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Abstract

Background/Aims: Phthalates and their replacements are endocrine/metabolic disruptors that
may impact gestational weight gain (GWG) — a pregnancy health indicator. We investigated
overall and fetal sex-specific associations of individual and cumulative phthalate/replacement
biomarkers with GWG.

Methods: Illinois women (n=299) self-reported their weight pre-pregnancy and at their final
obstetric appointment before delivery (median 38 weeks). We calculated pre-pregnhancy body
mass index and gestational age-specific GWG z-scores (GWGZz). We quantified 19 phthalate/
replacement metabolites (representing 10 parent compounds) in pools of up-to-five first-morning
urine samples, collected approximately monthly between 8-40 weeks gestation. We used linear
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regression, quantile-based g-computation (QGComp), or weighted quantile sum regression
(WQSR) to evaluate associations of ten biomarkers (individual metabolites or parent molar-
sums) individually or as mixtures (in interquartile range intervals) with GWGz. We evaluated
associations in all women and stratified by fetal sex.

Results: Individually, sums of metabolites of di(2-ethylhexyl) phthalate (XDEHP), di(isononyl)
cyclohexane-1,2-dicarboxylate (ZDiNCH), and di(2-ethylhexyl) terephthalate (XDEHTP) had
consistent inverse associations with GWGz, and some associations were fetal sex-specific. When
evaluating phthalates/replacements as a mixture, QGComp identified ZDEHP, DEHTP, and
mono-(3-carboxypropyl) phthalate, along with sum of di(isononyl) phthalate metabolites (XDiNP)
and monobenzyl phthalate as notable contributors to lower and higher GWGz, respectively,
resulting in a marginal inverse joint association in all women (B: —0.29; 95% CI: —-0.70, 0.12). In
women carrying females, XDEHP contributed to marginal inverse joint association (p: —0.54; 95%
Cl: -1.09, 0.03). However, there was no overall association in women carrying males (B: 0.00;
95% CI: —0.60, 0.59), which was explained by approximately equal negative (driven by ZDEHTP)
and positive (driven by ZDiNP) partial associations. WQSR analyses consistently replicated these
findings.

Conclusions: Biomarkers of phthalates/replacements were fetal sex-specifically associated with

GWGz. Because DEHTP contributed substantively to mixture associations, additional studies in
pregnant women may be needed around this plasticizer replacement.

Graphical Abstract
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1. INTRODUCTION

Gestational weight gain (GWG) is an important, easily monitored indicator of maternal
and fetal health. Deviations from the Institute of Medicine (IOM) GWG guidelines,
including both excessive and inadequate GWG, may negatively impact health (Rasmussen
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and Yaktine, 2009). For example, compared to women with adequate GWG, those with
inadequate GWG are at higher risk of delivering pre-term or small-for-gestational age
newborns, whereas women with excessive GWG are at higher risk of developing gestational
hypertension and having large-for-gestational age newborns (Li et al., 2013). Long-term
risks of inappropriate GWG include increased likelihood of maternal postpartum depression
(Zanardo et al., 2021), excessive offspring adiposity (Lau et al., 2014), and greater maternal
postpartum weight retention, all of which could lead to increased risk of later life-associated
health complications (Hutchins et al., 2020; Margerison Zilko et al., 2010). Therefore, it is
critical to identify modifiable risk factors associated with inappropriate GWG.

Phthalates are a class of chemicals found in a wide variety of consumer products, including
(but not limited to) food packaging materials, coatings of medications and supplements,
personal care products, and cosmetics, with ubiquitous exposure among pregnant women in
the U.S. (Woodruff et al., 2011). This is particularly concerning given that certain phthalates
have been implicated in pregnancy-related metabolic disorders, including gestational
hypertension (Cantonwine et al., 2016; Soomro et al., 2021; Werner et al., 2015) and
diabetes (Fisher et al., 2018; James-Todd et al., 2018; Shaffer et al., 2019). Industry

use of plasticizer replacements such as cyclohexane-1,2-dicarboxylic acid diisononyl ester
(DINCH, a non-phthalate alternative) and di(2-ethylhexyl) terephthalate (DEHTP) appear
to be on the rise (Bui et al., 2016; Lemke et al., 2021; Lessmann et al., 2016). These
replacements may have similar hormonally-mediated adverse health impacts as the original
phthalates (Campioli et al., 2017; Fruh et al., 2021; Lee et al., 2020; Machtinger et al.,
2018; Zhang et al., 2020). Pregnancy and fetal development, including GWG, are regulated
by coordinated hormonal, inflammatory, and metabolic processes, which may be biological
targets of phthalates/replacements (Gore et al., 2015; Maradonna and Carnevali, 2018;
Mohammadi and Ashari, 2021).

Current evidence evaluating associations of prenatal urinary concentrations of phthalate
metabolites (used as biomarkers of phthalate exposure) with GWG is inconclusive (Bellavia
etal., 2017; Gao et al., 2021; James-Todd et al., 2016; Li et al., 2019a; Philips et al.,

2020; Tyagi et al., 2021; Zukin et al., 2021). For example, studies from the U.S. and

China observed positive associations of first, second, or third trimester monoethyl phthalate
(MEP) concentrations with excessive total GWG (Gao et al., 2021; James-Todd et al., 2016;
Zukin et al., 2021) and first trimester GWG (Bellavia et al., 2017). However, other studies
reported that elevated second trimester urinary levels of low molecular weight phthalate
biomarkers (driven by MEP) are associated with inadequate total GWG (Philips et al.,
2020). Additionally, a study from China reported lower first or second trimester MEP
concentrations among women with inadequate compared to those with adequate total GWG
(Lietal., 2019a).

It has become increasingly important to understand the cumulative impacts of phthalates/
replacements and the role of each individual chemical within the context of the others.
Of the few studies evaluating cumulative associations of phthalate biomarker mixtures
with GWG, one study from China reported that a hazard index estimating exposures

to di(2-ethylhexyl) phthalate (DEHP), diethyl phthalate (DEP), and di-n-butyl phthalate
(DBP) across all pregnancy trimesters was associated with higher odds of excessive total
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GWG with most prominent associations observed for first trimester phthalate biomarkers
(Gao et al., 2021). However, a Boston study observed no associations between sums

of first, second, and third trimester phthalate metabolites of parents used in personal

care products (MEP and monobutyl phthalate (MBP)), or phthalate metabolites shown

to have anti-androgenic activity (MBP, monobenzyl phthalate (MBzP), mono-isobutyl
phthalate (MiBP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-5-
carboxypentyl) phthalate (MECPP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), and
mono(2-ethylhexyl) phthalate (MEHP)) with total GWG (James-Todd et al., 2016). Finally,
using Bayesian Kernel Machine Regression (BKMR), a study of U.S. women observed that
a mixture of select first trimester phthalate, bisphenol, and paraben biomarker concentrations
was positively associated with total GWG, and this association was primarily driven by the
molar sum of four DEHP metabolites (Tyagi et al., 2021). BKMR is a method that can
estimate the health effects of a complex mixture composed of highly correlated chemical
exposures (Bobhb et al., 2015).

Additional studies are needed to better understand the individual and cumulative
associations of phthalate metabolite biomarkers with GWG. Furthermore, previous studies
only evaluated a limited number of phthalates. Studies assessing a larger panel of phthalates
to which pregnant women are exposed, as well as common plasticizer replacements (such
as DINCH and DEHTP), are needed. Therefore, our overall objective was to evaluate
associations of phthalate/replacement biomarkers with GWG through late pregnancy by
considering phthalate biomarkers individually and as a mixture. We hypothesized that
individually and as a mixture, phthalates/replacements would be associated with higher
GWG. GWG is a complex phenotype with both maternal and fetal contributions (Warrington
et al., 2018), and fetal sex appears to be an important determinant of GWG (Caulfield et

al., 1996; Grunebaum et al., 2014; Mando et al., 2016; Springel et al., 2016). Therefore,

our secondary objective was to determine if these associations differed by fetal sex. We
hypothesized that individually and as a mixture, associations of phthalates/replacements
would differ by fetal sex.

2. MATERIALS AND METHODS

2.1.

Illinois Kids Development Study (I-KIDS) recruitment and enrollment

The current study includes pregnant women recruited from two local obstetric clinics in
Champaign-Urbana, Illinois who were invited to participate in I-KIDS — a prospective
pregnhancy and birth cohort with the overarching aim of evaluating the impacts of prenatal
chemical exposures on infant neurodevelopment. Recruitment and enroliment have been
described in detail elsewhere (Pacyga et al., 2021). I-KIDS includes women who were < 15
weeks pregnant at enrollment, 18-40 years old, fluent in English, in a low-risk, singleton
pregnancy, living within a 30-minute drive of the University of Illinois campus, and not
planning to move out of the area before their child’s first birthday. The current study
includes a sample of 303 women who enrolled in 1-KIDS between February 2015 and
August 2018, remained in the study through the birth of their infant, and have measurable
concentrations of at least one urinary phthalate or replacement metabolite and pre- and
late-pregnancy weights to calculate GWG through late pregnancy. As we have previously

Sci Total Environ. Author manuscript; available in PMC 2024 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pacyga et al.

Page 5

described, women in the current analytic sample are representative of the full 1-KIDS cohort
(Pacyga et al., 2022). All women provided written informed consent, and the study was
approved by the Institutional Review Board at the University of Illinois. The analysis of
de-identified specimens at the Centers for Disease Control and Prevention (CDC) laboratory
was determined not to constitute engagement in human subjects’ research.

2.2. Assessment of urinary phthalate/replacement biomarker concentrations

Women collected at least three and up to five first-morning urine samples in polypropylene
urine cups at 8-15, 13-22, 19-28, 25-33, 32-40 weeks gestation (median 13, 17, 23, 28,

and 34 weeks gestation, respectively), which corresponded with study home visits or
routine prenatal care visits. Most of the 303 women contributed all five urine samples
(94%), whereas 6% contributed three or four urine samples. Specifically, 99% of women
provided a urine sample at 8-15 weeks gestation, 100% at 13-22 weeks gestation, 98%

at 19-28 weeks gestation, 98% at 25-33 weeks gestation, and 98% at 32-40 weeks
gestation. We have previously described urine collection, processing, and storage protocols
in detail (Pacyga et al., 2021; Pacyga et al., 2022). For the current study, we quantified
phthalate/replacement metabolite biomarker concentrations and measured specific gravity
from pooled samples of up to five individual first-morning urines collected from each
woman. Pooled samples were shipped overnight to the CDC Division of Laboratory
Sciences in two batches in chronological order of participant enrollment as follows: enrolled
February 2015 - July 2016 and enrolled July 2016 - August 2018. Using previously
published methods with rigorous quality control/quality assurance protocols and excellent
long-term reproducibility (Silva et al., 2013; Silva et al., 2007; Silva et al., 2019),

the following 19 phthalate/replacement metabolites were quantified: monocarboxynonyl
phthalate (MCNP), monocarboxyoctyl phthalate (MCOP), monooxononyl phthalate
(MONP), monoisononyl phthalate (MiNP), MEHP, MEHHP, MEOHP, MECPP, mono-(3-
carboxypropyl) phthalate (MCPP), MBzP, MBP, mono-hydroxybutyl phthalate (MHBP),
MiBP, mono-hydroxy-isobutyl phthalate (MHiBP), MEP, cyclohexane-1,2-dicarboxylic
acid-mono(carboxyoctyl) ester (MCOCH), cyclohexane-1,2-dicarboxylic acid-monochydroxy
isononyl ester (MHiINCH), mono(2-ethyl-5-hydroxyhexyl) terephthalate (MEHHTP), and
mono(2-ethyl-5-carboxypentyl) terephthalate (MECPTP).

2.3. Collection and calculation of GWG z-scores through late pregnancy

Within 24 hours of delivery, women reported their measured weight (in pounds) and the date
of their most recent obstetric appointment (median: 38, range: 28 — 41 weeks gestation).

We subtracted pre-pregnancy weight (which was self-reported in a home interview at 8 — 15
weeks gestation) from the weight reported at the last obstetric appointment before delivery
to calculate GWG through late pregnancy (in kg). In the few cases where weight at the last
obstetric visit prior to delivery was not available (n = 17), we used the reported weight from
an earlier obstetric visit (median: 34, range: 29 — 37 weeks gestation). We calculated pre-
pregnancy BMI- and gestational age-specific GWG z-scores based on previously validated
methods using a reference population of pregnant women from Europe, North America, and
Oceania (Santos et al., 2018).
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2.4. Collection of maternal sociodemographic, lifestyle, and health information

After enrollment (8 — 15 weeks gestation), study staff conducted home visits to interview
women about their race/ethnicity, educational attainment, annual household income, parity,
smoking in the first trimester, alcohol intake in the first trimester, as well as pre-pregnancy
weight and height. Self-reported pre-pregnancy weight and height were used to calculate
pre-pregnancy BMI (kg/m?). To ascertain early pregnancy stress status, women completed
the Perceived Stress Scale, a 10-item questionnaire that asks about thoughts and feelings
during the past month (Cohen et al., 1983; Cohen and Williamson, 1988). At 8 — 15 and 32 -
40 weeks gestation, women also completed a semi-quantitative food frequency questionnaire
(FFQ) that was adapted from the full length Block-98 FFQ (NutritionQuest, Berkeley, CA)
and validated in a pregnant population (Bodnar and Siega-Riz, 2002; Boucher et al., 2006;
Laraia et al., 2007). Reported dietary intakes representing diet during the previous three
months were used to calculate the mean of early and mid-to-late pregnancy Alternative
Healthy Eating Index (AHEI-2010). The AHEI-2010 is an 11-component diet quality index
(out of 110 total points) based on foods and nutrients shown to be predictive of chronic
disease risk and mortality, where a higher score indicates better overall diet quality (Chiuve
et al., 2012; McCullough et al., 2002).

2.5. Statistical analysis

Derivation of the analytic sample is presented in Supplemental Figure 1. Out of 303 women
with data on concentrations of all phthalate/replacement biomarkers and GWG z-scores,

299 (148 and 151 carrying males and females, respectively) were included in final covariate-
adjusted single- and multi-pollutant analyses. Characteristics of the sample are presented as
n (%) or median (range).

We evaluated specific gravity-adjusted phthalate/replacement biomarkers as molar sums

or individual metabolites, which reflect exposures to 10 phthalate/replacement parent
compounds (Pacyga et al., 2021; Pacyga et al., 2022). We created phthalate/replacement
molar sums (in nmol/mL) by summing metabolites from common precursors as follows:
MEHP, MEHHP, MEOHP, and MECPP for the sum of DEHP metabolites (ZDEHP); MCOP,
MiNP, and MONP for the sum of metabolites of di-isononyl phthalate (XDiNP); MBP

and MHBP for the sum of DBP metabolites (XDBP); MiBP and MHiBP for the sum

of di-iso-butyl phthalate metabolites (XDiBP); MHINCH and MCOCH for the sum of
DiNCH metabolites (XDiNCH); and sum of DEHTP metabolites MEHHTP and MECPTP
to create DEHTP. Specifics about equations are published elsewhere (Pacyga et al., 2021).
Molar concentrations were back-converted to ng/mL by multiplying ZDEHP, ZDiNP, ZDBP,
2DiBP, ZDINCH, and ZDEHTP by the molecular weights of MECPP, MCOP, MBP, MiBP,
MHINCH, and MECPTP, respectively (Pacyga et al., 2022; Rodriguez-Carmona et al., 2020;
Zhang et al., 2020). We estimated exposure to di-isodecyl phthalate, di-n-octyl phthalate,
benzylbutyl phthalate (BBzP), and DEP using ng/mL concentrations of their corresponding
urinary metabolites MCNP, MCPP, MBzP, and MEP, respectively.

Based on the previous literature, we considered an extensive number of potential covariates
in statistical models evaluating associations of phthalate/replacement biomarkers with GWG
z-scores (Bellavia et al., 2017; Gao et al., 2021; James-Todd et al., 2016; Li et al., 2019a;
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Philips et al., 2020; Tyagi et al., 2021; Zukin et al., 2021). We generated a directed acyclic
graph (DAG, Supplemental Figure 2) (VanderWeele and Robins, 2010), which included
covariates that we and others found to be associated with both phthalate/replacement
biomarkers and GWG z-scores. We used the DAG to guide the minimum sufficient
adjustment set of covariates (VanderWeele and Robins, 2010). We assessed correlations
between covariates to test for potential multicollinearity, but all covariates were only weakly
or moderately correlated (r< 0.4; data not shown). Therefore, all final covariate-adjusted
single-pollutant and mixtures models accounted for race/ethnicity, educational attainment,
annual household income, smoking in the first trimester, pre-pregnancy BMI, and maternal
diet quality. Annual household income, pre-pregnancy BMI, and maternal diet quality
were included as continuous variables, whereas race/ethnicity, educational attainment, and
smoking in the first trimester were categorized with the reference groups indicated in Table
1. We specified models that additionally accounted for perceived stress, parity, and alcohol
intake in the first trimester, but our results were relatively unchanged with the addition of
these variables (data not shown).

2.5.1. Primary and sensitivity single-pollutant analyses—To address our main
objectives, we first specified multivariable linear regression models to evaluate single-
pollutant associations of phthalate/replacement biomarkers with GWG z-scores. All
phthalate/replacement biomarkers were In-transformed because of their right-skewed
distributions. For concentrations below the limit of detection (LOD) we used instrumental
reading values to avoid bias associated with imputing values <LOD (Succop et al., 2004).
Across the individual and molar sum biomarkers described above, only one woman

had a concentration of zero for the two DiNCH metabolites MCOCH and MHiINCH.
Therefore, we used the following equation [In(XDINCH + 1)] to avoid undefined estimates
for ZDINCH. We did not transform GWG z-score because it was normally distributed.
Regression diagnostics based on residuals were conducted to ensure all model assumptions
were met. Because women with GWG below zero (n=4) could have unique characteristics
that influence our results, we also conducted sensitivity analyses, using linear regression
models, that excluded these women. For all linear regression analyses, the resulting p-
estimates and 95% confidence intervals (Cls) represent the change in GWG z-scores for
every interquartile range (IQR) increase in phthalate/replacement biomarker concentration.

2.5.2. Primary mixture analyses—To evaluate associations of phthalate/replacement
biomarkers as a joint mixture with GWG z-scores, we first estimated quantile-based g-
computation (QGComp) models (Keil et al., 2020). QGComp was adapted from weighted
quantile sum regression (WQSR) (Carrico et al., 2015) and relaxes the assumption that all
chemical exposures are associated with the outcome in the same direction. For our analyses,
we included the following 10 individual or molar sum phthalate/replacement biomarkers in
our mixture index: MCNP, ZDiNP, ZDEHP, MCPP, MBzP, ZDBP, ZDiBP, MEP, ZDiNCH,
and XDEHTP - these 10 components represent common phthalates or phthalate replacement
compounds to which I-KIDS women are exposed. Then, QGComp was used to estimate

the joint association of the mixture index with GWG z-scores (not transformed) via

multiple linear regression, and determine the relative weights for each phthalate/replacement
biomarker that indicate the contribution of each biomarker to the joint association. We
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generated results without bootstrapping to obtain the partial negative associations (i.e.,
scaled sum of negative biomarker weights) and partial positive associations (i.e., scaled sum
of positive biomarker weights). As we transformed all phthalate/replacement biomarker
concentrations into deciles, the resulting p-estimates and 95% Cls are interpreted as

the change in GWG z-scores if concentrations of all phthalate/replacement biomarkers
simultaneously changed by 10%. However, to make these results comparable to those from
single-pollutant models, we multiplied the B-estimates and 95% Cls by 5.0 to represent

the change in GWG z-scores for each IQR change in the mixture. The most prominent
contributors to mixture associations were determined by the strength of the relative weights.

One limitation of QGComp is that it assumes that all chemicals included in the mixture
originate from a single source of exposure and, hence, it does not allow exposures to vary
independently. For this reason, we chose to additionally evaluate associations of phthalates/
replacement biomarkers as a mixture with GWG z-scores using WQSR, as these chemicals
have distinct sources and may have different mechanisms of action. We specified WQSR
models with the repeated holdout approach, which improves the stability of results by
combining cross-validation and bootstrap resampling to implement WQSR in an iterative
fashion (Carrico et al., 2015; Tanner et al., 2019). Briefly, WQSR is a supervised mixture
method that creates a unidirectional mixture index by transforming exposures into quantiles,
and then evaluates the cumulative association of the mixture index with the outcome via
multiple linear regression (Carrico et al., 2015; Czarnota et al., 2015). We included the same
10 phthalate/replacement biomarkers in the mixture index and converted concentrations into
deciles. GWG z-scores were not transformed. We generated a distribution of results using
100 iterations (repeated holdouts), each with 100 bootstrap replications. Within each of

the 100 iterations, data were randomly split 40/60% into training and validation datasets,
respectively. WQSR weighs the relative variable importance of each individual mixture
component, which can be used to determine the largest contributors to the cumulative
association (Carrico et al., 2015; Czarnota et al., 2015). Biomarkers with mean weights
above 0.10 (1/10 biomarkers included in the mixture) were identified as the largest
contributors. Because WQSR models are specified to evaluate associations between all
mixture components and the outcome in one direction at a time, the models assume all
components are associated with the outcome in the same direction, and all component
weights are non-negative and sum to one. Therefore, we explored WQSR models separately
in the negative and positive directions.

Then, using findings from single-pollutant and total WQSR models, we determined which
phthalate/replacement biomarkers tended to be positively and negatively associated with
GWG z-scores. WQSR assumes that all biomarkers in the mixture are associated with

the outcome in the same direction — a rather strong assumption not supported by our
findings. Therefore, after identifying the biomarkers that were positively associated with
GWG z-scores, we multiplied their concentrations by (=1.0), thus reversing the order of
their quantiles. Next, all 10 phthalate/replacement biomarkers were included in our mixture
index using the updated scoring scheme, and we evaluated WQSR models in the negative
direction using the same settings as described previously. From the 100 repeated holdout
samples, we obtained the mean cumulative association of phthalate/replacement biomarker
concentrations with GWG z-scores, as well as weights for each biomarker in the mixture
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that indicate its relative importance as a mixture component. The resulting p-estimate and
95% Cls (which we also multiplied by 5.0) can be interpreted as the change in GWG
z-scores (not-transformed) if concentrations of all negative biomarkers increased by one
IQR and those of all positive biomarker concentrations simultaneously decreased by one
IQR. Phthalate/replacement biomarker weights were renormalized, so that the weights of all
the positive biomarkers (i.e., partial positive association) and the weights all the negative
biomarkers (i.e. partial negative association) separately summed to 1.0.

2.5.3. Secondary analyses—We performed several secondary analyses to evaluate
fetal sex-specific associations. First, we conducted linear regression analyses to

evaluate single-pollutant associations of In-transformed phthalate/replacement biomarker
concentrations with GWG z-scores stratified by fetal sex. GWG z-scores were
operationalized as discussed in section 2.5.1. To obtain fetal sex-specific p-estimates

and 95% Cls, we included a multiplicative interaction between the phthalate/replacement
biomarker and fetal sex. We reported all results regardless of the significance of the
interaction P-value (Ajiomarkerrsex) @nd compared the direction, strength, and precision of
associations to identify meaningful differences by fetal sex. Second, we evaluated fetal sex-
specific associations of the phthalate/replacement biomarker mixture with GWG z-scores by
specifying separate QGComp and WQSR maodels for women carrying females and males as
we described previously.

When evaluating associations between risk factors and GWG, it is recommended that studies
include pre-pregnancy BMI as an effect modifier (Hutcheon and Bodnar, 2018). Therefore,
as an additional sensitivity analysis, we first evaluated single-pollutant associations of
phthalate/replacement biomarkers with GWG z-scores by pre-pregnancy BMI. To obtain
the pre-pregnancy BMI-specific B-estimates and 95% Cls in linear regression analyses,

we included a multiplicative interaction between the phthalate/replacement biomarker and
pre-pregnancy BMI. Second, because we hypothesized that associations between phthalate/
replacement biomarkers with GWG z-scores are fetal sex-specific, we also conducted linear
regression analyses including a multiplicative three-way interaction (and all relevant two-
way interactions) between the phthalate/replacement biomarker, pre-pregnancy BMI, and
fetal sex. As discussed earlier, we reported all results regardless of the significance of the
interaction P-value (Piny).

We performed linear regression analyses in SAS version 9.4 (SAS Institute Inc, Cary, NC)
using PROC GLM. We performed QGComp and WQSR analyses in R Statistical Software
(v4.1.1; R Core Team 2021) using R packages “gqgcomp: Quantile G-Computation” (Keil,
2022) and “gWQS: Generalized Weighted Quantile Sum Regression” (Ranzetti, 2021)
respectively. Rather than focusing on statistical significance, we focused on patterns
(direction and magnitude) and precision of observed associations based on recommendations
from the American Statistical Association and others (Amrhein et al., 2019; Wasserstein and
Lazar, 2016). Thus, in addition to results where the upper and lower limits do not cross

the null (zero), we also considered results as potentially meaningful if either the upper or
lower confidence limit crossed, but were close to the null, and if the confidence interval

was narrow relative to other estimates. For our mixtures findings, our overall conclusions for
notable phthalate/replacement biomarker contributors were based on identifying consistent
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findings from both QGComp and WQSR, at least in the qualitative sense. Additionally,
B-estimates and 95% Cls for a z-score difference in GWG can be converted (considering the
gestational age at late pregnancy weight and pre-pregnancy BMI) to represent a difference
in kg (Hutcheon and Bodnar, 2018). As a reference, a 0.2 z-score difference in weight gain
through 38 weeks gestation can be interpreted approximately as a 0.82 kg difference for
underweight, 0.84 difference for normal weight, 1.09 kg difference for overweight, 1.18 kg
difference for obese class 1, 1.28 kg difference for obese class I, and 1.44 kg difference for
obese class Il pre-pregnancy BMI.

3. RESULTS

3.1. Characteristics of the I-KIDS population

Women had a median age of 31 years (Table 1). Most women were non-Hispanic white
(82%), college-educated (83%), nulliparous (53%), and had annual household incomes >
$60,000 (73%). Most women did not smoke (95%) or consume alcohol (58%) in the first
trimester, around half had overweight or obesity before pregnancy (48%), and median
AHEI-2010 was 55.9 (range: 28.1 — 80.2). Around two thirds of women reported having low
perceived stress, whereas the rest reported having moderate or high perceived stress in the
first trimester. Median GWG through median 38 weeks gestation was 15.0 kg (range: —10.9
—-38.1).

3.2. Urinary phthalate/replacement metabolite biomarker concentrations in I-KIDS

The distribution of urinary phthalate/replacement biomarker concentrations are presented in
Table 2. Greater than 96% of women had detectable concentrations of at least one phthalate
metabolite per parent compound (including DEHTP), and > 90% of women had detectable
concentrations of at least one DiINCH metabolite biomarker. As we have shown previously,
most phthalate/replacement biomarkers were weakly-to-moderately correlated with each
other (r< 0.4), though we did observe strong correlations between ZDiNP and MCPP (r>
0.8) (Pacyga et al., 2022). Additionally, as reported previously, median uncorrected urinary
phthalate/DiNCH biomarker concentrations in 1-KIDS were similar to those of same age
women from the National Health and Nutrition Examination Survey (NHANES) during a
similar time period (Pacyga et al., 2022). However, DEHTP metabolite concentrations in
I-KIDS were 1.5 to 3 times higher than those from NHANES (Pacyga et al., 2022).

3.3. Associations of individual phthalate/replacement biomarkers with GWG z-scores

In single-pollutant linear regression models, ZDEHP and ZDEHTP were inversely
associated with GWG z-scores (Table 3). For example, IQR increases in XDEHP and
ZDEHTP were associated with —0.16 (95% CI: —0.29, —0.03) and —0.20 (95% CI: —0.38,
-0.02) lower GWG z-scores, respectively. MCPP and ZDiNCH were also meaningfully
associated with GWG z-scores, where IQR increases in MCPP and XDiNCH were
associated with —0.09 (95% CI: —0.21, 0.03) and —0.11 (95% CI: -0.22, 0.01) lower GWG
z-scores, respectively. These results persisted in sensitivity analyses excluding the four
women with GWG < 0 (Supplemental Table 1). We also observed suggestive differences

in associations between some phthalate/replacement biomarkers and GWG z-scores by pre-
preghancy BMI (Supplemental Table 2). However, when additionally evaluating differences
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by pre-pregnancy BMI and fetal sex, no definitive patterns emerged and results were notably
less precise (Supplemental Table 3).

3.4. Associations of phthalate/replacement biomarker mixture with GWG z-scores

When using QGComp to evaluate the joint association of the phthalate/replacement
biomarker mixture with GWG z-scores, we observed that simultaneous IQR increases in
all biomarker concentrations in the mixture were marginally associated with lower GWG
z-scores (P: —0.29; 95% CI: -0.70, 0.12) (Figure 1a and Supplemental Table 4), as the
partial negative (f: —1.02) and positive (B: 0.73) associations were similar in strength.

The largest phthalate/replacement biomarker contributors to partial negative associations
were ZDEHP (28%), ZDEHTP (23%), and MCPP (18%), whereas the largest biomarker
contributors to partial positive associations were ZDiNP (64%) and MBzP (36%) (Table 4).

Results evaluating associations of all 10 phthalate/replacements as a cumulative mixture
with GWG z-scores in all women using standard WQSR models are presented in
Supplemental Tables 4 and 5. When evaluating mixture effects via WQSR using the (partial)
reverse scoring approach, so that all biomarkers are associated with the outcome in the
same direction, we observed that the full mixture was associated with GWG z-scores (B:
-0.90; 95% CI: -1.60, —0.20). Decomposing this overall association into contributions from
originally negative and positive mixture components, we observed that IQR increases in the
negative phthalate/replacement biomarkers were associated with 0.56 (95% CI: 0.14, 1.00)
reductions in GWG z-scores (Figure 1a), with the largest contributors being ZDEHP (25%),
ZDEHTP (19%), and MCPP (18%) (Table 4). Correspondingly, IQR increases in positive
biomarkers were associated with 0.35 (95% CI: 0.08, 0.62) increases in GWG z-scores
(Figure 1a), with the largest contributors being ZDiNP (50%) and MBzP (43%) (Table 4).

3.5. Fetal sex-specific associations of phthalate/replacement biomarkers with GWG z-

scores

When evaluating associations using individual phthalate/replacement biomarkers, the inverse
associations of ZDINCH and ZDEHTP with GWG z-scores observed in all women appeared
to be more robust in women carrying males, whereas inverse associations in women carrying
females were modest (Table 3). However, inverse associations of ZDEHP with GWG z-
scores in all women were driven by women carrying females (p: —0.35, 95% CI: —0.53,
-0.18), with no association observed in those carrying males (f: 0.04, 95% ClI: —0.14, 0.22).
Additionally, we identified a positive association between ZDiNP and GWG z-scores in
women carrying males (B: 0.25, 95% ClI: 0.02, 0.49), with no association observed in those
carrying females (B: —0.08, 95% CI: -0.25, 0.09).

Using QGComp, we observed that the phthalate/replacement biomarker mixture was
marginally associated with lower GWG z-scores in women carrying females (B: —0.54;
95% CI; —1.09, 0.03) (Figure 1c), but not associated with GWG z-scores in women carrying
males (B: 0.00; 95% CI: —-0.60, 0.59) (Figure 1b). In women carrying females, XDEHP
(55%) was identified as the largest biomarker contributor to the partial negative association
(Table 4). However, in women carrying males, the magnitude of the partial negative (f:
-1.14) and partial positive (B: 1.14) associations were equal in strength, resulting in no
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overall joint association of the mixture with GWG z-scores in this sub-sample (Figure 1b
and Supplemental Table 4). In women carrying males, ZDBP (30%) and ZDEHTP (29%)
were the largest contributors to partial negative associations, while ZDiNP (52%) and MBzP
(39%) were the largest contributors to partial positive associations (Table 4).

Results evaluating associations of all 10 phthalate/replacements as a cumulative mixture
with GWG z-scores separately in women carrying males and females using standard WQSR
models are presented in Supplemental Tables 4 and 5. When evaluating associations of the
phthalate/replacement biomarker mixture with GWG z-scores using WQSR with the reverse
scoring method, we observed that the biomarker mixture was associated with GWG z-scores
both in women carrying males and females, but the association was much more robust in
women carrying males (B: —1.30; 95% CI: —2.15, —0.50) than in those carrying females (f:
-0.70; 95% CI: —1.55, 0.20) (Figure 1b,c and Supplemental Table 4). With regards to the
partial negative associations stratified by fetal sex, we observed that IQR increases in the
negative biomarkers were associated with GWG z-scores decreases of 0.63 (95% Cl: 0.23,
1.02) and 0.44 (95% CI: -0.12, 1.00) in women carrying males and females, respectively.

In women carrying males, the strongest phthalate/replacement biomarker contributors to
associations in the negative direction were ZDBP (39%) and ZDEHTP (26%), whereas in
women carrying females, the strongest contributors were XDEHP (37%) and MEP (18%)
(Table 4). When evaluating partial positive associations by fetal sex, we observed that IQR
increases in positive biomarkers were associated with 0.69 (95% ClI: 0.25, 1.12) higher
GWG z-scores in women carrying males (Figure 1b), with ZDiNP (36%) and MBzP (25%)
identified as the strongest contributors to this association (Table 4). In women carrying
females, IQR increases in positive biomarkers were weakly associated with 0.26 (95% CI:
-0.07, 0.58) higher GWG z-scores (Figure 1c), with ZDBP (34%) was identified as the
strongest contributor to this association (Table 4).

4. DISCUSSION

4.1.

We observed that urinary biomarker concentrations of phthalate plasticizers and their
replacements were associated with GWG z-scores, which was generally consistent between
single-pollutant and mixture modeling approaches, as well as between QGComp and
WQSR. In secondary single- and multi-pollutant analyses, we observed that some
associations of phthalates/replacement biomarkers with GWG z-scores were fetal-sex-
specific, a finding which has not been reported previously. While consistent marginal
inverse associations were observed in women carrying females, in those carrying males,
we observed equal associations in both the negative and positive directions. These results
contribute to the growing evidence that exposure to phthalates may impact GWG in pregnant
women and provide novel information about the potential for widely used plasticizer
replacements, DINCH and DEHTP, to impact GWG.

Individual phthalate/replacement biomarkers are associated with GWG z-scores

Contrary to our hypothesis, in our study, select phthalate biomarkers (XDEHP and
MCPP) and biomarkers of replacements (XDiNCH and ZDEHTP) were generally inversely
associated with GWG z-scores, and for some of these biomarkers, associations were

Sci Total Environ. Author manuscript; available in PMC 2024 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pacyga et al.

Page 13

either more prominent in women carrying females (for ZDEHP) or males (for ZDiNCH

and ZDEHTP). Interestingly, a positive association emerged for ZDiNP with GWG z-
scores in women carrying males. It is important to view GWG as a complex phenotype,
with contributions from the fetus, placenta, amniotic fluid, maternal fluid (i.e., blood,
extracellular fluid), protein and fat storage, as well as uterine and breast tissues (Warrington
et al., 2018). Our findings in women carrying females support the idea that some phthalates
may target biological pathways that prevent weight gain in one or more of these storage
depots (Rasmussen and Yaktine, 2009). In pregnancy, exposures to certain phthalates

are associated with altered metabolic processes required for appropriate GWG, such as
glucose and lipid homeostasis (Gaston et al., 2020; Muscogiuri et al., 2017). Specifically, in
experimental models, phthalates have been shown to interact with peroxisome proliferator-
activated receptor gamma, liver X receptors, and retinoid X receptors, which are important
regulators of glucose and lipid homeostasis (Veiga-Lopez et al., 2018). These metabolic
processes are regulated by sex-steroid hormones (such as estrogen and progesterone) and
cytokines/adipokines produced by the maternal-fetal-placental unit (Rasmussen and Yaktine,
2009), which are also potential biological targets of phthalates/replacements (Gao et al.,
2022; Pacyga et al., 2021; Qian et al., 2020; Strakovsky and Schantz, 2018a; Strakovsky and
Schantz, 2018b; Wang et al., 2020; Welch et al., 2021). For example, phthalates have been
shown to interfere with the regulation of the hypothalamic-pituitary-gonadal (HPG) axis by
interacting with steroidogenic enzymes and by modulating the activity of hormone receptors
(e.g. estrogen receptor, androgen receptor) (Hlisnikova et al., 2020). The hormone-mediated
role of the placenta in GWG and the known sex differences in the placental response

to phthalates may also explain our fetal sex-specific findings (Strakovsky and Schantz,
2018a; Strakovsky and Schantz, 2018b), although further studies are needed to elucidate the
biological basis for these observations.

Nevertheless, appropriate GWG is critical for maternal health and fetal development
(Rasmussen and Yaktine, 2009), and both insufficient and excessive GWG may have adverse
implications for maternal and offspring health. For example, women with insufficient GWG
may be more likely to experience postpartum depression (Zanardo et al., 2021), whereas
those with excessive GWG are at higher risk of postpartum weight retention that could

lead to cardiometabolic disease later in life (Haggerty et al., 2021). Babies of mothers with
insufficient GWG have higher odds of being born pre-term and small-for-gestational age,
whereas those of mothers with excessive total GWG have higher odds of macrosomia or
being born large-for-gestational age (Goldstein et al., 2018). Importantly, these early birth
phenotypes have been linked with the later development of respiratory problems, cognitive
and/or behavioral deficits, and cardiometabolic disease in children (Gallacher et al., 2016;
Hack et al., 1995; Palatianou et al., 2014; Torniainen et al., 2013). Additionally, GWG has
also been shown to be associated with these same adverse childhood outcomes. Specifically,
one study showed that compared to a GWG z-score of 0.0, a GWG z-score of +0.5 was
associated with 2.2 (95% ClI: 0.7, 3.7) excess cases of childhood overweight or obesity per
100 pregnancies (Bodnar et al., 2021). Another study found that compared to GWG z-scores
between —1.0 and +1.0, children of women who had a GWG z-score over +1.0 spent 15.0
seconds (95% CI: 1.8, 28.0) longer completing a task measuring executive performance,
suggesting that higher GWG is associated with poorer executive function performance in
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children (Pugh et al., 2015). Phthalates are also sex-specifically associated with many of
these same short- and long-term infant and child health outcomes (Qian et al., 2020),

so it is possible that associations of certain phthalates with GWG could partially explain
relationships of phthalates with child and maternal health, and this should be explored
further.

The current literature evaluating associations of individual phthalates with GWG is mixed,
but also limited with regards to phthalate replacements and evaluating differences by fetal
sex. Consistent with our findings, one study from the Netherlands evaluated GWG through
late pregnancy and reported that associations of mid-pregnancy MCPP with GWG trended
in the negative direction (Philips et al., 2020). However, most other studies evaluated

total GWG using the IOM categories or trimester-specific GWG and quantified phthalate
metabolite biomarkers from individual spot urines collected in early, mid, and/or late
pregnancy, which limits direct comparisons to our study. Of the studies evaluating total
GWG, two (from Anhui Province in China and Salinas Valley, California in the U.S.)
observed that higher urinary metabolite concentrations of DEHP, DBP, and DEP in early/mid
pregnancy were associated with higher total GWG and higher odds of excessive GWG
(Gao et al., 2021; Zukin et al., 2021). Additionally, in pregnant women from Boston, mean
urinary MEP concentrations were associated with higher odds of excessive total GWG,
although this relation was non-monotonic (James-Todd et al., 2016). Conversely, in the
previously discussed Netherlands cohort, higher early/mid gestation urinary low molecular
weight phthalate biomarkers were associated with higher odds of insufficient total GWG
(Philips et al., 2020), while in women from Hubei Province in China, MEP concentrations
were lower among women with inadequate compared to adequate total GWG (Li et al.,
2019b). Inconsistent findings among observational studies could also relate to covariates
accounted for in statistical models and study population characteristics. For example, both
our study and the Netherlands study adjusted for maternal diet, but this was not accounted
for by other studies. Additionally, the majority of our women are non-Hispanic white,

of higher socioeconomic status (SES), and almost half had overweight or obesity before
pregnancy, which may also explain differences in findings from cohorts in China (where
the majority of women were normal weight before pregnancy) and California (where most
women were migrants from Mexico with lower SES). The experimental evidence related
to maternal body weight gain is also mixed. For example, studies evaluating the effects of
prenatal DEP exposure observed decreasing, increasing, and no effects on maternal body
weight in response to DEP (Weaver et al., 2020). Another study observed that compared
to controls, FO generation dams exposed to DEHP (pre-conception to weaning), DiNP
(mating to weaning, pre-conception to weaning), or DBP (pre-conception to weaning)
gained more weight (Neier et al., 2019). Further research can assist in identifying what
may be contributing to these conflicting findings within and between observational and
experimental studies.

Phthalate/replacement biomarkers as a cumulative mixture are associated with GWG
z-scores

Given that pregnant women are likely exposed to numerous phthalates/replacements,
evaluating these chemicals as a cumulative mixture is important for understanding the
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aggregate association of many phthalates/replacement with pregnancy and fetal health
(Braun et al., 2016). For the current study, we compared results from two widely used
statistical mixtures methods, QGComp and WQSR (Czarnota et al., 2015; Keil et al., 2020).
To make our findings more comparable to those from QGComp, while simultaneously
satisfying the WQSR assumption that all mixture components are associated with the
outcome in the same direction, we utilized a (partial) reverse scoring approach for

WQSR. Although the two approaches have distinct purposes and properties, we generally
observed very consistent findings across the two methods — most notably, there was

almost perfect agreement regarding the ordering and direction of the contribution of

key phthalate/replacement biomarkers to joint mixture associations. Specifically, in all
women, we observed that the partial negative and positive associations were similar in
magnitude, with the overall biomarker mixture only marginally inversely associated with
GWG z-scores through late pregnancy. ZDEHP, ZDEHTP, and MCPP were identified as

the largest contributors to inverse associations and ZDiNP and MBzP identified as the most
prominent contributors to positive associations. When stratifying by fetal sex, we observed
marginal inverse associations in women carrying females, a result that was largely driven by
~DEHP. However, in women carrying males, we observed equal partial positive (driven by
2DiNP) and negative (driven by ZDEHTP) associations, which resulted in a negated joint
association between the mixture and GWG z-scores in this sub-sample. Our results suggest
that women carrying males — more so than those carrying females — may be equally sensitive
to chemicals that have opposing effects on GWG. Phthalates/replacements mainly exert their
effects on the endocrine system by binding to hormone receptors, such as estrogen receptors
alpha and beta that can be found and expressed in different quantities in multiple cell types,
which could partially explain different and potentially opposing responses to endocrine
disruption (Paterni et al., 2014; Vandenberg et al., 2012). However, additional studies are
needed to corroborate these fetal sex-specific mixture findings, as well as to understand
what could explain these opposing chemical effects at the physiological level, especially in
women carrying males.

Our mixture results in all women are somewhat consistent with those of the Netherlands
cohort observing modest inverse associations of urinary phthalic acid (a proxy for total
phthalate exposure) with GWG through late pregnancy (Philips et al., 2020). Conversely,
using a different method to estimate exposure, the cohort from Anhui Province calculated
a hazard index by summing estimated intakes of DBP, BBzP, and DEHP and observed the
cumulative index was positively associated with total GWG and odds of excessive total
GWG (Gao et al., 2021). Additionally, using BKMR, a study of pregnant women attending
a fertility clinic in Boston identified that first trimester DEHP metabolites, MiBP, and
propyl paraben contributed most to positive associations between a cumulative mixture of
multiple non-persistent chemical classes and total GWG, with DEHP metabolites being the
largest contributors (Tyagi et al., 2021). Lastly, the sum of phthalate metabolite biomarkers
categorized as anti-androgenic was not associated with total GWG in the Boston women
(James-Todd et al., 2016).

As discussed earlier, differences in study characteristics may explain discrepancies between
our findings and those from other studies. However, each study, including ours, used
different statistical approaches and different proxies of cumulative phthalate exposure or
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included additional classes of non-persistent chemicals in the mixture, which could also
explain inconsistencies across studies. Each statistical mixtures method has its own unique
limitations, but also strengths. While a limitation of WQSR is that this method assumes
that all chemicals in the mixture are associated with the outcome in the same direction,

this method is quite appropriate for estimating the cumulative impact of chemicals from
distinct exposure sources (i.e., phthalates/replacements) and identifying the most prominent
chemical contributors to this association (Czarnota et al., 2015). In contrast, QGComp

is best suited for chemicals from a common exposure source, as it assumes that all
exposures are changing in the same direction, not independently; on the other hand, it is
able to simultaneously consider chemicals that are associated with the outcome of interest
in different directions (Keil et al., 2020). Overall, currently available statistical mixtures
approaches have been developed to address a variety of questions that may arise in the field
of environmental epidemiology. In the case of associations between phthalates/replacement
and GWG, future studies can consider evaluating these relations using the above mentioned
and other statistical mixtures methods, including BKMR, which is a robust approach when
associations between the chemical mixture and outcome of interest are complex (i.e.,
interaction, non-linearity) (Bobb et al., 2015).

4.3. Limitations and Strengths

This study has some limitations, but also several strengths. First, we were unable to
calculate total GWG, which limits our ability to compare our results to previous studies
that considered total GWG or IOM clinical cut-offs. However, we used a previously
validated method to calculate GWG z-scores that are standardized by pre-pregnancy BMI
and gestational age at late pregnancy weight (Santos et al., 2018), which provides a valid
assessment of gestational age- and BMI-specific GWG compared to raw measures alone
when total GWG is not available. Second, our choice of using an international GWG
reference chart to calculate GWG z-scores may have influenced our observed findings.
However, we validated our findings by calculating GWG z-scores using a reference

chart developed from a sample of Pittsburgh pregnant women (Hutcheon et al., 2013;
Hutcheon et al., 2015), and observed very consistent associations of phthalate/replacement
biomarkers with GWG z-scores regardless of the chosen reference chart (data not shown).
Third, there are some limitations to using a pooled urine sample to quantify phthalates/
replacement metabolite concentrations. We were unable to consider differences by the
timing of exposure, which has been demonstrated in other studies (Gao et al., 2021;

Philips et al., 2020; Tyagi et al., 2021). Also, we may have lost some temporality for
evaluating associations of phthalates/replacements with GWG since our first urine sample
was collected towards the end of the first trimester. However, given the non-persistent
nature of phthalates/replacements in the body and relatively high within person variability
in biomarker concentrations across pregnancy (Shin et al., 2019), pools of up to five

first morning urine samples improved the stability of our exposure measure and better
approximated total pregnancy exposure to phthalates/replacements compared to a single first
morning sample. Fourth, given that I-KIDS is still ongoing, it will take some time to obtain
information about the number of women in the analytic sample who developed preeclampsia
and gestational diabetes, which could influence observed associations. However, we expect
very few cases of pre-eclampsia and gestational diabetes since most women enrolled in
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I-KIDS did not have major preexisting conditions. Fifth, an important strength is that we
evaluated phthalates/replacement biomarkers individually and in a cumulative mixture using
both WQSR and QGComp — the latter two allowed us to estimate joint associations of
multiple phthalates/replacement biomarkers with GWG z-scores and identify the relative
biomarker contributors to these associations. Sixth, while we evaluated many individual-
level maternal sociodemographic, lifestyle, and health factors, our results are subject to
residual confounding. For example, we did not collect information pertaining to physical
activity or sleep quantity/quality before or during pregnancy, which may be important
determinants of GWG (Abeysena and Jayawardana, 2011) and urinary phthalate biomarker
concentrations (Hatcher et al., 2020; Reeves et al., 2019). There may also be concerns
related to co-pollutant confounding. However, we conducted sensitivity analyses limiting our
mixture to only include chemicals that crossed the threshold or only include chemicals with
positive or negative B-estimates in single pollutant models and observed that all cumulative
mixture associations with GWG z-scores remained consistent to what we reported (data
not shown). Seventh, studies evaluating GWG typically consider pre-pregnancy BMI as

an effect modifier (Hutcheon and Bodnar, 2018), which was not a primary goal of our

study because one of our objectives was to focus on fetal sex-specific associations, and

we were therefore underpowered to examine associations stratified by fetal sex and pre-
pregnancy BMI. However, this is the first study (to our knowledge) to propose and show
fetal sex as an important moderator that should be considered in future studies. Lastly, most
I-KIDS participants are hon-Hispanic white women of relatively high SES, which limits

the generalizability of our findings to other populations. However, urinary concentrations of
most phthalate and replacement metabolites were similar to those of same age women in the
U.S. at similar time periods indicating that exposure in I-KIDS women is consistent with
exposure in U.S. women.

5. CONCLUSION

In our relatively high-SES sample of U.S. pregnant women from the Midwest, a mixture

of phthalates that included plasticizer replacements DiINCH and DEHTP was marginally
associated with lower GWG through late pregnancy. However, our fetal sex-specific findings
suggest that women carrying males may be more sensitive to phthalates that may be
associated with GWG in opposing directions than those carrying females. Additionally,
DEHTP was an important contributor to mixture associations with GWG, which, along with
our studies showing that DEHTP is increasing in our sample (Pacyga et al., 2022) and is
associated with maternal hormonal disruption (Pacyga et al., 2021), highlights a potential
concern for regrettable chemical substitution. Therefore, further research related to this
plasticizer replacement is needed in pregnant populations with particular consideration for
fetal sex. Finally, experimental animal studies may help elucidate the biological mechanisms
underlying the interaction of phthalates/replacement, fetal sex, and GWG.
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Abbreviations:

AHEI-2010 Alternative Healthy Eating Index

BBzP benzylbutyl phthalate

BKMR Bayesian Kernel Machine Regression

BMI body mass index

CDC Centers for Disease Control and Prevention
Cl confidence interval

DAG directed acyclic graph

DEHP di(2-ethylhexyl) phthalate

DEHTP di(2-ethylhexyl) terephthalate

DEP diethyl phthalate

DINCH cyclohexane-1,2-dicarboxylic acid diisononyl ester
FFQ Food Frequency Questionnaire

GWG gestational weight gain

GWGz gestational weight gain z-scores

I-KIDS llinois Kids Development Study

IOM Institute of Medicine

IQR interquartile range

MBP monobutyl phthalate

MBzP monobenzyl phthalate

MCNP monocarboxynonyl phthalate

MCOCH cyclohexane-1,2-dicarboxylic acid-mono(carboxyoctyl) ester
MCOP monocarboxyoctyl phthalate

MCPP mono-(3-carboxypropyl) phthalate
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MECPP
MECPTP
MEHP
MEHHP
MEHHTP
MEOHP
MEP
MHBP
MHiBP
MHINCH
MiBP
MiNP
MONP
NHANES
SES
2DBP
ZDEHP
ZDEHTP
ZDiBP
2DiNCH
ZDiNP
us
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mono(2-ethyl-5-carboxypentyl) phthalate
mono(2-ethyl-5-carboxypentyl) terephthalate
mono(2-ethylhexyl) phthalate
mono(2-ethyl-5-hydroxyhexyl) phthalate
mono(2-ethyl-5-hydroxyhexyl) terephthalate
mono(2-ethyl-5-oxohexyl) phthalate

monoethyl phthalate
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Fig. 1.
Joint associations of phthalate/replacement biomarkers with GWG z-scores in a) all women,

b) women carrying males, and ¢) women carrying females. QGComp models and WQSR
models using partial reverse scoring approach accounted for race/ethnicity, educational
attainment, annual household income, smoking in the 15t trimester, pre-pregnancy BMI,

and maternal diet quality. Data are presented as the change (square for QGComp, circle

for WQSR models) and 95% CI (vertical black lines) in GWG z-scores for an IQR

change in the mixture. Separate models were specified for all women (n = 299), women
carrying males (n = 148), and women carrying females (n = 151). QGComppeg, scaled
effect size in the negative direction; QGComppgs, scaled effect size in the positive direction;
QGCOoMPpeg+pos; joint association as the sum of QGComMppeg and QGComppos. WQSpeq and
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WQSpes, sum of negative and positive weights, respectively, calculated after renormalizing
positive and negative weights to 1.0; WQSyeg+pos, joint association as the sum of WQSpegq
and WQSpos. GWG, gestational weight gain; QGComp, quantile g-computation; WQSR,
weighted quantile sum regression.
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Characteristics of the study sample (n=303).

Table 1.

Category

n (%) or median (Min - max)

Age, years

31.0 (18.0 - 40.0)

‘ZRacdethnicity

Non-Hispanic white (ref) 247 (81.5)
Zothers 56 (18.5)
1 Educational attainment
Some college or less 52 (17.2)
College grad or higher (ref) 251 (82.8)
lAnnuaJ household income
< $60,000 82 (27.2)
$60,000 - $99,999 113 (37.5)
>$100,000 106 (35.2)
Parity
0 children 161 (53.2)
1 child 94 (31.0)
> 2 children 48 (15.8)
JSmoking in thefirst trimester
No (ref) 288 (95.1)
Yes 15 (4.9)
Alcohol intakein thefirst trimester
None 176 (58.1)
Any alcohol consumed 127 (41.9)
1 Pre-pregnancy BMI
Under-/normal weight (< 25 kg/m?) 158 (52.2)
Overweight (25 - 29.9 kg/m?) 78 (25.7)
Obese (= 30 kg/m?) 67 (22.1)
Perceived stressin thefirst trimester
Low stress (0-13 pts) 188 (62.7)
Moderate stress (14-26 pts) 106 (35.3)
High stress (27-40 pts) 6 (2.0)
Fetal sex
Female 153 (50.5)
Male 150 (49.5)
Birth weight (grams)
Females 3360.8 (2353.0, 4507.6)
Males 3611.7 (2588.3, 4394.2)
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Category n (%) or median (min - max)
AHEI-2010 55.9 (28.1-80.2)

GWG through late pregnancy (kg)

15.0 (-10.9 - 38.1)

GWG through late pregnancy (z-scor es)

05(-3.0-4.1)

Gestational age at pre-delivery weight report (weeks)

38.9 (28.9 - 41.9)

1 L i .
Included in final statistical models as covariates.
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Includes Hispanic, Black, Asian, American Indian, Multiracial, Other. Percentages may not add up to 100% due to missing. Subset sample (n
missing): annual household income, GWG z-scores, gestational age at late pregnancy weight (2 missing); perceived stress (3 missing). AHEI-2010,
Alternative Healthy Eating Index 2010 scored out of 110; GWG, gestational weight gain.
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Table 2.

Distribution of maternal urinary specific gravity-adjusted phthalate/replacement biomarker concentrations (n =
303).

Parent Biomarker detecgable 25”Enpg<7rn<1:ir;tile 50”(‘npglern?ﬁr;tile 75‘*Enpg?'n?ﬁn)tile
Di-isodecyl phthalate, DiDP MCNP™* 100.0 1.33 1.81 2.58
SDINP -- 4.94 7.96 15.11
Diisononyl phihalate, DINP MCOP 100.0 447 7.09 13.65
MiNP 314 0.4 0.62 1.09
MONP 100.0 171 2.64 4.63
TDEHP* - 14.75 19.71 29.89
MEHP 75.6 0.85 1.32 2.13
Di(2-ethylhexyl) phthalate, DEHP MEHHP 100.0 3.62 5.40 8.32
MEOHP 100.0 2.88 4.00 6.34
MECPP 100.0 6.08 8.32 12.64
Di-n-octyl phthalate, DOP MCPP ™ 96.0 0.86 1.30 1.90
Benzylbutyl phthalate, BBzP MBzP™* 99.3 2.54 5.16 10.00
sDBP* - 9.36 14.05 19.22
Di-n-butyl phthalate, DBP MBP 100.0 8.46 12.68 17.41
MHBP 90.1 0.75 1.22 1.87
™DiBP” - 7.86 11.56 19.59
Di-iso-butyl phthalate, DiBP MiBP 99.7 5.74 8.53 14.40
MHiBP 99.7 2.13 3.11 5.47
Diethyl phthalate, DEP MEP™ 100.0 14.12 27.47 47.79
IDINCH * -- 1.16 1.88 3.43
Diisononyl-cyclohexane-1,2-dicarboxylate, DiNCH MHiINCH 90.7 0.69 1.14 2.26
MCOCH 67.3 0.48 0.71 1.22
IDEHTP™ - 30.18 69.65 158.54
Di(2-ethylhexyl) terephthalate, DEHTP MEHHTP 100.0 3.84 8.16 20.11
MECPTP 100.0 25.69 58.88 135.53

All concentrations are presented in ng/mL. All metabolite concentrations were specific gravity-adjusted. Molar sums were converted back to ng/mL
by multiplying each molar sum by the molecular weight of a corresponding major metabolite as discussed in the statistical analysis section.

*

Indicates the biomarkers of interest for the current study. MBP, monobutyl phthalate; MBzP, monobenzyl phthalate; MCNP, monocarboxynonyl
phthalate; MCOCH, cyclohexane-1,2-dicarboxylic acid-mono(carboxyoctyl) ester; MCOP, monocarboxyoctyl phthalate; MCPP, mono-(3-
carboxypropyl) phthalate; MECPP, mono(2-ethyl-5-carboxypentyl) phthalate; MECPTP, mono(2-ethyl-5-carboxypentyl) terephthalate; MEHP,
mono(2-ethylhexyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; MEHHTP, mono(2-ethyl-5-hydroxyhexyl) terephthalate;
MEOHP, mono(2-ethyl-5-oxohexyl) phthalate; MEP, monoethyl phthalate; MHBP, mono-hydroxybutyl phthalate; MHiBP, mono-hydroxy-isobutyl
phthalate; MHINCH, cyclohexane-1,2-dicarboxylic acid-monohydroxy isononyl ester; MiBP, mono-isobutyl phthalate; MiNP, monoisononyl
phthalate; MONP, monooxononyl phthalate; ZDiNP, sum of di(isononyl) phthalate metabolites; ZDEHP, sum of di(2-ethylhexyl) phthalate
metabolites; ZDBP, sum of di-n-butyl phthalate metabolites; ZDiBP, sum of di-iso-butyl phthalate metabolites; ZDiNCH, sum of di(isononyl)
cyclohexane-1,2-dicarboxylate metabolites; ZDEHTP, sum of di(2-ethylhexyl) terephthalate metabolites.
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Single-pollutant associations of phthalate/replacement biomarkers with GWG z-scores.

Table 3.

All women Women carrying males | Women carrying females
(n=299) (n=148) (n=151)

Biomarker B (95% CI) B (95% ClI) B (95% CI) P biomarker*sex
MCNP 0.00 (-0.12, 0.13) 0.03 (-0.16, 0.23) 0.00 (-0.16, 0.17) 0.80
SDINP 0.01 (-0.13, 0.15) 0.25 (0.02, 0.49) -0.08 (=0.25, 0.09) 0.02
TDEHP | -0.16 (-0.29, —0.03) 0.04 (-0.14, 0.22) -0.35 (-0.53, -0.18) 0.002
MCPP -0.09 (-0.21, 0.03) -0.03 (-0.22, 0.17) -0.11 (-0.27, 0.05) 0.49
MBzP 0.09 (-0.06, 0.25) 0.15 (-0.08, 0.37) 0.03 (-0.18, 0.25) 0.46
TDBP -0.09 (-0.22, 0.05) -0.08 (-0.28, 0.11) -0.10 (-0.27, 0.07) 0.90
ZDiBP -0.03 (-0.16, 0.10) 0.01 (-0.20, 0.23) -0.05(-0.22, 0.12) 0.64

MEP -0.08 (-0.24, 0.07) 0.00 (-0.22, 0.22) -0.13 (-0.35, 0.09) 0.39
ZDIiNCH -0.11 (-0.22, 0.01) -0.17 (-0.35, 0.01) -0.04 (-0.19, 0.11) 0.27
IDEHTP | -0.20(-0.38,-0.02) | -0.26 (-0.50, -0.02) -0.12 (-0.37, 0.13) 0.43

Data are presented as the change (95% CI) in GWG z-scores for every IQR increase in phthalate/replacement biomarker concentration.

Models accounted for race/ethnicity, educational attainment, annual household income, smoking in the 18t trimester, pre-pregnancy BMI,
and maternal diet quality. To obtain fetal sex-specific estimates and the interaction P-value (Ppiomarker*sex), we additionally included a
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multiplicative interaction between phthalate/replacement biomarker and fetal sex. Cl, confidence interval; GWG, gestational weight gain; MCNP,
monocarboxynonyl phthalate; ZDiNP, sum of di(isononyl) phthalate metabolites; ZDEHP, sum of di(2-ethylhexyl) phthalate metabolites; MCPP,
mono-(3-carboxypropyl) phthalate; MBzP, monobenzyl phthalate; DBP, sum of di-n-butyl phthalate metabolites; ZDiBP, sum of di-iso-butyl
phthalate metabolites; MEP, monoethyl phthalate; ZDiNCH, sum of di(isononyl) cyclohexane-1,2-dicarboxylate metabolites; XDEHTP, sum of
di(2-ethylhexyl) terephthalate metabolites.
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Table 4.
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Relative weights from reverse scoring WQSR and QGComp models evaluating associations of the phthalate/
replacement mixture with GWG z-scores.

=DIBP (0.075)
~DBP (0.070)

TDEHP (0.073)

TDiNP (0.074)

All women Women carrying males Women carrying females
(n =299) (n=148) (n=151)
Negative Positive Negative Positive Negative Positive
Method Chemical (wt) Chemical (wt) Chemical (wt) Chemical (wt) Chemical (wt) Chemical (wt)
ZDEHP (0.284) | ZDiNP (0.639) ZDBP (0.304) ZDiNP (0.518) | ZDEHP (0.553) ZDIiNP (0.372)
IDEHTP (0.233) | MBzP (0.361) | DEHTP (0.292) | MBzP (0.386) | XDEHTP (0.122) MBzP (0.355)
MCPP (0.175) MCPP (0.151) ZDiBP (0.096) MEP (0.118) YDBP (0.273)
1 MCNP (0.117) MCNP (0.097) MCNP (0.076)
QGComp MEP (0.094) ZDiNCH (0.087) TDIBP (0.072)
ZDINCH (0.046) MEP (0.036) ZDiNCH (0.038)
2DiBP (0.032) ZDEHP (0.034) MCPP (0.022)
DBP (0.020)
ZIDEHP (0.250) | ZDiNP (0.500) ZDBP (0.383) ZDiNP (0.358) | ZIDEHP (0.372) ZDBP (0.342)
ZDEHTP (0.190) | MBzP (0.427) | ZDEHTP (0.255) | MBzP (0.249) MEP (0.177) MBzP (0.265)
WQSR Reverse MCPP (0.175) MCNP (0.073) MCPP (0.203) Y DiBP (0.136) Y DiBP (0.153) IDEHTP (0.199)
) 2 MEP (0.128) ZDiNCH (0.159) | MCNP (0.094) | IDiNCH (0.139) MCNP (0.194)
Scoring Method %DiNCH (0.113) MEP (0.092) MCPP (0.084)

Separate models were specified for all women (n = 299), women carrying males (n=148), and women carrying females (n=151). Bolded chemicals
are those that crossed the threshold (1/10 chemicals in the mixture).

'ZData are presented as the chemical (relative weight) from QGComp models.

2Data are presented as the chemical (relative weight) from negatively constrained WQSR models using the reverse scoring method where
chemicals that were positively associated with GWG z-scores (see positive column) were reverse coded; weights were renormalized to 1.0

within positive and negative columns. GWG, gestational weight gain; MCNP, monocarboxynony! phthalate; DiNP, sum of di(isononyl) phthalate
metabolites; ZDEHP, sum of di(2-ethylhexyl) phthalate metabolites; MCPP, mono-(3-carboxypropyl) phthalate; MBzP, monobenzyl phthalate;
2DBP, sum of di-n-butyl phthalate metabolites; ZDiBP, sum of di-iso-butyl phthalate metabolites; MEP, monoethyl phthalate; ZDiNCH, sum

of di(isononyl) cyclohexane-1,2-dicarboxylate metabolites; ZDEHTP, sum of di(2-ethylhexyl) terephthalate metabolites; QGComp, quantile
g-computation; WQSR, weighted quantile sum regression; Wt, weight.
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