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Abstract

Background/objectives: Pregnant women are exposed to multiple phthalates and their 

replacements, which are endocrine disrupting chemicals associated with adverse maternal and 

child health outcomes. Identifying maternal characteristics associated with phthalate/replacement 

exposure during pregnancy is important.
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Methods: We evaluated 13 maternal sociodemographic and lifestyle factors, enrollment year, and 

conception season as determinants of exposure biomarkers of phthalates and their replacements in 

482 pregnant women from the Illinois Kids Development Study (I-KIDS, enrolled 2013–2018). 

We quantified 19 phthalate/replacement metabolites in pools of five first-morning urines collected 

across pregnancy. K-means clustering identified women with distinct patterns of biomarker 

concentrations and principal component analysis (PCA) identified principal component (PC) 

profiles of biomarkers that exist together. We used multivariable regression models to evaluate 

associations of predictors with identified k-means clusters and PCs.

Results: K-means clustering identified two clusters of women: 1) low phthalate/di(2-ethylhexyl) 

terephthalate (∑DEHTP) and 2) high phthalate/∑DEHTP biomarker concentrations. PCA 

identified four PCs with loadings heaviest for biomarkers of plasticizer phthalates [di-isononyl, 

di-isodecyl, di-n-octyl phthalates] (PC1), of other phthalates [dibenzyl, di-n-butyl, di-iso-

butyl phthalates] (PC2), of phthalate replacements [∑DEHTP, di(isononyl) cyclohexane-1,2-

dicarboxylate (∑DiNCH)] (PC3), and of monoethyl phthalate (PC4). Overall, age, marital status, 

income, parity, pre-pregnancy BMI, caffeine intake, enrollment year, and conception season were 

independently associated with k-means cluster membership and at least one PC. Additionally, 

race/ethnicity, education, employment, pregnancy intention, smoking status, alcohol intake, and 

diet were associated with at least one PC. For instance, women who conceived in the spring, 

summer, and/or fall months had lower odds of high phthalate/∑DEHTP cluster membership and 

had lower plasticizer phthalate, phthalate replacement, and MEP PC scores.

Conclusions: Conception season, enrollment year, and several sociodemographic/lifestyle 

factors were predictive of phthalate/replacement biomarker profiles. Future studies should 

corroborate these findings, with a special focus on replacements to which pregnant women are 

becoming increasingly exposed.
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1. INTRODUCTION

Ortho-phthalate diesters, or phthalates, are a class of chemicals widely used in the 

production of plastics for food contact materials and in some personal care products to 
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which humans are exposed through ingestion, dermal absorption, and inhalation (National 

Research Council, 2008; Woodruff et al., 2011). An increasing body of evidence points 

to phthalates as endocrine disrupting chemicals that interact with multiple hormones and 

hormone-regulated processes (Diamanti-Kandarakis et al., 2009; Engel et al., 2017; Gore et 

al., 2015; Johns et al., 2016; Johns et al., 2015b), which is concerning given that pregnancy 

is a hormonally sensitive window and pregnant women are ubiquitously exposed to these 

chemicals (Woodruff et al., 2011). Studies have shown that higher maternal urinary phthalate 

metabolite concentrations are associated with adverse pregnancy outcomes, including 

preeclampsia and pregnancy hypertensive disorders (Cantonwine et al., 2016; Ferguson 

et al., 2015), glucose intolerance and gestational diabetes (James-Todd et al., 2018; James-

Todd et al., 2016; Shaffer et al., 2019), and preterm birth (Ferguson et al., 2014). In response 

to the growing concerns over the endocrine disrupting properties and subsequent regulation 

of ortho-phthalate diesters (Kamrin, 2009), purportedly safe replacements were developed 

and introduced into the U.S. market before or in the early 2000s, including di(isononyl) 

cyclohexane-1,2-dicarboxylate (DiNCH) (Wadey, 2003) and a terephthalate diester, di(2-

ethylhexyl) terephthalate (DEHTP) (Abe et al., 2012; McCombie et al., 2017). Recent 

observational evidence indicates that DiNCH and DEHTP exposure may be associated with 

adverse health outcomes, including increased risk of uterine fibroids and pre-term birth (Lee 

et al., 2020; Yland et al., 2022), as well as altered sex steroid hormone and oxidative stress 

levels (Derakhshan et al., 2021; Long et al., 2021; Pacyga et al., 2021; van et al., 2019). 

Therefore, additional studies are needed to identify maternal characteristics associated with 

phthalate and replacement exposures, which can be used as covariates in studies evaluating 

the health implications of increasing and decreasing exposure to these chemicals during 

pregnancy.

To identify sub-populations of pregnant women with higher phthalate/replacement 

exposures, numerous prior studies evaluated important seasonal, sociodemographic, and 

lifestyle predictors of phthalate metabolite (and to a lesser extent phthalate replacement) 

concentrations. In general, these studies evaluated bivariable and/or multivariable 

associations between predictors and concentrations of individual phthalate biomarkers (as 

individual biomarkers or molar sums of biomarkers from common parents) and found that 

the following characteristics most often remained as important determinants of phthalate 

biomarker concentrations: age, race/ethnicity, education, income, marital status, social 

class, parity, pre-pregnancy body mass index (BMI), smoking status, diet, and study year 

(Cantonwine et al., 2014; Casas et al., 2011; He et al., 2019; James-Todd et al., 2017; Philips 

et al., 2018; Shu et al., 2018; Valvi et al., 2015; Wenzel et al., 2018). However, a major 

limitation of these studies is that they only assessed determinants of individual biomarkers 

(or molar sums representing single parent compounds) in single-pollutant models. Given that 

pregnant women are exposed to numerous phthalates and their replacements, some studies 

also assessed predictors of maternal exposure to numerous chemicals (including phthalates) 

using unsupervised learning methods such as k-means clustering and principal component 

analysis (PCA) (Chen et al., 2021; Kalloo et al., 2018; Lee et al., 2017; Montazeri et 

al., 2019). One study using k-means paired with logistic regression analyses found that 

race/ethnicity and diet were associated with clusters of women who had higher biomarker 

concentrations of personal care product and plasticizer phthalates, respectively (Kalloo et 
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al., 2018). Another study observed associations of parity, pre-pregnancy BMI, and job 

type with high phthalate cluster membership (Chen et al., 2021). The few studies using 

PCA paired with linear regression analyses reported that age, birthplace, race/ethnicity, 

income, job type, parity, pre-pregnancy BMI, smoking status, and diet were associated 

with principal components (PCs) heavily loaded for phthalate metabolites, including 

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

phthalate (MBzP), mono-iso-butyl phthalate (MiBP), and monoethyl phthalate (MEP), and 

metabolites of di(2-ethylhexyl) phthalate (DEHP) (Chen et al., 2021; Kalloo et al., 2018; 

Lee et al., 2017). Such approaches that identify determinants of biomarker concentration 

patterns/profiles may better identify unique characteristics of women who may benefit most 

from interventions targeted at decreasing phthalate/replacement exposure.

Given that phthalates and their replacements are a diverse class of chemicals with multiple 

exposure sources, our study focused on identifying whether maternal sociodemographic 

characteristics, lifestyle factors, enrollment year, and conception season are predictors 

of phthalate/replacement biomarker concentrations. Our first objective was to identify 

patterns of phthalate/replacement biomarker concentrations using both k-means clustering 

and PCA, which can identify groups of pregnant women with similar phthalate/replacement 

biomarker concentration profiles (k-means) and groups of phthalates/replacements that 

likely exist together (PCA). Our second objective was to assess associations of maternal 

sociodemographic characteristics, early gestation lifestyle factors, conception season, and 

study enrollment year with the patterns of phthalate/replacement biomarker concentrations 

identified in k-means and PCA.

2. MATERIALS AND METHODS

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

The current study includes pregnant women from I-KIDS, an ongoing prospective pregnancy 

cohort designed to evaluate the impacts of prenatal environmental chemical exposures 

on infant neurodevelopment. Pregnant women were recruited at their first prenatal care 

appointment from two local obstetric clinics in Champaign-Urbana, IL. Women who 

expressed interest in the study were eligible to participate if they were ≥ 10 but < 15 weeks 

pregnant, 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 the first 482 women 

who enrolled in I-KIDS between December 2013 and August 2018, and remained in the 

study through the birth of their infant. These 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. Collection of maternal sociodemographic, lifestyle, and conception season 
information

Immediately after enrollment, an I-KIDS staff member visited each participant’s home 

to obtain information about sociodemographic and lifestyle characteristics. We collected 
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information about the following sociodemographic characteristics using an interviewer-

administered questionnaire: age, race/ethnicity, education level, marital status, employment 

status, and household annual income. Women additionally reported whether they planned 

their current pregnancy. To determine conception season, we used the estimated due date 

based on the first day of the last menstrual period collected at baseline and confirmed 

after the first trimester ultrasound. Each woman reported the following information since 

conception: smoking status, the number of eight-ounce cups of caffeinated beverages 

consumed on a typical day, and the number of servings of alcoholic beverages consumed per 

week. Self-reported pre-pregnancy weight and height were used to calculate pre-pregnancy 

BMI (in kg/m2). Self-reported pre-pregnancy BMI is highly correlated with first trimester 

measured BMI in other pregnant populations (Bannon et al., 2017; Holland et al., 2013; 

Natamba et al., 2016), as well as ours (r = 0.99, data not shown). Participants completed 

a semi-quantitative food frequency questionnaire (FFQ) at enrollment that was adapted for 

pregnant women from the full-length Block-98 FFQ (NutritionQuest, Berkeley, CA) and 

asked about maternal diet during the previous three months (Boucher et al., 2006). Reported 

dietary intakes were used to calculate first trimester Alternative Healthy Eating Index 2010 

(AHEI-2010) – an 11-component diet quality measure (scored out of 110) based on food/

nutrients predictive of chronic disease risk and mortality; higher scores reflect better diet 

quality (Chiuve et al., 2012; McCullough et al., 2002).

2.3. Assessment of urinary phthalate/replacement biomarker concentrations

I-KIDS participants provided up to five first-morning urine samples at the following 

gestational timepoints: 8–15, 13–22, 19–28, 25–33, 32–40 weeks gestation (median 13, 

17, 23, 28, and 34 weeks gestation, respectively) as described previously (Pacyga et al., 

2021), which corresponded with study home visits (at median 13, 17, and 34 weeks 

gestation) or routine prenatal care visits (median 23 and 28 weeks gestation). Most women 

contributed all five urine samples (94.4%), whereas 5.2% and 0.4% contributed four and 

three urine samples, respectively. Urine samples were collected in polypropylene urine cups 

and refrigerated immediately. Within 24 hours of collection, urine samples were aliquoted 

for long-term storage or pooled from each timepoint. Beginning with the first visit’s sample, 

we added 900 μL of urine to a 5 mL cryovial tube. Each time a women provided a 

sample, we layered fresh urine onto frozen urine from prior gestational timepoints before 

immediately freezing it at −80° C. At the end of pregnancy, we thawed and vortex all pooled 

samples to measure specific gravity. For quality assurance and control, we also collected 

duplicates and purified water blanks every 10 samples to be analyzed at the CDC. We stored 

all aliquoted urine at −80° C and sent pooled samples on dry ice to the CDC laboratory 

in three batches in chronological order of enrollment (batch one enrolled December 2013 

- February 2015, batch two enrolled February 2015 - July 2016, and batch three enrolled 

July 2016 - August 2018). The following phthalate/replacement metabolites were quantified 

in all batches using previously published methods (Silva et al., 2013; Silva et al., 2007): 

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), monoisononyl phthalate (MiNP), monocarboxyoctyl phthalate (MCOP), 

monocarboxynonyl phthalate (MCNP), MCPP, MBzP, MEP, MBP, mono-hydroxybutyl 

phthalate (MHBP), MiBP, mono-hydroxy-isobutyl phthalate (MHiBP), cyclohexane-1,2-
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dicarboxylic acid-mono(carboxyoctyl) ester (MCOCH), and cyclohexane-1,2-dicarboxylic 

acid-monohydroxy isononyl ester (MHiNCH). Three additional metabolites were added to 

the CDC analytical panel for women in batches two and three (monooxononyl phthalate 

(MONP), mono(2-ethyl-5-hydroxyhexyl) terephthalate (MEHHTP), and mono(2-ethyl-5-

carboxypentyl) terephthalate (MECPTP)) (Silva et al., 2007; Silva et al., 2019). The CDC 

laboratory has rigorous quality control/quality assurance protocols with excellent long-term 

reproducibility of most phthalate metabolite biomarkers over 3 and 8 month periods and 

intra- and inter-day coefficients of variation < 14% for most biomarkers (Silva et al., 2013; 

Silva et al., 2007; Silva et al., 2019).

2.4. Statistical Analysis

For phthalate/replacement metabolite concentrations below the limit of detention 

(LOD), we used instrumental-reading values to avoid bias associated with imputing 

values below the LOD (Succop et al., 2004). Across the individual and molar sum 

biomarkers described below, only one woman had a zero concentration for the sum 

of di(isononyl) cyclohexane-1,2-dicarboxylate metabolites (∑DiNCH) (meaning that her 

urinary concentrations of both MCOCH and MHiNCH were zero). In final statistical models 

we added a constant (1.0) to ∑DiNCH before ln-transformation to avoid undefined estimates 

(Weiss et al., 2015). To account for urine dilution, we adjusted all urinary phthalate/

replacement metabolite concentrations using the following formula: Pc = P[(1.016 − 1)/(SG 
− 1)], where Pc is the specific gravity-adjusted metabolite concentration, P is the measured 

metabolite concentration (ng/mL), 1.016 is the population median specific gravity, and SG 
is the specific gravity of each individual urine sample (Meeker et al., 2009). We summed 

the molar concentrations (in nmol/mL) of the following metabolites to create biomarkers of 

exposure to phthalate/replacement parent compounds that are metabolized and excreted as 

multiple urinary metabolites (Pacyga et al., 2021): MEHP, MEHHP, MEHOP, and MECPP 

for the sum of di(2-ethylhexyl) phthalate metabolites (∑DEHP); MiNP and MCOP for 

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

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

phthalate metabolites (∑DiBP); MHiNCH and MCOCH for ∑DiNCH; and MEHHTP and 

MECPTP for the sum of di(2-ethylhexyl) terephthalate metabolites (∑DEHTP). We also 

created another ∑DiNP (∑DiNP2) limited to women enrolled between February 2015 and 

August 2018 to include MONP. These molar concentrations were converted to ng/mL by 

multiplying ∑DEHP, ∑DiNP (both versions), ∑DBP, ∑DiBP, ∑DiNCH, and ∑DEHTP by the 

molecular weights of MECPP, MCOP, MBP, MiBP, MHiNCH, and MECPTP, respectively. 

We estimated exposure to di-isodecyl phthalate, di-n-octyl phthalate, benzylbutyl phthalate, 

and diethyl phthalate using ng/mL concentrations of their corresponding urinary metabolites 

MCNP, MCPP, MBzP, and MEP, respectively.

To understand how phthalate/replacement metabolite concentrations in I-KIDS compare to 

those in the general U.S. population, we used data from the National Health and Nutrition 

Examination Survey (NHANES) survey cycles 2013–14, 2015–16, and 2017–18 (NHANES, 

2013–2014; NHANES, 2015–2016; NHANES, 2017–2018). These NHANES survey cycles 

correspond with urine collection years in I-KIDS. Though most women in NHANES were 

not pregnant, we subset the NHANES sample to only include 18 – 40 year-old females with 
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data on urinary phthalate/replacement metabolite concentrations. Finally, because NHANES 

does not provide specific gravity information, we reported median (25th, 75th percentiles) 

unadjusted phthalate/replacement metabolite concentrations for both samples (Table 2).

Our analyses included 15 maternal characteristics that have been previously shown to 

predict phthalate/replacement biomarker concentrations or were hypothesized to be critical 

determinants of phthalate/replacement exposure in our population (Gao et al., 2017; He et 

al., 2019; James-Todd et al., 2017; Lyden et al., 2020; Rodriguez-Carmona et al., 2020; 

Shu et al., 2018). These included age, race/ethnicity, education, marital status, employment 

status, household annual income, parity, conception season, enrollment year, smoking in 

the first trimester, consumption of alcohol and caffeine in the first trimester, pregnancy 

intention, pre-pregnancy BMI, and diet quality. Almost all predictors were assessed as 

categorical variables, with the exception of enrollment year, which we evaluated as a 

continuous variable that can be interpreted for every 1 year increase. Details about variable 

categorization are provided in Table 1. Of note, an additional category for smoking in the 

first trimester (“unknown”) was created to account for missingness due to an ambiguous 

skip pattern in the first iteration of the survey. Pre-pregnancy BMI was categorized based on 

standard U.S. clinical cut-offs (Weir and Jan, 2021).

We selected methods to evaluate chemical mixtures appropriate for the specific research 

question (Braun et al., 2016). We used the following two unsupervised methods (objective 

1): k-means clustering and PCA (Hotelling, 1933; MacQueen, 1967). K-means clustering 

identifies subgroups of participants with distinct biomarker concentration profiles, which 

is useful for identifying pregnant women who may experience relatively high or low 

chemical exposures. We used k-means clustering to group pregnant women into k number 

of distinct, non-overlapping clusters (identified using Euclidean geometry) based on their 

similarities across all individual phthalate/replacement biomarker concentrations. To identify 

the optimal number of clusters, we compared 1, 2, 3, and 4 cluster solutions using the 

pseudo f-statistic index (the ratio of between-cluster variance to within cluster variance) 

and confirmed the ideal number of clusters using elbow plots of R2 values. PCA identifies 

linear combinations of biomarker concentration patterns among highly correlated biomarker 

that explain most of the variance in biomarker concentrations in a population. These 

resulting patterns can be related to common exposure sources or behaviors in the study 

population. We used PCA with a Varimax rotation to identify biomarkers of highly 

correlated phthalate/replacements to which pregnant women are likely exposed and created 

distinct, uncorrelated PC scores that explain most of the variance in phthalate/replacement 

biomarker concentrations in our participants. To determine the ideal number of PCs, we 

assessed elbow plots of eigenvalues (total variance explained by each component) and 

used the total variance explained to confirm the optimal number of components that best 

represents the data. We considered biomarkers with loadings ≥ 0.3 to be notable. For both 

k-means and PCA, we included specific gravity-adjusted phthalate/replacement biomarker 

concentrations in ng/mL that were ln-transformed and z-transformed.

We used logistic and linear regression models to evaluate associations of 15 maternal 

characteristics with the identified clusters and PCs, respectively (objective 2). Evaluating 

associations of characteristics with identified k-means clusters using logistic regression 
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models provides information about characteristics of pregnant women with specific 

phthalate/replacement biomarker concentration profiles. Assessing associations of maternal 

characteristics with identified PCs using linear regression models provides information 

about characteristics that likely result in exposure to certain phthalates/replacements from 

common exposure sources or behaviors. We evaluated both unadjusted models (bivariable 

analyses) and models simultaneously adjusted for all 15 predictors (multivariable analyses). 

A total of 9 women had missing data on at least one predictor. Therefore, 473 women who 

enrolled between December 2013 and August 2018 (referred to as the full sample) were 

included in final multivariable analyses. To assess MONP and both DEHTP metabolites, 

we conducted additional analyses limited to women enrolled between February 2015 and 

August 2018 (referred to as the sub-sample). A total of 305 women were included in these 

multivariable analyses. There was high agreement between the full and sub-samples with 

regards to k-means cluster membership (Kappa statistic = 0.82) and PC scores (r > 0.8). 

However, we reported results from both samples to provide information about phthalate/

∑DiNCH biomarker concentrations across the whole study period and to report results 

related to phthalate replacement DEHTP.

We used SAS 9.4 (version 15.1, SAS Institute) for all statistical analyses. We used PROC 

FASTCLUS and PROC LOGISTIC to assign k-means clusters and for bivariable and 

multivariable logistic regression models, respectively. We used PROC FACTOR for the 

PCA and PROC GENMOD for bivariable and multivariable linear regression models. Based 

on recommendations from the American Statistical Association and others (Amrhein et al., 

2019; Wasserstein and Lazar, 2016), rather than using P-values, we used the magnitude of 

associations and 95% confidence intervals (CIs) to identify potentially meaningful results. 

We used RStudio Version 1.3.1093 (RStudio, Boston, MA) to generate figures.

3. RESULTS

3.1. I-KIDS population characteristics and urinary phthalate/replacement biomarker 
concentrations

Sociodemographic and lifestyle characteristics of I-KIDS women have been previously 

described (Pacyga et al., 2021) and are outlined in Table 1. Briefly, most women 

were non-Hispanic white, of high socioeconomic status, and engaged in healthy lifestyle 

behaviors. Greater than 97% of I-KIDS women had detectable urinary concentrations of 

at least one metabolite per phthalate parent compounds (including DEHTP), while only 

77% had detectable urinary concentrations of at least one DiNCH metabolite (Table 2). 

Most phthalate/replacement biomarkers were weakly-to-moderately correlated (r < 0.4), 

although strong correlations were observed between MCPP, ∑DiNP, and ∑DiNP2 (r > 0.8; 

Supplemental Figure 1). I-KIDS pregnant women had similar median urinary phthalate and 

DiNCH metabolite concentrations as those from a nationally representative sample of 18 – 

40 year-old pregnant or non-pregnant U.S. women from the 2013 – 2018 National Health 

and Nutrition Examination Survey (NHANES) cycles (Table 2). However, I-KIDS women 

had higher median concentrations of DEHTP metabolites, but lower median concentrations 

of MEP (with overlapping 25th and 75th percentiles) compared to NHANES women.
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3.2. K-means clusters of women with distinct phthalate/replacement biomarker 
concentration profiles

Our goal with using k-means clustering was to identify groups of women with distinct 

profiles of urinary phthalate/replacement biomarker concentrations. In the full sample 

(excluded MONP and the DEHTP metabolites), we identified the following two clusters: 

cluster 1 included women with concentrations of all phthalate biomarkers below the sample 

median, while cluster 2 included women with concentrations of all phthalate biomarkers 

above the sample median (Figure 1 and Supplemental Table 1). ∑DiNCH concentrations 

were similar between the two clusters, and therefore did not drive cluster membership. In 

the sub-sample (includes MONP and DEHTP metabolites), the k-means procedure identified 

similar clusters as those identified in the full sample. Therefore, the two clusters of women 

in this sub-sample included women with all phthalate biomarker concentrations (including 

∑DEHTP) below the sample median (cluster 1) and those with all phthalate biomarker 

concentrations (including ∑DEHTP) above the sample median (cluster 2) (Figure 1 and 

Supplemental Table 1).

3.3. Associations of maternal characteristics with identified k-means clusters

Bivariable analyses evaluating associations of characteristics with k-means clusters for 

the full and sub-samples are presented in Supplemental Table 2. In multivariable logistic 

regression models simultaneously adjusted for all characteristics, women had higher odds of 

high phthalate cluster membership if they had ≥ 1 child prior to the I-KIDS pregnancy (ref 

= no children; OR: 1.6; 95% CI: 1.0, 2.6), had overweight or obesity before pregnancy 

(ref = under-/normal weight; OR: 1.4; 95% CI: 0.9, 2.2), and consumed < 1 cup of 

caffeine per week (ref = no caffeine consumption; OR: 1.9; 95% CI: 1.1, 3.2) (Figure 1 

and Supplemental Table 2). Conversely, women had lower odds of high phthalate cluster 

membership if they were ≥ 30 years old (ref = < 30 years; OR: 0.6; 95% CI: 0.4, 1.0), 

enrolled earlier in the study (for every 1 year increase in study year; OR: 0.5; 95% CI: 0.4, 

0.7), and conceived in the spring (OR: 0.5; 95% CI: 0.3, 0.9), summer (OR: 0.3; 95% CI: 

0.2, 0.6), or fall (OR: 0.6; 95% CI: 0.4, 1.1) compared to winter. In multivariable logistic 

regression models in the sub-sample, associations of enrollment year, conception season, 

and parity with cluster membership were similar to those observed in the full sample (Figure 

1 and Supplemental Table 2). However, additional associations of marital status and annual 

household income with cluster membership emerged in the multivariable logistic regression 

models in the sub-sample (Figure 1 and Supplemental Table 2). Specifically, women had 

a higher odds of high phthalate (including ∑DEHTP) cluster membership if they were 

unmarried (ref = married, OR: 2.0; 95% CI: 0.8, 5.1) and had annual household incomes < 

$100,000 (ref = ≥ $100,000; < $60,000 OR: 1.7; 95% CI: 0.8, 3.5; $60,000 - $99,999 OR: 

1.6; 95% CI: 0.9, 2.9).

3.4. PCs of phthalate/replacement biomarker concentrations

Our goal with PCA was to identify phthalate/replacement biomarker concentrations that 

exist together due to common exposure sources or lifestyle factors. In the full sample, 

four PCA components accounted for 71.2% of the total variance (32.2%, 17.2%, 11.2%, 

and 10.6% of the total variance explained by components 1–4, respectively). The heaviest 
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loadings for each PC are as follows: ∑DiNP, MCNP, and MCPP with component 1 

(referred to as phthalate plasticizer component); MBzP, ∑DBP, and ∑DiBP with component 

2 (referred to as other phthalate component); ∑DEHP and ∑DiNCH with component 3 

(referred to as ∑DEHP/∑DiNCH component); and MEP with component 4 (referred to 

as MEP component) (Supplement Table 3). In the sub-sample, four PCA components 

accounted for 66.9% of the total variance (27.6%, 16.3%, 13.1%, and 9.9% of the total 

variance explained by components 1–4, respectively). Components 2 (other phthalate 

component) and 4 (MEP component) were similar to those discussed above, whereas 

component 1 was heavily loaded by ∑DiNP2, MCNP, and MCPP (referred to as plasticizer 

phthalate component) and component 3 was heavily loaded by ∑DiNCH and ∑DEHTP 

(referred to as phthalate replacement component) (Supplemental Table 3). In the full sample 

and the sub-sample, the biomarkers that loaded most heavily were positively correlated with 

the four component scores indicating that as urinary concentrations of those biomarkers 

increase, component scores increase (Supplemental Table 3).

3.5. Associations of maternal characteristics with identified PCs

Results of bivariable analyses evaluating the relationships between characteristics and 

PC scores for the full and sub-samples are presented in Supplemental Tables 4 and 

5, respectively. In multivariable linear regression models in the full sample (Figure 2 

and Supplemental Table 4), phthalate plasticizer component scores were lower in Asian 

women (ref = non-Hispanic white), those with annual household incomes < $60,000 (ref 

= ≥ $100,000), those who conceived in the spring, summer, or fall (ref = winter), and 

those who planned their pregnancy (ref = unplanned pregnancy). Conversely, plasticizer 

component scores were higher in women who had lower educational attainment (ref = 

college graduates), enrolled earlier in the study, those who had overweight or obesity before 

pregnancy (ref = under-/normal weight), and who consumed < 1 cups of caffeine/week (ref 

= no caffeine consumption). Other phthalate scores were lower in women ≥ 30 years old 

(ref = < 30 years old) and those with lower educational attainment (ref = college graduates), 

but higher in Asian women or women of other race/ethnicity (ref = non-Hispanic white), 

those with annual household incomes < $100,000 (ref = ≥ $100,000), and those who had 

≥ 1 child prior to the I-KIDS pregnancy (ref = no children). ∑DEHP/∑DiNCH component 

scores were lower in women who conceived in the spring or summer months (ref = winter), 

in those with annual household incomes < $60,000 (ref = ≥ $100,000), and in women 

with unknown smoking status (ref = non-smokers). However, ∑DEHP/∑DiNCH component 

scores were higher in Asian women or those of other race/ethnicity (ref = non-Hispanic 

white), in women who enrolled later in the study, in those who smoked in the first trimester 

(ref = non-smokers), and in those that had overweight or obesity before pregnancy (ref 

= under-/normal weight). Lastly, MEP scores were higher in black women or those of 

other race/ethnicity (ref = non-Hispanic white), in unmarried women (ref = married), and 

among those who consumed some amount of caffeine/week (ref = no caffeine consumption), 

while MEP scores were lower in women who conceived in the spring or fall months (ref = 

winter), who consumed ≥ 1 servings/week of alcohol in the first trimester (ref = no alcohol 

consumption), who had overweight or obesity before pregnancy (ref = under, and had poor 

first trimester diet quality (ref = better diet quality).
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In multivariable analyses in the sub-sample (Figure 2 and Supplemental Table 5), 

associations of race/ethnicity, enrollment year, and conception season with the phthalate 

plasticizer component, of race/ethnicity, annual household income, and parity with the other 

phthalate component, of annual household income, enrollment year, conception season, and 

pre-pregnancy BMI with the phthalate replacement component, and of race/ethnicity, marital 

status, and conception season with the MEP component were similar to those reported 

above in the full sample. However, unique associations of maternal characteristics with each 

component also emerged in this sub-sample. Phthalate plasticizer scores were higher among 

women who were unemployed (ref = employed) and those who smoked in the first trimester 

(ref = non-smoker). Other phthalate scores were higher among women who enrolled later 

in the study, but were lower in those who had lower educational attainment (ref = college 

graduates) and had poor first trimester diet quality (ref = better diet quality). Phthalate 

replacement scores were lower among women who were unemployed (ref = employed), but 

higher among women ≥ 30 years old (ref = < 30 years old). Lastly, MEP scores were higher 

among women ≥ 30 years old (ref = < 30 years old), those who enrolled earlier in the study, 

those who smoked in the first trimester (ref = non-smoker), and those who planned their 

current pregnancy (ref = unplanned pregnancy).

4. DISCUSSION

In the current study, we identified two distinct clusters of women: those with low phthalate 

(including ∑DEHTP) and those with high phthalate (including ∑DEHTP) biomarker 

concentrations. We also identified four components representative of phthalate/replacement 

biomarker concentrations from common exposure sources or those that track with certain 

behaviors. We identified age, marital status, annual household income, parity, pre-pregnancy 

BMI, caffeine intake, conception season, and enrollment year as important predictors of 

k-means clusters and at least one PC. Additionally, race/ethnicity, education, employment, 

pregnancy intention, smoking and consuming alcohol in the first trimester, and first trimester 

diet quality were identified as important determinants of at least one PC. Overall, our 

findings contribute information about predictors of phthalate/replacement mixtures that may 

be important confounding factors in studies evaluating associations of chemical mixtures 

with pregnancy-related health outcomes. Furthermore, our results may inform future 

perinatal health recommendations by providing insights into characteristics of pregnant 

women who are most likely to be exposed to phthalates and their replacements.

4.1. K-means clustering identified two groups of women with distinct phthalate/
replacement biomarker profiles

K-means clustering is useful for identifying subgroups of pregnant women with distinct 

patterns of biomarker concentrations. A major strength of this approach is that the identified 

clusters of women can be used in future studies to evaluate the relationships between 

population exposure patterns and adverse health outcomes. In our population, we identified 

two groups of women: those who had low phthalate (including ∑DEHTP) and those who 

had high phthalate (including ∑DEHTP) biomarker concentrations. A study of pregnant 

women from Ohio used k-means clustering to characterize patterns of exposure to numerous 

chemical classes, including phthalates, and identified three clusters of women that had 
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different phthalate biomarker concentration patterns than those identified in our population 

(Kalloo et al., 2018). However, somewhat consistent with our results, another study of 

pregnant women from Wuhan, China evaluated trimester-specific population profiles of 

multiple chemical classes and observed that in any one trimester, groups of pregnant 

women had either high or low phthalate biomarker concentrations (Chen et al., 2021). 

This highlights a limitation of k-means because identified biomarker concentration patterns 

are population-specific and may not be generalizable to other cohorts, and models that 

account for multiple classes of chemicals may yield different conclusions than models 

that focus on one chemical class. Therefore, additional studies using these approaches are 

needed to determine whether these patterns persist in other populations. Nevertheless, in our 

relatively homogenous population, k-means identified two relatively even clusters of women 

with concentrations of all phthalate biomarkers (including DEHTP) that were consistently 

higher or lower than the sample median. Interestingly, our results also suggests that the 

plasticizer replacement biomarker ∑DiNCH was not related to high vs. low chemical cluster 

membership. In other words, DiNCH was uniformly distributed in our population. Because 

DiNCH was developed specifically for use in so-called sensitive applications, including 

medical tubing and children’s toys, it is possible that sources of DiNCH are less avoidable in 

our population than other phthalates/replacements.

4.2. Several maternal characteristics were important predictors of k-means clusters

Although previous studies evaluated predictors of phthalate/replacement biomarker 

concentrations, most studies did not account for exposures to chemical mixtures. Therefore, 

we paired k-means clustering with logistic regression to identify characteristics associated 

with the two identified clusters of women. Overall, we observed that age, marital status, 

annual household income, parity, pre-pregnancy BMI, caffeine intake, enrollment year, and 

conception season remained the strongest important independent predictors of phthalate/

replacement biomarker concentrations. Our findings that pregnant women who are younger, 

unmarried, have lower incomes, and had pre-pregnancy overweight/obesity have higher 

phthalate biomarker concentrations are in line with findings from several previous studies 

of pregnant women from the contiguous U.S. and Puerto Rico, Canada, Mexico, Europe, 

and China (Cantonwine et al., 2014; Lewin et al., 2017; Li et al., 2019; Philips et al., 

2018; Polinski et al., 2018; Valvi et al., 2015; Wenzel et al., 2018; Wu et al., 2020). To 

our knowledge, this is the first study to identify caffeine consumption as a predictor of 

phthalate biomarker concentrations in pregnant women, although recent coffee consumption 

was associated with higher MCPP biomarker concentrations in an adolescent population 

(Smith et al., 2021) and higher MEHHP-to-MECPP and MEOHP-to-MECPP ratios in U.S 

adults from NHANES 2001 – 2012 survey cycles (Yaghjyan et al., 2016). Whether this 

relationship is confounded by lifestyle factors that track with caffeine consumption in 

pregnancy, to the diuretic nature of caffeine, or possible contamination by phthalates in food 

packaging used in the preparation or consumption of caffeinated beverages will need to be 

further investigated. Our findings that women with at least one child have higher phthalate 

concentrations are consistent with some prior studies, but the literature related to phthalates 

and parity is generally mixed (Arbuckle et al., 2014; Cantonwine et al., 2014; Philips et 

al., 2018; Zhu et al., 2016). We also observed that women who conceived in the spring/

summer/fall had lower odds of high phthalate/∑DEHTP. Given that women who conceived 
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in the spring/summer provided most of their urine samples in fall/winter, our findings are 

somewhat consistent with studies of Swedish and Chinese pregnant women reporting higher 

phthalate biomarker concentrations in urine samples collected during spring/summer than 

fall/winter (Gao et al., 2017; Shu et al., 2018). These studies suggest that these trends are 

likely due to seasonal differences in diet or personal care product use. Our findings related 

to enrollment period are supported by those from NHANES and other U.S. biomonitoring 

studies showing that phthalate biomarker concentrations are decreasing, especially phthalate 

plasticizer biomarker concentrations, while DiNCH and DEHTP metabolite concentrations 

are increasing over time (CDC, 2021; Lessmann et al., 2016). These trends have also been 

confirmed in studies that include more recent sampling periods (Qu et al., 2022; Runkel et 

al., 2022) and suggest that women may be choosing to change their product use over time or 

that the use of phthalates/replacements in consumer products may be changing.

4.3. PCA identified four components of phthalate/replacement biomarker concentrations

PCA is a dimension reduction method useful for identifying distinct, uncorrelated patterns 

of biomarker concentrations among highly correlated chemicals. Consistent with previous 

human biomonitoring studies (Koch et al., 2013), we observed that phthalate/replacement 

biomarkers were correlated along exposure sources, as the four identified components were 

heavily loaded by phthalates from plastics (∑DiNP or ∑DiNP2, MCNP, and MCPP), other 

phthalates (MBzP, ∑DBP, and ∑DiBP), major plasticizer phthalate and its replacements 

(∑DEHP, ∑DiNCH, and ∑DEHTP), and a major personal care product-related phthalate 

metabolite, MEP. While we only assessed phthalates, previous studies included additional 

chemical classes to identify broader exposure patterns during pregnancy (Chen et al., 2021; 

Kalloo et al., 2018; Lee et al., 2017; Montazeri et al., 2019; Rosofsky et al., 2017). In 

PCA analyses, a few studies in pregnant populations from the USA (Ohio), Canada, and 

Europe reported that MEP always represented a unique component (Kalloo et al., 2018; 

Lee et al., 2017; Rosofsky et al., 2017), which is consistent with our findings. In most 

populations, including ours, pregnant women have highest MEP concentrations relative 

to other phthalate metabolites likely due to their use of fragranced/perfumed products or 

cosmetics that contain diethyl phthalate, MEP’s parent compound (Hsieh et al., 2019; Parlett 

et al., 2013). Though a major limitation of PCA is that the identified components are unique 

to each population (similar to k-means), these consistent MEP findings in predominately 

white Western populations suggest that there may be certain exposure patterns that are 

consistent in pregnant women, although this needs to be further corroborated in non-Western 

populations. Most importantly, PCA in our population also identified a separate component 

heavily weighted for biomarkers of replacement compounds, DiNCH and DEHTP. This 

suggests that the replacements either have shared exposure sources or exist together through 

behaviors aimed at reducing exposure to phthalates. These results are concerning since 

phthalate replacement concentrations are increasing over time (CDC, 2021), and their health 

impacts during pregnancy are poorly understood (Campioli et al., 2017; Woodward et al., 

2020). Additional studies in more diverse populations are needed to confirm these exposure 

biomarker patterns.
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4.4. Several maternal characteristics were important predictors of PCs

Pairing PCA results with linear regression helped us identify maternal characteristics 

that best tracked with the four identified exposure biomarker profiles/clusters. Similar 

to our results from k-means clustering, this approach also identified age, marital status, 

income, parity, pre-pregnancy BMI, caffeine intake, enrollment year, and conception season 

as important independent predictors of phthalate/replacement biomarker concentrations. 

However, these analyses additionally identified race/ethnicity, education, employment status, 

pregnancy intention, smoking status, alcohol intake, and diet quality as determinants of at 

least one PC. Our findings pertaining to sociodemographic characteristics are consistent 

with previous studies from the contiguous U.S. and Puerto Rico showing that women 

who are younger, have lower income, and are unmarried have higher other phthalate 

metabolite concentrations, and that women who are older, have higher incomes, and are 

employed have higher phthalate replacement biomarker concentrations (James-Todd et al., 

2017; Polinski et al., 2018; Rodríguez-Carmona et al., 2020; Wenzel et al., 2018). Our 

findings also confirmed that black women, those who were older, and those who smoked 

during pregnancy have higher MEP concentrations, those with lower educational attainment 

have lower other phthalate (MBzP, ∑DBP and ∑DiBP) biomarker concentration, and that 

women who had overweight or obesity before pregnancy had higher phthalate plasticizer 

biomarker concentrations (Arbuckle et al., 2014; He et al., 2019; Polinski et al., 2018; 

Rodríguez-Carmona et al., 2020; Valvi et al., 2015; Wenzel et al., 2018; Wu et al., 2020). 

However, inconsistent with results the Puerto Rican study (Rodriguez-Carmona et al., 2020), 

we observed that women with pre-pregnancy overweight or obesity had higher phthalate 

replacement biomarker concentrations. Urinary DEHTP metabolite concentrations in our 

population are at least two times higher than those in the Puerto Rico cohort, which may 

explain discrepancies in findings. Additionally, our findings regarding pregnancy intention 

are somewhat in line with those from a multi-center cohort of U.S. pregnant women finding 

that women with unplanned pregnancies generally had higher MCPP and lower MEP first 

trimester biomarker concentrations (Lyden et al., 2020). We also observed that women with 

lower diet quality had lower other phthalate PC scores (strongest correlations with MBzP, 

∑DBP and ∑DiBP). One possible explanation is that women with lower diet quality may 

be less likely to take supplements (Dickinson and MacKay, 2014), which are a source of 

DBP (Kelley et al., 2012). Alternatively, it is possible that our diet quality measure does not 

account for the use of plastic food storage containers or the use of plastic water bottles – 

dietary habits that have been associated with urinary BBzP and DBP metabolite biomarker 

concentrations (Yan et al., 2009).

With regard to other studies using PCA, our findings are somewhat in line with those 

in pregnant women from Ohio, Canada, and China (discussed above). Race/ethnicity, 

household income, educational attainment, parity, pre-pregnancy BMI and diet were 

important predictors of phthalate biomarker PCs in the Ohio cohort (Kalloo et al., 2018), 

parity and smoking status were predictors of phthalate biomarker PCs in the Canadian 

cohort (Lee et al., 2017), while income, pre-pregnancy BMI, and employment status were 

important predictors of phthalate biomarkers PCs in the China cohort (Chen et al., 2021). 

However, two of these studies also reported that birthplace was associated with phthalate 

biomarker PCs (Kalloo et al., 2018; Lee et al., 2017), which was not evaluated in our 
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study. Conversely, the multi-cohort European study found no associations of education or 

employment status with phthalate biomarker PCs (Montazeri et al., 2019). Given that only 

a few studies paired PCA with linear regression models, additional studies are needed to 

corroborate our findings. Nevertheless, our results show that phthalate/replacement exposure 

biomarker patterns in pregnant women are associated with sociodemographic-related 

lifestyle characteristics that may predict consumption of products containing phthalates/

replacements.

4.5. Strengths and limitations

Our study has several strengths. First, we systematically assessed a large number of a priori 
hypothesized maternal characteristics, some of which are not extensively studied in the 

literature (e.g. caffeine consumption, pregnancy intention, overall diet quality), providing 

novel information about predictors of phthalate/replacement biomarker concentrations 

in pregnancy. Second, we focused only on phthalates and their replacements to better 

understand biomarker profiles and predictors of this large class of endocrine disrupting 

chemicals. Additionally, we assessed associations of predictors with phthalate/replacement 

metabolites using mixture methods. It has been demonstrated that the use of mixture 

methods to evaluate association of phthalate biomarkers with preterm birth identified 

preterm birth risk beyond what was expected based on single-pollutant models. Our 

approach may help us better identify potential confounding factors of associations between 

cumulative phthalate/replacement exposure and pregnancy-related health outcomes (Boss 

et al., 2018). Third, phthalate/replacement biomarker concentrations were quantified in 

pooled samples of up five first-morning urines, which is considered best practice for the 

assessment of non-persistent chemicals (Fromme et al., 2007; Johns et al., 2015a; Preau et 

al., 2010). Additionally, most women (94%) contributed all five urine samples, indicating 

that chemical biomarkers measured in pooled samples for our population likely represents 

exposure across gestation. Lastly, our study is one of few to evaluate maternal predictors of 

DiNCH and DEHTP metabolite concentrations – plasticizer replacements to which pregnant 

women are becoming increasingly exposed. Interestingly, women in our study had higher 

DEHTP concentrations than women from NHANES, but also higher concentration than 

those reported by other pregnancy cohorts (Rodríguez-Carmona et al., 2020; Wu et al., 

2020). We are either capturing more recent trends or I-KIDS women (who represent women 

with higher socioeconomic status than the representative sample in NHANES) may be 

choosing products labeled as “phthalate free” that may contain replacements. This will need 

to be investigated in future studies.

However, our study also has limitations. First, data on three urinary metabolites (DiNP 

metabolite MONP and DEHTP metabolites MEHHTP and MECPTP) were not available 

from our earliest participants, which limits our available sample size for assessing predictors 

of ∑DiNP (with the additional MONP metabolite) and ∑DEHTP, as well as ∑DiNCH that 

had lower detection frequencies compared to the other phthalate/replacement metabolites 

evaluated in our study. The loss of power and introduction of additional metabolites 

in multivariable analyses may account for differences in associations in the full versus 

sub-samples. Second, the timing for assessing early pregnancy lifestyle factors, which 

may change across a pregnancy, relative to phthalate/replacement biomarker concentrations 
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analyzed from a pooled sample to represent total gestational concentrations, may not be 

appropriate given the non-persistent nature of these chemicals. Third, the I-KIDS population 

is primarily comprised of non-Hispanic white women of high socioeconomic status, which 

may limit the generalizability of our findings to more diverse populations and our capacity 

to use refined categories for our sociodemographic variables. For example, our Asian 

category falsely homogenizes a diverse set of ethnicities, so additional studies may be 

needed to expand on this category. Lastly, although k-means clustering and PCA can 

be informative, the number and types of identified k-means clusters or PCs varies by 

population, making it challenging to use these data to generate universal recommendations 

for reducing prenatal phthalate exposure.

5. CONCLUSIONS

In this midwestern U.S. population, we identified two distinct groups of pregnant 

women with specific phthalate/replacement biomarker concentration profiles, and four 

uncorrelated profiles of phthalate/replacement biomarkers that likely track together due to 

shared exposure sources. We also observed that several sociodemographic characteristics, 

early pregnancy lifestyle characteristics, enrollment year, and seasonality were associated 

with biomarker concentration profiles identified in k-means clustering and PCA. These 

findings contribute to the growing body of literature reporting confounding factors 

that should be considered in statistical models evaluating associations of biomarkers 

of phthalate/replacement mixtures with pregnancy-related health outcomes. Additionally, 

pairing unsupervised pattern identification methods like k-means clustering and PCA with 

analyses evaluating predictors of phthalate/replacement biomarker concentration patterns 

are valuable for making recommendations targeted at limiting women’s consumption of 

phthalate-containing products during pregnancy. Future studies in more diverse populations 

are needed to confirm our findings (especially the magnitude of associations for each 

predictor) and to continue evaluating replacements such as DEHTP and DiNCH to fill in 

knowledge gaps about the determinants of these supposedly safer alternatives during and 

beyond pregnancy.
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Abbreviations:

BMI body mass index

DEHTP di(2-ethylhexyl) terephthalate

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

I-KIDS Illinois Kids Development Study

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

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 mono-isononyl phthalate

MONP monooxononyl phthalate

∑DBP sum of di-n-butyl phthalate metabolites

∑DEHP sum of di(2-ethylhexyl) phthalate metabolites

∑DEHTP sum of di(2-ethylhexyl) terephthalate metabolites

∑DiBP sum of di-iso-butyl phthalate metabolites

∑DiNCH sum of di(isononyl) cyclohexane-1,2-dicarboxylate metabolites
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∑DiNP sum of di-isononyl phthalate metabolites

NHANES National Health and Nutrition Examination Survey

PC principal component

PCA principal component analysis
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Figure 1. Multivariable associations of sociodemographic, lifestyle, enrollment year, and 
conception season predictors with k-means clusters.
Median urinary specific gravity-adjusted phthalate/replacement biomarker concentrations 

by k-means cluster in the A) full sample (enrolled between 12/2013 and 8/2018) or C) sub-

sample (enrolled between 2/2015 and 8/2018). Logistic regression models simultaneously 

adjusted for all listed predictors evaluated associations of 15 predictors with the odds of 

having B) high phthalate (cluster 2, n=230) than low phthalate (cluster 1, n=243) in the 

full sample or D) high phthalate including ∑DEHTP (cluster 2, n=131) than low phthalate 

including ∑DEHTP (cluster 1, n=174) biomarker concentrations in the sub-sample. BMI, 

body mass index; CI, confidence interval.
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Figure 2. Multivariable associations of sociodemographic, lifestyle, enrollment year, and 
conception season predictors with principal component scores.
Linear regression models simultaneously adjusted for all listed predictors evaluated 

associations of 15 maternal predictors with change in component scores in the A) full 

sample (enrolled between 12/2013 and 8/2018, n=473) and B) sub-sample (enrolled between 

2/2015 and 8/2018, n=305). Component 1 = phthalate plasticizer component, component 2 

= other phthalate component, component 3 = ∑DEHP/∑DEHTP (full sample) or phthalate 

replacement (sub-sample) component, and component 4 = MEP component. BMI, body 

mass index; CI, confidence interval.
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Table 1.

Characteristics of I-KIDS women in the full and sub-samples.

Full sample enrolled 12/2013 – 8/2018 (n=482) Sub-sample enrolled 2/2015 – 8/2018 (n=309)

n (%) n (%)

Maternal age

< 30 years 197 (41.9) 115 (37.2)

≥ 30 years 285 (59.1) 194 (62.8)

Race/ethnicity 1 missing

Non-Hispanic white 385 (80.0) 251 (81.2)

Non-Hispanic black 26 (5.4) 16 (5.2)

Asian 26 (5.4) 20 (6.5)

Other
1 44 (9.2) 22 (7.1)

Education

Some college or less 90 (18.7) 52 (16.8)

College grad or higher 392 (81.3) 257 (83.2)

Marital status

Married 426 (88.4) 273 (88.4)

Unmarried 56 (11.6) 36 (11.7)

Employment status

Unemployed 67 (13.9) 39 (12.6)

Employed 415 (86.1) 270 (87.4)

Household income 4 missing

<$60,000 138 (28.6) 84 (27.2)

$60,000-$99,999 182 (37.8) 114 (36.9)

≥$100,000 158 (32.8) 109 (35.3)

Enrollment year

12/2013 – 02/2015 173 (35.9) --

02/2015 – 07/2016 174 (36.1) 174 (56.3)

07/2016 – 08/2018 135 (28.0) 135 (43.7)

Conception season

Winter 122 (25.3) 80 (25.9)

Spring 134 (27.8) 101 (32.7)

Summer 107 (22.2) 78 (25.2)

Fall 119 (24.7) 50 (16.2)

Parity

0 children 246 (51.0) 164 (53.1)

≥ 1 child 236 (49.0) 145 (46.9)

Active smoker

No 423 (87.8) 294 (95.2)
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Full sample enrolled 12/2013 – 8/2018 (n=482) Sub-sample enrolled 2/2015 – 8/2018 (n=309)

n (%) n (%)

Yes 24 (5.0) 15 (4.9)

Missing 35 (7.3) --

Alcohol intake 1 missing

No serving/week 281 (58.3) 180 (58.3)

≥ 1 servings/week 200 (41.5) 129 (41.8)

Pregnancy intention

Planned 321 (66.6) 207 (67.0)

Unplanned 161 (33.4) 102 (33.0)

Pre-pregnancy BMI

< 25 kg/m2 258 (53.5) 162 (52.4)

≥ 25 kg/m2 224 (46.5) 147 (47.6)

Caffeine intake

None 196 (40.7) 124 (40.1)

< 1 cups/week 145 (30.1) 93 (30.1)

≥ 1 cups/week 141 (29.3) 92 (29.7)

Overall diet quality 3 missing 2 missing

AHEI < 55.1 239 (49.6) 153 (49.5)

AHEI ≥ 55.1 240 (49.8) 154 (49.8)

1
Hispanic white, American Indian or Alaska Native, Native Hawaiian or other Pacific Islander, multiracial, and other.

I-KIDS, Illinois Kids Development Study
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Table 2.

Unadjusted phthalate/replacement metabolite concentrations (ng/mL).

I-KIDS (n=482) NHANES (n=1076)

Parent Compound Metabolite(s) % ≥ LOD Median (25th, 75th pctl) 2013–2018 Median (25th, 75th pctl) 2013–2018

DEHP

MEHP 74.3 1.3 (0.8, 2.2) 1.1 (0.6, 2.3)

MEHHP 100.0 6.0 (3.8, 9.2) 5.3 (2.5, 10.8)

MEOHP 100.0 4.6 (3, 6.9) 3.7 (1.7, 7.3)

MECPP 100.0 9.2 (6.1, 14.8) 8.6 (4.1, 16.8)

DiNP

MCOP 100.0 11.0 (5.4, 25.7) 8.0 (3.5, 23.6)

MiNP 41.7 0.7 (0.4, 1.5) 0.6 (0.6, 1.1)

MONP 100.0 2.7 (1.7, 4.7)
1

1.6 (0.7, 3.2)
3

DiDP MCNP 100.0 2.1 (1.4, 3.3) 1.6 (0.8, 3.4)

DOP MCPP 97.1 1.5 (0.9, 2.6) 1.1 (0.5, 2.6)

BBzP MBzP 99.6 5.3 (2.8, 12) 4.6 (1.6, 12.0)

DEP MEP 100.0 25.0 (12.6, 46.5) 34.4 (14.6, 85.8)

DBP
MBP 100.0 12.6 (8.1, 19.5) 11.2 (5.1, 20.2)

MHBP 90.0 1.2 (0.7, 2) 0.9 (0.3, 1.7)
2

DiBP
MiBP 99.8 9.1 (5.5, 14.1) 8.7 (4.0, 17.9)

MHiBP 99.8 3.3 (2, 5.1) 2.9 (1.4, 6.0)
2

DiNCH
MHiNCH 77.4 0.8 (0.4, 1.6) 0.4 (0.3, 1.1)

MCOCH 50.4 0.5 (0.3, 1) 0.4 (0.4, 0.8)
3

DEHTP
MEHHTP 100.0 8.7 (3.7, 19.7)

1
6.0 (2.2, 17.1)

3

MECPTP 100.0 60.5 (24.3, 140)
1

20.7 (8.5, 67.6)
3

Urinary phthalate/replacement metabolite concentrations were obtained for 18–40 year-old pregnant and non-pregnant females from NHANES 
survey years 2013–14, 2015–16, and 2017–18 I-KIDS reports numeric values for all concentrations below the LOD, while NHANES replaces all 
values below the LOD with the LOD/√2 for that metabolite. Concentrations do not account for urine dilution.

1
n=309,

2
n=1074,

3
n=682.

I-KIDS, Illinois Kids Development Study; NHANES, National Health and Nutrition Examination Survey.

Environ Int. Author manuscript; available in PMC 2023 April 01.


	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Illinois Kids Development Study (I-KIDS) recruitment and enrollment
	Collection of maternal sociodemographic, lifestyle, and conception season information
	Assessment of urinary phthalate/replacement biomarker concentrations
	Statistical Analysis

	RESULTS
	I-KIDS population characteristics and urinary phthalate/replacement biomarker concentrations
	K-means clusters of women with distinct phthalate/replacement biomarker concentration profiles
	Associations of maternal characteristics with identified k-means clusters
	PCs of phthalate/replacement biomarker concentrations
	Associations of maternal characteristics with identified PCs

	DISCUSSION
	K-means clustering identified two groups of women with distinct phthalate/replacement biomarker profiles
	Several maternal characteristics were important predictors of k-means clusters
	PCA identified four components of phthalate/replacement biomarker concentrations
	Several maternal characteristics were important predictors of PCs
	Strengths and limitations

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.

