1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Hyg Environ Health. Author manuscript; available in PMC 2023 June 01.

-, HHS Public Access
«

Published in final edited form as:
Int J Hyg Environ Health. 2022 June ; 243: 113978. doi:10.1016/j.ijheh.2022.113978.

Polybrominated diphenyl ethers in early pregnancy and preterm
birth: Findings from the NICHD Fetal Growth Studies

Zifan Wang?, Cuilin ZhangP¢, Paige L. Williams2d, Andrea Bellavia®, Blair J. Wylief, Michele
R. Hacker?f Kurunthachalam Kannan9, Michael S. BloomP", Kelly J. Hunt/, Russ Hauser2#€,
Tamarra James-Todd®€

aDepartment of Epidemiology, Harvard T.H. Chan School of Public Health, Boston, MA, USA

bDivision of Intramural Population Health Research, Eunice Kennedy Shriver National Institute of
Child Health and Human Development, National Institutes of Health, Bethesda, MD, USA

¢Department of Obstetrics & Gynecology, Yong Loo Lin School of Medicine, National University of
Singapore, Singapore

dDepartment of Biostatistics, Harvard T.H. Chan School of Public Health, Boston, MA, USA

€Department of Environmental Health, Harvard T.H. Chan School of Public Health, Boston, MA,
USA

‘Department of Obstetrics and Gynecology, Beth Israel Deaconess Medical Center, 330 Brookline
Ave, Boston, MA, USA

9Department of Pediatrics and Department of Environmental Medicine, New York University
School of Medicine, New York, NY, USA

hDepartment of Global and Community Health, George Mason University, Fairfax, VA, USA

iDepartment of Public Health Sciences, Medical University of South Carolina, Charleston, SC,
USA

Abstract

Background: Studies suggest associations between exposure to individual polybrominated
diphenyl ethers (PBDESs) with preterm birth (PTB) and shorter gestational age. Little is known
about exposure to PBDE mixtures and these outcomes. We evaluated associations of multiple
PBDEs in early pregnancy with gestational age at delivery and PTB.

Methods: Data were collected from 2046 women without obesity and 396 women with obesity
from the NICHD Fetal Growth Studies, who had early pregnancy plasma PBDEs concentrations
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and gestational age at delivery. PTB was defined as < 37 weeks of gestation at delivery and further
categorized into subtypes (late or very early/moderate; spontaneous or medically indicated). We
applied (1) generalized linear models (GLM); (2) principal component analysis (PCA); and (3)
Bayesian Kernel Machine Regression (BKMR) to evaluate the individual and joint associations

of log-transformed PBDE concentrations with gestational age at delivery and PTB, adjusting for
potential confounders and evaluating effect modifiers.

Results: In GLM analyses, a 1-standard deviation (SD) increase in log-PBDE 153 was associated
with shorter gestational age at delivery [adjusted B (95% CI) = -0.19 (-0.31, —0.06) weeks]
among women without obesity. In PCA analyses, 1-SD increase in the principal component
summarizing most of PBDE 153 variability was associated with shorter gestational age at delivery
[adjusted B (95% CI) = -0.18 (-0.30, —0.06) weeks], very early/moderate PTB [adjusted OR
(95% CI) = 1.91 (1.19, 3.07)], and spontaneous PTB [adjusted OR (95% CI) = 1.34 (1.00, 1.80)]
among women without obesity. Associations were stronger among non-Hispanic Black women,
women with BMI ranging between 25-30 kg/m?, and women who were > 35 years old among
those without obesity. In BKMR analyses, a suggestive inverse association between PBDE 153
and gestational age at delivery, and an inverse U-shaped association between PBDE 154 and
gestational age at delivery were observed in women without obesity. No statistically significant
association of PBDEs and gestational age or PTB was observed among women with obesity.

Conclusions: PBDEs, specifically PBDE 153, were associated with shorter gestation and higher

risk of certain PTB subtypes among pregnant women without obesity.

Keywords
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INTRODUCTION

Preterm birth (PTB), defined as delivery prior to 37 weeks of gestation, affects 9-10% of
pregnancies in the U.S. (Martin and Osterman, 2018), and is a strong predictor of neonatal
mortality and morbidity (Institute of Medicine (US) Committee on Understanding Premature
Birth and Assuring Healthy Outcomes, 2007). PTB is also associated with an increased risk
of maternal morbidity and mortality, as well as adverse health outcomes later in life in both
mothers (such as increased risk of type 2 diabetes and cardiovascular disease) (Henderson
etal., 2016; Wu et al., 2018) and their offspring (such as developmental disabilities, asthma,
and metabolic syndromes) (Parkinson et al., 2013; Saigal and Doyle, 2008; Sonnenschein-
van der Voort et al., 2014). In addition, recent studies suggest a gradient of increasing risk

of poorer outcomes with decreasing gestational age at delivery instead of a fixed threshold
for PTB on perinatal mortality and morbidity (Boyle et al., 2012; Zhang and Kramer, 2009).
Although certain factors, such as prior PTB, multiple pregnancy, age, maternal comorbidities
(e.g. hypertension, diabetes), psychosocial stress, and tobacco smoking, are established

risk factors for PTB (Institute of Medicine (US) Committee on Understanding Premature
Birth and Assuring Healthy Outcomes, 2007), there remains a large proportion of cases

with unknown etiology (Ferrero et al., 2016). Thus, further identification of contributors to
shortened gestational age at delivery is needed, such as exposure to environmental chemicals
with endocrine disrupting properties (Ferguson et al., 2013).
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Polybrominated diphenyl ethers (PBDES) and polybrominated biphenyls (PBBs) are
environmentally persistent polyhalogenated organic compounds that are ubiquitously
distributed due to their use as flame retardants in a variety of consumer products, including
electronic equipment, furniture, textiles, and small appliances (Eskenazi et al., 2013). Since
PBDEs are semi-volatile and not chemically bound to a substrate, they can leach from
products and become environmental contaminants (Darnerud et al., 2001). Exposure to
PBDEs in the general population occurs through inhalation of contaminated air, ingestion

of contaminated water and food, indoor dust, as well as dermal contact (Johnson-Restrepo
and Kannan, 2009; Stapleton et al., 2005). PBDEs can bioaccumulate in the body, with long
half-lives ranging from 2 to 12 years (Chevrier et al., 2010). Exposure to PBDEs have been
associated with a range of adverse perinatal outcomes such as altered thyroid hormone levels
in pregnant women and infants (Herbstman et al., 2008) and low birth weight (Harley et

al., 2011; Zhao et al., 2017). Potential mechanisms linking PBDEs to PTB are supported by
the results of /in vitro studies, where PBDEs were linked with biomarkers indicating altered
placental development during mid-gestation (Varshavsky et al., 2020a), with oxidative stress
and pro-inflammatory mediators (Park et al., 2014; Peltier et al., 2012), and with altered
placental DNA methylation (Zhao et al., 2016), which are on pathophysiological pathways
leading to both spontaneous and medically-indicated PTB (Farina and Winkelman, 2005;
McElrath et al., 2008; Morgan, 2016).

Previous findings from population-based studies on the associations between PBDEs and
PTB or gestational age at delivery have been inconsistent. One study found no association
between 4 PBDE congeners (PBDE 47, 99, 100, 153) and gestational age at delivery (Harley
etal., 2011), while two other studies found higher maternal serum concentrations of PBDE
47 associated with increased odds of PTB (Peltier et al., 2015) and shorter gestational

age at delivery (Eick et al., 2020). However, most studies have focused on a few specific
PBDE congeners failing to account for the complex nature of these exposures as a joint
exposure to a PBDEs mixture with potential synergistic/antagonistic effects. In addition,
previous studies had relatively small sample sizes and under-represent certain racial/ethnic
groups, and thus may have inadequate power to detect associations or ascertain racial/ethnic
differences, especially given the pronounced racial/ethnic disparities in both PTB (14% in
non-Hispanic black compared to 9% in non-Hispanic white women) (Burris et al., 2019,
2011) and exposure levels to PBDEs (e.g. higher median levels of PBDE 47, 99, 100, 153
and 154 found in non-Hispanic black women compared to non-Hispanic white women in a
healthy obstetric cohort) (Buck Louis et al., 2018; Nguyen et al., 2020; Varshavsky et al.,
2020b) that are disproportionally affecting non-Hispanic black women in the US.

In this study, we aimed to prospectively evaluate the associations of exposures to multiple
PBDE congeners during early pregnancy with both gestational age at delivery and PTB
within a large, multi-center, multi-racial/ethnic cohort of U.S. pregnant women. We used
three different statistical approaches that accommodated individual effects and mixtures
effects. As secondary aims, we evaluated whether these associations differed across race/
ethnicity, age, or pre-pregnancy BMI, or by categorizing PTB subtypes based on the length
of gestation at delivery and indication of delivery.
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Study population

This study was conducted among women from the Eunice Kennedy Shriver National
Institute of Child Health and Human Development (NICHD) Fetal Growth Studies —
Singleton Cohort, a multi-center, multi-racial prospective study of pregnant women recruited
between July 2009 and January 2013 from 12 U.S. clinical sites (Grewal et al., 2018).
Women aged 18-40 years with a viable singleton pregnancy were enrolled between 8 to

13 weeks of gestation and followed through delivery. Specifically, two cohorts of singleton
pregnancies were included: (1) a cohort of 2334 women with a low-risk pregnancy and
without obesity (i.e. pre-pregnancy BMI < 30 kg/m?) across four self-reported race/ethnicity
groups (non-Hispanic white, non-Hispanic Black, Hispanic, or Asian/Pacific Islander); and
(2) a cohort of 468 women with a low-risk pregnancy and with obesity (i.e. pre-preghancy
BMI = 30 kg/m?) unselected by race/ethnicity. Both cohorts excluded women with major
chronic conditions before pregnancy (autoimmune disease, cancer, chronic hypertension,
chronic renal disease, diabetes, HIV/AIDS, or psychiatric disorders). In addition, the
non-obese cohort further excluded several other conditions or comorbidities (shown in
Supplemental Figure S1). Further details of the study can be found elsewhere (Grewal et al.,
2018; Zhang et al., 2018).

For this analysis, we further restricted the study population to women who: (1) remained
eligible for study participation after enroliment and consented to having their biospecimen
used for research; (2) provided first trimester blood samples with available measurement
of 10 brominated chemicals (PBB 153; PBDE 28, 47, 85, 99, 100, 153, 154, 183, and

209); (3) had data on gestational age at delivery; and (4) had a live birth. The final study
population consisted of 2046 women without obesity and 396 women with obesity. All
analyses were conducted separately in the non-obese and obese cohorts because chemical
assays were performed at separate times and locations for each of these cohorts, and the
cohorts had different eligibility/exclusion criteria that may reflect different demographic,
lifestyle, and health conditions. For all statistical analyses evaluating the associations of
PBDEs with gestational age at delivery and PTB, we further excluded observations with
PBDEs concentrations greater than 5 standard deviations from the mean values to avoid
potential distortion from extreme values (n = 38 in women without obesity; n = 6 in women
with obesity). A detailed flow diagram of the inclusion and exclusion criteria is provided in
Supplemental Figure S1.

Blood collection and PBDE quantification

Concentrations of 1 polybrominated biphenyl (PBB 153) and 9 PBDEs (PBDE 28, 47,

85, 99, 100, 153, 154, 183, and 209) were measured from blood specimens, which were
collected at enrollment (median: 11 weeks of gestation) for both cohorts. Samples were
processed immediately after collection and stored at —80 °C until analysis. Analysis was
performed at the Wadsworth Center, New York State Department of Health (for samples
from the non-obese cohort) and NYU Langone (for samples from the obese cohort) based on
an isotope dilution method described previously using a gas chromatograph (GC 7890A,
Agilent Technologies, Atlanta, GA) coupled with a high resolution mass spectrometer
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(MSD 5975 as well as JEOL800D) as previously discussed in detail (Ma et al., 2014).

All chemical concentrations were reported as ng/mL plasma. The limits of quantification
(LOQs) varied by congener, ranging between 0.0025 to 0.01 ng/mL for both the obese and
non-obese cohorts. Machine-observed values were used for all chemicals in the analysis
without substitution, including concentrations below the LOQ), as this has been shown

to yield the least biased estimates compared to simple imputations (Schisterman et al.,
2006). In addition, plasma lipids were measured from non-fasting blood samples collected
at enrollment (Bao et al., 2018). Lipids were quantified using commercially available
enzymatic methods as described in previous studies (Akins et al., 1989).

Outcome measurement

Covariates

The two primary study outcomes of interest were: (1) gestational age at delivery (weeks),
calculated as the difference between date of delivery and ultrasound validated self-reported
date of first day of last menstrual period (LMP); and (2) a binary outcome of PTB, defined
as delivery prior to 37 weeks of gestation. Delivery dates were abstracted by trained

staff from the medical records. Only those with consistent self-reported LMP dates and
ultrasound-estimated dates (i.e. within 5 days for those from 80 to 106 weeks, within 6
days for those from 11%0 to 12+6 weeks, and within 7 days for those from 130 to 13*6
weeks) were enrolled (Skupski et al., 2017).

Secondary study outcomes of interest included: (1) PTB further categorized as
“spontaneous/inflammatory” or “medically indicated/placental dysfunction” based on prior
classifications (McElrath et al., 2008) and (2) PTB further categorized as very early (< 32
weeks), moderate (32 to < 34 weeks), or late preterm (34 to < 37 weeks) (Ananth et al.,
2013) based on gestational age at delivery. Spontaneous/inflammatory PTB was defined

by the absence of a maternal or fetal indication/intrauterine growth restriction (IUGR) and
included preterm labor, preterm premature rupture of membranes, cervical insufficiency, or
placental abruption. Medically indicated/placental dysfunction PTB was characterized by
infarcts and increased placental syncytial knots with the relative absence of inflammation
and included maternal indications (such as preeclampsia, hypertension, or diabetes), or fetal
indications (such as IUGR, non-reassuring fetal testing, or anomalies) (James-Todd et al.,
2018).

Based on a priori knowledge, the following variables were selected as potential confounders:
maternal age, self-reported race/ethnicity, pre-pregnancy BMI, parity, education level,
marital status, family income during last year, plasma cotinine level, plasma total lipids, total
activity, sedentary activity, and acculturation status. Information about sociodemographic,
lifestyle and reproductive factors were collected from a standardized questionnaire at
baseline. Acculturation status in this analysis was classified as U.S.-born, recent immigrant
(defined as lived in the U.S. for less than 10 years), or long-term immigrant (defined as lived
in the U.S. for = 10 years) based on previous publications (Mitro et al., 2019). Maternal
weight and height were measured by trained research staff at enroliment using standardized
methods (Grewal et al., 2018). Pre-pregnancy BMI was calculated from self-recalled pre-
pregnancy weight divided by measured height squared (Pugh et al., 2017). Total plasma
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lipids (in ng/mL) were calculated using the following equation described elsewhere: total
lipids = (total cholesterol x 2.27) + triglycerides + 62.3 (Bernert et al., 2007; Phillips

et al., 1989). Plasma cotinine levels (in ng/mL) were measured in specimens collected at
enrollment using an ultraperformance liquid chromatography coupled with an electrospray
triple quadrupole tandem mass spectrometry (Buck Louis et al., 2018).

Statistical analysis

Baseline characteristics of the non-obese and obese cohorts were reported in the form

of mean * standard deviation (SD) for continuous variables or number (percentage)

for categorical variables, in the overall cohorts as well as stratified by PTB (yes/no).
Distributions of each of the 10 chemicals were summarized with number (percentage) above
the LOQ and lipid-standardized geometric means (95% confidence intervals) and lipid-
standardized medians (interquartile ranges). Molar sum of the congeners was calculated by
dividing each chemical concentration by its molecular weight and summing all detectable
concentrations. Total PBDESs was calculated using the sum of the detectable concentrations
of all PBDE congeners. Chemicals that had quantification rates > 30% in each cohort

were included in the main analyses. Correlations between the chemical concentrations were
assessed using Spearman correlation coefficients.

For all analytical models measuring the associations between PBDEs and gestational age

at delivery (weeks) or PTB (yes/no), we natural log-transformed the machine-observed
values of the chemical concentrations to account for skewedness of their distributions,

using In (1 + concentration) transformation for PBDE congeners 28, 100, 153, 154

and 183, and In (5 + concentration) for PBDE congeners 47 and 99 to ensure positive
minimum values. Log-transformed chemicals were then standardized (subtracted the mean
and divided by the SD) to generate comparable scales. We did not include lipid-standardized
chemical concentrations in the models when analyzing the associations between PBDES

and gestational age at delivery or PTB. Instead, we adjusted for plasma total lipids as

a covariate in the model, as a simulation study showed this to provide the less biased

results (Schisterman et al., 2005). All models were adjusted for the following covariates:
maternal age (years), race/ethnicity (non-Hispanic white, non-Hispanic Black, Hispanic,
Asian/Pacific Islander), pre-pregnancy BMI (kg/m?2), parity (0, 1, 2+), education level (<
college degree, some college/undergraduate, graduate/post-graduate), marital status (married
or living with partner, not married), family income during last year (< $30,000, $30,000-
$49,999, $50,000-$99,999, = $100,000, not reported), plasma cotinine level (ng/mL), plasma
total lipids (ng/mL), total activity (MET hours/week), sedentary activity (MET hours/week),
and acculturation (U.S.-born, recent immigrant, long-term immigrant). We utilized three
approaches to evaluate the associations between PBDEs and gestational age at delivery
(weeks) or PTB (yes/no): (1) generalized linear model regression (GLM) approaches; (2)
GLM combined with principal component analysis (PCA) to identify a reduced set of
exposure factors; and (3) Bayesian Kernel Machine Regression (BKMR), as described
below.

First, we used multivariable linear regression models to identify the association between
each individual PBDE congener and gestational age (weeks) at delivery. Beta coefficients

Int J Hyg Environ Health. Author manuscript; available in PMC 2023 June 01.
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(95% CI) for one standard deviation (SD) increase in each log-transformed PBDE congener
concentration were calculated in three models: (1) crude; (2) adjusted for the above-
mentioned covariates; and (3) mutually adjusted (i.e. further adjusted for all the other

PBDE congeners). Likewise, we used multivariable logistic regression models to evaluate
the individual associations between PBDEs and odds of PTB. Odds ratios (OR) and 95% Cls
of PTB for a one-SD increase in each log-transformed PBDE congener concentration were
calculated in the crude, adjusted, and mutually adjusted models.

Second, we used PCA as a dimension reduction approach, an unsupervised method to reduce
the number of correlated variables to a smaller number of uncorrelated principal components
(PCs) that explain most of the variability of the data (Chiu et al., 2018). In this study, we
used PCA with varimax rotation and identified four PCs that cumulatively explained > 90%
of variability of the PBDE congeners. We then fitted a multivariable linear regression and a
multivariable logistic regression model of gestational age at delivery and PTB as outcomes,
respectively, using the selected PCs as exposure measures, adjusted for the above-mentioned
covariates. As secondary analyses, we also evaluated the associations between the PCs and
PTB further categorized as spontaneous or medically indicated (compared to non-preterm),
as well as further categorized as very/moderate preterm or late preterm (compared to non-
preterm), using multinomial logistic regression models in the non-obese cohort only (due to
insufficient numbers in the obese cohort). In addition, we assessed potential effect measure
modification via stratifying the multivariate linear regression models by race/ethnicity (non-
Hispanic white, non-Hispanic Black, Hispanic, Asian/Pacific Islander) or maternal age (<

35 vs. = 35 years) in the non-obese and obese cohorts, and by pre-pregnancy BMI (<

25 vs. = 25 kg/m2) in the non-obese cohort only. P-for-interactions were obtained via
including interactions terms of the principal components and the proposed modifier(s), and
p-for-interactions < 0.10 were conventionally considered as statistically significant.

Third, we applied BKMR to evaluate the associations between PBDE mixtures and
gestational age at delivery. BKMR is a flexible approach that utilizes a kernel function

that allows for non-linear estimation of individual exposure-outcome relationships for each
chemical while taking into account the correlation structure of the multiple chemicals; it
also provides intuitive graphical visualization of potential interactions between chemicals
(Bobb et al., 2015). We applied the Gaussian kernel and the default tuning parameters

for Markov Chain Monte Carlo (MCMC) processes with 50,000 iterations to assess the
relative importance of each standardized log-transformed PBDE congener on standardized
gestational weeks at delivery based on their posterior inclusion probabilities (PIPs), and
qualitatively evaluated potential interactions between the chemicals.

To determine the robustness of the results, we additionally performed several sensitivity/
secondary analyses. First, based on a priori knowledge of the potential correlations of
certain dietary factors with PBDES concentrations and PTB (Gete et al., 2020; Schecter

et al., 2010), we evaluated the correlations between PBDEs and several dietary factors
[including dairy intake, meat from beef/pork/lamb/organ, processed meats, fish/seafood,
and a summarized Alternate Healthy Eating Index 2010 (AHEI-2010)] in a subset of the
study population who completed a food frequency questionnaire (FFQ) at baseline, and
further adjusted for these dietary factors to account for any potential confounding. Second,
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in the generalized linear models, we examined the associations based on quantiles of the
chemical concentrations as predictors of gestational age at delivery to relax the linearity
assumptions. Third, given PBDEs were shown to disturb lipid metabolism (Cowens et al.,
2015), we conducted a sensitivity analysis without adjusting for plasma lipids to avoid

any potential blockage of the causal pathway between PBDESs and gestational age or PTB.
Fourth, we conducted survival analyses modelling gestational age at delivery as a time-to-
event outcome to evaluate the associations between PBDEs and time to delivery using Cox
proportional hazards models. Lastly, we conducted a sensitivity analysis where we included
data from the individuals with extreme values of PBDEs (which was excluded in our main
analyses).

Data analyses were conducted in SAS version 9.4 (SAS Institute Inc) and R version 4.0.2
(R Foundation for Statistical Computing). P-values < 0.05 were conventionally considered
statistically significant unless otherwise specified. R packages used for main analyses
included stats (for GLMs and PCA) and bkmr (for BKMR) (Bobb et al., 2018).

RESULTS

Table 1 presents baseline characteristics of the study population in the non-obese (n = 2046)
and obese cohorts (n = 396). Study participants in both cohorts predominantly had some
college degree or higher, were married or living with a partner, and were U.S.-born. The
non-obese cohort consisted of 28% non-Hispanic white, 25% non-Hispanic Black, 28%
Hispanic and 19% Asian/Pacific Islander women, while the obese cohort consisted of 31%
non-Hispanic white, 36% non-Hispanic Black, 32% Hispanic, and only 1% Asian/Pacific
Islander women. The non-obese cohort also had higher percentages of nulliparous women,
lower percentages of family income < $30,000, lower mean plasma cotinine levels, as well
as lower total and sedentary activities compared to the obese cohort. The percentages of PTB
were 6.0% in the non-obese and 6.6% in the obese cohort. The mean gestational ages at
delivery and further categorizations of PTB are summarized in Supplemental Table S1.

Table 2 shows the distributions of lipid-adjusted PBDEs concentrations in the non-obese
and obese cohorts. Chemicals that had quantification rates > 30% in each cohort (PBDE

28, 47, 99, 100, 153, and 154 among those without obesity; PBDE 47, 99, 100, 153, 154,
and 183 among those with obesity) were included in the main analyses. In the non-obese
cohort, PBDE congeners were detected in plasma samples in the decreasing order of PBDE
47,100, 99, 153, 154, and 28. In the obese cohort, PBDE congeners were detected in plasma
samples in the decreasing order of PBDE 153, 100, 154, 47, 99, and 183. Among the five
congeners that had quantification rates > 30% in both cohorts, women with obesity had
higher geometric means and higher quantification rates compared to women without obesity.
The mean molar sum of PBDEs and total PBDEs were also higher in women with obesity
than women without obesity. PBDESs concentrations were weakly to highly correlated with
each other (Supplemental Figure S2). Concentrations for most of the PBDES were lower
than the concentrations from a representative sample of women from the U.S. National
Health and Nutrition Examination Survey (NHANES) 2005-2014 (geometric means in
NHANES for PBDE 28, 47, 99, 100, and 154 were: 1.2, 23.6, 4.7. 7.9 and 0.4 ng/g lipid,
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respectively), except for higher geometric mean of PBDE 154 in those with obesity (5.7 ng/g
lipid, compared to 0.4 ng/g lipid in NHANES) (Sjédin et al., 2019).

Associations of individual PBDEs with gestational age at delivery and PTB

Table 3 displays the crude, covariate adjusted, and mutually adjusted results from linear
regression models for the associations between individual PBDESs and gestational age at
delivery. We found that a 1-SD increase in log-PBDE 153 concentration was associated with
0.19-week (~1.3 day) shorter gestational age at delivery in the mutually adjusted model
among those without obesity [P (95% CI) = -0.19 (-0.31, —0.06) weeks], while there was
no significant association between PBDE 153 and gestational age among those with obesity
[B (95% CI) = 0.26 (-0.16, 0.68) weeks]. We did not observe any statistically significant
associations of other PBDE congeners or the sum of PBDES with gestational age at delivery
in either cohort.

Results from sensitivity analyses of associations of PBDE concentrations divided into
quartiles above the LOQ with gestational age at delivery are presented in Supplemental
Table S2. Among those without obesity, we found that the adjusted average gestational age
at delivery in the highest quartile of PBDE 153 was 0.34-week shorter than that in the
category below the LOQ (p-trend < 0.01). In addition, among those with obesity, we found
that the adjusted average gestational age at delivery in the highest quartile of PBDE 183 was
0.91-week shorter than that in the category below the LOQ (p-trend = 0.02).

Table 4 shows the results from logistic regression models for the association between
individual PBDEs and the odds of PTB. We did not observe any statistically significant
associations of any PBDEs with the odds of PTB in either cohort.

Principal component analysis of PBDEs with gestational age at delivery and PTB

In each cohort, application of varimax-rotated PCA yielded four principal components (PCs)
that cumulatively accounted for > 90% of the variability in PBDE concentrations. Loading
factors for each chemical in each of the PCs are presented in Supplemental Table S3. The
associations of the PCs as predictors of gestational age at delivery (from linear regression
models) and the odds of PTB (from logistic regression models) are presented in Figure 1 and
Supplemental Table S4. Among those without obesity, we found that a 1-SD increase in PC2
scores (with high loadings for PBDE 153 and 100) were associated with shorter gestational
age at delivery [adjusted B (95% CI) = -0.18 (—0.30, —0.06) weeks]. However, none of the
four PCs was significantly associated with odds of PTB. Among those with obesity, we

did not observe statistically significant association between the PCs with gestational age at
delivery or PTB.

PBDE mixtures and gestational age at delivery from BKMR

Based on the estimated PIPs from the BKMR analyses, PBDE 153 was considered as

the most important contributor to the overall association between the PBDE mixtures and
gestational age at delivery among those without obesity (PIP = 0.90), while PBDE 154 was
considered the most important contributor among those with obesity (PIP = 0.44). Figure 2
shows the results from BKMR modelling PBDEs as mixtures, where the covariate-adjusted
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univariate exposure-response functions and 95% credible intervals for each chemical and
standardized gestational age at delivery are presented separately for each cohort, while
holding all other PBDEs at their median concentrations. We found that: (1) Among women
without obesity, there was a suggestive relationship of higher PBDE 153 concentrations
with shorter gestational age at delivery. (2) Among women without obesity, there was a
suggestive non-linear relationship between PBDE 154 and gestational age, with a positive
association at lower concentrations and an inverse association at higher concentrations. (3)
Among women with obesity, there was a suggestive relationship of higher PBDE 154 and
183 concentrations with shorter gestational age at delivery. However, in both cohorts, the
95% credible intervals of the differences in gestational age included zero, when comparing
each chemical’s 90th percentile to the 10th percentile while holding all other chemicals at
the median (Supplemental Figure S3). In addition, no apparent trend was observed in either
cohort when evaluating the overall joint effect of the PBDE mixture on gestational age at
delivery (Supplemental Figure S4).

To explore interactions between chemicals, we plotted the exposure-response functions of
each chemical with a second chemical fixed at various percentiles (25th, 50th, 75th), holding
all other chemicals at the median. We observed a potential interaction between PBDEs 100
and 154 among those without obesity (Figure 3A), where there was a stronger relationship
of higher PBDE 100 concentrations with shorter gestational age at delivery when PBDE

154 concentrations were fixed at lower levels. We also observed a potential interaction
between PBDESs 154 and 183 among those with obesity (Figure 3B), where the suggestive
relationship of higher PBDE 154 concentrations with shorter gestational age at delivery was
stronger when the PBDE 183 concentrations were fixed at higher levels.

Secondary and sensitivity analyses

The associations between the PCs from PCA and categories of PTB are presented in
Supplemental Tables S4 and S5. We found that among those without obesity, the PC2
(predominantly contributed by PBDEs 153 and 100) scores were associated with higher
odds of very early/moderate PTB [OR (95% CI) = 1.91 (1.19, 3.07)], but not significantly
associated with odds of late PTB (Supplemental Table S5). We also found that the PC2
scores were marginally associated with higher odds of spontaneous PTB [OR (95% CI) =
1.34 (1.00, 1.80)], but not significantly associated with the odds of medically indicated PTB
among those without obesity (Supplemental Table S6).

Supplemental Table S7 presents the associations between the PCs and gestational age at
delivery, stratified by race/ethnicity. There was statistically significant effect modification
(p-for-interaction = 0.01) by race/ethnicity in the non-obese cohort for the relationship
between PC4 (predominantly contributed by PBDE 99) and gestational age, where there
was a positive association between PC4 and gestational age only among non-Hispanic
Black women [B (95% CI) = 0.33 (0.09, 0.58)]. We also observed a significant inverse
association between the PC2 scores and gestational age only among non-Hispanic Black
women in the non-obese cohort [B (95% CI) = —-0.40 (-0.67, —0.12)]. There was statistically
significant effect modification by maternal age (p-for-interaction <0.01) for the associations
between higher PC2 scores and shorter gestational age in the non-obese cohort, where the
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associations appeared stronger among those aged = 35 years compared to those aged < 35
years (Supplemental Table S8). In addition, the associations between the PC2 scores and
gestational age were also modified by BMI (p-for-interaction = 0.04) in the non-obese
cohort, where the associations appeared stronger among those with BMI = 25 kg/m?
compared to those with BMI < 25 kg/m? (Supplemental Table S9).

In sensitivity analyses, we identified a few dietary factors that were weakly correlated

with PBDE concentrations among a subset of women who completed a baseline FFQ
(Supplemental Figure S5). Further adjusting for the Alternative Healthy Eating Index
(AHEI-2010) score and these dietary factors resulted in stronger inverse associations of
PBDE 153 with gestational age among those without obesity (Supplemental Table S10). In
addition, not adjusting for plasma total lipids had very little impact on the effect estimates
in either cohort (data not shown). In the survival analysis evaluating gestational age at
delivery as a time-to-event outcome, we found similar associations between PBDE 153
and time-to-delivery [adjusted hazard ratio (95% CI) = 1.10 (1.02, 1.19)] in the non-obese
cohort. Lastly, including data from individuals with extreme values of PBDEs yielded results
in similar directions and magnitudes (data not shown).

DISCUSSION

In this study of pregnant U.S. women from a large, multi-center, multi-racial/ethnic

cohort, we observed associations of higher concentrations of plasma PBDE 153 in early
pregnancy with shorter gestational age at delivery among women without obesity, via
different statistical approaches that evaluated individual and mixture effects of PBDEs.

We also observed associations of higher levels PBDE 153 and 100 (represented by

PC2 from PCA) with higher odds of very early/moderate PTB and spontaneous PTB
among women without obesity. There was also a suggestive non-linear dose-response
relationship between PBDE 154 concentrations and gestational age at delivery among
women without obesity. On the other hand, in the smaller sized obese cohort, there was no
statistically significant association among women with obesity, although suggestive inverse
dose-response relationships of PBDE 154, 183 and their interactions with gestational age at
delivery were observed in BKMR analyses.

Previous epidemiological studies that evaluated certain PBDEs and PTB or gestational age at
delivery have reported inconsistent results. One longitudinal cohort study of low income and
predominantly Hispanic women recruited during 1999-2000 (n = 286) evaluated four serum
PBDE congeners (PBDE 47, 99, 100, 153, and their molar sum) in the second trimester
(mean: 26.1 weeks), and found no association with gestational age at delivery (Harley et al.,
2011). In contrast, another cohort study during 2014-2018 (n = 506) that evaluated serum
PBDE 47 and 99 in the second trimester (range: 12-28 weeks) found an inverse association
between PBDE 47 and gestational age at delivery (Eick et al., 2020). A smaller sized case-
control study (n = 138) during 2008-2011 that specifically measured PBDE 47 (collected

at delivery) found higher concentrations associated with a higher odds of PTB (Peltier et

al., 2015). In addition, a study conducted at a brominated flame retardant production area

in China during 2010-2012 (n = 207) showed a positive association between PTB and
serum PBDE 153 (collected at delivery), but not with other PBDE congeners (Gao et al.,
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2016). However, these studies were limited to evaluating the individual effects of certain
PBDE congeners, or only used an additive summary measure of multiple chemicals, without
taking into account the potential correlations and interactions between these chemicals.
Moreover, most of the existing studies had relatively small sample sizes and might not have
sufficient power to detect any racial/ethnic disparities. Our study addresses these limitations
via evaluating the effect of PBDEs, both individually and as a mixture, on gestational age
and PTB in a larger, multi-center, multi-racial/ethnic cohort of U.S. pregnant women.

In our study, we utilized three different statistical approaches to evaluate the individual and
joint associations of PBDEs with gestational age and PTB. We found statistically significant
or suggestive evidence of associations of plasma PBDE 153 concentrations with shorter
gestational age at delivery among women without obesity from all three methods. Despite
the fact that a 0.19-week reduction in gestational age at delivery might be of less clinical
relevance, we also found significant evidence of PBDE 153 and 100 (represented by PC2)
associated with higher odds of very early/moderate PTB and spontaneous PTB, which
carries important clinical implications. These findings suggest a potential adverse role of
PBDE 153 on gestation length/PTB. PTB is a complex phenotype that involves multiple
etiologic factors acting through multiple pathophysiological pathways. One pathway is
through inflammation, where higher levels of cytokines promotes labor through stimulating
the production of prostaglandin that leads to cervical dilation, stimulating the expression

of oxytocin receptors, as well as inhibiting adhesions in fibroblasts that lead to premature
membrane rupture (Farina and Winkelman, 2005). Another pathway involves placental
dysfunction, where abnormal uterine spiral artery remodeling contributes to several adverse
pregnhancy outcomes, including PTB (Morgan, 2016). PBDE 153 has been shown to play a
role in both pathways. For example, PBDE 153 has been shown to increase the production of
reactive oxygen species (Huang et al., 2010), contributing to the inflammatory pathway that
may result in spontaneous PTB, which is consistent with our findings. In addition, PBDE
153 has been found to alter DNA methylation of the IGF2 gene that plays a role in placental
development and fetal growth (Zhao et al., 2016), potentially contributing to the progression
of medically indicated PTB. However, we did not any observe significant association
between PBDE 153 and medically indicated PTB. Additional mechanistic studies are needed
to further explore and validate these findings.

We also found a suggestive inverse U-shaped dose-response relationship between PBDE
154 and gestational age among women without obesity from BKMR analyses, with a
similar non-linear pattern observed in the sensitivity analysis categorizing PBDE 154 into
quantiles. The scientific literature on the toxicity of PBDE 154 is lacking, with only one
study that showed PBDE 154 was less toxic than PBDE 47 in inducing apoptotic cell death
in liver cells (Souza et al., 2016). To date, no studies have evaluated the toxicity of PBDE
154 in the placenta or other tissues. On the other hand, we did not find any significant
association between PBDE 47 and gestational age or PTB, despite PBDE 47 having the
highest detection rate among those without obesity. A case-control study found PBDE 47
associated with higher odds of PTB (Peltier et al., 2015). However, this study had a small
sample size (n = 138) and collection of PBDE 47 was cross-sectional (at delivery). One
study conducted in rats demonstrated that for CYP1AL1, an oxidative stress-related gene that
was found to be associated with PTB risk (Sheikh et al., 2016), its expression level was
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positively correlated with increased bromine content of the three PBDE congeners (PBDE
47,99, or 153) (Sanders et al., 2005), pointing to potentially stronger adverse effects on PTB
comparing PBDE 153 to PBDE 47. However, further research in comparing the toxicity of
PBDE congeners in human cell lines or tissues relevant to pregnancy outcomes is warranted
to complement epidemiological findings.

Unlike the associations among women without obesity, we did not observe statistically
significant associations of PBDE 153 with gestational age at delivery or PTB among women
with obesity. The analyses in the obese cohort were limited by lower power due to a much
smaller sample size. However, we did find effect modification by BMI in the non-obese
cohort, suggesting some modification potentially related with adiposity. In addition, a
suggestive yet consistent dose-response relationship of PBDE 154 and gestational age at
delivery were observed in the obese cohort, across all three statistical approaches. Within
women with obesity, each 1 SD increase in log PBDE 154 corresponded to a 0.20-week
decrease in gestational age at delivery; this finding was similar to the 0.21-week decrease

in gestational age at delivery observed for PC4 (which consisted almost entirely of PBDE
154) from the PCA, and similar linear patterns were suggested by the BKMR analyses.

One possible explanation for the differences observed between the obese and non-obese
cohorts might be that the obese cohort had higher detections and mean concentrations of
PBDEs (particularly PBDE 153 and 154) than the non-obese cohort, and therefore might
be capturing different patterns of the dose-response relationships between these chemicals
and gestational age at delivery. In addition, the two cohorts had different eligibility criteria
where the non-obese cohort excluded more medical conditions, some of which might be
risk factors for adverse pregnancy outcomes including PTB. Furthermore, PBDES have been
shown to alter adipocyte metabolism, a hallmark feature of metabolic obesity (Hoppe and
Carey, 2007). Therefore, it is possible that PBDEs interact with unmeasured metabolic
features related to adiposity or lifestyle factors that lead to different effects on gestational
length in individuals with and without obesity. Studies in rodents also have shown that
different PBDE congeners may have different disposition patterns (e.g. more PBDE 47
distributed to adipose tissue, while more PBDE 153 accumulated in the liver) (U.S. EPA.,
2008). Thus, future studies beyond plasma measurements of PBDES, such as measurements
in adipose tissue, might be helpful to further investigate their potential effects in women
with obesity.

We observed effect modification by race/ethnicity for the association of PBDEs with
gestational age at delivery among women without obesity. A positive association between
PBDE 99 (presented by PC4) and gestational age at delivery was found only among non-
Hispanic Black women. We also observed a significant inverse association between the PC2
(predominantly contributed by PBDEs 153 and 100) scores and gestational age only among
non-Hispanic Black women in the non-obese cohort. Potential explanations may include
higher exposure levels to these chemicals (Nguyen et al., 2020) among non-Hispanic black
women, as well as potential interactions of higher PBDE concentrations with factors such as
diet/micronutrients (e.g. vitamin D deficiency was shown to be associated with PTB in some
observational studies, and vitamin D deficiency is more common among black women)
(Burris et al., 2019), higher psychosacial stress levels (Forrester et al., 2019; Gump et al.,
2014) and higher exposures to other pollutants (Muller et al., 2018; Stieb et al., 2012) that
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might jointly impact non-Hispanic Black women to disproportionately increase the risk of
adverse pregnancy outcomes (Grobman et al., 2018). We also observed significant effect
modification by age, suggesting that women with older age at pregnancy might be more
susceptible to the potential adverse effect of PBDE 153 on shorter gestation length.

Our study had some limitations. First, chemical concentrations were measured only once
during the first trimester, which may have misclassified exposure for some women at
biologically relevant windows. Nevertheless, PBDEs are persistent chemicals that are
expected to be stable over time with long half-lives (Chevrier et al., 2010). Second,

this study population constitutes low-risk pregnancies only; thus, the results may not

be generalizable to higher-risk populations. Third, potential batch effects may exist for
comparing chemical concentrations in the non-obese and obese cohorts given that chemical
assays were performed at different locations multiple years apart. However, inter-lab
variability is less likely given the assay was performed by the same laboratory scientist

with the same QA/QC standards. Fourth, type 1 errors might occur from multiple testing,
but our findings were consistent across three different statistical approaches. Fifth, the
arbitrary cutoff of 30% above the LOQ for selection of PBDE congeners to be included

in the main analyses was lower compared to other studies. Furthermore, the obese cohort
consisted of a much smaller sample size compared to the non-obese cohort. We therefore
have less power to detect any potential associations in the obese cohort even if they did exist
(e.g. the suggestive yet non-significant relations between PBDE 154 and gestational age at
delivery among those with obesity could be due to insufficient power). Lastly, selection bias
may occur from restricting to live births, since PBDEs were shown to increase the risk of
pregnancy loss (Choi et al., 2019), and unmeasured or residual confounding may exist.

Despite these limitations, our study has several strengths. First, the relatively large sample
size of pregnant U.S. women allowed us to apply mixtures analyses to estimate the
association of multiple PBDE congeners with gestational age at delivery and PTB in
addition to evaluating individual effects. Second, this study population consists of four
relatively evenly distributed racial/ethnic groups, which allowed for sufficient power to
detect effect measure modification by race/ethnicity in the non-obese cohort. The large
sample size also allowed us to evaluate potential effect modification by other factors, such
as age and BMI. Third, we were able to evaluate clinically confirmed endpoints classified
by PTB subtypes as secondary outcomes. Lastly, compared to other studies that measured
PBDEs concentrations during the second trimester or upon delivery, the prospective design
of this cohort minimized the possibility of reverse causation, and the comprehensive
questionnaire and biomarker data allowed for proper control of confounding.

CONCLUSIONS

In conclusion, using different statistical approaches that evaluated individual and mixture
effects of PBDESs, we found evidence of associations of higher early pregnancy plasma
PBDE 153 concentrations with shorter gestational age at delivery and higher odds of very
early/moderate PTB and spontaneous PTB among women without obesity in a cohort of
low-risk U.S. pregnant women. These associations were stronger among non-Hispanic Black
women, women with BMI ranging between 25-30 kg/m2, and women aged > 35 years.
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Suggestive inverse relationships of PBDE 154 with gestational age at delivery were observed
among women with obesity. Given the ubiquitous presence of PBDES and the increasing
disparities in PTB, further research is needed to understand the effects of exposures to
PBDEs on gestation length, especially in high exposure and high outcome risk subgroups.
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Figure 1.
Adjusted associations between each standard deviation increment in principle components

scores of PBDEs and gestational age at delivery (weeks) or odds of preterm birth among the
non-obese and obese cohorts.

PC = principal component; SD = standard deviation; PC = principle component; PTB =
preterm birth; Cl = confidence interval; OR = odds ratio; B estimates represent the mean
differences in gestational age at delivery per 1-SD increase in each of the PC scores.

ORs represent the odds ratio of PTB per 1-SD increase in each of the PC scores. For
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each PC, blue, bolded PBDE congeners (loadings) with varimax-rotated |loadings| > 0.4

are listed. All estimates (95% ClIs) adjusted for maternal age (years), race/ethnicity (Non-
Hispanic white, Non-Hispanic Black, Hispanic, Asian/Pacific Islander), pre-pregnancy BMI
(kg/m2), parity (0, 1, 2+), education level (<college degree, some college/undergraduate,
graduate/post-graduate), marital status (married or living with partner, not married), family
income during last year (<$30,000, $30,000-$49,999, $50,000-$99,999, $100,000 or more,
not reported), plasma cotinine level (ng/mL), plasma total lipids (ng/mL), total activity
(MET hours per week), sedentary activity (MET hours per week), and acculturation (US-
born, recent immigrant, long-term immigrant). Observations with missing covariates were
excluded from the adjusted models.
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Univariate exposure-response functions (95% credible intervals) between PBDES
concentrations and standardized gestational age at delivery estimated by BKMR, holding
all other congeners at the median levels, among the non-obese cohort (left, n = 1975) and the

obese cohort (right, n = 356).

All estimates (95% CIs) adjusted for maternal age (years), race/ethnicity (Non-Hispanic
white, Non-Hispanic Black, Hispanic, Asian/Pacific Islander), pre-pregnancy BMI (kg/
m2), parity (0, 1, 2+), education level (<college degree, some college/undergraduate,
graduate/post-graduate), marital status (married or living with partner, not married), family
income during last year (< $30,000, $30,000-$49,999, $50,000-$99,999, $100,000 or more,
not reported), plasma cotinine level (ng/mL), plasma total lipids (ng/mL), total activity
(MET hours per week), sedentary activity (MET hours per week), and acculturation (US-
born, recent immigrant, long-term immigrant). Observations with missing covariates were

excluded from the adjusted models.
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Figure 3A.
Exposure-response functions between PBDE 100 and gestational age at delivery, when

fixing PBDE 154 concentrations at the 25th, 50th, and 75th percentiles, and all other
congeners at the median, estimated with BKMR in the non-obese cohort.
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Figure 3B.
Exposure-response functions between PBDE 154 and gestational age at delivery, when

fixing PBDE 183 concentrations at the 25th, 50th, and 75th percentiles, and all other
congeners at the median, estimated with BKMR in the obese cohort.
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