte
differentiation.!>-16

Some prior studies have linked gestational PFAS exposure to
preterm birth and lower birth weight,!”!8 and alterations in child
growth, %20 whereas others have linked PFAS exposure to greater
body mass index (BMI) or adiposity in children and adolescents.?!~
28 However, there are discrepant findings, with some studies report-
ing null or inverse associations.!®?*=3! Prior meta-analysis and
review studies have reported inconclusive associations between
PFAS exposure and child obesity.>=>* Moreover, it is unclear
whether associations of gestational PFAS exposure with children’s
adiposity are attributable to individual PFAS or mixtures of PFAS,
and whether associations are sex specific.?6>-7 Finally, most cur-
rent studies are limited by their relatively small sample size.

Thus, we pooled data from eight cohorts participating in the
Environmental influences on Child Health Outcomes (ECHO)
Program to investigate the associations of gestational exposure to
seven PFAS and their mixture with offspring BMI z-scores and
risk of overweight/obesity from 2 to 5 years of age and whether
associations varied by child sex.

Methods

Study Participants

In this study, we included data from 1,391 ECHO mothers and
their singleton births (Table S1). The ECHO Program is a large

ECHO pregnancies for which data is
available on any of the seven
selected gestational PFAS
N = 4,015 from 11 cohorts

collaborative consortium that aims to understand a wide range of
environmental exposures from conception through early child-
hood and their associated health outcomes in children and adoles-
cents. The program includes a number of on-going individual
pregnancy and birth cohorts in the United States.*® All participat-
ing cohorts followed the ECHO-wide Cohort Data Collection
Protocol, and we used extant data that had been collected and
shared by each individual cohort on the data platform.3°4? For
the present analysis, we included participants with maternal se-
rum or plasma PFAS who had at least one BMI measurement
between 2 and 5 years of age. Of the 69 individual ECHO
cohorts, 11 cohorts (N=4,015) had available data on gesta-
tional PFAS. After excluding children who had no data on BMI
measurements between 2 and 5 years of age, there were 10
cohorts with information available (N =1,529). We further
excluded cohorts with a sample size of <15 and mother—child
pairs missing covariate information, leaving 1,391 mother-
singleton pairs from 8 cohorts in our final data analysis (Figure
1). The 8 cohorts included in our study are Chemicals in Our
Bodies (CiOB), Illinois Kids Development Studies (IKIDS),
Project Viva, Healthy Start, New Hampshire Birth Cohort Study
(NHBCS), Atlanta ECHO Cohort of Emory University. Pregnancy
and EnvironmenT And Lifestyle Study (PETALS) and Rochester.
The sociodemographic characteristics did not differ meaningfully
between consented participants who were included and excluded
participants from the same cohort (Table S2).

v

Excluded: Insufficient consent level for analysis (N=87)

N = 3,928 from 11 cohorts

v

Excluded: No anthropometric measurements for index child, or reported

values are implausible (N=806)

A

N = 3,144 from 11 cohorts

v

Excluded: Participants without anthropometric measurements between
2 and 5 years of age (N=1187); MADRES cohort dropped

N =1,529 from 10 cohorts Excluded:

v

v

Final analytic sample: 1,391

Two cohorts (MARBLES & KPRB-PC), each with < 15 participants (N=25)
Missing information on maternal or child race (N = 40)

Missing information on maternal education (N = 17)

No information on maternal pre-pregnancy BMI (N =56)

maternal-child pairs from 8 cohorts

Figure 1. Flow chart for final analytic sample of 1,391 mother—child pairs from ECHO cohorts included in the analysis of PFAS concentrations and child adi-
posity. Note: BMI, body mass index; ECHO, Environmental influences on Child Health Outcomes; KPRB-PC, Kaiser Permanente Research Bank—Pregnancy
Cohort; MADRES, Maternal and Developmental Risks from Environmental and Social Stressors; MARBLES, Markers of Autism Risk in Babies; PFAS, per-

and polyfluoroalkyl substances.
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The ECHO-wide Cohort Data Collection Protocol was approved
by the central ECHO institutional review board (IRB) or by individ-
ual cohorts’ IRBs of record. Parents/guardians provided written
informed consent for participation in individual cohorts and data
sharing with ECHO.

PFAS Exposure Assessment

Maternal serum or plasma PFAS concentrations were measured in
samples collected during pregnancy (Table S3). In these study partici-
pants, 39.2% had PFAS measured in the first trimester, 44.5% in the
second trimester, and 16.3% in the third trimester. Three laboratories
conducted these assays: California Department of Toxic Substances
Control,*! Centers for Disease Control and Prevention (CDC),*>*3
and the Wadsworth Human Health Exposure Analysis Resource
(HHEAR) lab* (Table S1). Although 14 separate PFAS analytes
have been measured within these cohorts, we included individual
PFAS if >50% of participants in the eight cohorts had concentrations
greater than the limit of detection (LOD) and if three or more cohorts
had concentrations available for that individual PFAS (Tables S4 and
S5). Thus, we included perfluorooctanoic acid (PFOA), perfluorooc-
tanesulfonic acid (PFOS), perfluorononanoic acid (PFNA), perfluoro-
hexane sulfonic acid (PFHxS), perfluorodecanoic acid (PFDA),
perfluroundecanoic acid (PFUnDA), and N-methyl perfluorooctane
sulfonamido acetic acid (NMFOSAA) in our final analyses. PFAS
such as N-ethyl perfluorooctane sulfonamido acetic acid (EtFOSAA),
perfluorobutane sulfonic acid (PFBS), PFDODA, perfluorohexanoic
acid (PFHxA), perfluoropentanoic acid (PFPEA), and perfluoroocta-
nesulfonamide (PFOSA) were not included in the analyses because
most measurements were below the limit of detection or were not
measured in at least three cohorts. In the case where a PFAS was not
measured in a cohort, that cohort was excluded from the analysis,
and hence the smaller sample size for PFEUnDA.

For observations with concentrations below the LOD or the
limit of quantification (LOQ); hereafter discussed as LOD for sim-
plicity), we substituted the LOD divided by the square root of 2.
Among 1,391 participants, 110 had PFAS measured more than
once during pregnancy. Among these participants, if all concentra-
tions were detectable, we averaged the observed measurements. If
the PFAS concentration at one measurement was above the LOD
and the other was below the LOD, the measurement above the
LOD was used. When concentrations from all measurements were
below the LOD, then the LOD divided by the square root of 2 was
used. Because all PFAS concentrations were right-skewed, we
log,-transformed them to reduce the influence of outliers in our
analyses. Generally, we observed a strong Pearson’s correlation of
log,-transformed PFAS concentrations during the first and second
trimesters (p>0.87, N=63) and second and third trimesters
(p>0.83) except for NMFOSAA (p =0.69, N = 105) (Table S6).

Child BMI Measurements

The ECHO Data Analysis Center harmonized weight and height
data from the eight ECHO cohorts (Table S7). Of the 1,391 child
BMI measurements included in the analysis, 83% were direct meas-
urements obtained by study staff at study visits, 7% were obtained
via parent report, and 10% were obtained from medical records.
Using weight and height collected between 2 and 5 years of age, we
calculated age- and sex-standardized BMI z-scores using the 2000
CDC growth reference for U.S. children.*> We examined continu-
ous BMI z-score and risk of overweight/obesity, defined as a BMI
z-score of >85th percentile for age and sex.*’

Covariates

Covariate selection was informed by the literature on the association
of each covariate with PFAS exposures and child adiposity,*® as
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well as by a directed acyclic graph (Figure S1). Covariates included
child sex (male, female), highest level of education attained by the
mother at time of pregnancy (less than high school, high school
degree, General Educational Development or equivalent, some col-
lege, no degree, bachelor’s degree or higher), continuous maternal
prepregnancy BMI, continuous maternal age at delivery, continuous
age of the child at time of BMI measurement, maternal race (White,
Black, others) and ethnicity (Hispanic, non-Hispanic). Other race
includes Asian, multiple races, Indian or Alaska Native, or do not
know. For the analysis, we created three categories for the assess-
ment of race to avoid small cell sizes after adjustment for Hispanic
ethnicity. When race information was missing for the mother
(N =40), we substituted information about the race of the child. In
the context of our analysis, maternal race is a social construct and a
proxy for structural and personal experiences of racism and
discrimination.

Statistical Analyses

In the present study, we performed a complete case analysis. We
calculated univariate statistics for PFAS concentrations, adiposity
measures, and covariates within the eight cohorts. We also exam-
ined Pearson’s correlation of the log,-transformed analytes (PFOA,
PFOS, PFHxS, PFNA, NMFOSAA, PFDA, and PFUnDA).

To evaluate associations between individual PFAS concentra-
tions and continuous BMI z-scores, we used multivariable linear
mixed models to estimate the difference in BMI z-score per dou-
bling of PFAS concentrations with an unstructured correlation
matrix. Then we used multivariable modified Poisson regression
models with robust standard errors to estimate the risk of the
child having overweight or obesity for each doubling in PFAS
concentrations. All linear mixed and Poisson regression models
were adjusted for covariates and included random intercepts for
cohort and participant to account for within-cohort and within-
participant clustering.

We examined whether associations between individual PFAS
and outcomes were modified by sex by conducting sex-stratified
analyses. In addition, we calculated p-values for the difference in
the association across sexes using previously described meth-
ods.*” To assess potential dose—-response relationships, we esti-
mated differences in BMI z-score or relative risk (RR) of having
overweight/obesity in the second through fifth quintiles of PFAS
concentrations in reference to the first.

Because PFAS often co-occur in the environment, we esti-
mated the potential effect of this mixture of PFAS on BMI z-scores
and risk of overweight/obesity using Bayesian approaches.*® This
method used two model forms and two different Bayesian priors
that allowed us to @) estimate the independent effects of individual
PFAS adjusting for potential copollutant confounding by co-
occurring PFAS using a shared mean Bayesian model and b) esti-
mate the summed effect of PFAS using a Bayesian weighted sums
approach. For independent effects, we applied a shared mean
Bayesian model, otherwise referred to as a semi or empirical
Bayesian model.**-° This applied a prior assumption specified as
b; ~ N(m,s), indicating that the estimated change per log, increase
for each PFAS analyte, b;, may arise from the same distribution
with a shared mean, m; the variance, s, is specified as weak to allow
the data and model to inform the strength of this prior. For summed
effects, the Bayesian weighted sums model*® estimates both @) the
change in BMI-z score or odds of being classified as overweight/
obese for a simultaneous 1-unit increase in the log of all PFAS and
b) the individual contribution of each PFAS to this mixture effect
as percentages that sum to 1. This allows an understanding of
which PFAS may contribute more or less to a mixture effect. The
weights are subject to a Dirichlet prior, which restricts their values
to arange from O to 1, always summing to 1 at any iteration of the
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Markov chain Monte Carlo (MCMC) simulation used to fit the
Bayesian models. To assess convergence of models, we estimated
effective sample sizes and conducted a Gelman-Rubin (or, R-hat)
diagnostic test; the latter requires that we run multiple chains to
ensure that results are not sensitive to starting values of the MCMC
simulation; here, we used three chains. We required an rhat of 1.0
and an effective sample size of >100 to ensure model convergence,
and we excluded PFUnDA from the mixture analyses owing to the
small effective sample size when it was included. The R package
bws (available from https://cran.r-project.org/web/packages/bws)
was used for estimation purposes.

In our study, we were not able to obtain model convergence
using other mixture methods, such as Bayesian kernel machine
regression or weighted quantile sum (WQS). Therefore, we
used the Bayesian Weighted Sums approach that gives similar
inference.*

We performed several sensitivity analyses to evaluate the
robustness of our results. We adjusted for birth weight (continu-
ous; in grams), maternal use of tobacco/nicotine products during
pregnancy (yes, no), parity (continuous), gestational diabetes
mellitus during the index pregnancy (yes, no), and child year of
birth. Some of these variables were limited to sensitivity analyses
because they may be causal intermediates (e.g., birth weight and
gestational diabetes) or were missing on a substantial proportion
of participants (specifically, 14.5% were missing parity and
10.1% missing information on tobacco/nicotine product use dur-
ing pregnancy). We also ran all the models without additional
adjustment of child age (BMI z-scores were standardized by child
age and sex). We performed sensitivity analysis restricted to par-
ticipants with direct measures of BMI. We repeated our analysis
using the World Health Organization (WHO) BMI cutoffs of
>+1 standard deviation to define overweight/obesity. We also
examined associations stratified by the timing of exposure mea-
sure (first vs. second vs. third trimester) to determine whether
pregnancy hemodynamics influenced our results.>* Finally, we
conducted a leave-one-out cohort analysis to examine whether
individual cohorts influenced our results.

We defined statistical significance as p < 0.05. We performed
all the statistical analyses using R (version 4.0.5; R Development
Core Team) and Stata (version 17.1; StataCorp).

Results

Of the 1,391 children from the eight ECHO cohorts, 51% were
female, and 7% were born preterm (i.e., liveborn infant <37 wk
gestation) (Table 1). Mothers in our study were predominately
non-Hispanic White (67%), nulliparous (54%), underweight or
normal weight (BMI <25kg/m?) before pregnancy (54%), and
held a bachelor’s degree or higher (64%). Few women reported
use of nicotine/tobacco products in pregnancy (5%). There were
272 (19.6%) children who had more than one BMI measurement,
and 373 (21.0%) children were overweight or obese between 2
and 5 years of age (Table S8). The median [interquartile range
(IQR)] of BMI z-scores across all measurements was 0.22 (—0.48
to 0.89).

PFOA, PFOS, PFNA, and PFHxS were detected in >98%
blood samples collected from these pregnant women, whereas
PFDA, PFUnDA, and NMFOSAA were detected in >65% of
maternal blood samples (Table S9). Concentrations of PFOA,
PFOS, PFNA, and PFHxS were highest in Project Viva (1999—
2003) and lowest in the Rochester (2016-2019) and CiOB cohorts
(2014-2019) (Figure 2; Table S9). Pearson correlation coefficients
between log,-transformed PFAS during pregnancy ranged from
0.06 NMFOSAA-PFUnDA) to 0.87 (PFOA-PFOS) (Table S10).
The correlation coefficients of log,-transformed PFAS ranged
from 0.04 (PFHxS-PFUnDA) to 0.91 (PFOA-PFOS) in the first
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trimester, from —0.03 (PFHxS-PFDA) to 0.74 (PFOA-PENA) in
the second trimester, and from 0.04 (NMFOSAA-PFUnDA) to
0.71 in the third trimester (PFOA-PFNA).

After adjustment for covariates, all seven PFAS analytes in
pregnancy were associated with slightly higher BMI z-scores at 2—
5 years of age (Table 2). However, almost all 95% ClIs included the
null. Notably, PFHxS had the strongest association with BMI
z-scores at 2-5 years of age [ =0.07; 95% confidence interval
(CD):0.01, 0.12]. Similar to associations we observed with continu-
ous BMI z-scores, PFAS concentrations were associated with
increased risk of being overweight or obese at 2-5 years of age
(Table 3). PFOS had the largest risk ratio (RR) (RR=1.12; 95%
CI: 1.01, 1.24). Child sex did not modify the associations of gesta-
tional PFAS with child BMI z-scores (PFAS X sex p > 0.59) or risk
of overweight/obesity (PFAS X sex p > 0.15).

We did not observe compelling evidence of a monotonic
dose-response association between any PFAS and BMI z-scores
(Figure 3; Table S11). However, it is worth noting that the range
of PFAS concentrations in the first three quintiles were relatively
narrow (0.5-2.0ng/mL range in each quintile, Table S11). For
PFHxS, child BMI z-scores were on average 0.1-0.2 z-scores
higher across the second to fifth quintiles compared with the first.
In contrast to continuous BMI z-scores, there was some evidence
suggesting monotonic associations of NMFOSAA and PFUnDA
with the risk of child overweight/obesity (Figure 4; Table S12).
Compared with children in the first quintile, those in the fifth
quintile of NMFOSAA or PFUnDA concentrations had 33%
(95% CI: 0.98, 1.80) and 51% (95% CI: 1.05, 2.16) higher risk of
being overweight or obese.

When we estimated the individual effects of PFAS in a
Bayesian mixture model accounting for copollutant confound-
ing, we found that PFHxS and PFNA had the strongest posi-
tive association with BMI z-score [ for PFHxS =0.04; 95%
highest posterior density (HPD): —0.01 to 0.11] and one of the
strongest associations with risk of overweight/obesity [RR for
PFHxS =1.09 (95% HPD: 0.85-1.47) and RR for PFNA=1.11
(95% HPD: 0.83—-1.64)]. However, there was little evidence of
an association for the other PFAS (Tables 4 and 5). Consistent
with the subtle or absent associations for individual PFAS, we
observed a relatively weak and imprecise mixture effect of
PFAS on child BMI z-scores (B=0.04; 95% HPD: —0.04 to
0.12) or the risk of being overweight/obese (RR=1.18; 95%
HPD: 0.75-1.94). The proportion that respective PFAS con-
tributed to the summed effect estimate ranged from 14% to
23% for BMI z-scores and from 15% to 19% for risk of over-
weight/obesity. Generally, the summed effect of the mixture
on BMI z-scores and risk of overweight/obesity was greater in
males than females, but the estimates were considerably less
precise than in analyses examining individual PFAS.

In sensitivity analyses, additional adjustment for birth weight,
maternal use of nicotine/tobacco products, parity, gestational dia-
betes, or child year of birth did not meaningfully change the asso-
ciations of gestational PFAS concentrations with child adiposity
measures (Tables S13-S16). Adjusting for some of the additional
confounders (e.g., parity) strengthened associations for some
PFAS; however, these changes were subtle relative to the magni-
tude of our effect estimates. Removing child age from all the
models did not change our results (Tables S17 and S18). When
we repeated our analyses on the subset of participants who had
direct BMI measurements, we observed immaterial changes in
the associations between gestational PFAS and BMI z-scores or
the risk of being overweight/obese (Tables S19 and S20). Using
WHO BMI cutoffs to define overweight/obesity did not meaning-
fully change our results (Tables S21 and S22). When examining
results by trimester, we observed the strongest associations of
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Children’s years of birth

Range

1999-2019

2013-2017 2010-2013 2016-2019 1999-2003 2014-2016 2014-2019

2014-2017

2010-2014

Childbirth weight (g)

3,118 (2,750-3,420) 3,360 (3,120.5-3,665) 3,500 (3,200-3,950) 3,420 (3,130-3,790) 3,546 (3,203-3,883) 3,600 (3,232-3,856)  3,402.5 (3,105-3,725) 3,380 (3,061-3,725)

3,230 (2,930-3,565)

Median (25th, 75th

percentiles)

Range

481-5,528
13 (<1.0)

2,200-4,650 481-5,528 2,240-4,876 1,588-4,760
13 (14.44)

2,000-4,500

1,100-4,930

955-4,280

1,750-4,285

Missing (%)

Child BMI z-score
Median (IQR)

0.40 (=0.15 to 1.01) 0.17 (—0.66 t0 0.80)  0.22 (—0.48 to 0.89)

0.52 (-0.22to 1.11)

0.24 (—0.85t00.87)  0.25 (—0.62 to 0.76)

0.18 (—0.38 to 0.88)

0.03 (—0.63 to 0.63) —0.00 (—0.59 to 0.81)

Note: Symbols < or > were used to mask values in and around cells with n <5 to ensure nonidentifiability of participants. —, not applicable; BMI, Body mass index; CiOB, Chemicals in Our Bodies; ECHO, Environmental influences on Child

Health Outcomes; IKIDS, Illinois Kids Development Studies; IQR, interquartile range; NHBCS, New Hampshire Birth Cohort Study; PETALS, Pregnancy and EnvironmenT and Lifestyle Study; PFAS, per- and polyfluoroalkyl substances.

“We collected information on race and ethnicity using self-reported questionnaires. Among the 196 mothers in the other category, 120 (61.2%) identified as Asian, 59 (30.1%) identified as Multiple Races, and the remaining 17 (8.7%) identified

as Indian or Alaska Native, Other race, or do not know. In addition, 28 (14.3%) identified as Hispanic. For the analysis, we created three categories for the assessment of race to avoid small cell sizes after adjustment for Hispanic ethnicity.

067001-6

PFOA, PFOS, and PFHxS concentrations with BMI z-scores and
risk of overweight/obesity when concentrations were measured in
the first trimester compared with other trimesters (Tables S23—
S28 and Figures S2 and S3).

When performing the leave-one-out analysis, for BMI z-scores,
we found that excluding the Healthy Start Study strengthened the
associations for PFOS and PFOA, whereas excluding Project Viva
attenuated the associations with NMFOSAA (Figure S4). For the
risk of overweight/obesity outcome, excluding the Healthy Start
Study strengthened associations for PFOA, PFNA, and PFDA,
whereas excluding the CiOB Study strengthened the associations
for PFOS, and excluding Project Viva attenuated the association
for PFHxS (Figure S5).

Discussion

Taking advantage of data collected from 1,391 mother—child
pairs in eight ECHO cohorts with children born between 1999
and 2019, we found a pattern of subtle positive associations of
PFAS in maternal blood during pregnancy with BMI z-scores and
risk of overweight/obesity in the offspring at 2-5 years of age.
These associations did not differ by child sex. We did not find
consistent evidence of dose-response relationships between
PFAS concentrations and childhood adiposity. There was a posi-
tive, but imprecise, association of the PFAS mixture with both
BMI z-scores and risk of overweight/obesity that was of a higher
magnitude in males compared with females. These results also
suggest that associations of some PFAS with BMI z-scores and
risk of overweight/obesity may be greater in cohorts measuring
PFAS earlier in pregnancy, although it should be noted that we
cannot disentangle cohort effects from sampling time. Finally, for
both BMI z-scores and risk of overweight/obesity, the results sug-
gest some heterogeneity in these associations across the included
cohorts, attenuating or strengthening the associations with differ-
ent PFAS.

Concentrations of PFOA, PFOS, PENA, and PFHxS during
pregnancy in the ECHO pooled cohorts were similar to those
of American women in the National Health and Nutrition
Examination Survey (NHANES) 1999-2016,3! whereas PFDA,
PFUnDA, and NMFOSAA concentrations in our study were
slightly lower than those in the NHANES. Most cohorts in the
present study had relatively low median PFAS concentrations,
and the range of concentrations in the lowest quintiles was small
(0.5-2ng/mL). Thus, this precluded us from examining dose—
response relationships at higher PFAS concentrations and may
have caused exposure misclassification at lower PFAS levels.

Our results are consistent with some previous studies showing
that gestational exposure to certain PFAS (PFOA, PFOS, PFHxS,
and PFNA) is associated with increased adiposity or risk of over-
weight/obesity in children?'=2 or adolescents.”> Maternal con-
centrations of these PFAS in pregnancy or at delivery were
associated with higher BMI in infants from Odense, Denmark,?’
and in young children at 3-5 years of age from Uppsala County,
Sweden,?! as well as higher BMI and odds of overweight/obesity
in Norwegian and Swedish children at 5 years of age.?? Prior
studies have reported that gestational PFAS concentrations were
associated with greater BMI gains from 2 to 8 years of age,* and
a modest increase in the risk of obesity at 12 years of age from
Cincinnati, Ohio.?> In addition, one study found that elevated
PFOA concentrations were associated with accelerating BMI
gains in mid-childhood and adolescence, and higher BMI at 12
years of age.>

In contrast, other studies have revealed that higher PFOA,
PFOS, PENA, or PFHXS concentrations in pregnancy were asso-
ciated with lower BMI z-scores in American infants'® and chil-
dren at 6-8 years of age,?® lower BMI and risk of overweight in
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Figure 2. Box-and-whisker plots of maternal PFAS concentrations during pregnancy among women in the ECHO cohorts (N =1,391). Box plots show the me-
dian and interquartile ranges (IQRs) of the PFAS concentrations averaged across pregnancy for the analytic sample. Whiskers show the largest value within
1.5 times the IQR above the 75th percentile and the lowest value within 1.5 times the IQR below the 25th percentile. Numerical results of the medians and
IQRs of each PFAS analyte (by cohort and overall) are provided in Table S9. Note: ECHO, Environmental influences on Child Health Outcomes; NMFOSAA,
N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoic acid; PFHxS, perfluorohexane sul-
fonic acid; PENA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid; PFUnDA, perfluroundecanoic acid.

31

Danish children at 7 years of age,”" and lower adiposity among Bloom et al. found a positive association of pregnancy PFUnDA con-

U.K. females at 9 years of age,?® whereas one prospective study
in Spanish children reported no clear associations.*® The incon-
sistent results across studies could be attributed to the differences
in the study design and population, the varying concentration
ranges of PFAS in pregnancy, or the timing and assessments of
children’s BMIL.»

In addition to the four PFAS discussed above, we found slightly
higher BMI z-scores and risk of childhood overweight/obesity in rela-
tion to gestational exposure to PFDA, PFUnDA, and NMFOSAA. A
limited number of epidemiological studies examining associations
between these PFAS and child BMI reported inconsistent findings.
Jensen et al. reported a positive association between gestational
PFDA and BMI in Danish infants.?” Gyllenhammar et al.>! reported
null associations of gestational PFUnDA or PFDA concentration
with BMI at 3-5 years of age among Swedish children, whereas

centration, but an inverse association of pregnancy PFDA concentra-
tion with child adiposity among American children at 6-8 years of
age.”® Future studies are needed to examine associations between
these PFAS and child BMI or obesity to improve our understanding
of the potential obsegenic effects of the PFAS that have not been
extensively studied.

We observed little evidence suggesting that associations of
individual PFAS with BMI differed by child sex. Some prior stud-
ies have examined the potential sex-specific associations between
PFAS and BMJ/adiposity, reporting mixed results.?426-36-37
Specifically, gestational PFOA and PFNA concentrations were
positively associated with adiposity in male infants, whereas
inverse associations were observed for PFOS and PFHxS in
female infants.*” Cord blood PFUnDA concentration was inver-
sely associated with adiposity in females at 5 years of age, and

Table 2. Adjusted difference in child BMI z-scores from 2 to 5 years of age per doubling in PFAS concentrations during pregnancy: the ECHO cohorts.

Sex-specific results

Overall Males Females . .
Sex-interaction
PFAS analytes (log,-transformed) N B (95% CI) N B (95% CI) N B (95% CI) p-Value
PFOA 1,391 0.03 (—0.03, 0.08) 684 0.04 (—0.04,0.11) 707 0.04 (—0.04,0.11) 1.000
PFOS 1,391 0.04 (-0.02, 0.09) 684 0.06 (—0.02, 0.13) 707 0.06 (—0.00, 0.13) 1.000
PENA 1,391 0.02 (=0.04, 0.08) 684 0.02 (—0.07, 0.10) 707 0.04 (—0.05, 0.12) 0.744
PFHxS 1,391 0.07 (0.01, 0.12) 684 0.08 (0.01, 0.15) 707 0.06 (—0.01, 0.12) 0.688
PFDA 1,352 0.00 (—=0.05, 0.06) 663 0.01 (—=0.06, 0.08) 689 —0.00 (-0.08, 0.07) 0.847
PFUnDA 625 0.05 (=0.02, 0.11) 301 0.06 (—0.04, 0.16) 324 0.03 (=0.06, 0.12) 0.656
NMFOSAA 1,352 0.03 (=0.02, 0.07) 663 0.02 (—0.04, 0.08) 689 0.04 (—0.00, 0.09) 0.589

Note: Models were adjusted for sex of the child (2 categories), child age, maternal race (3 categories), maternal Hispanic ethnicity (2 categories), maternal age at delivery, highest level
of maternal education at pregnancy (4 categories), and maternal prepregnancy BMI. Models included random intercepts for participant and cohort. BMI, body mass index; CI, confi-
dence interval; ECHO, Environmental influences on Child Health Outcomes; NMFOSAA, N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substan-
ces; PFDA, perfluorodecanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid;
PFUNDA, perfluroundecanoic acid.
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Table 3. Adjusted relative risk of overweight/obesity from 2 to 5 years of age per doubling in PFAS concentrations during pregnancy: the ECHO cohorts.

Sex-specific results

Overall Males Females . .
Sex-interaction

PFAS analytes (log,-transformed) N RR (95% CI) N RR (95% CI) N RR (95% CI) p-Value
PFOA 1,391 1.04 (0.93, 1.17) 684 1.02 (0.85, 1.23) 707 1.11 (1.01, 1.22) 0.418
PFOS 1,391 1.12 (1.01, 1.24) 684 1.17 (1.07, 1.28) 707 1.13 (1.03, 1.23) 0.588
PFNA 1,391 1.06 (0.95, 1.18) 684 1.00 (0.82, 1.21) 707 1.16 (1.07, 1.25) 0.152
PFHxS 1,391 1.07 (0.98, 1.16) 684 1.08 (0.95, 1.23) 707 1.07 (0.99, 1.16) 0.904
PFDA 1,352 1.00 (0.93, 1.08) 663 1.00 (0.92, 1.08) 689 1.03 (0.92, 1.16) 0.682
PFUnDA 625 1.10 (1.04, 1.16) 301 1.11 (0.90, 1.36) 324 1.06 (0.88, 1.28) 0.745
NMFOSAA 1,352 1.06 (1.00, 1.12) 663 1.07 (0.87, 1.31) 689 1.09 (1.02, 1.15) 0.864

Note: Models were adjusted for sex of the child (2 categories), child age, maternal race (3 categories), maternal Hispanic ethnicity (2 categories), maternal age at delivery, highest level
of maternal education at pregnancy (4 categories), and maternal prepregnancy BMI. Models included random intercepts for participant and cohort. BMI, body mass index; CI, confi-
dence interval; ECHO, Environmental influences on Child Health Outcomes; NMFOSAA, N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substan-
ces; PFDA, perfluorodecanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid;

PFUNDA, perfluroundecanoic acid; RR, relative risk.

cord blood PFNA was associated with greater adiposity among
males.*® In contrast, gestational PFAS was associated with higher
BMI at 7.7 years of age in females only.?* Similar to our study, a
recent U.S. study found that associations between gestational PEAS
and child adiposity in older children at 4-8 years of age did not vary
by child sex.2¢

Our findings of positive associations of PFAS with BMI and
risk of overweight/obesity are biologically plausible. Prior studies
have shown that PFAS can readily pass through the placenta and
move from the maternal to the fetal circulation, with PFHxS hav-
ing the highest placental transfer rate and PENA, PFDA, PFUnDA
potentially having low placental transfer rates.>>-5* PFAS structur-
ally resemble free fatty acids and bind and activate peroxisome
proliferator-activated receptor (PPAR) o/v, affecting adipocyte
programming and possibly causing adipogenesis, thereby increasing
fat mass.!>!%% In addition, PFAS may disrupt thyroid function
and possibly decrease total or free circulating thyroxine (T4) lev-
els and increase thyroid stimulating hormone (TSH) levels,
which may increase adiposity.3®~>° In addition, gestational expo-
sures to PFAS are associated with DNA methylation differences
in lipid homeostasis genes, neonatal cardiometabolic indicators
and birth weight, all of which may predict cardiometabolic pro-
files in later life.'!"!? Finally, gestational PFAS can alter the

human serum metabolome to impact redox signaling and several
fatty acid metabolism pathways.'#

Comparing the effect size of PFAS with other risk factors of
childhood obesity, our observed associations between gestational
PFAS concentrations and risk of overweight/obesity were smaller.
For instance, in one meta-analysis, maternal smoking in pregnancy
was associated with 1.37 and 1.55 times the odds of child over-
weight and obesity, respectively.®® Another meta-analysis reported
the OR for child overweight/obesity was 2.69 with maternal
obesity.®! Despite the smaller effect estimates detected in the
present study, the potential effects of PFAS at the population
level could be large given the ubiquity of exposure and high
prevalence of childhood overweight and obesity.

Our study has some limitations. The data were collected from
prospective cohorts, which are subject to potential selection bias
due to the risk of differential loss to follow up. However, the main
characteristics did not differ meaningfully between included and
excluded participants. In addition, some covariates and a small pro-
portion of BMI measurements were collected via self-reported
questionnaires, which could result in measurement error. However,
restricting our analysis to participants who had direct measures
of BMI did not influence the results. BMI is an indirect measure-
ment of body fat and may introduce misclassification of child
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Figure 3. Adjusted difference in child BMI z-score across quintiles of PFAS concentrations during pregnancy: the ECHO Cohorts. Models were adjusted for
sex of the child (2 categories), child age, maternal race (3 categories), maternal Hispanic ethnicity (2 categories), maternal age at delivery, highest level of
maternal education at pregnancy (4 categories), and maternal prepregnancy BMI. Models included random intercepts for participant and cohort. Cutoffs for
quintiles and the full corresponding numerical results in this figure are presented in Table S11. Shapes show the reference, and point estimates for the differ-
ence in BMI-z scores for each quintile of log,-transformed PFAS analyte. Error bars represent the lower and upper confidence intervals for each point estimate.
Quintile 1 is the reference group for each analyte. Note: BMI, body mass index; ECHO, Environmental influences on Child Health Outcomes; NMFOSAA,
N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoic acid; PFHxS, perfluorohexane sul-
fonic acid; PENA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid; PFUnDA, perfluroundecanoic acid; Q, quintile.
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Figure 4. Adjusted relative risk of child overweight/obesity across quintiles of PFAS concentrations during pregnancy: the ECHO Cohorts. Models were
adjusted for sex of the child (2 categories), child age, maternal race (3 categories), maternal Hispanic ethnicity (2 categories), maternal age at delivery, highest
level of maternal education at pregnancy (4 categories), and maternal prepregnancy BMI. Models included random intercepts for participant and cohort.
Cutoffs for quintiles and the full corresponding numerical results in this figure are presented in Table S12. Shapes show the reference, and point estimates for
the risk ratio of overweight/obesity for each quintile of log,-transformed PFAS analyte. Error bars represent the lower and upper confidence intervals for each
point estimate. Quintile 1 is the reference group for each analyte. Note: BMI, body mass index; NMFOSAA, N-methyl perfluorooctane sulfonamido acetic
acid; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid;

PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid; PFUnDA, perfluroundecanoic acid; Q, quintile.

overweight/obesity. However, prior studies have shown that BMI
was highly correlated with direct measures of adiposity, and the
correlation is higher among children who are overweight or
obese.%? Relatedly, our study was limited by the narrow range of
PFAS concentrations in some cohorts and this may have resulted
in exposure misclassification.

Furthermore, we cannot rule out the potential for residual
confounding that may bias our results, which may be especially
important given the relatively small effect estimates we observed.
Diet (e.g., fish and shellfish consumption) has been associated
with higher serum PFAS levels and is also a predictor of child
growth and adiposity®® and, thus, may potentially confound
PFAS-adiposity associations. However, we did not have data
on maternal diet. Adjusting for dietary factors associated
with higher PFAS and greater child BMI may bias our results
toward the null. Physical activity may affect the associations
between gestational PFAS exposure and adiposity in children.®
However, we were not able to adjust for maternal physical

activity in our analysis. In addition, we did not adjust for breast-
feeding duration in our study because we did not have informa-
tion on breastfeeding, which could be a mediator for
the associations between gestational PFAS and child BMI
z-scores.% Finally, we did not measure the concentrations of al-
bumin or glomerular filtration rate in pregnancy and were there-
fore unable to account for pregnancy-induced hemodynamic
changes. However, when examining associations by the trimes-
ter of blood collection, we found that associations for some
PFAS were strengthened for those measured in the first trimes-
ter compared with the third trimester. This may be because
early pregnancy serum PFAS concentrations are not as strongly
influenced by pregnancy hemodynamics as are concentrations
measured later in pregnancy.®®

Although we observed some heterogeneity in these associa-
tions, some of this variation may have arisen because we used
data from eight cohorts who differed in terms of geographic
location, calendar time of recruitment, methods of data

Table 4. Bayesian weighted sums analysis of PFAS concentrations during pregnancy and child BMI z-scores: the ECHO cohorts (N =1,391).

Overall

Males Females

Weighted sums Difference or percentage 95% HPD

Difference or percentage

95% HPD Difference or percentage 95% HPD

Shared mean (B)

PFOA -0.01 (~0.08 to 0.05) 0.00 (=0.08 to 0.07) —0.01 (=0.10 to 0.06)

PFOS —0.01 (—0.08 to 0.05) 0.00 (—0.08 to 0.08) —0.02 (=0.13 to 0.05)

PFHxS 0.04 (=0.01 to 0.11) 0.03 (=0.02 t0 0.11) 0.04 (=0.03 t0 0.13)

PFNA 0.01 (—0.05 to 0.08) 0.02 (—0.05 to 0.11) 0.00 (~0.09 to 0.08)

PFDA 0.00 (=0.05 to 0.05) —0.01 (—0.08 to 0.05) 0.01 (=0.05 to 0.09)

NMFOSAA 0.01 (~0.03 to 0.05) 0.02 (—0.03 to 0.08) -0.01 (=0.06 to 0.05)
Summed effect (B) 0.04 (=0.04 t0 0.12) 0.06 (—0.05 to 0.18) 0.01 (=0.11 t0 0.12)

PFOA (%) 15 (0-42) 15 (0-41) 16 (0-44)

PFOS (%) 15 (0-41) 16 (0-43) 17 (0-45)

PFHxS (%) 23 (0-56) 20 (0-52) 18 (0-49)

PFNA (%) 16 (0-43) 17 (0-45) 15 (0-43)

PFDA (%) 14 (0-39) 14 (0-39) 16 (0-44)

NMFOSAA (%) 16 (0-42) 17 (0-44) 17 (0-45)

Note: The summed mixture model estimates both the effect of PFAS as a mixture and the individual contribution of each PFAS to this mixture effect as percentages that sum to 1.
Difference indicates a B coefficient for difference in BMI per doubling in PFAS concentrations in pregnancy. Percentage indicates proportion that respective PFAS contributed to the
summed effect estimate. BMI, body mass index; ECHO, Environmental influences on Child Health Outcomes; HPD, highest posterior density; NMFOSAA, N-methyl perfluorooctane
sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoic acid; PFHxS, perfluorohexane sulfonic acid; PENA, perfluorononanoic acid; PFOA,
perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid.

Environmental Health Perspectives 067001-9 131(6) June 2023



Table 5. Bayesian weighted sums analysis of PFAS concentrations during pregnancy and relative risk of overweight/obesity: the ECHO cohorts (N =1,391).

Overall Males Females

Weighted sums RR or percentage 95% HPD RR or percentage 95% HPD RR or percentage 95% HPD

Shared mean (RR)
PFOA 0.95 (0.65-1.25) 1.06 (0.39-2.84) 0.87 (0.48-1.34)
PFOS 0.97 (0.70-1.30) 0.92 (0.29-2.12) 0.92 (0.53-1.50)
PFHxS 1.09 (0.85-1.47) 1.25 (0.60-2.94) 1.06 (0.71-1.75)
PFNA 1.11 (0.83-1.64) 1.61 (0.67-6.25) 0.97 (0.59-1.50)
PFDA 1.01 (0.79-1.29) 1.07 (0.45-2.22) 1.03 (0.69-1.62)
NMFOSAA 1.08 (0.87-1.39) 1.36 (0.75-2.99) 1.00 (0.69-1.51)

Summed effect (RR) 1.18 (0.75-1.94) 2.25 (0.65-8.74) 0.82 (0.36-1.95)
PFOA (%) 15 (0-42) 15 (0-42) 18 0-47)
PFOS (%) 15 0-41) 14 (0-39) 17 0-47)
PFHXS (%) 17 (0-45) 17 (0-44) 16 (0-43)
PENA (%) 17 (0-44) 20 (0-49) 16 (0-45)
PFDA (%) 16 (0-44) 15 (0-40) 16 (042)
NMFOSAA (%) 19 (0-48) 19 0-47) 17 (0-46)

Note: The summed mixture model estimates both the effect of PFAS as a mixture and the individual contribution of each PFAS to this mixture effect as percentages that sum to 1.
Percentage indicates the proportion that respective PFAS contributed to the summed effect estimate. ECHO, Environmental influences on Child Health Outcomes; HPD, highest poste-
rior density; NMFOSAA, N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoic acid; PFHxS, perfluorohexane sul-
fonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid; RR, relative risk.

collection, and PFAS concentrations. For instance, the exclu-
sion of the Project Viva and Healthy Start cohorts had the larg-
est influence on some results. The influence of Project Viva
could be due to the higher PFAS concentrations in this cohort,
relative to the other cohorts, as well as first trimester plasma
collection. Although we observed some changes in our results
when performing leave-one-out analysis, the overall associa-
tions were consistent and the changes were small relative to our
effect estimates.

Strengths of our study include the large sample size and a
diverse group of U.S. mothers and children. Another strength of
this study is the application of Bayesian models to evaluate inde-
pendent effects of individual PFAS in the mixture, the summed
effect of PFAS, as well as the contribution of individual PFAS to
the summed mixture effect. Finally, taking advantage of the large
sample size, we were able to examine whether PFAS—adiposity
associations differ by child sex.

Conclusions

Maternal gestational concentrations of some PFAS were associ-
ated with increased BMI z-scores or the risk of overweight or
obesity among children in these ECHO cohort studies. Future ep-
idemiological studies are needed to evaluate the associations of
PFAS concentrations in pregnancy with other adiposity-related
health outcomes in children.
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