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Abstract

Background: Endocrine disrupting chemical (EDC) exposure is ubiquitous. EDC exposure
during critical windows of development may interfere with the body’s endocrine system, affecting
growth. Previous human studies have examined one EDC at a time in relation to infant growth. By
studying mixtures, the human experience can be better approximated.

Aims: We investigated the association of prenatal exposure to persistent EDCs (per- and
polyfluoroalkyl substances (PFAS), polychlorinated biphenyls (PCBs), and organochlorine
pesticides (OCPs)) as mixtures with postnatal body size among female offspring.

Subjects: We used a sub-sample of the Avon Longitudinal Study of Parents and Children
(N=425), based in the United Kingdom.
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Study design: We quantified 52 EDCs in maternal serum collected during pregnancy. We used
Bayesian kernel machine regression with a random intercept to examine the association of prenatal
concentrations of EDC mixtures with longitudinal postnatal body size measures for each EDC
class separately (PFAS, PCBs, and OCPs) and for all three classes combined.

Outcome measures: Weight and height measures at 0, 2, 9, and 19 months were obtained by
health professionals as part of routine child health surveillance.

Results: The mixture representing all three classes combined (31 chemicals) (n=301) was
inversely associated with postnatal body size. Holding all EDCs in the 31-chemical mixture at

the 75th percentile compared to the 50th percentile was associated with 0.15 lower weight-for-age
z-score (95% credible interval: —0.26, —0.03). Weak inverse associations were also seen for
height-for-age and body mass index-for-age scores.

Conclusions: These results suggest that prenatal exposure to mixtures of persistent EDCs may
affect postnatal body size.

Keywords

ALSPAC; per- and polyfluoroalkyl substance; polychlorinated biphenyl; organochlorine pesticide;
early childhood growth; postnatal body size

Introduction

Endocrine disrupting chemicals (EDCs) may interfere with the body’s endocrine system,
potentially producing adverse developmental, reproductive, neurological, and immune
effects (1). Environmentally persistent EDCs are normally highly resistant to degradation,
tend to bioaccumulate in animals and humans, and have been used throughout the 20t and
215t centuries for a variety of purposes (2—4). Exposure to several persistent EDCs have
declined in the general population following several countries banning or severely restricting
the production, handling, and disposal of numerous polychlorinated biphenyls (PCBs) and
organochlorine pesticides (OCPs), as well as certain per- and polyfluoroalkyl substances
(PFAS). Still, almost all humans have detectable serum concentrations of some of these
persistent chemicals (5, 6). Moreover, many persistent EDCs can cross the placental barrier,
enabling potential fetal exposure, and the amount of EDCs found in cord serum may be
substantial in relation to a developing fetus’s size (7-10).

While birth weight is a well-studied outcome in relation to prenatal exposure to EDCs
(select references: (11-17)), growth in the years following birth has been studied less,
though the influence of prenatal exposure to EDCs on growth may persist after birth. The
first two years of life are a particularly important period of change as the greatest variations
in rates of weight gain are usually seen during this time when infants show accelerated or
diminished growth to compensate for intrauterine restraint or enhancement of fetal growth
(18).

Postnatal growth has been examined in a few previous studies regarding prenatal EDC
exposure. No studies have found an association of PCBs with growth measures in the first
few years following birth (19-22). All studies to examine OCPs found associations of
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dichlorodiphenyltrichloroethane, dichlorodiphenyldichloroethylene, or hexachlorobenzene
with early growth: four studies found a positive association (19-21, 23) and one small study
found an inverse association (22). Studies of PFAS and growth through age 3 have been
especially mixed, with some studies finding children with higher prenatal PFAS exposure
to be heavier in the years after birth (24), while other studies found lower body mass index
(BMI) (25, 26) or height (27) postnatally or no association (22, 28).

Because only a few studies have focused on growth after birth, and the available studies
have used a variety of outcome measures (e.g., height, weight, BMI z-score, rapid growth),
it is difficult to see patterns emerging across chemical classes. Previous studies have only
examined one EDC at a time in relation to growth, and it is thought that this could have led
to inconsistent conclusions on their effects on health. Because humans are exposed to many
chemicals, as opposed to any one chemical in isolation, examining combined exposures or
“mixtures” of chemicals allows for a better approximation of the human experience (29).
Typically, a mixture is defined as a combination of three or more independent chemicals or
chemical groups (30).

Our aim was to investigate the association of maternal gestational concentrations of
persistent EDCs (PFAS, PCBs, and OCPs) and postnatal body size (weight-, height-, and
BMI-for-age scores) at 0, 2, 9, and 19 months using a mixtures approach.

Study population

The Avon Longitudinal Study of Parents and Children (ALSPAC) is an ongoing prospective
birth cohort of 14,541 pregnancies. ALSPAC enrolled pregnant women with an expected
delivery date between 1 April 1991 and 31 December 1992 from three health districts in
the former county of Avon in the United Kingdom (UK). Information was collected on
parents and children through clinic visits, interviews, and mailed questionnaires. Details
on ALSPAC recruitment and study methods have been described elsewhere (31, 32). The
present analysis uses exposure data from a nested case—control study that was established
within the ALSPAC cohort to explore associations of prenatal maternal concentrations of
various suspected EDCs and age at menarche among the daughters. Details of the nested
case—control study (N=448) are described elsewhere (33). Where possible, the nested case-
control study data were reweighted in analyses to represent the full cohort.

The ALSPAC website contains details of all available data through a fully searchable data
dictionary and variable search tool (http://www.bris.ac.uk/alspac/researchers/our-data/). We
obtained ethical approval for the study from the ALSPAC Ethics and Law Committee, the
Local Research Ethics Committees, and the Centers for Disease Control and Prevention
(CDC) Institutional Review Board. Mothers provided written informed consent for
participation in the study. Consent for biological samples has been collected in accordance
with the Human Tissue Act (2004). Informed consent for the use of data collected via
questionnaires and clinics was obtained from participants following the recommendations of
the ALSPAC Ethics and Law Committee at the time.
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Exposure assessment

Fasting blood samples were collected from mothers during pregnancy at enrollment in
1991-1992 at a median of 15 (interquartile range (IQR): 10-28) weeks gestation. Samples
were processed and frozen for later analysis. Maternal serum samples were held in storage
facilities at the University of Bristol until they were transferred under controlled conditions
and analyzed at the National Center for Environmental Health of the CDC (Atlanta, GA)
in 2009-2010. Laboratory analyses included low- and high-concentration pooled quality
control materials, standards, reagent blanks, and study samples. Concentrations below the
limit of detection (LOD) were imputed by dividing the LOD by the square root of 2 prior
to statistical analysis. The persistent EDCs detected in greater than 75% of mothers were
included in the main analyses.

Per- and polyfluoroalkyl substances

Eight PFAS were quantified (Table S1) in serum via on-line solid-phase extraction coupled
to isotope dilution high-performance liquid chromatography-tandem mass spectrometry
(34). LODs are presented in Table S1. Coefficients of variation (CVs) were largely below
10%.

Organochlorine pesticides and polychlorinated biphenyls

We quantified nine OCPs and 35 PCBs (Table S1) in serum using gas chromatography
isotope dilution high resolution mass spectrometry (35). PCB congeners 138 and 158 could
not be separated and were quantified as a summed concentration hereafter referred to as
PCB138. Similarly, PCB congeners 196 and 203 could not be separated and were quantified
as a summed concentration hereafter referred to as PCB196. LODs for PCBs and OCPs are
dependent on the size of the sample available, thus an individual LOD was reported for each
individual result rather than an overall LOD. CVs were generally below 10%. PCB and OCP
concentrations were adjusted for lipids.

Outcome assessment

Covariates

Birth weight (g) was abstracted from infant medical records. Trained ALSPAC staff
measured crown to heel length (cm) using a Harpenden neonatometer (Holtain Ltd.,
Crymych, UK) and head circumference (cm) using a lasso tape measure within 24

hours of birth. Weight and height at roughly 2, 9, and 19 months were obtained by

health professionals as part of the routine child health surveillance program in the

UK. These weight and height measurements were extracted from health visitor records,
which form part of standard child care in the UK. We calculated standard deviation

(SD) scores (z-scores) of weight, height, and BMI on the basis of the British growth
reference centiles for females from 1990 (36) with Excel macros provided on the internet
(www.healthforallchildren.co.uk). The final clinical estimate of the expected date of delivery
was abstracted from the obstetric records and used to calculate gestational age at birth.

Covariate information was collected by clinical staff or through self-report in questionnaires
completed by the mother during or immediately after pregnancy. Covariates under
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examination included gestational age at biological sample collection, age at measurement,
maternal age at delivery, maternal pre-pregnancy BMI, maternal education, parity, and
smoking during pregnancy.

Statistical analyses

The analytic dataset included daughters who had EDC measurements at three or four

time points (N=425; 23 excluded). Descriptive analyses were conducted to report mother-
daughter dyad characteristics and body size measures across time points. The persistent
EDCs under study were modeled as natural log-transformed continuous variables. We ran
single-chemical linear regression models to examine independent associations between each
chemical and weight-for-age z-score at 19 months. We also ran multi-chemical linear
regression models to examine associations between each chemical in a class (e.g., PFAS

or PCBs) and weight-for-age score at 19 months, independent of other chemicals in the
class (e.g., adjusting for other chemicals in the class). To account for the study design, we
reweighted the sample to represent the full cohort of girls. All models adjust for parity
(categorized as nulliparous/multiparous), pre-pregnancy BMI (kg/m2, linear), maternal age
at delivery (years, linear), maternal education (categorized as <O-level [ordinary level:
required, completed at age 16], O-level, or > O-level), prenatal smoking (categorized as any/
none), and gestational age at sample collection (categorized as <20 weeks or >20 weeks).

We also analyzed the data using the multiple measurement time points and accounting

for clustering within child. Before utilizing a mixtures approach, we used single-chemical
linear mixed models to examine independent associations between each chemical and
weight-for-age z-scores while accounting for the longitudinal nature of the data. We also
used multi-chemical linear mixed models to examine associations between each chemical
in a class and weight-for-age scores, independent of other chemicals in the class. The full
linear mixed models included the same covariates as the models for the outcomes at 19
months plus a time variable representing the age (in months, initially included as linear and
quadratic terms) when weight measurements were taken (roughly 0, 2, 9 or 19 months).
The linear mixed-effects models also included an intercept, a subject-specific random
intercept and a random slope for age at the measurement (as a linear term) (Supplemental
Methods, Models 1 and 2). As before, we reweighted the sample to represent the full
cohort. This full model was used to test for the necessity of including the quadratic term
for age at measurement and the random-effects (random intercept and random slope for
age at measurement in months) and to assess various random-effects covariance structures
for the R matrix (autoregressive(1), compound symmetric, Toeplitz, Toeplitz with two
bands, unstructured, and variance components). We also considered models that included
an interaction between age at measurement and EDC concentrations (see Supplemental
Methods for details on model selection). Our final model included a subject-specific random
intercept with a Toeplitz with two bands covariance structure for the R matrix (Supplemental
Methods, Model 2).

To estimate how prenatal mixtures are associated with repeated measures of postnatal
size-for-age scores, we used Bayesian kernel machine regression (BKMR). BKMR is a
flexible approach for estimating the joint health effects of exposure to multiple concurrent
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risk factors (37). BKMR allowed us to evaluate the association of the EDC mixture with
postnatal body size measures (collected at 0, 2, 9, and 19 months), accounting for the
correlated nature of the data through use of a random intercept (specified using the 7id
argument within the main argument kmbayes of the R package bkmr) (38). Within BKMR,
we used hierarchical variable selection when examining multiple classes of chemicals

(i.e., PFAS, PCBs, and OCPs) in the same mixture, which provided group importance
scores (posterior inclusion probabilities (PIPs)) for pre-defined mutually exclusive groups
of variables. Further, we estimated the importance of a chemical given that the group
containing the chemical was important (conditional PIPs) (37-39). Currently, the bkmr
package does not allow for weighting, so we were unable to reweight our nested case-control
data back to the full cohort, which limits generalizability. We ran the Markov Chain Monte
Carlo sampler for 10,000 iterations. Natural log-transformed EDC concentrations were
centered and scaled by the standard deviation. Mixtures under study included each chemical
class separately (PFAS, PCBs, and OCPs) and all three chemicals classes combined. These
models included the same covariates used in the linear mixed effects models but continuous
covariates were centered and scaled.

In sensitivity analyses, we considered BKMR models that excluded the observation at birth,
and used weight-for-age scores that were adjusted for gestational age (see Supplemental
Methods). We also did sensitivity analyses using weighted quantile sum (WQS) regression
to construct a weighted index estimating the mixture effect associated with all predictor
variables on weight-for-age at each measurement time point in separate models (40, 41).
WQS regression is a complementary method to BKMR and can also estimate the overall
effect of a mixture, while identifying the most important chemicals within the mixture.

SAS software 9.4 (Cary, NC) was used for descriptive analyses and single- and multi-
chemical models. R software 3.5.0 (Vienna, Austria) was used for WQS regression and
BKMR analyses.

Descriptive statistics

There were 425 ALSPAC mother-daughter dyads with 3 or 4 postnatal body size measures
(Figure S1), of these, 354 had weight measurements at 19 months. From the 425 ALSPAC
mother-daughter dyads with >3 measures, 347 had complete covariate data. An additional
46 mother-daughter dyads were missing information on lipids, PCBs, or OCPs, bringing the
analytic dataset for mixture analyses of all three chemical classes to 301 dyads.

ALSPAC mothers were predominantly higher-educated, non-smokers who were 25 years or
older at the time of delivery (Table 1). On average, daughters were 3.39 kg (SD: 0.50 kg) at
birth and 11.54 kg (SD: 1.41 kg) at 19 months of age (Table 2). To examine characteristics
of mother-daughter dyads, we stratified the sample by weight-for-age scores at 19 months
(n=354) (Table 3). Daughters born to mothers with under-/normal weight pre-pregnancy
BMI were more likely to have z-scores <0 at 19 months (81.3%) compared to z-scores >1
(71.3%). A lower birth weight (<2800 g) was more frequently observed among daughters

Early Hum Dev. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marks et al.

Page 7

with an z-score <0 at 19 months (22.0%), compared to those with an z-score >1 (percent
suppressed due to small cell size).

Median serum concentrations (and interquartile ranges) of PFAS, PCBs, and OCPs are
presented in Table S2. Of the 52 chemicals measured, 31 were detected in more than 75%
of mothers. Correlation was high among the 31 chemicals (Figure 1), with strong intra- and
inter-class correlation among PCBs and OCPs.

Single- and multi-chemical models

Weight-for-age scores at 19 months—Table S3 shows the results of single- and
multi-chemical models for weight-for-age scores at roughly 19 months of age. While
single-chemical associations were generally weak, they were consistent in direction: all
chemicals were positively associated with weight-for-age scores in single-chemical models.
For example, a 10% higher PCB199 concentration was associated with 0.03 higher (95%
confidence interval [CI]: 0.00, 0.05) z-score for weight-for-age.

Weight-for-age scores at 0, 2, 9, and 19 months—Table 3 shows results from

single- and multi-chemical mixed models for weight-for-age scores at 0, 2, 9, and 19

months old with a random intercept. While associations were weak in single-chemical mixed
models, they were consistent in direction: almost all chemicals were inversely associated
with weight-for-age scores (with the exception of PCB172). In the multi-chemical PFAS
mixed model, 10% higher PFOA was inversely associated with weight-for-age scores (f:
-0.03, 95% CI: -0.07, 0.01). In the multi-chemical PCB mixed model, 10% higher PCB74
was positively associated with weight-for-age scores (B: 0.07, 95% CI: 0.01, 0.13), while
10% higher PCB118 was inversely associated with weight-for-age scores (p: —0.09, 95% CI:
-0.19, 0.01).

Bayesian Kernel Machine Regression

All three classes combined and weight-for-age scores—In the BKMR model
with random intercept for the mixture of all three classes combined and weight-for-age
scores at 0, 2, 9, and 19 months, OCPs and PCBs had the highest posterior inclusion
probabilities (PIPs) of 0.61 and 0.60, respectively, making them the most important groups
in the mixture (PIPppas: 0.54). Within the OCP group, B-HCH and p,p’-DDT had the
highest PIPs (conditional PIP: 0.32 and 0.30, respectively). In the PCB group, PCB105

and PCB118 contributed the most (conditional PIP: 0.11 and 0.09, respectively). Within the
PFAS class, PFOS and PFOA contributed the most to the model (conditional PIPs: 0.27 and
0.24, respectively).

Within the BKMR model, the independent natural log-transformed chemical associations
all appeared relatively linear with the exception of B-HCH (Figure 2). Some chemicals

had slightly positive associations (PFNA, PCB74, PCB105, PCB183, PCB194, HCB), some
appeared to have negative associations (PFOA, PCB118, PCB153, p,p’-DDT), and the
remainder showed no association with weight-for-age z-scores. We found an overall mixture
effect, with higher exposure to the mixture associated with lower weight-for-age z-scores
(Figure 3A). Holding all persistent EDCs at the 75th percentile compared to the median
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was associated with 0.15 lower weight-for-age z-score (estimate: —0.15, 95% credible
interval: —0.26, —0.03). Comparing all persistent EDCs at the 75" percentile to the 25%
percentile was associated with 0.27 lower weight-for-age z-score (estimate: —0.27, 95%
credible interval: —0.42, —-0.11).

All three classes combined and height- and BMI-for-age scores—In both the
height- and BMI-for-age models, PCBs had the highest posterior inclusion probability (PIP)
(PIPpeight: 0.54 and P1Pgy;: 0.45). In the height-for-age model, PCB153 contributed the
most (conditional PIP: 0.17) to the mixture of all three classes combined, while PCB178
contributed the most (conditional PIP: 0.14) to the mixture in the BMI-for-age model.
While associations were null, the overall mixture effect for all three classes combined and
height-for-age (Figure 3B) and BMI-for-age (Figure 3C) z-scores showed slight inverse
associations.

Class-specific mixtures and weight-for-age—BKMR models were run for each
chemical class individually (i.e., separate models for PFAS, PCBs, and OCPs). In the PFAS
model, PFOA and PFOS had the highest PIPs (PIPs: 0.57 and 0.54, respectively). We found
an overall mixture effect for PFAS, with higher exposure to the mixture associated with
lower weight-for-age z-scores (Figure S2A). Similarly, in the PCB model, we found an
inverse association of exposure to the mixture with weight-for-age z-scores (Figure S2B),
although it was less precisely estimated. In the OCP model, there was no overall mixture
effect; median exposure to the OCP mixture was associated with the lowest weight-for-age
z-scores (Figure S2C).

Sensitivity analyses

We conducted sensitivity analyses to examine the association between the overall mixture of
chemicals and weight-for-age scores at various postnatal time points (separate time points,
as opposed to all time points together in a mixed model). Using both WQS regression and
BKMR, we found an inverse association of the overall mixture with birth weight (WQS:
Table S4; BKMR: Figure S3A), which has previously been reported in ALSPAC (42), as
well as weight-for-age scores at 2 months (WQS: Table S4; BKMR: Figure S3B). We found
no association between the mixture of 31 chemicals and weight-for-age scores at 9 or 19
months (WQS: Table S4; BKMR: Figure S3C&D). See Supplemental Methods for further
sensitivity analysis results.

Discussion

In this study of prenatal exposure to mixtures of persistent EDCs and postnatal body size

at four time points through 19 months among British girls, we found an inverse association
between a 31-chemical mixture and weight-for-age z-scores. This association seems to be
driven by early postnatal weight-for-age. Further, weakly inverse associations were seen for
height-for-age and BMI-for-age z-scores. These results suggest that prenatal exposure to
mixtures of persistent EDCs may affect postnatal body size. We found that holding all 31
EDCs in the mixture at the 75th percentile compared to the 50th percentile was associated
with 0.15 lower weight-for-age z-score (estimate: —0.15, 95% credible interval: —0.26,
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-0.03). At mean values for 19 months of age, a 0.15 lowering of the weight-for-age z-score
corresponds to 0.18 kg lower weight (estimate: —0.18 kg, 95% credible interval: —0.31,
-0.03 kg), which is a 1.6% decrease (estimate: —1.6%, 95% credible interval: —2.7, —0.3%).
Although these associations with postnatal body size may be modest at the individual

or clinical level, it is worth considering implications at the population level. A relatively
small, subclinical effect size may be associated with considerable population burden if the
exposure is common, like EDCs.

Previous studies under the single-chemical paradigm have identified no association between
prenatal PCB exposure and postnatal growth (change in weight-for-age Z-score between
birth and 2 years (19), rapid growth in the first 6 months of life (20), and elevated BMI

at 14 months (20)). We observed an imprecise but inverse association of a mixture of 21
PCB congeners with weight-for-age scores through 19 months. An important difference
between previous studies and this study is the use of mixture methods: it is possible that
previous studies of PCBs and postnatal growth and body size have underestimated the risks
of exposure to PCBs by examining only one congener at a time.

We observed no association between a four-chemical mixture of OCPs and weight-for-age
scores. Previous studies of OCPs and postnatal growth measures under the single-chemical
paradigm have noted positive associations between prenatal exposure to DDE (19-21), DDT
(23), and HCB (21) and a variety of infant growth measures (change in weight-for-age z-
score (19), BMl/overweight status (20, 21), BMI-for-age, weight-for-height, and weight-for-
age (23)) within the first one to two years of life. We saw no association of the four-chemical
OCP mixture with weight-for-age scores through 19 months using BKMR: low (e.g., 25™
percentile) or high (e.g., 75! percentile) concentrations of the mixture were associated with
higher weight-for-age scores than median concentrations. In our single-chemical models at
19 months, there were weakly positive associations for all OCPs and weight-for-age scores
at 19 months, with p-HCH having the strongest association of the four.

A number of studies from Denmark (n=1,010), Ohio (n=334), and Taiwan (n=223) have
found inverse associations (25-27) of prenatal PFAS exposure (mainly PFOA and PFOS)
and postnatal growth measures (weight (25), height (27), BMI (25, 26)) at various time
points in the first two years of life. Other studies from the Netherlands (n=148) and New
York (n=1,954) have found no association (22, 28). We found an inverse association between
the six-chemical PFAS mixture and weight-for-age scores through 19 months, and PFOA
and PFOS were the most important contributors.

A previous study in the ALSPAC population examined prenatal concentrations of three
PFAS (PFOA, PFQOS, and PFHxS) and postnatal body size (24). The study found inverse
associations of prenatal concentrations of PFOA, PFOS, and PFHxS with birth weight, while
those in the highest tertile of prenatal PFOS concentrations were 364 g heavier at 20 months
than those in the lowest tertile. In addition to PFOA, PFOS, and PFHXS, the present study
examined PCBs, OCPs, and additional PFAS (PFNA, MeFOSAA, and EtFOSAA) using a
mixtures approach. We saw results similar to Maisonet et al. (2012) in the present study:
there were strong inverse associations with birth weight, and most chemicals were weakly
associated with higher weight-for-age scores at 19 months in single- and multi-chemical
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models. While we observed an overall inverse association between prenatal exposure to
mixtures of persistent EDCs and weight-for-age scores at four time points through 19
months, especially for PFAS mixtures, the association shrinks following birth and is null by
19 months. Essentially, we see a stronger effect of prenatal exposure to persistent EDCs on
body size at time points closer to birth. This finding fits with previous ALSPAC studies that
have examined prenatal PFAS and PCB exposure with body fatness at age 9 and have largely
found no association (43, 44).

This is the first study to examine prenatal exposure to EDCs and postnatal body size using
a mixtures approach. A few studies have examined prenatal exposure to mixtures of EDCs
and birth size (42, 45, 46), though the influence of prenatal exposure to EDCs on weight
may persist after birth (19-26), and the first two years of life are a particularly important
period of change (18). While this was not a focus of the current study, there is mounting
evidence that both prenatal and infant growth are associated with future obesity risk; rapid
infant growth and obesity in infancy are associated with a higher risk of obesity later in life
(47, 48).

We only examined mother-daughter dyads in this sub-study, which was originally intended
to investigate early menarche. While postnatal growth does not appear to differ by infant
sex in the first six months of life (49), there is some evidence to suggest that EDCs may
have differential effects on development by infant sex (50). For this reason, restricting to
daughters is a prudent choice, though results cannot be generalized to male infants. Some
previous studies that examined prenatal exposure to persistent EDCs with postnatal growth
observed differences by infant sex (21-23, 25, 27). In many of these studies, male infants
tended towards lower weight and BMI while female infants tended towards higher weight
and BMI with higher prenatal exposure to persistent EDCs (DDE (22), DDT (23), PFOA
and PFOS (25)). In other studies, higher DDE exposure was more strongly associated with
rapid growth among male infants than female infants (21) and higher PFOA exposure was
associated with lower weight and height among males than females at age 2 (27). Other
studies report no difference by sex in the association of prenatal exposure to persistent EDCs
with postnatal growth through three years of age (19, 20, 26, 28). Interestingly, differences
by sex are common in studies of prenatal exposure to persistent organic pollutants and BMI
during later childhood (5-12 years old), though the direction is not consistent (51-54).

This study has several strengths, including its prospective study design within a population-
based birth cohort with frequent and thorough longitudinal data collection. Additionally, we
have reliable biomonitoring measurements of more than 50 persistent EDCs collected at
median 15 weeks gestation, several outcomes measured by health professionals at birth and
during infancy, and extensive covariate data available for mothers and daughters.

This study also has limitations. Because we centered and scaled exposure variables,

what appears to be the most important in this population might not be the same as

what would appear to be the most important in a different population with a different
distribution of exposures. Further, while we have detailed covariate data, there is always
the possibility that we were not able to completely control for confounding by certain
sensitive or self-reported variables, such as smoking and socioeconomic status, or possible
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other unmeasured covariates. Approaches to mixture analyses that involve regressing the
outcome on several correlated exposures simultaneously can in some cases amplify rather
than reduce confounding bias (“coexposure amplification bias”), particularly in cases of
residual confounding (55). Our results could be biased if mother-daughter dyads with
missing data were different from mother-daughter dyads included in the analyses. Mean
values of body size outcomes and maternal characteristics for girls included in BKMR
analyses were similar to the girls enrolled in the overall cohort, suggesting that selection bias
is an unlikely explanation for our results. Additionally, we were unable to examine postnatal
exposure to EDCs and its impact on infant growth, but this is an important question for
future research.

Another limitation is that we were unable to weight BKMR analyses of this nested case-
control study back to the full cohort, which limits generalizability. Nevertheless, results of
the unweighted BKMR analyses were similar to weighted single- and multi-chemical mixed
model results in terms of direction of effect. In the multi-chemical mixed model for PFAS,
PFOA was most strongly inversely associated with weight-for-age scores; in the BKMR
model for weight-for-age, PFOA was identified as one of the most important PFAS and

was inversely associated with weight-for-age scores. Similarly, in the multi-chemical mixed
model for PCBs, PCB118 was strongly inversely associated with weight-for-age scores,
while PCB74 and PCB105 were positively associated with weight-for-age scores. Results
of the BKMR model showed this as well: PCB118 was one of the most important PCBs in
the mixture and had an inverse association with weight-for-age, while PCB74 and PCB105
showed positive associations. We were able to weight the WQS models in our sensitivity
analyses examining each measurement time point individually (the R package, gW@QS, does
not yet allow for the analysis of correlated data). We found similar results to the equivalent
BKMR models: the mixture of 31 chemicals is inversely associated with weight-for-age at
birth and 2 months, but the associations substantially weaken at 9 and 19 months.

In conclusion, we found an inverse association between prenatal exposure to a mixture

of persistent EDCs (PFAS, PCBs, OCPs) and longitudinal postnatal body size through 19
months as measured through weight-for-age z-scores. The observed association appears to
be driven by early postnatal body size. The association of the 31-chemical EDC mixture
with height-for-age and BMI-for-age scores was also inverse, but weaker than what was
observed for weight-for age scores.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cgrrelation heatmap of serum concentrations of persistent endocrine disrupting chemicals
across women during pregnancy in the Avon Longitudinal Study of Parents and Children
(N=425). Spearman correlation coefficients presented for untransformed distributions,
sectioned according to per- and polyfluoroalkyl substances (PFAS), polychlorinated
biphenyl (PCB), and organochlorine pesticide (OCP) group membership. PCB and OCP
concentrations were lipid-adjusted.
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Figure 2.
Chemical-specific effect estimates of mixture members on weight-for-age z-scores in

ALSPAC mother-daughter dyads estimated by BKMR (n=301). Single chemical associations
and 95% credible bands are presented with other chemicals fixed at their median. The model
adjusted for maternal education, parity, pre-pregnancy body mass index, maternal age at
delivery, prenatal smoking, age at measurement, and gestational week at sample collection.
All chemical concentrations were natural log-transformed and standardized; PCB and OCP
concentrations were lipid-adjusted.
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0.7

A Overall effect of the mixture on weight-for-age z-scores (estimates and 95% credible

intervals), comparing the outcome when all exposures are at a particular quantile to the
median (n=301). B Overall effect of the mixture on height-for-age z-scores (estimates and
95% credible intervals), comparing the outcome when all exposures are at a particular
quantile to the median (n=300). C Overall effect of the mixture on body mass index (BMI)-
for-age z-scores (estimates and 95% credible intervals), comparing the outcome when all
concentrations are at a particular quantile to the median (n=300). Bayesian kernel machine
regression models adjusted for maternal education, parity, pre-pregnancy body mass index,

maternal age at delivery, prenatal smoking, age at measurement, and gestational age at

sample collection, and used a random intercept to account for repeated measures at 0, 2, 9,
and 19 months. All chemical concentrations were natural log-transformed and standardized;
PCB and OCP concentrations were lipid-adjusted.
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Table 1.

Characteristics of the Avon Longitudinal Study of Parents and Children (ALSPAC) sub-study population by
weight-for-age z-score at 19 months.

Distribution by weight-for-age z-score

Characteristic <0 0-1 >1
n=134 n=134 n=86

n % n % n %

. a
Maternal education

< O-level 23 184 26 210 14 175
O-level 39 31.2 48 387 24 300
>0-level 63 50.4 50 40.3 42 525

Maternal pre-pregnancy BMI, kg/m?

<25 (under/normal weight) 100 813 91 765 57 713

225 (overweight/obese) 23 187 28 235 23 288
Prenatal smoking

Any 22 172 31 240 18 214

None 106 828 98 76.0 66 78.6

Physical activity
Any 76 655 70 603 57 731
None 40 345 46 397 21 269

Maternal age at delivery, years

<25 26 194 32 239 17 198

25-29 44 328 61 455 31 36.0

230 64 478 41 30.6 38 442
Child birth order

First born 62 481 73 579 35 427

Second born or later 67 519 53 421 47 573

Birth weight, g
<2800 29 220 9 6.8 b b

22800 103 78.0 124 932 81 b

Abbreviations: BMI, body mass index; kg/mz, kilograms per meter-squared; g, grams
a<o-|eve|:none, Certificate of Secondary Education, and vocational education, which are equivalent to no diploma or a GED in the United States.
O-levels (ordinary levels) are required and completed at the age of 16. >O-level=A-levels (advanced levels) completed at 18, which are optional,

but required to get into university; and a university degree.

b .
Suppressed due to small cell sizes
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Table 3.

Adjusteda singleb— and multi-chemical associations of maternal serum concentrations of persistent endocrine
disrupting chemicals (EDCs) and weight-for-age z-score at 0, 2, 9 and 19 months in the Avon Longitudinal
Study of Parents and Children (ALSPAC) sub-study (N=347 mother-daughter dyads) using a linear mixed
model with a random intercept. Beta estimates represent the change in weight-for-age z-scores for 10% higher

. . d
chemical concentrations .

Single-chemical modelsbe Multi-chemical models®

B 95% CI B 95% ClI

Per- and polyfluoroalkyl substances (PFAS) (ng/mL)

PFOA -0.03 -0.06, 0.00 -0.03 -0.07,0.01
PFOS -0.02 -0.05,0.01 -0.01 -0.06, 0.04
PFHXS

PENA 0.01 -0.03, 0.05
MeFOSAA

EtFOSAA

Polychlorinated biphenyls (PCBs) (ng/g lipid)

PCB28

PCB74 0.07 0.01,0.13
PCB99 -0.05 -0.13,0.03
PCB105 -0.01 -0.04,0.01 0.06 -0.03,0.14
PCB118 -0.09 -0.19,0.01
PCBlS8f -0.01 -0.04,0.01

PCB146 -0.01 -0.04, 0.02
PCB153 -0.02 -0.05, 0.01 0.03 -0.21,0.27
PCB156 -0.02 -0.14,0.09
PCB170 -0.02 -0.06, 0.01 0.02 -0.16, 0.20
PCB172 0.01 -0.02, 0.04 0.03 -0.02, 0.08
PCB177 -0.02 -0.07,0.03
PCB178 0.01 -0.03, 0.05
PCB180 -0.03 -0.06, 0.01 -0.12 -0.36,0.12
PCB183 0.05 -0.02,0.12
PCB187 -0.03 -0.13, 0.06
PCB194

PCB195

PCBl%f -0.01 -0.05, 0.02 0.08 -0.02,0.18
PCB199 0.02 -0.02, 0.07
PCB206 -0.01 -0.04,0.01 -0.04 -0.09, 0.02

Organochlorine pesticides (OCPs) (ng/g lipid)

HCB -0.02 -0.06, 0.01
B-HCH 0.01 -0.01, 0.04
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Single-chemical modelsbe Multi-chemical models®®

B 95% CI B 95% ClI

p,p’-DDE
p,p’-DDT

Abbreviations: Cl, confidence interval; ng/mL, nanogram per milliliter; ng/g lipid, nanogram per gram lipid

a, . . . . . .
Adjusted for parity, pre-pregnancy BMI, maternal age at delivery, education, prenatal smoking, age at measurement, and gestational age at sample
collection.

Single-chemical linear regression models were run to examine associations between each chemical and weight-for-age z-scores. Betas represent a
change of 10% higher chemical concentrations.

Multi-chemical linear regression models were run to examine associations between each chemical in a class (e.g., PFAS) and weight-for-age
z-scores, independent of other chemicals in the class (i.e., adjusting for other chemicals in the class). Betas represent a change of 10% higher
chemical concentrations.

d. . . .
10% change in chemical concentrations calculated as f*In(1.1)

eOnIy B values 2|0.01]| are displayed.

f . . .
PCB congeners 138 and 158 could not be separated and were quantified as a summed concentration, referred to as PCB138. Similarly, PCB
congeners 196 and 203 could not be separated and were quantified as a summed concentration, referred to as PCB196.
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