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Abstract

We conducted a systematic review and meta-analysis of the associations between prenatal
exposure to persistent organic pollutants (POPs) and childhood obesity. We focused

on organochlorines (dichlorodiphenyltrichloroethane [DDT], dichlorodiphenyldichloroethylene
[DDE], hexachlorobenzene [HCB] and polychlorinated biphenyls [PCBs]), per- and
polyfluoroalkyl substances [PFAS] and polybrominated diphenyl ethers [PBDES]) that are the
POPs more widely studied in environmental birth cohorts so far. We search two databases
(PubMed and Embase) through July/09/2021 and identified 33 studies reporting associations

with prenatal organochlorine exposure, 21 studies reporting associations with prenatal PFAS

and 5 studies reporting associations with prenatal PBDEs. We conducted a qualitative review.
Additionally, we performed random-effects meta-analyses of POP exposures, with data estimates
from at least three prospective studies, and BMI-z. Prenatal DDE and HCB levels were associated
with higher BMI z-score in childhood (beta: 0.12, 95% ClI: 0.03, 0.21; 12: 28.1% per study-specific
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log increase of DDE and beta: 0.31, 95% CI: 0.09, 0.53; 12: 31.9% per study-specific log
increase of HCB). No significant associations between PCB-153, PFOA, PFOS, or pentaPBDES
with childhood BMI were found in meta-analyses. In individual studies, there was inconclusive
evidence that POP levels were positively associated with other obesity indicators (e.g., waist
circumference).
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pregnancy; persistent organic pollutants; obesity; childhood

Introduction

Childhood obesity is an important public health concern. It is estimated that 10-30%

of children in Europe and the US have currently overweight or obesity based on the

World Health Organization body mass index (BMI) cutoffs.! Greater BMI and adiposity

in childhood are associated with future risk of type 2 diabetes, cardiovascular morbidity, and
mental health problems.2~* Further, excess weight gained in childhood is difficult to treat
and likely to lead to an adulthood with overweight and obesity.>® Hence, there is an urgent
need to identify early-life risk factors that can be targeted for clinical and public health
interventions.

Excess food consumption and a sedentary lifestyle are important risk factors, but other
factors may also help explain the current childhood obesity epidemic.” The environment
to which humans are exposed has changed considerably over the last decades due to

the exponential growth in the production and use of synthetic chemicals. In the early
2000s, it was proposed that some synthetic chemicals can act as “obesogens” and affect
individual susceptibility to obesity and metabolic disease - a hypothesis also known as the
“environmental obesogen hypothesis”.8:9

In this context, there has been an increasing interest in the obesogenic effects of

persistent organic pollutants (POPs). These include organochlorine compounds (OCs) that
were widely used in the past as pesticides [e.g., dichlorodiphenyltrichloroethane (DDT),
dichlorodiphenyldichloroethylene (DDE), hexachlorobenzene (HCB)] or in industrial
processes [polychlorinated biphenyls (PCBS)], as well as other synthetic chemicals used

in various industrial applications and consumer products [e.g., perfluoroalkyl substances
(PFAS), polybrominated diphenyl ethers (PBDES)].10 POPs are ubiquitous, accumulate in
living organisms, and have long elimination half-lives.1911 Human biomonitoring studies
have shown widespread exposure to these chemicals.}2:13 POPs can act as endocrine
disruptors and alter hormonally regulated metabolic processes.# They have been suggested
to predispose to the development of obesity by increasing the number of adipocytes (and fat
storage into existing adipocytes), changing the basal metabolic rate, shifting energy balance
to favor calorie storage and altering hormonal control of appetite and satiety.14-16

Maternal concentrations of POPs reach the developing fetus through the placenta.l’-1° This
is of importance as during the intrauterine period vulnerability to pollutant exposures is
high due to rapid cellular differentiation and tissue development, as well as incomplete
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development or function of protective mechanisms, such as xenobiotic metabolism, immune
function, and the blood-brain barrier.14.16 Indeed, the “Developmental Origins of Health

and Disease” paradigm highlights the importance of pollutant exposures during early
development in eliciting metabolic changes and increased disease risk, even after the
exposure has occurred.16:20 Growing evidence in animal models suggests that developmental
exposure to endocrine-disrupting chemicals can alter normal homeostatic controls over
adipogenesis and promote obesity.21-25 Nevertheless, evidence from human prospective
studies has been conflicting. Several reviews to date have tried to summarize available
human evidence. However, previous reviews were not systematic, provided only a qualitative
assessment or did not consider several recent studies.16:26-35

The aim of the present study was to provide an up-to date systematic evaluation and
meta-analysis, wherever possible, of available epidemiologic evidence on the prenatal effects
of three major POP classes (OCs, PFAS, and PBDESs) on childhood obesity.

Materials and Methods

We followed the Preferred Reporting Items for systematic Reviews and Mata-Analysis
(PRISMA) guidelines (Table S1). The review protocol has been registered in PROSPERO
(CRD42020173299).

Search Strategy

We systematically searched two databases, PubMed and Embase, from the earliest available
online indexing year through July 09, 2021 for studies evaluating the association between
prenatal POP exposure and childhood adiposity. Independent searches were carried out for
each of the three selected POP classes: 1) OCs, including DDE, DDT, PCBs and HCB; 2)
PBDEs, and 3) PFAS. These were combined with detailed search terms related to pregnancy
(e.g., intrauterine, fetus, prenatal) and childhood adiposity status (e.g., anthropometry, BMI,
waist circumference). Details of the search strategy are presented in Appendix 1. We also
manually searched reference lists of recent reviews and extracted articles to identify any
additional eligible studies.

Study selection

Studies were eligible for inclusion if they met the following criteria: 1) were original
research (i.e., not a review, meta-analysis, abstract, editorial, letter, or commentary); 2)
were human studies; 3) assessed one or more POPs of interest in maternal or cord blood
samples; and 4) reported data on at least one obesity measure in children and adolescents
(<20 years of age). We did not include studies examining birth outcomes. We also restricted
publications to the English language. The primary outcome of interest was BMI, as it is
widely used both in clinical settings and research studies to assess weight status in childhood
and adolescence. Secondary outcomes of interest included waist circumference and/or its
ratio with body height, weight-for-height, body fat mass, and skinfold thickness. We also
assessed rapid infant growth from birth up to 2 years of age (defined as a z-score change

in weight or BMI greater than 0.67), as it is considered an important predictor for future
obesity.36:37 Two reviewers (NS, SR) independently performed an initial screening of titles
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and abstracts and then evaluated potentially relevant studies based on full-text reviews. Any
discrepancy was resolved through discussion.

Our literature search and study selection procedure yielded a total of 33 studies assessing
prenatal OC exposures (Figure 1A), 21 studies assessing prenatal PFAS exposures (Figure
1B), and five studies assessing prenatal PBDE exposures (Figure 1C).

Data Extraction and Quality Assessment

For each article identified, we extracted information on the following characteristics: first
author, publication year, geographic location and name of the cohort, sample size, type

of exposure, biological sample used for exposure assessment, gestational age of exposure
assessment, results of exposure assessment, primary and secondary outcomes measured,

age at time of outcome assessment, adjustment set used in analysis and statistical findings
(adjusted B coefficients, ORs and/or RRs with their 95% Cls or SEs). Data were extracted by
one reviewer (SR) using standardized forms and independently checked by another (NS) to
ensure accuracy. Discrepancies were resolved by discussion.

Two reviewers (SR and NS) independently assessed study quality using the Newcastle-
Ottawa Scale (NOS),38 a commonly used tool for assessing quality of observational studies.
The NOS evaluates each study by a points system across three domains: selection of
participants (scored 0—4 points); comparability (scored 0-2 points); and the ascertainment of
outcome (scored 0-3 points). Studies with a NOS score =7 were considered as good quality,
those with NOS score 47 as moderate quality, and those with a NOS score <4 as poor
quality. Any discrepancy in scoring between the two reviewers was resolved by discussion
or in consultation with a third reviewer (LC). Table S2 shows our quality assessment of each
study included in the review.

Data Synthesis and Meta-Analysis

Findings on the associations between prenatal POP exposures and later obesity measures

are presented separately for each class of POPs (OCs, PBDEs, and PFAS). To take into
account differential growth across the study period of interest, we grouped results into the
following age categories of outcome assessment: infancy (0-2 years), childhood (2-9 years),
and adolescence (>10 years).39

Initially, we planned to meta-analyze effect estimates between any prenatal POP exposure
and obesity measure at each age period that were reported in at least three different
prospective studies; i.e., availability of three effect estimates within each age period of
outcome assessment was our minimum threshold for conducting a meta-analysis. Due to
heterogeneous methodologies used and a limited number of studies assessing certain obesity
outcomes of interest, we were able to conduct meta-analysis only for BMI-z, overweight
and waist circumference and certain POPs. In meta-analyses, we included studies providing
beta coefficients and their measure of uncertainty (95% CI, SE, or other data to calculate
variance) that were provided from the most complete adjustment for potential confounders.
When studies provided multiple effect estimates by percentile categories of exposure to
POPs instead of continuous trends, we considered the worst outcome contrast within the
comparison groups (worst-case scenario) by selecting the highest estimate to include in

Obes Rev. Author manuscript; available in PMC 2022 September 26.
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analysis.3940 Moreover, when studies reported effect estimates for a given pollutant for

two time points within each period (infancy, childhood or adolescence), we combined

these estimates by means of a fixed-effect meta-analysis.*1~44 For multi-center studies, we
included site-specific estimates separately in analysis.*>47 We calculated overall estimates
by pooling study-specific results using the inverse variance weighted method and a random
effects model, which accounts for between-study variation. We evaluated heterogeneity
between studies with the Cochran Q test (statistical significance defined as P<0.10) and used
12 to quantify the proportion of the total variation due to that heterogeneity.*849 Potential
publication bias was assessed with visual inspection of funnel plots and use of the Egger
test.>0 We also performed the Duval and Tweedie nonparametric “trim and fill” method

to examine whether such bias, if present, had impacted our overall effect estimates.®! We
also examined the influence of individual studies on the overall estimates by omitting

one study at a time. Moreover, we re-run meta-analyses, whenever possible, following
further inclusion of a study that assessed POP concentrations in maternal 2-week postpartum
serum.52 Finally, we performed prespecified analysis stratified by sex, where at least three
effect estimates for males and females within each period of outcome assessment were
available.

All tests were 2-sided and statistical significance was defined as £<0.05, unless otherwise
stated. Analyses were performed using STATA version 16.1 (StataCorp).

Prenatal OC exposure and childhood obesity

The characteristics of the studies included in our review are shown in Table S3. All studies
had a prospective design, with the number of participants in each study ranging from 44 to
2,487. Assessment of study quality by NOS yielded an average score of 8.1 and 25 studies
had a score of 7 (good) or above.

DDT and DDE—Studies from Belgium,>3-55 Faroes Islands,?226 France,>* Germany,>457
Greece,>8 Greenland,*® Mexico,59-60 Netherlands,5*61 Norway,*>:54 Poland,*® South
Africa,52 Spain,83-67 Sweden,#®> Ukraine,*® Canada,%8 China®% and the US#3:44.70-75
reported data on exposure to DDE and/or DDT (Table S3). Given that DDT is rapidly
converted to DDE in biological systems’6 and there DDE concentrations are substantially
higher in human tissues, most studies primarily focused on DDE. The exposure levels

of DDE varied largely across studies. Among those studies reporting the exposure levels
of p,p’-DDE standardized by lipid content measured in maternal serum, the median
concentrations ranged between 82 ng/g lipid*4 and 5,700 ng/g lipid.”® For those studies
reporting exposures measured in maternal serum by their wet-based values, the median
exposure levels of DDE presented narrower estimates ranging from 0.24 ng/L5® to 1.06
ng/L.%°

We were able to meta-analyze effect estimates for prenatal exposure to DDE and BMI-z
during infancy (0-2 years) and found no significant association (beta: 0.03; 95% CI: -0.01,
0.07; n= 4 estimates) (Figure S1). There was no evidence of between-study heterogeneity
(12: 0.0%; P for heterogeneity= 0.18) or publications bias (Figure S2). Effect estimates
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remained similar following exclusion of one study at a time or after additional inclusion
of one study from the Faroes Islands®? that measured maternal DDE levels shortly

after pregnancy (Table S4). Sex-stratified analysis was not feasible. One study reported
significantly higher BMI-z with prenatal exposure to DDE in girls but not in boys.62 while
another study found a negative association between DDE and BMI-z at 6 months of age

in boys only.59 Other studies did not consider sex-specific differences.??:60 Two studies
from Mexico assessed prenatal exposure to DDT and BMI-z in infancy, with one study
that involved boys only reporting a null association®® and the other showing a positive
association in girls but not in boys.52

Many studies also assessed other obesity outcomes during infancy including rapid growth
(z-score weight gain > 0.67),%8:63 BMI,51.62 and change in weight-for-age,>* though a
meaningful meta-analysis was not feasible. Table S5 provides an overview of associations
reported between prenatal DDT/DDE and adiposity measures. One study from Spain
reported an increase in risk of rapid growth from birth to 6 months with higher exposure
to DDE.53 This study also followed children to 14 months and found that prenatal DDE
was also associated with increased risk of overweight.3 A European multi-center study
also showed that higher prenatal exposure to DDE was associated with greater change in
weight-for-age from birth to 24 months.>* A study in Canada found maternal DDE was
positively correlated with child weight-gain in the first 2 years of life.>” One study from
Greece reported a positive association between prenatal DDE and rapid growth, though the
confidence interval (CI) included the null.58 A study from the Netherlands reported that
DDE concentration in cord blood or breastmilk was associated with lower BMI trajectory
during the first year of life, especially in boys.51

With respect to the childhood period (2—-9 years), meta-analysis results showed a positive
association of prenatal exposure to DDE with BMI-z (beta: 0.12; 95% ClI: 0.03, 0.21; n=
10 estimates) (Figure 2), with no evidence of important between-study heterogeneity (12:
28.1%; P for heterogeneity= 0.19). There was no evidence of publication bias for DDE
with BMI-z, and application of the trim and fill method did not change effect magnitude
(Figure S3). When removing one study at a time, the effect estimates did not materially
change (Table S6). Sex-stratified meta-analysis analysis was not feasible, as only a limited
number of studies provided sex-specific effects.>>58 In individual studies, Delvaux 2014%°
found a positive association between prenatal exposure to DDE and BMI-z in girls but not
in boys, while other studies reported no differences by sex.43:44:46.58.64 Ty studies from
the US CHAMACOS cohort examined prenatal DDT exposure and BMI-z in children at 743
and 9% years old. While no significant association was found at 7 years of age,*3 prenatal
p,p’-DDT was associated with higher BMI-z in boys at 9 years of age.** One study from
Spain reported that increased prenatal concentration of DDT was associated with increased
BMI-z from 4 until 18 years of age, with no evidence of sex interaction.6’

There were heterogeneous methodologies used and/or a limited number of studies assessing
other obesity outcomes during childhood (Table S3). A meta-analysis of estimates from
three cohorts*3-45.77 reporting odds ratios for childhood overweight showed no association
with DDE (OR: 1.00; 95% CI: 0.78, 1.27; 12: 28%; P for heterogeneity= 0.24), while two
other studies reported a significantly increased relative risk for overweight and/or obesity
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(RRs: 1.7-3.8) with higher prenatal DDE concentrations.>8:65 Results also varied for other
obesity measures in childhood (Table S5). For instance, one study from Greece found that
higher prenatal DDE exposure was associated with a higher risk for abdominal obesity,
defined as waist circumference =90 percentile for age, at 4 years of age,®® while another
study from the US reported no significant associations of DDE with abdominal obesity risk
in children at 743 and 9% years of age.

Two studies in the US assessed obesity outcomes in adolescence (>10 years).”%72 One study
reported positive associations of prenatal exposure to DDE and DDT with BMI-z and waist
circumference in boys, but not girls, aged 12 years.”? In contrast, another study that involved
boys aged 10-20 years found no significant associations of DDE and DDT with BMI and
triceps and subscapular skinfolds.”®

PCBs—Studies from Belgium,>3:55.78 Canada,”® Faroe Islands®?:°6 France,’® Germany,’®
Greece,>8 Greenland,*® Netherlands,%1:78.80 Norway,*°:78 Poland,*6 Slovakia,’8 Spain,53-66
Sweden,*> Ukraine, %6 the UK, 81 and US73:74:82.83 reported data on PCB exposure (Table
S3). Median concentrations of PCB-153 (the most commonly reported congener), measured
in maternal blood and standardized by lipid context ranged from 11 ng/g lipid*6 to 117
ng/g lipid.*> Due to heterogeneity in methodology, including reporting of weight (lipid- or
wet-weight) and reporting measures (geometric mean, mean, median), we were not able to
establish an exposure range for Y PCBs.

One study from Belgium examined prenatal exposure to Y PCBs and BMI-z in infancy and
found that increasing concentrations of PCBs were associated with higher BMI-z at ages
1-3 years.>3 In contrast, another study found a negative association between PCBs and
change in weight from birth to 3 months89 while a multi-center European study reported no
association between exposure to PCB-153 and change in weight-for-age from birth to 24
months.>* Other studies assessing rapid growth,%8:63 BMI,5261 gverweight status®2:63 and
weight adjusted for height83 during infancy found no significant associations with PCBs.

Meta-analysis results on prenatal PCB-153 exposure and BMI-z during childhood showed

a positive association but the CI included the null (beta: 0.10; 95% CI: -0.07, 0.27; n=6
estimates). There was no evidence of important between-study heterogeneity (12: 25.0%;

P for heterogeneity= 0.25) (Figure 2). The small number of studies did not allow for a
meaningful assessment of publication bias. When removing one study at a time, overall
effect estimates for PCB-153 did not significantly change, except with the removal of Hoyer
2014 (INUENDO-Greenland)*6 where the effect estimate became slightly larger (beta: 0.18,
95% CI: 0.01, 0.35) (Table S7). Meta-analysis of three studies assessing prenatal exposure
to Y PCB showed a positive association between Y PCB and childhood BMI-z but the ClI
included the null (beta: 0.10; 95% CI: —0.02, 0.22; 12: 11.1%; P for heterogeneity= 0.33)
(Figure S4). A Spanish study also reported a weak positive association between prenatal
YPCB and BMI-z from 4 till 18 years of age.5” While sex-stratified meta-analysis was not
feasible as most of the studies did not provide sex-specific effects, three studies reported no
differences by sex.46.64.67
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For other obesity outcomes during childhood, there were heterogeneous methodologies used,
thus not allowing meta-analyses. Results varied (Table S8). For instance, two studies from
Spain showed higher overweight risk with prenatal exposure to PCB-13854 or YPCBs®5,
while other studies from the US,”” Norway*® and Sweden?® reported no significant
association. 477

One study from Canada examined associations PCB 153 in cord blood and adolescent
anthropometry. They found cord PCB 153 was related to higher BMI and fat mass index
(kg/m?2) in girls but not boys.58

HCB—Studies from Belgium,>3:55 Faroes Islands,>? Greece,?® Norway,*> Spain,63:64.66.84
Sweden,*> and the US4 reported data on prenatal HCB exposure (Table S3). We were not
able to establish an exposure range due to reporting heterogeneity.

One study of the Spanish INMA cohort reported an increase in risk of rapid growth from
birth to 6 months with higher exposure to HCB.82 This study also followed children to

14 months and found that HCB was also associated with increased risk of overweight.53
One study from Greece also examined rapid growth in infancy and reported a positive
association with prenatal HCB but with wide CI that included the null.>8 A study from the
Faroes Islands examining maternal OC concentrations shortly after birth showed a positive
association of HCB with BMI-z at 18 months of age.52

Meta-analysis results showed a positive association of prenatal exposure to HCB with
BMI-z in childhood (beta: 0.31; 95% CI: 0.09, 0.53; n=5 estimates) (Figure 2). We found
no evidence of between-study heterogeneity (12: 31.9%; P for heterogeneity= 0.21). The
small number of studies did not allow for a meaningful assessment of publication bias.
Effect estimates remained similar following exclusion of one study at a time or after
additional inclusion of one study from the Faroes Islands®? that measured maternal HCB
concentrations shortly after pregnancy (Table S9). Sex-stratified meta-analysis was not
feasible. Only one study provided effect estimates by sex and showed no difference.?®
Agay-Shay 2015%* and Delvaux 20145 also reported no significant effect modification by
sex. One study from Spain also reported that increased prenatal concentration of HCB was
associated with increased BMI-z from 4 until 18 years of age, with no evidence of sex
interaction.5”

For other obesity outcomes during childhood, there were heterogeneous methodologies used
and a limited number of studies assessing each outcome. Results varied (Table S10). For
instance, studies from Spain64 and Faroes Islands®? showed a higher risk for overweight
with higher maternal HCB concentrations, while two other studies conducted in Norway*°
and Sweden?® and the US’’ reported no significant association with the odds for overweight.
One study from Spain showed that higher cord blood HCB concentrations were associated
with increased BF % from 4 till 18 years of age.5’

Prenatal PFAS exposure and childhood obesity

The characteristics of the studies included in our review are shown in Table S11. Nineteen
studies had a prospective cohort design?1:42:4547,52.61.85-97 and two were case-control
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studies.”98 We mainly focused on the legacy PFAS pollutants PFOS and PFOA, as human
biomonitoring studies show that these are the most highly detected compounds.99:190 The
exposure levels varied widely across studies. Among those assessing maternal plasma or
serum, median PFOS concentrations ranged from 2.2 ng/mL% to 33.8 ng/mL86 and median
PFOA concentrations ranged from 1.0 ng/mL#7:93 to 5.6 ng/mL.4! Median cord plasma
concentrations ranged from 1.6 ng/mL%1 to 5.7 ng/mL88 for PFOS and from 0.87 ng/mL61
to0 6.74 ng/mL8° for PFOA. Number of participants in each study ranged from 285 to 1915.
Assessment of study quality ranged from 6 to 9, with most of the studies having a score of
seven (good) or above.

A meta-analysis of 3 studies assessing prenatal PFAS exposure with BMI-z in infancy
showed a small inverse association with PFOS and PFOA (beta: —0.007; 95% CI: —-0.012,
-0.003; n= 3 estimates for PFOS and beta: 0.03; 95% CI: —0.02, 0.08; n= 3 estimates

for PFOA) (Figure S5). There was no evidence of between-study heterogeneity for the
effect estimates of PFOS (12: 0.0%; P for heterogeneity= 0.44), but PFOA estimates were
heterogeneous across studies (12: 70.9%:; P for heterogeneity= 0.03). There was no evidence
of publication bias (Figure S6). Application of the trim and fill method did not change effect
magnitude. Effect estimates for both PFOS attenuated following exclusion of the study by
Andersen® (Table S12). When we included a study from the Faroes Islands that assessed
maternal PFOS and PFOA levels shortly after birth, we observed that the PFAs effect
estimates for BMI-z in infancy were also attenuated. Sex-stratified pooled analysis was not
feasible, however, Andersen 2010 reported stronger effect estimates in boys,8 while other
studies did not report different associations of BMI-z with PFOS or PFOA between boys
and girls.52:92.95 A study from the UK assessed weight adjusted for height in girls only and
reported a positive association with PFOS but not PFOA.% Studies from the Netherlands6?
and Taiwan®® reported no significant associations with infant BMI trajectories. Likewise,
prenatal PFOS and PFOA exposures were not significantly associated with weight change
during infancy.42:92:93 A study from the US measured % fat mass at 5 months of age and
reported a positive association with prenatal PFOA in boys,% while a study from Denmark
assessing % fat mass at 3 and 18 months of age showed null associations with prenatal
PFOA or PFOS but positive associations with prenatal PFNA and PFDA both in boys and
girls aged 3 months.9°

With respect to the childhood period (2-9 years), we found no significant associations

of prenatal PFOS and PFOA concentrations with BMI-z (beta: 0.00; 95% CI: -0.01,

0.01; n= 10 estimates for PFOS and beta: 0.03; 95% CI: -0.02, 0.08; n= 10 estimates

for PFOA) (Figure 3). There was evidence of between-study heterogeneity for the effect
estimates of both PFOS (12: 42.9%:; P for heterogeneity= 0.07) and PFOA (12: 55.5%; P for
heterogeneity= 0.02). There was no evidence of publication bias (Figure S7), although the
number of included studies was not adequate to allow for clear conclusions. Application

of the trim and fill method did not change effect magnitude. Effect estimates for both

PFOS and PFOA remained similar following exclusion of one study at a time (Table

S13). Exclusion of Lauritzen 2018 (Norway)*? reduced substantially the between-study
heterogeneity for the estimate of PFOS, and exclusion of Andersen 201386 or Braun 201687
reduced between-study heterogeneity for the estimate of PFOA. Inclusion of the study from
the Faroes Islands® that assessed PFAS shortly after birth did not materially change the
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overall effect estimates for PFOS and PFOA. In stratified analyses by sex, no significant
associations with BMI-z were observed in either boys or girls (Table S13).

Prenatal PFOS and PFOA concentrations were also not associated with waist circumference
in childhood in meta-analyses (beta: —0.06; 95% CI: —0.19, 0.07; n= 4 estimates for

PFOS and beta: 0.30; 95% CI: —0.50, 1.09; n= 4 estimates for PFOA), though there was
evidence of between-study heterogeneity for the effect estimates of PFOA (12: 20.5%; P

for heterogeneity: 0.287 for PFOS and 12: 85.7%; P for heterogeneity: <0.001 for PFOA)
(Figure S8). The small number of studies did not allow for a meaningful assessment of
publication bias. Exclusion of one study at a time did not change pooled effect estimates nor
reduced between-study heterogeneity for the estimate of PFOA (Table S14). Sex-stratified
pooled analysis was not feasible, however, apart from Hartman 201791 which examined

associations only in girls, other studies did not report different association between boys and
girls.41.87.:89

For other obesity outcomes during childhood, there were heterogeneous methodologies
used, and results varied (Table S15). For instance, four studies assessed fat mass (in kg,
kg/m2, or %), with one reporting a positive association with prenatal exposure to PFOA
in US children,87 another reporting an inverse association with both prenatal PFOS and
PFOA among British daughters of highly-educated mothers,%! and the others showing no
significant associations in US*! or Chinese children.89 A meta-analysis of PFAS effect
estimates from three cohorts assessing overweight risk in Greenlandic,%’” Ukrainian,*’
Faroese® and US children8” showed no association with PFOS exposure (RR: 0.99; 95%
Cl: 0.81, 1.20; 12: 0.0%:; P for heterogeneity: 0.86) and a trend towards higher risk with
increasing PFOA exposure (RR: 1.23; 95% Cl: 0.98, 1.55; 12: 24.7%; P for heterogeneity:
0.26) (Figure S9).

Regarding the adolescent period, one study from the US included participants aged 12 age
and showed modest increases in central adiposity and risk of overweight/obesity associated
with prenatal PFOA and PFHXxS exposures.?® Another study from Denmark included
participants aged 20 years and reported a positive association of prenatal PFOA exposure
with BMI and waist circumference only in females.°

Prenatal PBDE exposure and childhood obesity

The characteristics of studies included in our review are shown in Table S16. Four studies
had a prospective cohort design84101-103 and one was a case-control study.”> We focused
mainly on pentaBDEs (BDE-47, BDE-99, BDE-100, BDE-153) given that these were
among the most abundant PBDE congeners detected in human tissues.102104 Geometric
mean maternal serum pentaBDE concentrations (in ng/g lipid) ranged from 15.3101 to
20.3102 for BDE-47, from 4.3101 to 4.8192 for BDE-99, from 2.8101 to 4.0102 for BDE-100,
and from 2.4101 to 5.3102 for BDE-153. There were heterogeneous methodologies across
studies for summing individual congener concentrations, hence, it was not possible to
compare concentration ranges for XPBDEs. Number of participants in each study ranged
from 224 to 470. All studies scored seven or above in our assessment of study quality.
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All studies assessed obesity in childhood. In meta-analyses, we observed that pentaPBDE
congeners were inversely associated with BMI-z, with the associations for BDE-100 and
BDE-153 reaching statistical significance (Figure 4). There was some evidence of between-
study heterogeneity for the effect estimates of BDE-153 (12: 21.8%; P for heterogeneity=
0.28). There was no evidence of publication bias (Figure S10). Exclusion of Guo 2020103
attenuated effect estimates for BDE-100 and BDE-153 (Table S17). Stratified analyses by
sex were only feasible for BDE-100 and BDE-153, and showed no significant difference

in effect estimates between boys and girls. For the other PBDE congeners, one study
reported that prenatal levels were associated with higher BMI-z in boys but lower BMI-z in
girls,201 while the other studies from Spain® and the US192 reported no effect modification
by child sex.64102 Results for other obesity outcomes varied (Table S18). For instance,

one study from the US showed that prenatal BDE-153, BDE-100, and XPBDE exposures
were associated with smaller waist circumference and BDE-153 with lower % body fat

in childhood, with no evidence of modification by sex.102 Other studies from the US and
Spain reported no significant associations of individual congeners and ZPBDEs with waist
circumference!® and overweight or obesity.84.101

Discussion

We conducted an up-to-date systematic review and meta-analysis of human evidence on
the potential childhood obesogenic effects of common POP exposures during the prenatal
period. Figure 5 presents a summary of our findings. Overall, we found that prenatal
exposures to DDE and HCB were associated with increased BMI in children. For PCBs,
PFAS and PBDEs, there was no conclusive evidence that prenatal exposure to these
chemicals was associated with obesity development in childhood.

The body of evidence examining potential obesogenic effects of POPs has increased notably
over the last years, with a particular focus on exposure during prenatal development. The
fetus has long been recognized as especially vulnerable to the effects of environmental
pollutants, and fetal exposure is a key feature of the chemical obesogen hypothesis.1> This
hypothesis proposes that chemicals can interfere with endocrine and metabolic systems to
change growth patterns and induce weight gain and obesity.105

Organochlorine compounds have long been suspected to act as obesogens. Among them,
DDE/DDT, PCBs and HCB are the most widely studied in birth cohort research. These
compounds exhibit lipophilic properties and bioaccumulate in human tissues.3® DDT is an
insecticide widely used for the control of disease (e.g., malaria, typhus) vectors in most
countries until the late 20" century. DDE is the main metabolite of DDT, and exposure to
DDE occurred as a result of contamination of the environment and food supply.3° PCBs
were widely used as lubricants and coolants in electrical appliances, while HCB was used as
a pesticide and in the production of fireworks, ammunition, and synthetic rubber through the
1980s. The use of these chemicals has been discontinued in the United States and Europe,106
though their levels in migrants to those areas from areas where OCs are manufactured

can be relatively high.107 However, because of their persistence in the environment, the
general population is still exposed to these substances at low doses,1213 and adverse health
outcomes related to background population levels of exposure are a major concern,108

Obes Rev. Author manuscript; available in PMC 2022 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stratakis et al.

Page 12

Our findings in the meta-analysis that prenatal exposure to DDE was associated with
increased BMI in childhood is in line with a 2016 review that classified DDE as “presumed”
to be obesogenic for humans based on epidemiological observations and on experimental
evidence of increased rodent adiposity, impaired energy expenditure, and adipogenic
expansion that were estimated to fall within the range of the human exposures in prospective
studies.30 Similarly, the historic Michigan fisheater cohort involving 20-50-year-old women
showed that their prenatal DDE exposure was associated with higher BMI,19% while more
recently, another study reported that grandmaternal perinatal DDT exposure was associated
with a higher granddaughter obesity risk in adulthood.11% Consistent with our results
showing an association of prenatal HCB exposure with higher BMI in childhood, an earlier
systematic, qualitative review in 2011 that evaluated the potential obesogenic role of POPs
in adults and children concluded that HCB exposure was generally associated with an
increase in body size.25 In our study, we observed inconclusive evidence to support that
prenatal exposures to PCBs exert obesogenic effects in children. The 2011 review suggested
that health effects of OCs, and especially of PCBs, could follow non-monotonic dose
responses, with positive associations at lower population exposure levels (<1 ng/mg lipid)
but inverse or not existing at higher exposures.28 In our meta-analyses involving studies that
had varying exposure levels, with geometric mean PCB values being as low as 0.09 ng/mg
lipid®3, we did not observe significant heterogeneity between study estimates. An analysis of
dose-response profiles was not feasible given the variable increments of exposure categories
across studies. Pooled analyses with harmonized exposure data across populations with
varying background exposure levels are needed to disentangle potential non-monotonic
relationships with obesity.

In our review, we also examined the potential obesogenic effects of the legacy PFAS
compounds, PFOS and PFOA.. These are chemically and thermally stable synthetic
compounds that were widely used in various industrial applications and consumer products,
including fire-fighting foams, nonstick coatings, water- and stain- repellent textiles.111
PFOS and PFOA have a long elimination half-life in the human body (half-life of serum
elimination ~ 3-7 years), and although their production has been phased out in Europe and
the United States, human biomonitoring studies still show widespread exposure.99:100.112,
Evidence from animal studies indicates that PFAS can alter lipid metabolism, increase

body weight, and lead to higher body fat accumulation23.113.114 However, given the species-
specific toxicokinetics of PFAS,115 extrapolation from animals to humans is difficult.

Most studies included in this review found that prenatal PFOS and PFOA exposures were
not associated with BMI and weight gain during infancy. We also found no conclusive
evidence that prenatal PFOS and PFOA exposure is associated with BMI and waist
circumference in childhood. Results for other obesity indicators in childhood, such as fat
mass, were highly heterogeneous and studied by a very small number of studies, thereby
precluding any conclusions. The only study involving older participants, with a mean

age of 20 years, reported a positive association of prenatal PFOA with BMI and waist
circumference only in girls.%0

Background PFAS exposure levels varied widely across studies. An analysis of dose—
response profiles across studies was analytically prohibited by variable increments of
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exposure across studies. Nevertheless, it is unlikely that the variable exposures in

different studies explained any inconsistency in the results, as there were neither stronger
nor statistically significant effect estimates in populations with higher exposure levels.
Associations suggesting potential obesogenic PFAS effects was reported in studies*>47.87
with background exposure levels that were similar to, or lower than, other studies

showing null associations (e.g.,#2:86.:88.98) previous human studies of PFAS exposure and
obesity were largely cross-sectional that could not establish that exposure preceded the
outcome.116-118 The prospective European Youth Heart Study recently demonstrated that
higher plasma PFOS concentrations during childhood were associated with greater adiposity
in adolescence and young adulthood.11® Moreover, a recent trial in adults showed that higher
baseline plasma concentrations of PFOS, PFOA, and PFNA were associated with a greater
weight regain following diet-induced weight-loss, especially in women, possibly explained
by a slower regression of resting metabolic rate levels.220 An important consideration for
future human studies is to examine the potential obesogenic effects of short-chain PFAS

(<6 fluorinated carbons) or PFAS ‘alternatives’ (e.g., GenX) which have been introduced as
replacements to the legacy compounds and human biomonitoring studies report increasing
concentrations.12! Animal studies suggest that these emerging chemicals have the potential
to interact with PAR pathways and affect body weight.121

PBDEs are a class of endocrine-disrupting flame retardants used extensively in consumer
products such as in furniture, carpet padding, electronics, and textiles. PBDEs are lipophilic,
accumulate in living organisms, and have an estimated half-life up to 12 years in
humans.122123 Although production of pentaBDE congeners has been phased out in Europe
and the U.S., they continue to be released from older furniture and are commonly found in
house dust.124 Experimental models suggest that PBDEs may increase adipogenesis and lead
to higher weight gain.25125-127 |n our systematic review, we identified a limited number

of human studies examining prenatal PBDE exposure in relation to obesity development in
children and found no evidence to support an obesogenic role for these chemicals. Other
epidemiologic studies examining postnatal exposures were mostly cross-sectional and did
not provide consistent evidence for a relation of PBDEs with increased weight status,128-130

Strong experimental evidence suggests that endocrine disruptors (as the POPs included in
this review) exert sex-specific effects, possibly as a result of their ability to interfere with
sex hormone pathways.131-134 This is of major relevance when examining the chemical
obesogen hypothesis given that there are well-known sex effects on energy metabolism
and fat regulation, including the regulation of adipose tissue and leptin signaling, by

sex hormones.135-139 |n our review, we did not find conclusive evidence that there were
differential associations by sex between any of the POPs assessed and obesity. However,
sex was largely overlooked, and sex-stratified estimates were not provided by many studies,
thus precluding a thorough summary of potential sex differences. Investigation and clear
presentation of sex-specific effects in the association of POPs with obesity development
constitute an important consideration for future studies in order to unravel sex-specific
susceptibility to POPs effects.

Further, studies included in this review have almost exclusively assessed the relationships
of single pollutant exposures with obesity, with the exception of a few multipollutants
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studies.62:64.93 |t s clear that pregnant women (and the general population) are not exposed
to single chemicals, but to complex real-world mixtures due to common sharing of sources
and routes of exposure (e.g., diet). Pollutant exposures (and their measured congeners)

may not only be highly correlated within and between the different classes (e.g. PCBs,
PFAS, PBDESs)140-142 hyt also exert interactive (Synergistic or antagonistic) effects.143.144
This makes it challenging to identify specific chemicals responsible for certain effects. For
instance, we recently followed an exposome-wide approach to systematically assess many
suspected environmental obesogens during critical early-life periods and highlighted the
contribution of exposure to tobacco smoke and air pollution to the development of childhood
obesity.145 This area of research is still in its infancy, but it is rapidly developing with

novel statistical techniques that may allow us to identify the complex inter-relationships of
chemicals and their health effects.246 Such studies may help both in discovery and in setting
priorities for prevention and intervention early in life.

This is the first systematic review with meta-analysis to examine prenatal exposure

to three major POP classes and multiple measures of childhood obesity. We focused

on studies which evaluated prenatal exposure in biological samples (maternal or cord
blood) using well-established methods. POPs have long half-lives and one biomarker
measurement can give a good estimate of past exposure. Although all included studies

were prospective, and thus exposures preceded the outcome, we cannot infer causality in the
observed associations. Due to the observational nature of included studies, the existence of
unmeasured confounders is always possible, and that resulting residual confounding could
bias the results. Nevertheless, we included fully adjusted estimates in meta-analysis and
reporting of results in an effort to limit risk of confounding, and almost all studies included
in this review adjusted for maternal BMI, a major risk factor for childhood obesity that is
also associated with blood POPs levels. To strengthen causal inference, future studies should
move beyond traditional approaches of simply examining exposure-outcome associations.
Examples of methods for improving causal inference in this field include the use of
instrumental variables (e.g. examining water contamination level as instrumental variable
for PFAS-health associations) and use of negative control exposures (e.g. also examining
paternal exposures when assessing effects of maternal exposures); the reader is referred

to two excellent articles on this topic.147:148 The studies included in our review varied
substantially with respect to exposure metric and outcome evaluated. Thus, we cannot

rule out these factors as sources of effect heterogeneity between studies. Although some
studies measured POPs in cord and some in maternal blood, concentrations across these
sample types have been shown to be highly correlated.149:150 BMI was a main outcome

of interest, a measure that incorporates both lean and fat mass; however, a high BMI has
been suggested as a sensitive marker for excess adiposity.197 We acknowledge that the
magnitude of association between prenatal DDE and BMI observed in our meta-analysis
was relatively small; a 0.1-SD increase in BMI-z might not be seem substantial at the
individual level. Nevertheless, given the widespread exposure of the general population to
this chemical, the aggregated effect at the population level, as measured by a rightward shift
in the distribution of obesity, may translate into an important increase in the number of
children with overweight. The relatively high degree of unexplained heterogeneity observed
in some of our analyses (e.g., prenatal PFOA in relation to BMI-z and waist circumference
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in childhood) may limit the validity of our conclusions. Further, we assessed the potential
for publication bias using well-established methods, however, for most comparisons, the
limited number of available studies did not allow a meaningful assessment of such bias.
Finally, the POP chemicals studied in this review are just a few chemicals out of the growing
list of potentially obesogenic chemicals that are currently under study. The joined effects

of potentially obesogenic chemicals that humans are simultaneously exposed to could be
significantly larger and require further consideration in future studies.

Conclusion

The current evidence from epidemiological studies suggests that prenatal exposures to DDE
and HCB are associated with greater adiposity in childhood. There was insufficient evidence
to conclude that prenatal exposure to other POPs, such as PCBs, PFOA, PFOS, and PBDEs
has obesogenic effects in children. Follow-up studies taking into account exposure to POP
mixtures and potential sex differences are needed to improve our understanding of obesity
development in childhood. Such work is critical to inform strategies to tackle the current
obesity epidemic.
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A) OCs
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C) PBDEs
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Flowcharts of study selection for a) organochlorine compounds [OCs; polychlorinated
biphenyls (PCBs), dichlorodiphenyltrichloroethane and dichlorodiphenyldichloroethylene
(DDT and DDE), and hexachlorobenzene (HCB)], b) per- and polyfluoroalkyl substances
(PFAS), and c) polybrominated diphenyl ethers (PBDES).
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A) DDE
Concentration
Author Year Cohort Age N weight Beta (95 %Cl) % Weight
Vafeiadi 2015 RHEA 4years 531 Wet weight —— 0.27 ( 0.04, 0.51)  11.13
Lauritzen 2018 SGA-Sweden 5 years 158 Lipid weight : 0.02 (-0.24, 0.29) 9.35
Lauritzen 2018 SGA-Norway 5 years 254 Lipid weight ‘ 0.04 (-0.15, 0.23) 14.67
Hoyer 2014 INUENDO-Poland 5-9years 92 Lipid weight } 0.35 (-0.33, 1.03) 1.81
Hoyer 2014 INUENDO-Ukraine 5-9years 492 Lipid weight —.‘—y" -0.09 (-0.34, 0.15)  10.49
Hoyer 2014 INUENDO-Greenland 5-9 years 525 Lipid weight HH— -0.06 ( -0.33, 0.22) 8.85
Valvi 2012 INMA-Menorca 6.5years 344 Wet weight "y—.— 0.35( 0.10, 0.61) 9.90
Agay-Shay 2015 INMA-Sabadell 7 years 470 Lipid weight + 0.27 (-0.02, 0.56) 8.15
Delvaux 2014 FLEHS 7-9 years 114 Wet weight ——l—l— 0.22 (-0.06, 0.51) 8.38
Warner 2013-14 CHAMACOS 7-9 years 261-270 Lipid weight —-— 0.09 (-0.08, 0.25) 17.28
I
Random effects model D 0.12( 0.03, 0.21)
Heterogeneity: 12 = 28.15%, p = 0.185 }
— 11—
9?‘ 9‘.’/ S o ¥ P RS
B) PCB-153
Concentration
Author Year Cohort Age N  weight Beta (95 %Cl) % Weight
]
Lauritzen 2018 SGA-Sweden 5-6 years 158 Lipid Weight —*I— 0.11 (-0.43, 0.65)  8.56
Lauritzen 2018 SGA-Norway 5-6 years 254 Lipid Weight -—#—— 0.45( 0.03, 0.87) 13.12
Hoyer 2016 INUENDO-Ukraine  5-9years 492 Lipid Weight — 0.14(-0.11, 0.39) 27.73
Hoyer 2014 INUENDO-Greenland 5-9 years 525 Lipid Weight —l——:r -0.13(-0.38, 0.13)  27.06
Hoyer 2015 INUENDO-Poland 5-9years 92 Lipid Weight ———————&—++—— -0.15(-0.85, 0.56)  5.28
Agay-Shay 2015 INMA-Sabadell 7 years 470 Lipid Weight ——EI— 0.18 (-0.16, 0.52) 18.25
|
Random effects model 0.10 ( -0.07, 0.27)
Heterogeneity: I2 = 23.69%, p = 0.256 |
PN RO PG
C) HCB
Concentration
Author Year Cohort Age N  weight Beta (95 %Cl) % Weight
|
Vafeiadi 2015 RHEA 4years 531 Wet Weight —i—I— 0.49 ( 0.12, 0.86) 22.16
Lauritzen 2018 SGA-Norway 5-6 years 254 Lipid Weight -—-— 0.36 (-0.03, 0.75) 20.67
Lauritzen 2018 SGA-Sweden 5-6years 158 Lipid Weight —I——i— -0.11 (-0.56, 0.34) 16.91
Agay-Shay 2015 INMA-Sabadell 7years 470 Lipid Weight ——l—— 049( 0.16, 0.82) 2555
1
Delvaux 2014 FLEHS 7-9years 114 Wet Weight — 0.14 (-0.35, 0.64) 14.70
1
Random effects model ¢ 0.31 ( 0.09, 0.53)
Heterogeneity: 12 = 31.88%, p = 0.209
I I

Figure2.

Forest plots for the associations of prenatal exposure to DDE (a), PCB-153 (b), and HCB
(c) with BMI-z in childhood (2-11 years). The effect size estimate is the adjusted coefficient
regression (beta) with 95% confidence intervals (SD in BMI z-score per unit increase of
DDE and PCB-153) for combined sex (boys and female) unless the strata is specifically
reported in the cohort label. Horizontal lines denote 95% confidence intervalsand squares
denote study-specific point estimates representing continuous organochlorine exposure
trends or worst-case scenarios when estimates were provided for different organochlorine
exposure percentiles. The size of the squares estimates is proportional to the weight
assigned to each study. Diamonds represent pooled estimates from a random effects meta-
analysis. The 12 and P-values for heterogeneity are shown. Cohorts: INMA, Infancia 'y
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Medio-Ambiente Child and Environment birth cohort, Spain; FLEHS, Flemish Environment
and Health Survey, Belgium; INUENDO, Biopersistent organochlorines in diet and

human fertility- Epidemiological studies in time to pregnancy and semen quality in

Inuit and European populations; SGA, Scandinavian Successive Small-for-Gestational Age
births Study, Norway & Sweden; RHEA, The Mother-Child Cohort Study in Greece;
CHAMACOS, Center for the Health Assessment of Mothers and Children of Salinas study,
the US.
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A) PFOS
Author Year Cohort Age N Beta (95 %Cl) % Weight
Mora 2017 Project Viva 3-7 years 871-988 - 0.05 ( 0.00, 0.09) 7.45
Manzano-Salgado 2017 INMA 4-7 years 1230-1086 = 0.04 (-0.03, 0.11) 3.27
Lauritzen 2018 SGA-Sweden 5 years 158 —_— -0.11 (-0.41, 0.19) 0.19
Lauritzen 2018 SGA-Norway 5 years 254 —— 0.30( 0.08, 0.51) 0.36
Chen 2017 TBPS 5-9years 429 —_— -0.02 ( -0.33, 0.28) 0.18
Hoyer 2015 INUENDO-Ukraine 5-9 years 491 e — 0.04 (-0.19, 0.26) 0.33
Hoyer 2015 INUENDO-Greenland 5-9 years 531 —— -0.07 ( -0.31, 0.16) 0.31
Andersen 2013 DNBC-Girls 7 year 387 -0.00 ( -0.01, 0.01)  43.46
Andersen 2013 DNBC-Boys 7 year 400 : -0.01 (-0.01, 0.00) 44.28
Braun 2016 HOME 8years 204 ———— -0.11 ( -0.43, 0.21) 0.17
Random effects model 0.00 ( -0.01, 0.01)
Heterogeneity: I? = 42.86%, p = 0.072

PTG
B) PFOA
Author Year Cohort Age N Beta (95 %Cl) % Weight
T
Mora 2017 Project Viva 3-7 years 871-988 h 0.05(-0.01, 0.10) 20.49
Manzano-Salgado 2017 INMA 4-7 years 1230-1086 0.04 (-0.03, 0.10) 17.64
Lauritzen 2018 SGA-Norway 5 years 254 }—l— 0.32 ( 0.05, 0.60) 2.64
Lauritzen 2018 SGA-Sweden 5 years 158 —l—-l— -0.07 ( -0.41, 0.27) 1.79
Chen 2017 TBPS 5-9 years 429 —+— 0.03 ( -0.20, 0.27) 3.49
Hoyer 2015 INUENDO-Ukraine 5-9 years 491 —l‘— 0.02 (-0.19, 0.23) 4.23
Hoyer 2015 INUENDO-Greenland 5-9 years 531 —-:—!— 0.11 (-0.14, 0.37) 3.02
Andersen 2013 DNBC-Girls 7 year 387 -0.01 (-0.05, 0.03) 22.16
Andersen 2013 DNBC-Boys 7 year 400 } -0.03 (-0.07, 0.01) 22.35
Braun 2016 HOME 8years 204 } —=—— 0.44( 0.13, 0.74) 2.19
Random effects model 4‘? 0.03 (-0.02, 0.08)
Heterogeneity: 12 = 55.52%, p = 0.017 }
T T T T T )
Q‘b( Q{L Q‘Q ch, Q‘b‘ 0@ Q‘b

A A

Figure 3.
Forest plots for the associations of prenatal exposure to PFOS (a) and PFOA (b) with BMI-z

in childhood (2-11 years). The effect size estimate is the adjusted coefficient regression
(beta) with 95% confidence intervals (SD in BMI z-score per unit increase of PFOS

and PFOA) for combined sex (boys and female) unless the strata is specifically reported

in the cohort label. Horizontal lines denote 95% confidence intervalsand squares denote
study-specific point estimates representing continuous PFAS exposure trends or worst-case
scenarios when estimates were provided for different PFAS exposure percentiles. The size of
the squares is proportional to the weight assigned to each study. Diamonds represent pooled
estimates from a random effects meta-analysis. The 12 and P-values for heterogeneity are
shown. Cohorts: DNBC, Danish National Birth Cohort, Denmark; HOME, Health Outcomes
and Measures of the Environment Study, the US; INMA, Infancia y Medio-Ambiente Child
and Environment birth cohort, Spain; INUENDO, Biopersistent organochlorines in diet and
human fertility- Epidemiological studies in time to pregnancy and semen quality in Inuit
and European populations, Greenland & Ukraine; SGA, Scandinavian Successive Small-for-
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Gestational Age births Study, Norway & Sweden; SPC, Shanghai Prenatal Cohort, Ching;
TBPS, Taiwan Birth Panel Study, Taiwan.
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A)
Concentration
Author Year Cohort Age N  weight Beta (95 %Cl) % Weight
Vuong 2016 HOME 2-8years 318 Lipid weight —— -0.08 (-0.35, 0.18)  46.76
Agay-Shay 2015 INMA 7 years 470 Lipid weight —|m 0.05(-0.37, 0.46) 19.07
Erkin-Cakmak 2015 CHAMACOS 7years 224 Lipid weight ————— -0.10 (-0.41, 0.21)  34.17
Random effects model -0.06 ( -0.24, 0.12)
Heterogeneity: 12 = 0.00%, p=0.50 i
S B & H &
PN NN
)
Concentration
Author Year Cohort Age N  weight Beta (95 %Cl) % Weight
Vuong 2016 HOME 2-8 years 318 Lipid weight : -0.18 ( -0.45, 0.08)  45.70
Agay-Shay 2015 INMA 7 years 470 Lipid weight : 0.03 (-0.39, 0.44) 18.64
Erkin-Cakmak 2015 CHAMACOS 7years 224 Lipid weight : -0.01 (-0.31, 0.29) 35.66
Randon effects model ‘ -0.08 ( -0.26, 0.10)
Heterogeneity: 12 = 0.00%, p = 0.38 |
U T T T 1
N Ne) O o A\
,Q(? Q 00 0{'1' 0(0
)
Concentration
Author Year Cohort Age N  weight Beta (95 %Cl) % Weight
Vuong 2016 HOME 2-8 years 318 Lipid weight +— -0.21 (-0.46, 0.05) 21.52
Agay-Shay 2015 INMA 7 years 470 Lipid weight —:'—— -0.11 (-0.53, 0.32) 7.75
Erkin-Cakmak 2015 CHAMACOS 7years 224 Lipid weight —:*—l— -0.03 (-0.37, 0.30) 12.47
Guo 2020 ASMBCSA 7years 318 Lipid weight — — -0.12(-0.27, 0.04) 58.26
I
Random effects model ’ -0.13 (-0.25, -0.01)
Heterogeneity: 12 = 0.00%, p = 0.04 i
S ® S S S ©® &
N ,QP‘ ¥ & ¥ o o°
)
Concentration
Author Year Cohort Age N  weight Beta (95 %Cl) % Weight
Vuong 2016 HOME 2-8 years 318 Lipid weight —I—%— -0.36 (-0.60, -0.13)  25.33
Agay-Shay 2015 INMA 7 years 470 Lipid weight : = -0.05 (-0.48, 0.37) 9.30
Erkin-Cakmak 2015 CHAMACOS 7years 224 Lipid weight —%—l— -0.00 (-0.38, 0.30) 13.85
Guo 2020 ASMBCSA 7years 318 Lipid weight —— -0.15 (-0.29, -0.02)  51.52
I
Random effects model <= -0.17 (-0.31, -0.04)
Heterogeneity: |2 = 21.82%, p = 0.01 3
r T T T 1
) O N O Q O
,0@ Qb‘ ,Q?/ 00 Q?/ QP‘

Figure 4.

Forest plots for the associations of prenatal exposure to BDE-47 (a), BDE-99 (b), BDE-100
(c) and BDE-153 (d) with BMI-z in childhood (2-11 years). The effect size estimate

is the adjusted coefficient regression (beta) with 95% confidence intervals (SD in BMI
z-score per unit increase of PBDE congener) for combined sex (boys and female) unless the
strata is specifically reported in the cohort label. Horizontal lines denote 95% confidence
intervalsand squares denote study-specific point estimates representing continuous PBDE

exposure trends or worst-case scenarios when estimates were provided for different PBDE
exposure percentiles. The size of the squares is proportional to the weight assigned to each

study. Diamonds represent pooled estimates from a random effects meta-analysis. The 12
and P-values for heterogeneity are shown. Cohorts: CHAMACOS, Center for the Health
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Assessment of Mothers and Children of Salinas study, the US; HOME, Health Outcomes
and Measures of the Environment Study, the US; INMA, Infancia y Medio-Ambiente Child
and Environment birth cohort, Spain; SMBCS, Sheyang Mini Birth Cohort Study.
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Figure5.
Summary of main findings. Simplified diagram not including confounders or other

pathways.
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