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Abstract

Background/Objectives: Pregnant women are exposed to numerous endocrine disrupting 

chemicals (EDCs) that can affect hormonal pathways regulating pregnancy outcomes and 

fetal development. Thus, we evaluated overall and fetal sex-specific associations of phthalate/

replacement, paraben, and phenol biomarkers with sex-steroid and thyroid hormones.

Methods: Illinois women (n = 302) provided plasma for progesterone, estradiol, testosterone, 

free T4 (FT4), total T4 (TT4), and thyroid stimulating hormone (TSH) at median 17 weeks 

gestation. Women also provided up-to-five first-morning urine samples monthly across pregnancy 

(8–40 weeks), which we pooled to measure 19 phthalate/replacement metabolites (reflecting 

ten parent compounds), three parabens, and six phenols. We used linear regression to evaluate 

overall and fetal sex-specific associations of biomarkers with hormones, as well as weighted 

quantile sum and Bayesian kernel machine regression (BKMR) to assess cumulative associations, 

non-linearities, and chemical interactions.

Results: In women of relatively high socioeconomic status, several EDC biomarkers were 

associated with select hormones, without cumulative or non-linear associations with progesterone, 

FT4, or TT4. The biomarker mixture was negatively associated with estradiol (only at higher 

biomarker concentrations using BKMR), testosterone, and TSH, where each 10% mixture increase 

was associated with −5.65% (95% CI: −9.79, −1.28) lower testosterone and −0.09 μIU/mL (95% 

CI: −0.20, 0.00) lower TSH. Associations with progesterone, testosterone, and FT4 did not differ 

by fetal sex. However, in women carrying females, we identified an inverted u-shaped relationship 

of the mixture with estradiol. Additionally, in women carrying females, each 10% increase in 

the mixture was associated with 1.50% (95% CI: −0.15, 3.18) higher TT4, whereas in women 

carrying males, the mixture was associated with −1.77% (95% CI: −4.08, 0.58) lower TT4 and 

−0.18 μIU/mL (95% CI: −0.33, −0.03) lower TSH. We also identified select chemical interactions.

Conclusion: Some biomarkers were associated with early-to-mid pregnancy hormones. There 

were some sex-specific and non-linear associations. Future studies could consider how these 

findings relate to pregnancy/birth outcomes.

Keywords
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1. Introduction

Successful, healthy pregnancies require a multitude of coordinated physiological changes, 

including shifts in many hormones. Sex-steroid hormones, such as progesterone, estradiol, 

and testosterone, are derived from cholesterol, synthesized along the same biosynthetic 

pathways, and play various roles in healthy pregnancy, including maintaining pregnancy, 
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preventing uterine contractions, and increasing uterine blood supply (Hacker et al., 2010). 

Thyroid hormones, such as free T4 (FT4), total T4 (TT4), and thyroid stimulating hormone 

(TSH), also have roles in pregnancy and fetal development, with both hypothyroidism and 

hyperthyroidism linked to preterm delivery, pre-eclampsia, intrauterine growth restriction, 

and developmental disabilities (Silva et al., 2018). There is also sex-steroid and thyroid 

hormone crosstalk, with thyroid hormones influencing sex-steroid hormone synthesis, 

transport, and elimination and sex-steroid hormones influencing thyroid hormones through 

feedback loops (Duarte-Guterman et al., 2014; Ren and Zhu, 2022). As normal hormonal 

processes need to be intricately maintained during pregnancy, any factors that perturb 

gestational hormones could pose health concerns and should be identified.

Pregnant women are ubiquitously exposed to non-persistent endocrine disrupting chemicals 

(EDCs), with virtually all women having detectable concentrations of EDC biomarkers in 

their urine, despite rapid metabolism and excretion from the body (CDC, 2019; Woodruff et 

al., 2011). EDCs are found in many consumer products (CDC, 2019; Haggerty et al., 2021). 

For example, di-2-ethylhexyl phthalate (DEHP) is a plasticizer used in food processing 

and diethyl phthalate (DEP) is a scent stabilizer used in personal care products and 

cosmetics ( Guo and Kannan, 2013; Hauser and Calafat, 2005; National Research Council 

US Committee on the Health, 2008). Parabens, such as propylparaben, are predominately 

used as antimicrobials in personal care products and cosmetics (Guo and Kannan, 2013; Wei 

et al., 2021). Phenols are a broad chemical group used for many purposes. For example, 

bisphenols, such bisphenol A (BPA), are used in plastics, benzophenone-3 (BP-3) is used 

in UV blockers, and dichlorophenols, such as 2,4-dichlorophenol (2,4-DCP), are found in 

pesticides (Chen et al., 2016; Chen et al., 2023; Dodson et al., 2007; Mao et al., 2022; Sun 

et al., 2023; Vandenberg et al., 2007). Because of potential reproductive and developmental 

hazards of several EDCs, such as DEHP, replacements like di-2-ethylhexyl terephthalate 

(DEHTP) and di(isononyl) cyclohexane-1,2-dicarboxylate (DiNCH) were introduced (Silva 

et al., 2013; Silva et al., 2015; Silva et al., 2017; Zota et al., 2014). Likewise, bisphenol 

S (BPS) and F (BPF) were introduced as replacements for BPA (Ye et al., 2015). 

Unfortunately, consistent with the concept of regrettable substitution, recent studies have 

demonstrated that some phthalate and bisphenol replacements may have similar reproductive 

(Lee et al., 2020; Yland et al., 2022), cardiovascular (Abrantes-Soares et al., 2022), and 

oncological (Edaes and de Souza, 2022) impacts as the chemicals they were meant to 

replace, likely due to their endocrine disrupting properties.

Certain phthalates, parabens, and phenols have been characterized as EDCs based 

on decades of experimental evidence (Vandenberg et al., 2012). Unsurprisingly, many 

epidemiological studies have investigated relationships of single non-persistent EDCs with 

maternal sex-steroid (Aker et al., 2019; Banker et al., 2021; Cathey et al., 2019; Johns 

et al., 2015; Kolatorova et al., 2018; Pacyga et al., 2021; Sathyanarayana et al., 2014; 

Sathyanarayana et al., 2017) and thyroid (Aker et al., 2019; Aker et al., 2016; Aung et 

al., 2017; Berger et al., 2018; Derakhshan et al., 2021; Derakhshan et al., 2019; Huang 

et al., 2022; Nakiwala et al., 2022; Romano et al., 2018; Sarzo et al., 2022; Souter et 

al., 2020; Yang et al., 2022) hormones. Generally, most studies investigating associations 

of phthalates, parabens, and phenols with sex-steroid hormones have been mixed. For 

example, a study from Michigan Mother-Infant Pairs (MMIP) studied six phenols and four 
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parabens and reported negative associations of BPS with estradiol and propylparaben and 

methylparaben with progesterone but reported no associations with testosterone. In contrast, 

the PROTECT study from Puerto Rico investigated the same EDC biomarkers and only 

reported that triclosan was positively associated with 2nd trimester testosterone (Aker et 

al., 2019). Similarly, studies assessing associations of phthalates with sex-steroid hormones 

have reported null findings (Banker et al., 2021), select positive associations (Cathey et 

al., 2019; Pacyga et al., 2021), and select negative associations (Cathey et al., 2019; Johns 

et al., 2015; Sathyanarayana et al., 2014; Sathyanarayana et al., 2017). Studies assessing 

EDCs and thyroid hormones are similarly mixed, though, in general, higher exposure has 

been associated with disrupted T4 and TSH concentrations (Berger et al., 2018; Huang et 

al., 2018; Romano et al., 2018; Wang et al., 2017; Yao et al., 2016). Although pregnant 

women are not exposed to single chemicals, few studies have considered potential mixture 

effects and non-linear interactions. To the best of our knowledge, no studies have assessed 

associations of EDC mixtures with gestational sex-steroid hormones. In contrast, recent 

studies have utilized various mixtures approaches to assess cumulative associations of EDCs 

and thyroid hormones, but with mixed results, likely due to use of potentially problematic 

methods, such as including co-exposures as covariates or only assessing single classes of 

EDCs (Berger et al., 2018; Derakhshan et al., 2021; Huang et al., 2022; Nakiwala et al., 

2022; Romano et al., 2018; Sarzo et al., 2022; Souter et al., 2020; Yang et al., 2022). 

While many studies reported null findings, some identified negative associations of various 

non-persistent EDC mixtures with maternal serum free T3 (FT3), total T3 (TT3), total 

T4 (TT4), thyroid peroxidase antibody (TPOAB), and T3/T4 ratio. Despite the fact that 

maternal hormone levels differ by fetal sex (Meulenberg and Hofman, 1991; Sitoris et al., 

2022; Toriola et al., 2011), only a few studies assessed and identified differences in the 

relationship between single EDCs and hormones by fetal sex (Banker et al., 2021; Pacyga 

et al., 2021; Sathyanarayana et al., 2014). Of the studies assessing EDCs as a mixture, only 

one explored differences by fetal sex, reporting a negative association of a bisphenol mixture 

with FT3 in women carrying males and a positive association in women carrying females 

(Huang et al., 2022).

Because women are exposed to multiple non-persistent EDCs during pregnancy and proper 

hormone balance is critical for pregnancy health, our primary objective was to evaluate 

individual and cumulative associations of multiple classes of non-persistent EDC biomarkers 

with early-to-mid pregnancy sex-steroid and thyroid hormones. One difficulty in studying 

EDCs is the potential presence of non-monotonic dose response curves, such as low 

dose responses, which have been identified in in vitro and in vivo experiments for many 

EDCs, including phthalates and phenols (Vandenberg et al., 2012; Vandenberg et al., 2007). 

Therefore, to better understand how individual biomarkers within the mixture interact to 

affect gestational hormones, we additionally explored potential non-linear dose–response 

relationships and chemical-chemical interactions. As maternal sex-steroid and thyroid 

hormone levels may differ in women carrying females and males (Klinga et al., 1978; Sitoris 

et al., 2022; Toriola et al., 2011), we also evaluated whether associations differed by fetal 

sex.
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2. Materials and methods

2.1. Illinois KIDS development study (I-KIDS) study design and population

Pregnant women were recruited into I-KIDS, a prospective pregnancy and birth cohort, from 

two local obstetric clinics in Champaign-Urbana, Illinois to evaluate associations of prenatal 

environmental chemical exposures with neurodevelopment. Recruitment and enrollment 

have been previously detailed (Pacyga et al., 2021; Pacyga et al., 2022; Pacyga et al., 2023). 

To be eligible to participate, women had to be ≤ 15 weeks pregnant at enrollment, 18–40 

years old, fluent in English, in a low-risk pregnancy (determined by a medical provider), not 

carrying multiples, residing within 30 min of the study site, and not planning on moving 

before their child’s first birthday. The current study includes 302 women enrolled between 

2015 and 2018, who remained in the study through the birth of their child, had urinary EDC 

biomarkers measured, and had available measurements of at least one sex-steroid or thyroid 

hormone in maternal plasma (Supp. Fig. 1). All women provided written informed consent, 

and the study was approved by the University of Illinois’ Institutional Review Board. The 

analysis of de-identified specimens at the Centers for Disease Control and Prevention (CDC) 

laboratory was determined not to constitute human subjects’ research.

2.2. Collection of maternal sociodemographic, lifestyle, and health information

After enrollment (median 13 weeks gestation), I-KIDS staff conducted home visits to 

interview women about various sociodemographic and lifestyle factors. Pre-pregnancy body 

mass index (BMI) (kg/m2) was calculated from self-reported pre-pregnancy weight and 

height. To measure early pregnancy stress levels, women completed the Perceived Stress 

Scale (PSS), a ten-item questionnaire asking about thoughts and feelings during the last 

month (Cohen et al., 1983; Cohen and Williamson, 1988). At median 13 weeks gestation, 

women also completed a semi-quantitative food-frequency questionnaire (FFQ) adapted 

from the full-length Block-98 FFQ (NutritionQuest, Berkely, CA) and validated in pregnant 

populations (Bodnar and Siega-Riz, 2002; Boucher et al., 2006; Laraia et al., 2007). Dietary 

intakes representing diet patterns from the previous three months were used to calculate 

early pregnancy Alternative Healthy Eating Index (AHEI-2010), 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). As the AHEI-2010 considers moderate 

alcohol consumption beneficial but guidelines recommend avoiding alcohol in pregnancy, 

we removed the alcohol component to create a ten-component diet quality index (maximum: 

100 points).

2.3. Assessment of urinary phthalate/replacement, paraben, triclocarban, and phenol 
biomarker concentrations

Because non-persistent EDCs have relatively short biological half-lives (6–24 h depending 

on the chemical) and high within-person variability (Shin et al., 2019a; Shin et al., 2023; 

Shin et al., 2019b), we measured EDC biomarkers in five across-pregnancy urine samples 

that were physically pooled prior to chemical biomarker measurement. At study clinic/home 

visits or routine prenatal care clinic visits, women provided at least three and up to five 

first-morning urine samples at median 13, 17, 23, 28, 34 weeks gestation. Most women 

Ryva et al. Page 5

Environ Int. Author manuscript; available in PMC 2024 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contributed all five samples (97 %) and the rest provided three or four samples (Pacyga 

et al., 2023). Details about urine collection, processing, and storage have been previously 

published (Pacyga et al., 2023). Briefly, women collected urine into polypropylene urine 

cups and refrigerated them for up to 24 h until we aliquoted samples for long-term storage. 

To create the pool, we added 900 μL of urine from the first collection to a five mL cryovial 

tube. At each subsequent visit, we layered fresh urine onto the previous frozen sample and 

immediately stored the sample at −80 °C. At the end of pregnancy, we thawed and vortexed 

the sample to measure specific gravity.

Frozen pooled urines were shipped to the CDC’s Division of Laboratory Sciences in four 

batches (batch 1: enrolled December 2013 – February 2015; batch 2: enrolled February 

2015 - July 2016; batch 3: enrolled July 2016 – August 2018; batch 4: enrolled September 

2018 – November 2019). Only women with chemicals measured in batches 2 and 3 were 

included in the current study because they had all chemical data and at least some hormone 

data. Using previously published isotope-dilution mass spectrometry methods with rigorous 

quality assurance/quality control protocols and high long-term reproducibility (Calafat et 

al., 2006; Calafat et al., 2010; Schantz et al., 2015; Silva et al., 2013; Silva et al., 2007; 

Silva et al., 2019; Ye et al., 2014), CDC laboratory staff quantified 19 phthalate/replacement 

metabolites: monocarboxynonyl phthalate (MCNP), monocarboxyoctyl phthalate (MCOP), 

monooxononyl phthalate (MONP), mono-isononyl phthalate (MiNP), mono(2-ethylhexyl) 

phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-5-

oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-carboxypentyl) phthalate (MECPP), 

mono(3-carboxypropyl) phthalate (MCPP), monobenzyl phthalate (MBzP), mono-n-butyl 

phthalate (MBP), monohydroxybutyl phthalate (MHBP), mono-isobutyl phthalate (MiBP), 

monohydroxy-isobutyl phthalate (MHiBP), monoethyl phthalate (MEP), cyclohexane-1,2-

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

monohydroxy isononyl ester (MHiNCH), mono(2-ethyl-5-hydroxyhexyl) terephthalate 

(MEHHTP), and mono(2-ethyl-5-carboxypentyl) terephthalate (MECPTP). In addition, the 

CDC measured concentrations of triclocarban, four parabens (butylparaben, ethylparaben, 

methylparaben, propylparaben), and seven phenols (bisphenol A (BPA), bisphenol F 

(BPF), bisphenol S (BPS), triclosan (TCS), benzophenone-3 (BP-3), 2,4-dichlorphenol (2,4-

DCP), 2,5-dichlorophenol (2,5-DCP)). The limits of detection (LOD) were 0.1–1.7 ng/mL, 

depending on the biomarker (Table 2).

2.4. Collection and quantification of plasma maternal hormone concentrations

We collected maternal plasma at median 17 weeks gestation in glass heparin-containing 

vacutainer tubes, centrifuged them at room temperature for 20 min, and aliquoted them 

for storage at −80 °C. We sent the samples to the University of Michigan Diabetes 

Research Center (MDRC) Clinical Core Chemistry Laboratory for quantification of 

progesterone, estradiol, total testosterone, FT4, TT4, and TSH using solid-phase, enzyme-

labeled chemiluminescent competitive immunoassay (IMMULITE 1000, Siemens). Briefly, 

10–75 μL of plasma was incubated for 30 min with a polyclonal rabbit antibody coated 

bead (solid-phase) and bovine calf intestine alkaline phosphate conjugated to hormone 

(liquid-phase). After repeated washes and centrifugation to remove unbound hormone, the 

chemiluminescent substrate was added to measure the signal indicating the proportion of 
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hormone bound. Progesterone had a reportable range of 0.20 – 40.0 ng/dL, an LOD of 0.20 

ng/dL, and a functional sensitivity of 0.46 ng/mL. Estradiol had reportable range of 20.0 

– 2000.0 pg/mL and an analytic sensitivity of 15.0 pg/mL. Testosterone had a calibration 

range of 20.0 – 1600.0 ng/dL and an analytic sensitivity of 15.0 ng/dL. FT4 had a reportable 

range of 0.3 – 6.0 ng/dL, an analytic sensitivity of 0.13 ng/dL, an LOD of 0.28 ng/dL, 

and a functional sensitivity of 0.3 ng/dL. TT4 had a calibration range of 1.0 – 24.0 μg/dL 

and an analytic sensitivity of 0.4 μg/dL. Finally, TSH had a calibration range of up to 75.0 

μIU/mL and an analytic sensitivity of 0.01 μIU/mL. Based on protocol recommendations for 

when estradiol concentrations are above the assay’s reportable range, estradiol samples were 

diluted 10x before analysis and machine-read values were multiplied by ten to obtain final 

concentrations. For total testosterone, we considered values below the calibration range as 

missing (n = 37). We used the following formula for calculating one missing TSH value: 

minimum detected TSH concentration /√2.

2.5. Statistical analysis

2.5.1. Derivation of analytic sample—The derivation of our analytic sample is 

detailed in Supplemental Fig. 1. Briefly, of 10,178 women who completed a reply card, 

688 enrolled in the study and 531 remained active through the birth of their child. Of 

these women, 302 had chemical biomarkers > 0, at least some hormone information, 

and all covariate information (all women were in chemical analysis batches 2 and 3). Of 

our analytic sample, 295 women had complete data on progesterone and estradiol, 250 

women had complete testosterone data, and 294 women had complete FT4, TT4, and TSH 

data (Supp. Fig. 1). We summarized sociodemographic, health, and lifestyle factors in the 

reference population and our analytic sample as frequency (percent) or median (25th, 75th 

percentile) (Table 1).

2.5.2. Modeling of urinary chemical concentrations—For non-zero biomarker 

concentrations below the LOD, we used instrument-read values to avoid bias associated with 

imputing concentrations < LOD (73). In our statistical analyses, we only included chemical 

biomarkers with concentrations > 0 in at least 60 % of women (data not shown). This 

resulted in butylparaben, BPF, and triclocarban being excluded from further analyses. To 

avoid undefined estimates for ln-transformed zero concentrations (ethylparaben n = 3; BPA 

n = 2; and BPS, BP-3, and 2,4-DCP n = 1), we used the formula [ln(chemical concentration 

+ 0.0001)] in linear regression and weighted quantile sums regression (WQSR). In Bayesian 

kernel machine regression (BKMR) models, we used the following formula in place 

of zero concentrations as it improved model fit and convergence: minimum measured 

concentration/√2. Including BPF in WQSR models had minimal impact on estimates and 

weights (data not shown).

We evaluated specific gravity adjusted phthalate/replacement, paraben, and phenol 

biomarkers as molar sums or individual biomarkers using the previously reported formula 

for specific gravity adjustment (Meeker et al., 2009). For phthalates/replacements, we 

used the urinary metabolite concentrations to approximate pregnant women’s exposure to 

phthalate/replacement parent compounds. We calculated parent molar sums (nmol/mL) by 

summing metabolites from common precursors: MEHP, MEHHP, MEOHP, and MECPP 
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for the sum of DEHP metabolites (∑DEHP); MCOP, MiNP, and MONP for the sum 

of metabolites of di-isononyl phthalate (∑DiNP); MBP and MHBP for the sum of di-

n-butyl phthalate metabolites (∑DBP); MiBP and MHiBP for the sum of di-isobutyl 

phthalate metabolites (∑DiBP); MHiNCH and MCOCH for the sum of DiNCH metabolites 

(∑DiNCH); and MEHHTP and MECPTP for the sum of DEHTP metabolites (∑DEHTP). 

Specific formulas have been published elsewhere (Pacyga et al., 2021) and are reported in 

table footers. Molar concentrations were back-converted to ng/mL by multiplying ∑DEHP, 

∑DiNP, ∑DBP, ∑DiBP, ∑DiNCH, and ∑DEHTP 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 urinary metabolites MCNP, MCPP, MBzP, and MEP, respectively.

2.5.3. Covariate selection—Based on previous literature and our data (Huang et al., 

2022; Nakiwala et al., 2022; Romano et al., 2018; Souter et al., 2020; Yang et al., 

2022), we generated a directed acyclic graph (DAG) to identify a minimum sufficient 

adjustment set of covariates (Supp. Fig. 2). We assessed correlations between covariates to 

test for potential multicollinearity; however, all covariates were only weakly or moderately 

correlated (r < 0.4; data not shown). Our final linear regression, WQSR, and BKMR models 

accounted for maternal age, race/ethnicity, educational attainment, pre-pregnancy BMI, early 

pregnancy diet quality (AHEI-2010), stress (PSS 10), ever smoking, parity, gestational age 

at hormone assessment, and fetal sex. These variables may represent latent constructs, such 

as reproductive health (maternal age and parity), socioeconomic status (race/ethnicity and 

education), and health/lifestyle (pre-pregnancy BMI, stress, ever smoking, and diet quality). 

Age, pre-pregnancy BMI, diet quality, stress, and gestational age were continuous variables, 

whereas all other variables were categorized with the reference group as indicated in Table 

1.

2.5.4. Evaluating associations of non-persistent EDC biomarkers with 
maternal hormones—To address our main objective, we evaluated associations between 

EDC biomarkers and gestational hormones using unadjusted and multivariable linear 

regression and WQSR. When modeled individually, we ln-transformed all phthalate/

replacement, paraben, and phenol biomarkers due to their right-skewed distributions. In 

single-pollutant and WQSR models, because of non-normal distributions, we ln-transformed 

progesterone, estradiol, testosterone, FT4, and TT4. TSH was normally distributed and thus 

not transformed.

WQSR models cumulative associations and identifies individual biomarkers responsible 

for most of the mixture effect, while handling moderately and highly correlated co-

exposures. Our mixture included 19 non-persistent EDC biomarkers, including ten phthalate/

replacement metabolites or sums, three parabens, and six phenols (as listed in Tables 3 and 

4). WQSR is a supervised mixture method that creates a weighted index by transforming 

exposure biomarkers into quantiles (deciles in this study) and evaluates the cumulative 

association of the index with the outcome using multiple linear regression (Carrico et al., 

2015). We generated a distribution of results using 100 iterations (repeated holdouts), each 
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with 100 bootstrap replications. Within each iteration, data were randomly split 40/60 % into 

training and validation datasets, respectively (Tanner et al., 2019). To determine the relative 

importance (weight) of single co-exposures within the mixture, we used the standard cut-off 

(1/# of co-exposures; 1/19 = 0.05) to identify meaningful contributors (Carrico et al., 2015).

2.5.5. Identifying non-linear relationships and chemical-chemical 
interactions within the EDC biomarker mixture—BKMR uses kernel machine 

regression to estimate a non-parametric, high-dimensional exposure–response function 

to identify non-linear chemical and hormone dose–response relationships and chemical-

chemical interactions within a mixture (Bobb et al., 2018; Bobb et al., 2015). After ln-

transforming, centering, and scaling our co-exposures, outcomes, and continuous covariates, 

we fit BKMR models with 200,000 iterations and 50 knots for the same mixture of 

EDC biomarkers described in Section 2.5.4. To assess a cumulative non-linear mixture 

association, we created dose–response curves where the full mixture increases by various 

quantiles. We also calculated posterior inclusion probabilities (PIPs) to identify important 

chemical biomarkers contributing to associations between the mixture and hormones (Supp. 

Table 6). By interpreting univariable dose–response relationships where all other exposure 

biomarkers are fixed at their median, we can identify non-linear relationships, within the 

range of the cohort’s exposures, between single EDC biomarkers and gestational hormones. 

To identify interactions between biomarkers, we interpreted bivariate exposure–response 

plots where we visualized one biomarker’s dose–response relationship with hormones while 

a second chemical biomarker was held at 10th, 25th, 50th, 75th, and 90th percentiles. We 

only explored chemical-chemical interactions when there was evidence of potential mixture 

associations from either WQSR or BKMR, and we determined interactions by identifying 

non-parallel or non-overlapping dose–response curves.

2.5.6. Evaluating differences in associations of EDC biomarkers with 
maternal hormones by fetal sex—Because pregnancy hormones differ by fetal sex, 

our second objective was to identify fetal sex-specific associations between EDC biomarker 

mixtures and early-to-mid pregnancy hormones. In linear regression, WQSR, and BKMR 

models, we assessed fetal-sex specific associations of EDC biomarkers individually and as 

a mixture with maternal sex-steroid and thyroid hormones. Specifically, in linear regression 

models, we included a multiplicative interaction (Pinteraction) between chemical biomarkers 

and fetal sex. We examined general trends and reported potentially meaningful results based 

on the associations’ direction, strength, and precision, regardless of interaction P-value. 

For WQSR and BKMR, we stratified our sample by fetal sex and identified potentially 

meaningful results by comparing direction and strength of association.

2.5.7. Reporting of findings and interpreting meaningful associations—For 

single-chemical biomarker linear regression results, except TSH, our β-estimates and 

95 % confidence intervals (CIs) represent the percentage change (%Δ) in gestational 

hormone concentration associated with a 10 % increase in chemical biomarker concentration 

as we performed the back-transformation [(1.10β − 1)*100] for progesterone, estradiol, 

testosterone, FT4, and TT4 and [βln(1.10)] for TSH. For WQSR results, except TSH, the 

β-estimates and 95 % CIs represent the percentage change (%Δ) in hormone concentration 
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associated with a 10 % increase in the mixture index as our mixture exposure biomarkers 

were divided into deciles, all hormones were ln-transformed, and we back-transformed our 

mixtures results using [(eβ − 1)*100]. For TSH, the β-estimates and 95 % CIs represent 

the μIU/mL change in TSH for each 10 % increase in chemical biomarker concentrations 

or the EDC mixture. We identified potentially meaningful findings from single pollutant 

and WQSR models by assessing the direction, strength, and precision of the associations. 

To ensure we met model assumptions, we performed regression diagnostics based on 

residuals for single pollutant models, assessed scatterplots in WQSR, and checked for 

convergence with the Markov Chain Monte Carlo procedure in BKMR. We performed linear 

regression analyses in SAS version 9.4 (SAS Institute Inc. Cary, NC) using PROC GLM and 

completed WQSR and BKMR analyses in R Statistical Software using R packages “gWQS: 

Generalized Weighted Quantile Sum Regression” (Stefano Renzetti et al., 2023) and “bkmr: 

Bayesian Kernel Machine Regression” (Bobb, 2022).

3. Results

3.1. Illinois KIDS development study (I-KIDS) characteristics

Most women were non-Hispanic White (82 %), college-educated (83 %), with an annual 

household income >$60,000 (73 %) (Table 1), and characteristics did not differ greatly 

from the full I-KIDS sample of 531 women (those with at least one chemical biomarker 

measurement, reflecting women who stayed in the study through the birth of their infant). 

The median age was 30.4 years. The median pre-pregnancy BMI was 24.7 kg/m2 with 47 

% of women having overweight or obesity. The median (25th, 75th percentile) diet quality 

(AHEI-2010) was 51.7 (44.6, 59.3) out of 100 points. Most women never smoked cigarettes 

(83 %). Most women reported having low early-pregnancy stress (62 %) and more than half 

of women were nulliparous (54 %). Fetal sex was approximately evenly distributed between 

females (51 %) and males (49 %).

3.2. Concentrations of maternal urinary chemical biomarkers

Most chemicals had concentrations ≥ LOD in the vast majority of women, except MiNP, 

MCOCH, butyl paraben, ethyl paraben, bisphenol F, and triclocarban, which were only 

detectable (≥ LOD) in 31.5 %, 66.9 %, 33.4 %, 57.0 %, 57.0 %, and 29.8 % of women, 

respectively (Table 2). Only a few chemical biomarkers were strongly correlated with 

each other, including ΣDiNP with MCPP (r = 0.8), 2,4-DCP with 2,5-DCP (r = 0.7), and 

methylparaben with propylparaben (r = 0.7; Supp. Fig. 3).

3.3. Maternal plasma hormone concentrations

All women had measureble concentrations of progesterone, estradiol, FT4, and TT4; 

however, 87% and 99% of women had concentrations at or above the lower limit of the 

reportable ranges for testosterone and TSH, respectively (Table 2). The median (25th, 75th 

percentile) concentration of hormones are reported in Table 2.
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3.4. Linear, non-linear, and interactive relationships of EDC biomarkers with early-to-mid 
pregnancy sex-steroid hormones

3.4.1. Associations with progesterone—In general, despite a few single pollutant 

associations, in all women or women carrying females or males, there were no cumulative 

or non-linear associations of EDC biomarkers with progesterone or chemical-chemical 

interactions (Table 3; Figs. 1–2; Supp. Figs. 4, 10–12).

3.4.2. Associations with estradiol—There was a potentially non-linear relationship 

between the mixture and estradiol, with negative associations at higher EDC biomarker 

mixture concentrations (Fig. 2). Additionally, BPA exhibited an s-shaped relationship with 

estradiol when all co-exposures were held at their median. This relationship was attenuated 

at lower concentrations of MEP and higher concentrations of BP-3, ΣDiNP, methylparaben, 

and propylparaben (Supp. Figs. 5, 13). When modeled individually, BPS was associated with 

higher estradiol in women carrying females and BPA was associated with lower estradiol 

in women carrying males (Table 3), but sex-specific WQSR mixture associations were 

only marginally meaningful (Supp. Table 2, 4). However, using BKMR, the mixture was 

negatively associated with estradiol at both lower and higher concentrations in women 

carrying females, driven by BPA (PIP: 0.95) and propylparaben (PIP: 0.75) (Fig. 2; Supp. 

Table 6). Importantly, in women carrying females, BPA had an inverted u-shape relationship 

with estradiol when all EDC biomarker concentrations were fixed at their median, which 

was attenuated at the highest concentrations of propylparaben (Supp. Figs. 5b, 14). In 

women carrying males, the relationship of BPA with estradiol was attenuated at higher 

concentrations of MEP and lower concentrations of MCPP (Supp. Figs. 5c, 15).

3.4.3. Associations with testosterone—Propylparaben, triclosan, 2,4-DCP, and 2,5-

DCP were negatively associated with testosterone (Table 3), which, along with BPS and 

ΣDEHTP, drove the WQSR mixture association, such that a 10 % increase in the mixture 

was associated with a −5.65 % (95 % CI: −9.79, −1.28) lower testosterone (Fig. 1; Supp. 

Table 2, 4). Using BKMR, there were no cumulative or non-linear associations (Fig. 

2); however, there was a non-linear relationship between BPS and testosterone when all 

co-exposures were fixed at their median (Supp. Fig. 6a). We also identified some chemical-

chemical interactions, such that negative relationships of propylparaben, TCS, and 2,5-DCP 

with testosterone were stronger at lower concentrations of MEP, whereas associations of 

TCS and 2,4-DCP with testosterone were attenuated at lower concentrations of BP-3 (Supp. 

Fig. 16). There was no evidence of meaningful sex-specific or non-linear relationships 

(Table 3; Figs. 1–2; Supp. Figs. 6b,c). However, in women carrying females, propylparaben 

interacted with BPA, and in women carrying males, propylparaben interacted with ΣDEHTP, 

2,5-DCP, ΣDiNCH, and methylparaben, whereas 2,5-DCP interacted with ΣDEHTP and 

methylparaben (Supp. Figs. 17–18).

3.5. Linear, non-linear, and interactive relationships of EDC biomarkers with early-to-mid 
pregnancy thyroid hormones

3.5.1. Associations with FT4—Overall, neither individual EDC biomarkers nor the 

mixture were associated with FT4 (Table 4; Figs. 1, 3; Supp. Table 2). Only in women 

carrying females, 2,4-DCP was associated with higher FT4, whereas only in women 
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carrying males, ΣDiNP was associated with lower FT4 (Table 4). There was no evidence 

of meaningful sex-specific associations, or cumulative/non-linear associations (Figs. 1, 3; 

Supp. Figs. 7; 19–21).

3.5.2. Associations with TT4—Despite a few individual chemical associations, we 

found no evidence of cumulative or non-linear associations of the EDC biomarkers mixture 

with TT4 or chemical-chemical interactions (Table 4; Figs. 1, 3; Supp. Fig. 8). Only in 

women carrying males, higher ΣDiBP was associated with lower TT4, whereas associations 

of MBzP and 2,5-DCP with TT4 were stronger in women carrying females (Table 4). There 

was also a sex-specific association of the WQSR mixture with TT4 (Fig. 1), such that 

each 10 % mixture increase in women carrying females was associated with 1.50 % (95 

% CI: −0.15, 3.18) higher TT4 (driven by MBzP and 2,5-DCP) and each 10 % mixture 

increase in women carrying males was associated with −1.77 % (95 % CI: −4.08, 0.58) 

lower TT4 (driven by DiBP, BPS, and ΣDiNCH) (Supp. Tables 2, 4). Using BKMR, there 

were no cumulative non-linear associations of EDC biomarkers with TT4 (Fig. 3). However, 

in women carrying males, there were non-linear relationship of BPS and TCS with TT4 

when other biomarkers were held at their medians, and associations of TCS and BPS with 

TT4 were attenuated at higher concentrations of ΣDEHP (Supp. Figs. 8c, 24).

3.5.3. Associations with TSH—In all women, methyl-, ethyl-, and propylparaben 

were inversely associated with TSH, whereas MBzP was positively associated with TSH 

(Table 4). Parabens, along with BPA, BPS, 2,5-DCP, ΣDiNCH, ΣDiBP, and TCS, drove 

the WQSR mixture association, such that each 10 % mixture increase was associated with 

−0.09 μIU/mL (95 % CI: −0.19, 0.00) lower TSH (Fig. 1; Supp. Tables 2, 5). Using BKMR, 

there were no cumulative or non-linear associations of EDC biomarkers with TSH (Fig. 3); 

however, there was a non-linear relationship of BPA with TSH that was attenuated at higher 

concentrations of BP-3 (Supp. Figs. 9a, 25). In women carrying females, higher ΣDiBP was 

associated with lower TSH, whereas in women carrying males, higher MBzP and ΣDBP 

were associated with higher TSH and higher ethylparaben was associated with lower TSH 

(Table 4). In women carrying males, ethylparaben, along with 2,5-DCP, DiNP, MEP, BPA, 

MCNP, TCS, and methylparaben, drove the WQSR mixture association, such that each 10 

% mixture increase was associated with −0.18 μIU/mL (95 % CI: −0.33, −0.03) lower TSH 

(Fig. 1; Supp. Tables 2, 5). Using BKMR, there was no evidence of sex-specific non-linear 

associations or chemical-chemical interactions (Fig. 3; Supp. Figs. 9b,c, 25–27).

4. Discussion

4.1. Summary of major findings

In a relatively homogenous, higher socioeconomic status sample of midwestern U.S. 

pregnant women, a mixture of phthalate/replacement, paraben, and phenol metabolites 

was associated with lower early-to-mid pregnancy testosterone in all women (driven 

by propylparaben and triclosan), TT4 in women carrying females (driven by MBzP, 2,5-

DCP, and propylparaben), and TSH in women carrying males (driven by 2,5-DCP and 

propylparaben). We also identified potential non-linear associations between the EDC 

biomarker mixture and estradiol in all women (at high concentrations) and in women 
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carrying females (at low and high concentrations). In general, the mixture was not associated 

with progesterone or FT4.

4.2. A mixture of non-persistent EDC biomarkers was not associated with early-to-mid 
pregnancy progesterone

Despite identifying a negative association between propylparaben and progesterone, we did 

not observe any meaningful mixture associations, consistent with recent studies evaluating 

single chemicals (Aker et al., 2019; Banker et al., 2021; Cathey et al., 2019; Johns et 

al., 2015; Kolatorova et al., 2018; Sathyanarayana et al., 2014; Sathyanarayana et al., 

2017). Similar to our results, the Michigan Mother-InfantPairs (MMIP) study reported 

negative associations of methylparaben and propylparaben with first trimester progesterone 

(Banker et al., 2021). However, a study of Puerto Rican women (PROTECT), who had 

higher paraben and phthalate biomarker concentrations and lower biomarkers of phthalate 

replacement concentrations compared to I-KIDS, reported no associations of four parabens 

and seven phenols with 2nd and 3rd trimester progesterone (Aker et al., 2019) and negative 

associations between some phthalates biomarkers and progesterone (Cathey et al., 2019; 

Johns et al., 2015). Our findings, using two robust mixture methods, suggest that a mixture 

of non-persistent EDC biomarkers does not affect early-to-mid pregnancy progesterone; 

however, single chemical results suggest a relationship of parabens with progesterone that 

warrants further investigation, especially because methylparaben and propylparaben share 

common sources of exposure and thus could have cumulative effects.

4.3. An EDC biomarker mixture was associated with estradiol, with evidence of sex-
specific and non-linear relationships

Our single-pollutant null findings add to already-mixed literature with regards to EDCs and 

estradiol. For example, PROTECT reported no associations of EDC biomarkers with estriol 

or estradiol (Aker et al., 2019; Cathey et al., 2019; Johns et al., 2015). However, the Infant 

Development and Environment Study (TIDES), comprised of women with slightly higher 

phthalate biomarker concentrations compared to I-KIDS, identified positive associations of 

phthalate biomarkers with estradiol (Sathyanarayana et al., 2017), whereas the MMIP study 

reported negative associations of BPS with estradiol and of methylparaben with estradiol 

and estrone (Banker et al., 2021). Previously, we identified many positive associations 

between phthalate/replacement biomarkers and urinary estrogens across pregnancy (Pacyga 

et al., 2021). Those prior results could differ from our current results in part due to hormone 

assessment timing (median 13, 28, and 34 weeks in our prior study versus 17 weeks in the 

current study) and hormone assessment medium (urine in the prior study versus blood in the 

current study). While reported sex-specific associations of EDC biomarkers with estrogens 

are mixed (Banker et al., 2021; Pacyga et al., 2021; Sathyanarayana et al., 2014), our results 

support sex-specific associations of BPS and BPA with estradiol, which should be further 

explored.

We identified a non-linear relationship of BPA and propylparaben with estradiol in women 

carrying females, which is consistent with experimental and epidemiologic studies showing 

various non-linear dose–response curves when evaluating EDCs and estradiol (u-shaped 

curves, inverted u-shape curves, s-shape curves, etc.) (reviewed by (Vandenberg et al., 
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2012)), likely due to dose-dependent disruption of genes, proteins, and receptors. However, 

as the range of urinary biomarker concentrations in I-KIDS is modest, associations at our 

highest concentrations may represent average concentrations in higher exposed populations, 

such as women in the PROTECT cohort. A recent study of pregnant Chinese women, 

with much higher urinary concentrations of BPA, reported non-linear negative low-dose 

relationships of BPA with estriol, estradiol, and estrone, with no fetal-sex differences (Li et 

al., 2020). However, this study also differs from ours in study design (spot urine samples 

for BPA and estrogen assessment) and method (single-pollutant models). Interestingly, in 

our study, BPA interacted with other EDC biomarkers, such as BP-3, methylparaben, and 

propylparaben, and the negative relationship between BPA and estradiol in women carrying 

females was stronger when propylparaben concentrations were relatively low. Parabens and 

bisphenols both disrupt estrogen (Liang et al., 2023), so it is plausible they both act at 

similar cellular targets. To this end, one recent experimental study reported mixtures of 

bisphenols and benzophenone derivatives showed synergistic or additive effects at human-

relevant concentration (Kudlak et al., 2022).

4.4. Non-persistent EDC biomarkers, individually and as a mixture, were associated with 
lower testosterone

Several phthalates and phenols have been characterized as anti-androgenic based on animal 

and human epidemiologic studies (Gray et al., 2006; Parks et al., 2000); however, many 

studies were conducted within the context of male reproductive health. Our results suggest 

that select non-persistent EDC biomarkers are negatively associated with early-to-mid 

pregnancy testosterone, primarily driven by phenols and propylparaben, which differs 

somewhat from prior studies. In a previous study investigating urinary rather than plasma 

hormones, we identified positive associations of MBzP and MEP with urinary testosterone 

at 28 weeks gestation (Pacyga et al., 2021), and the Study for Future Families (SFF) 

reported positive associations of MEP with serum second and third trimester testosterone 

(Sathyanarayana et al., 2014). Despite no association between MEP and testosterone in this 

study, we identified that MEP attenuates some negative relationships. Associations of TCS, 

propylparaben, 2,4-DCP, and 2,5-DCP with lower testosterone in our study differed from 

one PROTECT study that reported non-significant positive associations of TCS, 2,4-DCP, 

and 2,5-DCP with second trimester serum testosterone (Aker et al., 2019). However, this 

study relied on urinary biomarker concentrations from spot urine samples collected at 16–20 

weeks gestation, whereas we utilized concentrations from a pooled sample composed of up 

to five first-morning urine samples collected throughout gestation. Importantly, unlike prior 

studies that assessed single EDC biomarkers, our study used two different mixture methods 

that identified TCS as being a meaningful predictor of testosterone. The roles of androgens 

in pregnancy are not entirely clear, but testosterone at normal levels regulates key processes 

of pregnancy and birth, such as cervical remodeling (Makieva et al., 2014), and at higher 

levels is associated with pregnancy conditions like gestational diabetes, pre-eclampsia, and 

pre-term birth (Cathey et al., 2021; Morisset et al., 2013; Salamalekis et al., 2006). Future 

studies should investigate if lower testosterone levels are linked to adverse pregnancy health 

or birth outcomes.
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4.5. Non-persistent EDC biomarkers were associated with total T4 but not with free T4

We did not identify any cumulative or non-linear associations between EDC biomarkers 

and FT4 overall or by fetal sex, which is consistent with prior studies (Huang et al., 

2022; Nakiwala et al., 2022; Romano et al., 2018; Sarzo et al., 2022; Souter et al., 2020; 

Yang et al., 2022). However, our and others’ results identified relationships between EDC 

biomarkers and TT4. We identified positive associations of MBzP and 2,5-DCP with TT4; 

however, we did not identify a cumulative association of the EDC mixture with TT4. In 

contrast, the Health Outcomes and Measures of the Environment (HOME) study reported 

an inverse association of a nine-phthalate biomarkers mixture using WQSR with maternal 

serum TT4 (at 16 weeks gestation) that was primarily driven by MEP and MCPP, neither of 

which met the WQSR threshold in our study (Romano et al., 2018). One major difference 

between this study and ours is that HOME measured phthalate biomarkers in two spot urines 

at 16 and 26 weeks gestation (compared to our pooled sample of phthalates/replacements, 

parabens, and phenols), which could affect both temporality and precision of the exposure 

assessment. One recent study assessed biomarkers of phthalates, parabens, and phenols as 

an 11-chemical mixture using BKMR and reported a negative association with TT3/TT4 

ratio (nine weeks gestation), which may indicate EDCs are associated with higher TT4 

(Nakiwala et al., 2022). This study utilized a dimension reduction method by limiting 

chemical biomarkers included in their mixture to those exhibiting biological activity in 

a toxicological database, whereas we included any phthalate/replacement, paraben, and 

phenol biomarkers analyzed by the CDC with measurable concentrations. While no other 

studies identified sex-specific associations of EDC biomarkers mixtures with TT4, our 

results suggest a positive relationship between EDCs and TT4 in women carrying females 

and a negative relationship in women carrying males. Overall, our findings, and those from 

prior studies, suggest non-persistent EDC biomarkers may affect early-to-mid pregnancy 

maternal TT4 but not FT4. FT4 and TT4 are both biomarkers of maternal thyroid function, 

but it is unclear what implications altered TT4 would have (compared to FT4), as TT4 

exhibits higher variability during early pregnancy, is poorly related to TSH levels, and is not 

associated with adverse pregnancy outcomes, such as pre-eclampsia, premature delivery, and 

abnormal birthweight (Korevaar et al., 2016).

4.6. Non-persistent EDC biomarkers were associated with lower TSH, primarily in women 
carrying males

We observed negative associations of parabens with TSH and identified a negative mixture 

association with TSH, driven by BPA, BPS, ethylparaben, and 2,5-DCP. However, no 

prior studies assessing non-persistent EDC biomarker mixtures with TSH have reported 

meaningful associations (Berger et al., 2018; Derakhshan et al., 2021; Huang et al., 2022; 

Nakiwala et al., 2022; Romano et al., 2018; Sarzo et al., 2022; Souter et al., 2020; 

Yang et al., 2022). Key differences between our study and prior studies include urine 

measurement timing, single spot urine versus pooled urine sampling, and the mixture 

composition. The only other study that modeled biomarkers of phthalates, parabens, and 

phenols (using an a priori-driven method for chemical inclusion described above) did not 

identify any associations with TSH (Nakiwala et al., 2022). While low TSH levels can occur 

in normal pregnancy (Laurberg et al., 2016), hyperthyroidism, characterized by high thyroid 

hormones and low TSH, are linked to increased risk of pre-eclampsia, miscarriage, and low 
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birthweight (Marx et al., 2008). TSH is secreted by the pituitary gland, acts on the thyroid 

gland, and is regulated by TT4 and TT3. Because of complex hormonal feedback loops, 

EDCs could act at the pituitary or thyroid gland. The exact mechanism of action is hard to 

elucidate; however, animal studies have reported that bisphenols can act as thyroid hormone 

receptor antagonists (Kim and Park, 2019). As thyroid hormones play significant roles in 

pregnancy, fetal growth, and neurodevelopment (Marx et al., 2008), future studies should 

investigate the potential effects of other EDCs on TSH.

Unlike prior studies, we also identified a negative association of the mixture with TSH 

in women carrying males, which could be due to various factors. The placenta, which 

is responsible for thyroid hormone regulation and transport during pregnancy, is a sexed 

organ (XX and XY), as it develops from the zygote. Numerous studies have demonstrated 

that there are differences between male and female placentas in terms of gene expression, 

function, and morphology (Gabory et al., 2013; Graves, 2010; Meakin et al., 2021; 

Rich-Edwards et al., 2001). Additionally, other studies have shown that male placentas 

are more responsive to stressors than female placentas (Bale, 2016; Bronson and Bale, 

2016; Eriksson et al., 2010). Potentially due to placental differences, the concentrations of 

maternal TSH have been shown to differ between women carrying male or female fetuses, 

which could indicate differences in thyroid homeostasis (Sitoris et al., 2022; Wang et al., 

2019). Additionally, maternal sex-steroid hormones, which we have shown to also to be 

sexually dimorphic, play a role in regulating thyroid hormones that could explain some of 

the differences in TSH by fetal sex. There are likely other mechanisms that could be further 

investigated using experimental models.

4.7. Strengths and limitations

This current study has some limitations and many strengths. First, I-KIDS quantified 

EDC biomarkers in a pool of up to five first-morning urine samples collected throughout 

pregnancy, and some exposures occurred after our outcomes of interest. The pooled sample 

reduces exposure assessment error, provides a more stable estimate of gestational exposure, 

and can be considered a reflection of exposure during pregnancy (Shin et al., 2019a; 

Vernet et al., 2019). Additionally, the urinary concentrations for some biomarkers were 

much lower compared to other cohorts; however, this study investigated a large panel of 

non-persistent EDCs from multiple chemical classes and I-KIDS women have comparable 

EDC biomarker concentrations to reproductive-aged women in the nationally-representative 

National Health and Nutrition Examination Survey (Pacyga et al., 2022). Second, because 

we were limited to a single early second-trimester measurement of select hormones, our 

findings might not be generalizable to other timepoints and hormones (such as pregnancy 

triiodothyronine; TT3). However, we assessed six early-to-mid pregnancy plasma hormones 

that reflect sex-steroid and thyroid hormones known to be critical for pregnancy health 

and fetal development. Third, we cannot rule out unmeasured confounding, such as by 

poor sleep quality during pregnancy which may impact hormone levels and indirectly 

impact chemical exposure through alterations of behaviors and habits; however, I-KIDS 

collected pertinent sociodemographic, lifestyle, and health information that allowed us to 

account for many other important covariates, and we utilized a priori consideration and 

previous literature to inform decisions about covariate selection. Fourth, we may have been 
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underpowered for analyses stratified by fetal sex, but we had adequate sample sizes overall. 

Fifth, the I-KIDS cohort is a relatively homogenous sample of non-Hispanic White, well-

educated, married women, which limits generalizability. However, as we are investigating 

biological hypotheses, a homogenous sample may reduce unmeasured confounding. Lastly, 

BKMR results can be difficult to interpret within the context of human health (Hoskovec 

et al., 2021) and WQSR assumes homogeneity in direction of association (Carrico et al., 

2015; Czarnota et al., 2015); however, these two robust and reliable methods allowed 

us to estimate cumulative effects, identify meaningful drivers of associations, and assess 

non-linearities and chemical-chemical interactions.

5. Conclusion

To our knowledge, this is the first study to investigate the relationship between a 

broad mixture of EDC urinary biomarkers and plasma pregnancy sex-steroid hormones. 

Additionally, we have contributed to a growing body of literature investigating EDC 

biomarker mixtures and pregnancy thyroid hormones. Our results suggest a mixture of 

non-persistent EDC biomarkers is associated with testosterone, estradiol, and TSH in 

this population of women. We also identified important sex-specific results, non-linear 

relationships, and chemical-chemical interactions. Future studies should explore similar 

relationships in more diverse cohorts, including those with women in high-risk pregnancies, 

such as pregnancies complicated by gestational diabetes, hypertension, or pre-eclampsia, to 

increase the understanding of associations of EDCs with pregnancy and birth outcomes. 

Additionally, more expansive mixtures will need to be considered that include other 

classes of EDCs, such as pesticides, herbicides, and per- and polyfluoroalkyl substances. 

Furthermore, mixture approaches could consider a priori classifying chemical biomarkers 

using unsupervised statistical methods, such as principal component analysis, or grouping 

individual biomarkers by class or proposed mechanism of action to better understand the 

relationship of EDCs as classes with hormonal outcomes.
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Abbreviations:

2,4-DCP 2,4-dichlorophenol

2,5-DCP 2,5-dichlorophenol

AHEI-2010 Alternative Healthy Eating Index

BP-3 benzophenone-3

BPA bisphenol A

BPS bisphenol S

BPF bisphenol F

BKMR Bayesian kernel machine regression

BMI body mass index

CDC Centers for Disease Control and Prevention

CI confidence interval

DAG directed acylic graph

DBP di-n-butyl phthalate

DEHP di-2-ethylhexyl phthalate

DEHTP di-2-ethylhexyl terephthalate

DiBP di-isobutyl phthalate

DiNCH di(isononyl) cyclohexane-1,2-dicarboxylate

DiNP di-isononyl phthalate

EDC endocrine disrupting chemical

FFQ food frequency questionnaire

FT4 free T4

I-KIDS Illinois Kids Development Study

LOD limit of detection

MDRC University of Michigan Diabetes Research Center Clinical Core 

Chemistry Laboratory

PSS perceived stress scale
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MBP mono-n-butyl phthalate

MBzP monobenzyl phthalate

MCNP monocarboxynonyl phthalate

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

MCOP monocarboxyoctyl phthalate

MCPP mono(3-carboxypropyl) phthalate

MECPTP mono(2-ethyl-5-carboxypentyl) terephthalate

MEHHP mono(2-ethyl-5-hydroxyhexyl) phthalate

MEHHTP mono(2-ethyl-5-hydroxyhexyl) terephthalate

MEHP mono(2-ethylhexyl) phthalate

MEOHP mono(2-ethyl-5-oxohexyl) phthalate

MECPP mono(2-ethyl-5-carboxypentyl) phthalate

MEP monoethyl phthalate

MHBP monohydroxybutyl phthalate

MHiBP monohydroxyisobutyl phthalate

MiBP mono-isobutyl phthalate

MiNP mono-isononyl phthalate

MHiNCH cyclohexane-1,2-dicarboxylic acid-monohydroxy isononyl ester

MONP monooxononyl phthalate

TCS triclosan

TPOAb thyroid peroxidase antibody

TSH thyroid stimulating hormone

TT4 total T4

WQSR weighted quantile sums regression
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Fig. 1. Cumulative associations of WQSR mixture with A) progesterone, B) estradiol, C) 
testosterone, D) free T4, E) total T4, F) TSH.
Negatively (−) and positively (+) constrained WQSR models were fit with 100 bootstraps 

and 100 repeated holdouts accounting for educational attainment, age, diet quality, pre-

pregnancy body mass index, perceived stress in early pregnancy, lifetime smoking status, 

parity, race/ethnicity, gestational age at plasma hormone assessment, women carrying 

females, and women carrying males. Data are presented as the percent change (%Δ) and 

95 % CI in plasma hormone concentrations with every 10 % increase in the WQSR 

mixture. For TSH, data are presented as μIU/mL change and 95 % CI in TSH for every 

10 % increase in the WQSR mixture. Estimate and interval color signifies analytic sample 

(all women: black; women carrying females: pink; women carrying males: blue), and X 

indicates non-positive or non-negative β-estimates. For TSH, y-axis is on a different scale 

for data visualization. Abbreviations: CI, confidence interval; T4, thyroxine; TSH, thyroid 

stimulating hormone; WQSR, Weighted Quantile Sum Regression.

Ryva et al. Page 25

Environ Int. Author manuscript; available in PMC 2024 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Associations of BKMR mixture with A) progesterone, B) estradiol, C) testosterone in all 
women, women carrying females, and women carrying males.
BKMR models were fit with 200,000 iterations and 50 knots accounting for educational 

attainment, age, diet quality, pre-pregnancy body mass index, perceived stress in early 

pregnancy, lifetime smoking status, parity, race/ethnicity, gestational age at plasma hormone 

assessment. Data are presented as effect estimates and 95% credible intervals which are 

interpreted as the association between the mixture at each quantile and gestational hormone 

compared to when all co-exposures are fixed at the median. Estimate and interval color 

signifies analytic sample (all women: black; women carrying females: pink; women carrying 

males: blue). Abbreviations: BKMR, Bayesian Kernel Machine Regression.
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Fig. 3. Associations of BKMR mixture with A) free T4, B) total T4, C) TSH in all women, women 
carrying females, and women carrying males.
BKMR models were fit with 200,000 iterations and 50 knots accounting for educational 

attainment, age, diet quality, pre-pregnancy body mass index, perceived stress in early 

pregnancy, lifetime smoking status, parity, race/ethnicity, gestational age at plasma hormone 

assessment. Data are presented as effect estimates and 95% credible intervals which are 

interpreted as the association between the mixture at each quantile and gestational hormone 

compared to when all co-exposures are fixed at the median. Estimate and interval color 

signifies analytic sample (all women: black; women carrying females: pink; women carrying 

males: blue). Abbreviations: BKMR, Bayesian Kernel Machine Regression; T4, thyroxine; 

TSH, thyroid stimulating hormone.
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