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Abstract

Background: Polybrominated diphenyl ethers (PBDEs) are flame-retardant compounds widely used in household
products until phase out in 2004. PBDEs are endocrine disruptors and are suggested to influence signaling related
to weight control. Prenatal exposures to PBDEs may alter childhood adiposity, yet few studies have examined these
associations in human populations.

Methods: Data were collected from a birth cohort of Dominican and African American mother-child pairs from New
York City recruited from 1998 to 2006. PBDE congeners BDE-47, — 99, — 100, and — 153 were measured in cord plasma
(ng/uL) and dichotomized into low (< 80th percentile) and high (>80th percentile) exposure categories. Height and
weight were collected at ages 5,7, 9, 11, and an ancillary visit from 8 to 14 years (n = 289). Mixed-effects models with
random intercepts for participant were used to assess associations between concentrations of individual PBDE con-
geners or the PBDE sum and child BMI z-scores (BMIz). To assess associations between PBDEs and the change in BMIz
over time, models including interactions between PBDE categories and child age and (child age)? were fit. Quantile
g-computation was used to investigate associations between BMIz and the total PBDE mixture. Models were adjusted
for baseline maternal covariates: ethnicity, age, education, parity, partnership status, and receipt of public assistance,
and child covariates: child sex and cord cholesterol and triglycerides.

Results: The prevalence of children with obesity at age 5 was 24.2% and increased to 30% at age 11. Neither cord
levels of individual PBDEs nor the total PBDE mixture were associated with overall BMIz in childhood. The changes in
BMIz across childhood were not different between children with low or high PBDEs. Results were similar when adjust-
ing for postnatal PBDE exposures.

Conclusions: Prenatal PBDE exposures were not associated with child growth trajectories in a cohort of Dominican
and African American children.
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increasingly recognized as contributors to obesity [3,
4]. Prenatal development is a precise spaciotempo-
ral process that is particularly susceptible to environ-
mental insult. Prenatal environmental exposures can
cause long-lasting structural and functional changes in
cells, organs, and tissues [4—6] that may lead to altered
adiposity phenotypes in childhood. Polybrominated
diphenyl ethers (PBDEs) are endocrine disrupting
compounds that were produced as a mixture to satisfy
fire-safety regulations. Around 85% of PBDEs were pro-
duced for use in the US, resulting in the highest expo-
sures worldwide [7]. Although PBDEs were voluntarily
phased out of production in 2004, exposure continues
due to infrequent replacement of PBDE-containing
products and a long environmental half-life. It is antici-
pated that PBDEs present in consumer products dis-
posed of in landfills will migrate into the food chain,
resulting in new exposure sources and greater future
public health concerns [8, 9]. As endocrine disrupting
compounds, PBDEs can interfere with normal signal-
ing related to weight control [3, 10, 11]. Several murine
studies of perinatal PBDE exposure demonstrate that
PBDEs increase body weight [12-15], and alter adi-
pokines, carbohydrates, lipids, and steroid metabolism
[16]. In vitro, PBDEs induce adipocyte differentiation
and increase adipokine gene expression [17, 18].

To date, few human studies have examined associations
of adiposity with prenatal PBDE levels with mixed results.
Examination of prenatal PBDEs in 318 children found
BDE-153 and total PBDEs negatively associated with
BMI and waist circumference from ages 2 to 8 [19]. How-
ever, a second study examining environmental mixtures
on child BMI at age 7 found non-significant negative
associations with PBDEs [20]. Hence, experimental and
epidemiological research suggest opposing roles for pre-
natal PBDEs in adiposity; yet further analysis in human
cohorts is needed to elucidate these effects. Furthermore,
low-income minority communities who may be less likely
to replace older PBDE containing furniture and more
likely to purchase used furniture, have excess risk for
continued exposure, highlighting a critical role for PBDEs
in health disparities [21, 22]. The present analysis focuses
on a cohort of African American and Dominican mother-
child pairs from New York City; children of these ethnici-
ties have particularly high obesity prevalence, increasing
from 5% in 1980 to 22% in 2014 [1, 2]. Our objective was
to determine the association between congener-specific
prenatal PBDE exposures or the total PBDE mixture and
childhood adiposity and growth across childhood and
examine sex-specific and race/ethnicity-specific asso-
ciations. We hypothesized that prenatal PBDE exposures
would be associated with a steeper increase and higher
overall levels of BMIz throughout childhood.
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Materials and methods

Study sample

This analysis used participant information and samples
from the Columbia Children’s Center for Environmen-
tal Health (CCCEH) Mothers and Newborns Cohort,
which recruited women from Northern Manhattan and
the South Bronx, New York, between 1998 and 2006.
Enrollment details are described elsewhere [23]. In brief,
727 women were enrolled in the third trimester of preg-
nancy at New York-Presbyterian Hospital and Harlem
Hospital Center. Women between the ages of 18 and 35,
who self-identified as African American or Dominican,
and resided in Northern Manhattan/Bronx for at least
one year were considered eligible for the study. Women
were excluded if they were current smokers at recruit-
ment, reported illicit drug use, or had a diagnosis of HIV,
diabetes, or hypertension. We excluded a further four
participants with infant cord cotinine levels >25ng/mL
from this analysis, which likely indicated active smoking
near the time of birth [24, 25]. All study protocols were
approved by the Institutional Review Board of Colum-
bia University and the Centers for Disease Control and
Prevention. Mothers were informed about all study pro-
cedures before each visit and provided written informed
consent to participate. Children provided informed
assent beginning at age 7.

Data collection

During a prenatal visit in the third trimester of pregnancy
and at each follow-up visit, trained bilingual research
workers conducted interviews to determine information
on maternal demographics, smoking history, income,
education level, receipt of public assistance, height, and
pre-pregnancy weight. Infants’ sex and birthweight was
obtained from medical records after delivery. Children
returned for follow-up visits at ages 5, 7, 9, and 11years
during which trained research workers collected height
and weight data. An ancillary study also collected data
from subsets of the cohort children between ages 9.2 and
14.3 (TAPAS 1) years and again between ages 11.3 and
14.5years (TAPAS III). Anthropometric data were col-
lected using the same standardized protocol as previously
described [26]. At age 5, weight was measured to the
nearest 0.1kg using a Detecto Cardinal 750 digital scale
while the child was wearing light clothes and no shoes
and from age 7 onwards weight was measured using a
Tanita scale (Model BC-418). The Centers for Disease
Control and Prevention’s SAS macro was used to cal-
culate BMI Z-score (BMIz) and BMI percentiles at each
follow-up visit based on the CDC 2000 Growth Chart
reference sample. Not all children attended each follow-
up visit; 259 children attended all five potential visits, 126
attended four visits, 85 attended three visits, 45 attended
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two visits, and 26 attended one visit. Full details on the
visits attended and skipped for the entire study popula-
tion and the analysis subset can be found in Supplemen-
tal Table S1.

Measurement of cord serum PBDEs

Umbilical cord blood and peripheral blood at age 7
were collected by trained research staff (at delivery) or
a trained pediatric phlebotomist (during childhood).
Blood was processed and stored at — 80°C at the CCCEH
repository for later analysis. Sample aliquots of 1 mL of
plasma were sent to the CDC for analysis of 11 PBDE
congeners (BDEs: 17, 28, 47, 66, 85, 99, 100, 153, 154,
183, and 209). The present study examines BDEs —47,
—99, —100, and — 153, which were the most frequently
detected congeners across study visits and are the most
prevalent congeners representing 90% of the human
body burden [27]. The analytical method has been pre-
viously described [28]. In brief, samples were processed
using automatic fortification with internal standards and
extracted with automated liquid-liquid extraction (Gilson
Inc.; Middleton, WI). Gas chromatography isotope dilu-
tion high resolution mass spectrometry (GC-MS) was
used for analytical determinations. We determined total
cholesterol and triglyceride levels using commercially
available standardized enzymatic kits (Roche Diagnos-
tics; Indianapolis, IN). Wet weight PBDE measures were
not standardized a priori for lipid levels, as we reasoned
that cord lipids may act as a confounder between PBDEs
and childhood adiposity. Instead, total cholesterol and
triglycerides were included as covariates in all statistical
models. Infants with a measure of PBDEs available for
analysis weighed more at birth and were more often born
to a nulliparous mother [29].

Statistical analysis

As a large number of samples had values below the lim-
its of detection (BDE-47: 20%, BDE-99: 50%, BDE-100:
60% and BDE-153: 64%), we used a distribution-based
method for multiple imputation that incorporated sam-
ple-specific limits of detection to impute 10 datasets for
natural-log transformed PBDEs as previously described
[29]. We selected this approach over imputation with a
constant, such as the LOD/2 or zero, because it provides
less bias over a wide range of the percent missingness
and also meets linear modeling assumptions [30]. We
next calculated a sum PBDE measure as the molar sum
of the four compounds. PBDEs were subsequently mod-
eled continuously or categorized into dichotomous vari-
ables with children having concentrations greater than
the 80th percentile categorized as “high” and those at or
below the 80th percentile categorized as “low” to ensure
that all participants within the “high” category had values
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above the detection limits and that our categories were
large enough for stratified analyses. Child BMI z-scores
(BMIz) were modeled continuously, and we used CDC
percentiles to categorize children as experiencing either
“under or normal weight” (<85th percentile), “over-
weight” (85th to 95th percentile), or “obesity” (>95th per-
centile). As only three children could be categorized as
underweight (<5th percentile), we combined normal and
underweight into a single category. Overall, 289 children
had PBDE measurements available in cord blood and
returned for at least one follow-up visit.

We selected covariates hypothesized to predict both
child BMI and prenatal PBDE exposure based on previ-
ous studies [26, 29], and included maternal character-
istics collected at birth: maternal parity (primiparous/
multiparous), age at birth, ethnicity (Dominican/African
American), receipt of public assistance (yes/no), com-
pleted high school (yes/no), partnership status (part-
nered/single), as well as the childhood variables of linear
and quadratic child age at visit (centered at age 5) and
child sex in models. Of these, 7 mothers were missing
pre-pregnancy BMI, which we imputed using multiple
imputations of chained equations (mice) using predic-
tive mean matching in the mice package in R [31]. To
maximize the amount of available information, data
from all nonsmoking 702 participants were utilized for
imputation [32]. We generated 10 multiply imputed pre-
pregnancy BMI variables and used maternal variables
during pregnancy and child birthweight, gestational age,
and BMI at age 5 to impute the missing data. Maternal
variables collected at birth were ethnicity, maternal age,
parity, born in the US, environmental tobacco smoke at
birth, pre-pregnancy weight, maternal height, receipt
of public assistance, report of material hardship, educa-
tion. Continuous covariates were centered and scaled for
modeling.

To examine associations between prenatal PBDE con-
centrations and overall childhood BMIz, we ran mixed-
effects models for BMIz with a random intercept for
subject. Separate models were specified for each PBDE
as PBDEs are highly correlated. Two sets of models
were run, adjusting for 1) minimal covariates (sex and
child age and age?) or 2) all covariates. Next, we inves-
tigated associations between cord PBDE levels and child
BMIz over time by including interactions between each
categorical PBDE and child age and age® at each BMI
measurement in our mixed-effects models. Interpret-
ing the effect estimates and intercepts of these models
allow us to determine the growth curves for individuals
in each PBDE category. As previous research has sug-
gested that the relationship between child BMIz and age
is quadratic [26], to determine whether potential interac-
tions between age and PBDEs on BMIz were nonlinear,
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we fit generalized additive mixed-models with child age
and a random intercept for participant (data not shown).
As these models indicated a nonlinear relationship,
for simplicity of interpretation, we fit a series of nested
models including age* PBDE category, age™ PBDE cat-
egory, or age> PBDE category. Tests comparing these
models found that the age*PBDE category was a sig-
nificantly better fit than models containing age*PBDE
category or age**PBDE category (p<0.05). Associations
were analyzed with age at BMIz measurement offset by
—60months (5years) so that regression coefficients for
high prenatal exposure could be interpreted as the differ-
ence in BMIz at age 5years compared to individuals with
low prenatal exposure. Trajectories could not be calcu-
lated for children that attended only one visit. As previ-
ous studies have suggested that BMI may be more reliable
in studies evaluating adiposity overtime, we opted to
include an additional analysis of trajectories specifying
BMI as the outcome instead of BMIz [33-35]. Finally, we
repeated models stratified by child sex to determine sex-
specific associations and stratified by race/ethnicity to
determine race/ethnicity-specific associations.

We used quantile g-computation to examine the asso-
ciations between the total PBDE mixture and longitu-
dinal BMIz [36]. Quantile g-computation calculates a
weighted sum of all exposures based on quantiles, then
estimates the effect of increasing all exposures by one
quantile simultaneously on the outcome, conditional on
covariates, using a generalized linear mixed model imple-
mentation of g-computation with a random intercept for
subject. We examined BDE-47, BDE-99, BDE-100, and
BDE-153 simultaneously as quartiles and ran 1000 boot-
straps to estimate confidence bounds of the total mixture
effect (¥). This can be interpreted as the effect of increas-
ing the total PBDEs by one quartile on child BMIz. We
then estimated the weight of each PBDE to the overall
association.

Results from analyses with multiply imputed data were
combined using Rubin’s rules [37]. All statistical analyses
were performed in R version 4.1 [38].

Sensitivity analyses

To determine the robustness of our findings, we per-
formed several sensitivity analyses. First, to account for
possible bias due to differential loss-to-follow-up, we
calculated inverse probability weights for each follow-
up visit using the ipw package in R [39]. Weights were
generated using logistic regression models for successful
follow-up at each visit predicted by variables that were
significantly associated with follow-up: PBDEs, cord tri-
glycerides and cholesterol, maternal age, maternal BMI,
maternal parity, and maternal ethnicity. Separate inverse
probability weights were generated for each PBDE and
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included in PBDE-specific mixed-effects models. To
determine the role of lipid-adjustment on our findings,
we also performed sensitivity analyses using PBDEs
standardized for total lipids as previously described [29].
Next, we further adjusted models for PBDEs measured
at the year 7 visit in a subset of the population (n=194)
to explore the likelihood that postnatal confounding
could be driving our results. These models were fit with
and without the inclusion of the year-5 visit, which did
not alter the findings. Finally, to ensure that our results
were robust to our chosen dichotomization of “high” and
“low” PBDE values at the 80th percentile, we re-ran our
adjusted models (Model 2) including PBDEs dichoto-
mized at lower and higher thresholds: the 65th percentile
(to ensure that all were above the 65% <LOD for PBDE-
153) and the 90th percentile.

Results

Of the children with cord serum PBDEs measured, 289
attended at least one follow-up visit during the study
period: 260 attended the 5-year visit, 266 attended the
7-year visit, 242 attended the 9-year visit, 210 attended
the 11-year visit, and 209 attended the ancillary TAPAS
visits. Of those 153 attended all five visits, 124 attended
between two and four visits, and 12 attended only one
visit, with most children with fewer visits attending only
the earlier visits (Supplemental Table S1). The intraclass
correlation coefficient for BMIz was 0.84. The prevalence
of obesity was 24.3% at age 5 and increased to 30.0% at
age 11 (Table 1).

Cord PBDEs were moderately to strongly correlated
with each other (Pearson’s R=0.62-0.87), however, they
were only very weakly correlated with year 7 PBDEs
(Supplemental Fig. S1). BDE-47 was the most prevalent
congener, detected in 80% of samples, while BDE-153
was the least, detected in 36% of samples (Table 2).

PBDEs were not associated with overall child BMIz
from ages 5 to 14 years in fully adjusted models (Table 3).
However, in minimally adjusted models controlling for
age, agez, and sex (Model 1), concentrations of BDE-47
> 78.6ng/mL were associated with a BMIz 0.38 (—0.69,
—0.06) lower than those with low BDE-47 (p=0.02).
Furthermore, BDE-153 > 8.67ng/mL was associated
with a BMIz 0.35 (—0.67, —0.03) lower than children
with BDE-153<8.67ng/ml (p=0.03). Similarly, children
with ¥ PBDEs > 112ng/mL in cord plasma, had a BMIz
0.35 (—0.67, —0.03) lower than children with ¥ PBDEs
<112ng/mL. Nevertheless, when models were fully
adjusted for covariates, these associations were attenu-
ated. Associations did not change when inverse probabil-
ity weights were included (Model 3), when PBDEs were
lipid standardized (Model 4), nor when models were
adjusted for PBDEs measured at the year 7 visit (Model
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Table 1 Characteristics of children at each follow-up visit included in the analysis and maternal characteristics of children that
followed up at each visit as mean (standard deviation) or N (percent)

Child characteristics at each visit  5Year Visit (n=260) 7Year Visit (n=266) 9Year Visit (n=242) 11YearVisit(n=210) 8-14Year

Visit?
(n=209)

Age in Months 60.6 (2.3) 84.8(2.19) 109 (2.78) 133 (4.49) 121 (13.44)
BMI Z-score 0.71(1.34) 0.90 (1.15) 0.99 (1.1) 0.96 (1.12) 1.1 (1.08)
Obesity Status

Not with Obesity 197 (75.8) 198 (74.4) 166 (68.6) 147 (70.0) 129 (61.7)

With Obesity 63 (24.2) 68 (25.6) 76 (31.4) 63 (30.0) 80 (38.3)
Race/Ethnicity

African American 101 (38.8) 101 (38) 95 (39.3) 79 (37.6) 85 (40.7)

Dominican 159 (61.2) 165 (62) 147 (60.7) 131 (62.4) 124 (59.3)
Sex

Female 145 (55.8) 145 (54.5) 132 (54.5) 116 (55.2) 112 (53.6)

Male 115 (44.2) 121 (45.5) 110 (45.5) 94 (44.8) 97 (46.4)
Maternal characteristics at birth for the sub-sample of children within each visit period

Maternal Age (years) 253 (4.91) 254 (4.86) 25.4(4.94) 255(5) 25.5(5.09)

Maternal Pre-Pregnancy BMI 26.0 (6.07) 26.11 (6.1) 26.1 (6.26) 259 (6.41) 264 (6.52)

Missing BMI 7 7 7 7 7
Partnership Status

Not Partnered 200 (76.9) 201 (75.6) 183 (75.6) 155 (73.8) 157 (75.1)

Partnered 60 (23.1) 65 (24.4) 59 (24.4) 55(26.2) 52(24.9)
Parity

Nulliparous 126 (48.5) 131(49.2) 121 (50) 106 (50.5) 104 (49.8)

Multiparous 134 (51.5) 135 (50.8) 121 (50) 104 (49.5) 105 (50.2)
Receipt of Public Assistance

No 155 (59.6) 159 (59.8) 147 (60.7) 124 (59) 125 (59.8)

Yes 105 (40.4) 107 (40.2) 95(39.3) 86 (41) 84 (40.2)
Education Level

Less than High School 101 (38.8) 101 (38) 92 (38) 77 (36.7) 80 (38.3)

More than High School 159 (61.2) 165 (62) 150 (62) 133(63.3) 129 (61.7)
2TAPAS ancillary study
Table 2 Imputed and complete case PBDE concentrations in cord plasma (n=289) and in plasma at year 7 (n=194)
Cord Plasma Wet weight (ng/mL) Lipid Weight (ng/g lipid)

LOD Range,ng/  %>LOD Imputed Complete Case  80th %tile Imputed Complete Case  80th %tile
ml Geometric Geometric Mean Geometric Geometric Mean
Mean (GSD) (GSD) Mean (GSD) (GSD)

BDE-47 48-15 799 303(3.02) 41.7 (2.72) 786 14.0 (2.96) 19.1 (2.66) 36.9
BDE-99 29-87 49.8 8.77 (2.49) 16.3 (2.51) 16.8 3.74 (2.56) 7.11(2.48) 7.98
BDE-100 2.0-87 40.5 6.62 (2.30) 13.5(2.31) 10.5 2.89(232) 5.64(2.33) 553
BDE-153 2.0-8.7 36.0 5.73(1.96) 10.7 (2.04) 8.67 2.65(1.82) 4.22(1.95) 3.79
>PBDE® - - 54.7 (2.53)° 163 (2.36) 112 24.9 (2.49) 629 (2.54) 56
Year 7 Plasma

BDE-47 6.9-32.3 974 89.3(2.99) 95.1(2.82) 205 23.0 (2.94) 24.3 (2.83) 537

BDE-99 4.2-17.0 79.9 229(3.02) 314(2.73) 61.7 5.81(3.05) 7.92 (2.78) 14.8

BDE-100 29-135 91.2 204 (2.73) 23.8(247) 47.3 524 (2.71) 6.04 (2.48) 1.1

BDE-153 29-135 93.8 246 (2.52) 27.6(2.29) 529 6.34 (2.46) 7.05 (2.26) 133
>PBDE - - 170 (2.65) 224.(2.4) 382 436 (2.62) 56.7 (2.44) 98.1

2 46 participants had detectable levels of all PBDEs in cord blood
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Table 3 Associations between high cord plasma PBDE measures
(ng/mL) and average overall child BMI Z-scores from age
5-14years

PBDE 80th Percentile Beta Coefficient (95% Confidence
Interval)®d
Model 1° Model 2¢

BDE-47 >78.6ng/mL —0.38 (—0.69, —0.24 (—0.55,0.07)
—0.06)**

BDE-99 >16.8ng/mL —0.29 (—061,0.02)* —0.06 (—0.37,0.26)

BDE-100 >10.5ng/mL —0.22(—054,0.1) —0.10(—0.42,0.21)

BDE-153 >8.67ng/mL —035(=067, —0.13(—047,0.22)
—0.03)**

>PBDE >112ng/mL —0.35(—=0.67, —0.20(—=0.52,0.11)
—0.03)**

2 Beta coefficients are interpreted as the change in BMI Z-score when each PBDE
is increased from low (< 80th percentile) to high (> 80th percentile) across 10
multiply imputed datasets

b Model 1: Minimally adjusted for age and age? (centered at age 5) and sex

€ Model 2: Fully adjusted for maternal parity (primiparous/multiparous), age at
birth, ethnicity (Dominican/African American), receipt of public assistance (yes/
no), completed high school (yes/no), partnership status (partnered/single), and
linear and quadratic child age at visit (centered at age 5) and child sex

d p-value Thresholds: ***P <0.001; **P <0.05, *P <0.1

5) (Supplemental Table S2). No associations between
cord concentrations of PBDEs and BMIz were observed
when PBDEs were modeled continuously (Supplemental
Table S3). Finally, altering the categorization of “high”
PBDEs to > the 65th or 90th percentile did not meaning-
fully alter our findings (Supplemental Table S4).

We used quantile g-computation to investigate asso-
ciations of the total cord plasma PBDE burden and child
BMIz. There was no effect of the total PBDE mixture on
child BMIz (¥=-0.09 (—0.25, 0.07), p=0.27). BDE-
99 had the greatest estimated weight to the exposure
mixture (mean = standard deviation across 10 multiply
imputed datasets=0.88+0.17), followed by BDE-100
(—0.85+0.15), BDE-153 (—0.05+£0.26), and BDE-47
(0.01£0.13). However, as the main effect was not signifi-
cant, these weights should be interpreted with caution.

We next examined models including interactions
between each PBDE and child age+age® to determine
the associations of PBDEs with child adiposity over time
(Table 4). The categorical PBDE*age and categorical
PBDE*age” interaction effect estimates describe how the
differences in BMIz from low (80th percentile) to high
(> 80th percentile) exposure change with age. Effect esti-
mates for the linear PBDE*age term and the PBDE*age®
term were not significantly different between individu-
als with high PBDEs and low PBDEs for any conge-
ner or the PBDE total. Predicted changes in BMIz over
time by PBDE category can be visualized in Supplemen-
tal Fig. S2. When BMI was specified as the outcome in
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place of BMIz, the shape of the trajectories by high and
low PBDEs differed (Supplemental Fig. S3); however, the
overall results were similar to models of BMIz (Supple-
mental Table S5). No differences were observed between
BMI trajectories for prenatal BDE-47, —99, or — 153 con-
centrations; however, a significant interaction between
child age and BDE-100 was detected with individuals
with high BDE-100 levels experiencing lower BMI over
time than those with low BDE-100 (B=—0.42 (—0.82,
—0.03); p=0.03). This is similar to models including
BMIz, where borderline significant interactions were
observed between BDE-100 and age (P=-—0.1 (—0.2,
0.01) p=0.07) and age’* (3=0.02 (0, 0.03); p=0.06).
Results did not change when PBDEs were dichotomized
at the 65th or 90th percentiles (Supplemental Table S6),
inverse probability weights were included (Model 3),
when PBDEs were lipid adjusted (Model 4), nor when
models were adjusted for PBDEs measured at the year 7
visit (Model 5) (Supplemental Table S7).

Associations between cord PBDE measurements and
child BMIz did not differ by child sex nor by ethnicity
(Table 5).

Discussion
PBDEs are a class of legacy flame retardants that were
extensively used in consumer products between 1975
and 2004 to satisfy fire safety regulatory requirements.
As PBDEs are not chemically bonded to the product
matrix, they are able to leach from their original product
into the environment, resulting in exposures to pregnant
women [27]. In our analysis of 289 Dominican and Afri-
can American mother-child pairs, cord plasma measures
of PBDEs were not associated with child BMIz or the
change in BMIz over time. We also found no evidence of
effect modification by child sex or by race/ethnicity.
Prenatal development is highly susceptible to environ-
mental insult and environmental compounds have been
identified to alter adipocyte lineage during embryonic
development [40]. PBDEs are putative thyroid hormone
disruptors, with recognized impacts on neurodevelop-
ment [41]. Experimental in vitro and in vivo studies
suggest that PBDE exposures may lead to altered signal-
ing surrounding adipogenesis and weight control. For
instance, perinatal exposure to BDE-99 increased rat
pup body weight and liver markers of oxidative stress
[12] and perinatal exposure to the PBDE mixture, DE-71,
increased rat pup body and liver weights [13]. These
changes were accompanied by alterations in liver and adi-
pose tissue metabolism. In a study of perinatal exposure
to BDE-47, liver gene expression changes were observed
in biological pathways related to carbohydrate, lipid,
fatty acid and steroid metabolism [15]. In vitro, BDE-47
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Table 4 Associations between high cord plasma PBDE concentrations and trajectories of child BMI z-score from 5 to 14 years

Predictor Variables Beta Coefficient (95% Confidence Interval)®
Model 1° Model 2¢
BDE-47
BDE-47 =78 ng/mL —0.36 (—0.69, —0.02)** —0.21(—0.54,0.12)

Centered Age

Centered Agen2
BDE-47*Centered Age
BDE-47*Centered Age/\2

BDE-99

BDE-99 >16.8 ng/mL
Centered Age

Centered Agen2
BDE-99*Centered Age
BDE-99*Centered Age/\2

BDE-100

BDE-100 >10.5 ng/mL
Centered Age

Centered Age/2
BDE-100*Centered Age
BDE-100*Centered AgeA2

BDE-153

BDE-153 >8.67 ng/mL
Centered Age

Centered Agen2
BDE-153*Centered Age
BDE-153*Centered Age/2

>PBDE

3 PBDE > 112ng/mL
Centered Age

Centered Age/2

> PBDE*Centered Age

> PBDE*Centered Age/\2

0.12(0.07,0.16)***

—0.01 (=0.02, —0.01)***
0.02 (—0.09,0.12)
—0.01(-=0.02,0.01)

—0.22(-056,0.12)
0.13(0.08,0.17)***

—0.01 (=0.02, —0.01)***
—0.04 (—0.14,0.07)
0.003 (—0.01,0.02)

—0.15(—0.48,0.19)

0.14 (0.09, 0.19) ***
—0.02 (—0.02, —0.01) ***
—0.1(—=0.2,0.01)*

0.02 (0,0.03)*

—037 (=071, —0.03)**
0.13(0.08, 0.17)***
—0.02 (—0.02, —0.01)***
—0.05 (=0.15,0.06)
0.01(0,0.03)

—0.33(-0.67,001)*
0.12(0.07,0.16)***
—0.01 (—=0.02, —0.01***
0.02 (—0.09,0.12)

0.004 (—0.02,0.01)

0.12(0.07,0.16)***

—0.01 (—0.02, —0.01)***
0.02 (—0.09,0.12)
—0.01(-=0.02,001)

0.02 (=0.32,0.36)

0.13 (0.08, 0.17)***

—0.01 (=0.02, —0.01)***
—0.04 (—0.15,0.07)
0(—0.01,0.02)

—0.03 (—0.36,0.31)
0.14(0.09, 0.19) ***
—0.02 (—0.02, —0.01) ***
—0.1(—02,001)*

0.02 (0,0.03)*

—0.16 (—0.52,0.21)

0.13 (0.08, 0.17) ***
—0.02 (—0.02, —0.01)***
—0.05(=0.15,0.06)
0.01(0,0.03)

—0.18 (= 0.52,0.16)
0.12(0.07,0.16)***

—0.01 (=0.02, —=0.01)***
0.01(=0.09,0.12)
0(—=0.02,001)

? Beta coefficients are interpreted as the change in BMI Z-score when each PBDE is increased from low (< 80th percentile) to high (>80th percentile) when age is

increased by one year

b Model 1: Minimally adjusted for age and age? (centered at age 5) and sex

€ Model 2: Fully adjusted for maternal parity (primiparous/multiparous), age at birth, ethnicity (Dominican/African American), receipt of public assistance (yes/no),
completed high school (yes/no), partnership status (partnered/single), and linear and quadratic child age at visit (centered at age 5) and child sex

b p-value Thresholds: ***P <0.001; **P < 0.05, *P <0.1

induced adipocyte differentiation of 3T3-L1 cells and
increased adipokine gene expression [17, 18].

Despite the evidence from experimental animal studies,
analyses examining prenatal PBDE exposures and child-
hood adiposity in human populations are mixed. Similar
to our findings, an examination of maternal serum PBDEs
with childhood BMlIz at 7years found no associations
between prenatal PBDE concentrations and childhood
BMlIz [20]. However, an analysis of 318 mother-child
pairs from Cincinnati, OH, found that increasing concen-
trations of BDE-153 in second trimester maternal serum

were associated with lower childhood BMI z-score, waist
circumference, and percent body fat from ages 1-8years
[19]. Similarly, BDE-153 was negatively associated with
child BMI z-score at age 7 in 224 mother-child pairs from
the Salinas Valley, CA [42]. In contrast to our findings,
several studies have also observed sex-specific associa-
tions between prenatal PBDE levels and childhood adi-
posity. For example, in the same study population from
the Salinas Valley, BDE-153 was positively associated
with BMIz in boys, but negatively associated with BMIz
in girls [42]. In contrast, in a study of lactational PBDE
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Table 5 Associations between high PBDE exposure and child BMI z-score stratified by child sex and by child race/ethnicity

Beta Coefficient (95% Confidence Interval)?®

Sex-Stratified

Ethnicity-Stratified

PBDE Male Female
BDE-47>36.9ng/mL —0.34 (—0.76,0.08) —0.17(—0.63,0.3)
BDE-99 >7.98 ng/mL —0.28(—0.73,0.16) 0.1 (—0.36,0.56)
BDE-100>5.53 ng/mL —0.23(—0.66,0.2) —0.06 (—0.52,04)
BDE-153>3.79ng/mL —0.28 (—0.74,0.17) —0.1(—0.63,044)
>PBDE >56ng/mL —0.33(—0.76,0.09) —0.14 (—0.61,0.34)

Interaction P Dominican African American Interac-
Value tion P
Value
0.41 —0.26 (—0.7,0.18) —0.04 (—0.5,043) 0.14
0.24 0.003 (—0.47,0.48) 0.05(—=0.39,0.5) 0.73
047 —0.12(—0.55,0.32) 0.05 (—041,0.51) 0.51
047 —0.18(—0.65,0.3) 0.09 (—042,0.61) 046
0.38 —0.18 (—0.62,0.26) —0.07 (—0.54,0.39) 0.2

2 Beta coefficients are interpreted as the change in BMI Z-score when each PBDE is increased from low (< 80th percentile) to high (>80th percentile) in models
adjusted for maternal parity (primiparous/multiparous), age at birth, ethnicity (Dominican/African American), receipt of public assistance (yes/no), completed high
school (yes/no), partnership status (partnered/single), and linear and quadratic child age at visit (centered at age 5) and child sex with IPW

P-value Thresholds: ***P < 0.001; **P < 0.05, *P < 0.1

exposures and childhood anthropometrics at 36 months,
researchers observed positive associations with BDE-
153 and weight-for-height z-scores in girls, but negative
associations in boys [43]. Inconsistent findings between
studies may be due to variability in timing of outcome
measurements, different periods of PBDE exposure
measurements (i.e., before or after phase-out), geo-
graphical location, or different ethnic/racial backgrounds
of participants. However, though PBDE concentra-
tions differed between Dominican and African Ameri-
can participants [29], we observed no evidence of effect
modification by race/ethnicity. The levels of cord PBDE
concentrations measured in the present analysis are con-
sistent with other studies examining PBDEs in umbilical
cord and maternal blood in the United States during a
similar time period [22, 44—48].

This study has several strengths, including the focus on
minority populations, long-term follow-up across four
study visits, investigation of overall BMIz and BMIz tra-
jectories, use of an advanced mixtures approach, and the
ability to control for several key confounders and covari-
ates. We were further able to explore the influence of
postnatal exposures by adjusting for PBDEs measured
at age 7. However, like all studies, this analysis is subject
to several limitations. The large number of PBDE values
below the limit of detection may have impacted our find-
ings; however, our analyses included both categorical
and continuous PBDE exposures with multiple imputa-
tions for missing values. Additionally, we adjusted our
models for cord lipid contents as confounders; however,
it is possible that cord lipids may be a mediator between
PBDESs and adiposity. In this case, adjusting for lipid con-
tent would lead to attenuated findings. We thus included
models both adjusted and unadjusted for lipids. We also
note that the impact of lipid content on PBDE meas-
urement was likely quite high, given the extremely high

octanol: water partitioning coefficient for PBDEE conge-
ners and that serum lipids are the determinant of blood:
adipose partitioning in humans [49, 50], suggesting that
plasma lipids are a primary determinant of PBDE meas-
urements. Next, we are likely underpowered to detect
sex-specific or ethnicity-specific effects, suggesting that
follow-up in larger populations is necessary. Further-
more, while some loss-to-follow-up occurred as is typi-
cal of longitudinal cohort studies; we addressed potential
biases by including inverse probability weights in our
sensitivity analyses. Finally, we were confined to investi-
gating associations with child BMIz, which may not be
the optimal indicator of childhood adiposity. Future stud-
ies would benefit from a more precise measure of child-
hood total adiposity and where in the body the adipose
tissue is located, such as magnetic resonance imaging.

In conclusion, cord plasma PBDE levels were not asso-
ciated with childhood BMI z-scores from 5 to 14years in
this sample. This research contributes to the weight of
human population evidence aiming to elucidate whether
relationships exist between PBDE exposures and child-
hood adiposity. Future studies should examine these
associations using external measures of exposure, such
as house dust or passive sampling silicon wristbands, to
address issues of reverse causality. Research in larger,
more diverse, cohorts would be further crucial to con-
firm these findings.
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