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Abstract

Background: Early-life phthalate exposures may adversely influence neurodevelopment by 

disrupting thyroid hormone homeostasis, altering brain lipid metabolism, or reducing gonadal 

hormone concentrations. Previous literature examining gestational phthalate exposure and child 

behavior were inconclusive and few prospective studies have examined childhood phthalate 

exposure, particularly phthalate mixtures. We investigated whether gestational and childhood 

phthalate exposures were associated with child behavior.

Methods: We used data from 314 mother-child pairs in the HOME Study, a longitudinal 

pregnancy and birth cohort that enrolled pregnant women from Cincinnati, Ohio. We quantified 
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urinary concentrations of 11 phthalate metabolites in samples collected twice during gestation 

from women and six times from their children when they were ages 1,2,3, 4, 5, and 8 years. We 

assessed children’s behavior at ages 2, 3, 4, 5, and 8 years using the Behavioral Assessment 

System for Children-2. Using linear mixed models, we estimated covariate-adjusted associations 

of measurement-error-corrected gestational and childhood phthalate metabolite concentrations (per 

interquartile range increase) with repeated child behavior assessments. We used Weighted Quantile 

Sum (WQS) regression to estimate the association of phthalate mixtures with child behavior.

Results: Gestational mono(3-carboxypropyl) phthalate (MCPP) concentrations were associated 

with more problem behaviors (internalizing: β=0.9, 95% confidence interval [CI]=−0.1, 1.9; 

externalizing: β= 1.0, 95%CI=−0.1, 2.0; behavioral symptoms index [BSI]: β= 1.1, 95%CI=0.1, 

2.1). Higher childhood monobenzyl phthalate (MBzP) (β=1.4; 95%CI=0.0, 2.7), 

monocarboxynonyl phthalate (MCNP) (β=3.2; 95%CI=1.6, 4.8), monocarboxyoctyl phthalate 

(MCOP) (β=0.9; 95%CI=0.0, 1.7), MCPP (β=1.8; 95%CI=0.2, 3.5), and monoethyl phthalate 

(MEP) (β=1.6; 95%CI=0.1, 3.1) concentrations were associated with higher BSI composite scores. 

Consistent with this, the weighted childhood phthalate index was associated with more problem 

behaviors (internalizing: β= 1.5, 95%CI=−0.2, 3.1; externalizing: β=1.7, 95%CI=0.1, 3.5; BSI: β= 

1.7, 95%CI=0.2, 3.2); MBzP, MCNP, and MEP largely contributed to these associations.

Conclusion: Our findings suggest that childhood exposure to phthalate mixtures may be 

associated with children’s problem behaviors.
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1. Introduction

Phthalates are a class of endocrine disrupting chemicals that are widely used as plasticizers 

and additives in some plastic containers, food packaging, children’s toys, medical 

equipment, building materials, and personal care products (Braun et al., 2014; Carlstedt et 

al., 2013; Hauser and Calafat, 2005; Hauser et al., 2004; Lyche et al., 2009; Rudel et al., 

2011). Because phthalates are not covalently bound to materials, they leach into the 

environment, foods and consumer products, exposing humans via inhalation, ingestion, and 

dermal absorption (Bornehag et al., 2005; Braun et al., 2014; Braun et al., 2013; Meeker et 

al., 2009; Rudel et al., 2011). Phthalates are rapidly metabolized in the body and eliminated 

in urine (Heudorf et al., 2007; Wittassek and Angerer, 2008). Thus, measuring urinary 

phthalate metabolite concentrations is the most common, reliable, and non-invasive means of 

assessing phthalate exposure (Braun et al., 2012; Calafat, 2016; Hauser and Calafat, 2005). 

Although phthalates have relatively short biological half-lives (<24 hours) in the human 

body, humans are chronically exposed to phthalates due to their widespread use (Braun et 

al., 2012; Calafat, 2016; Hauser and Calafat, 2005). Exposure to phthalates are ubiquitous, 

even among pregnant women, infants, and children (Braun et al., 2014; Carlstedt et al., 

2013; Lewis et al., 2013; Rudel et al., 2011; Silva et al., 2004; Watkins et al., 2014). Some 

phthalates and their metabolites (e.g., di-2-ethylhexyl phthalate [DEHP], diethyl phthalate 

[DEP], and monoethyl phthalate [MEP], etc.) can cross the placenta and possibly affect the 

developing fetus (Mose et al., 2007; Singh et al., 1975). Moreover, some phthalates may 
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affect the hormonal milieu of the mothers, which may in turn disrupt fetal development 

(Johns et al., 2015; Sathyanarayana et al., 2017). Finally, due to children’s unique 

physiology and behaviors, urinary concentrations of some phthalate metabolites are higher 

in children compared to adults (Koch et al., 2004; Koch et al., 2005; Silva et al., 2004; 

Sørensen, 2006; Watkins et al., 2014).

Phthalates may influence neurodevelopment by disrupting thyroid hormone homeostasis, 

altering brain lipid metabolism, or reducing gonadal hormone levels (Akaike et al., 1991; 

Andrade et al., 2006; Boas et al., 2012; Breous et al., 2005; Howdeshell et al., 2008; Huang 

et al., 2007; Meeker et al., 2007; Miodovnik et al., 2014; Moog et al., 2017; Stein et al., 

1991; Xu et al., 2007). The developing fetus, infant, and child are especially susceptible to 

the potential neurotoxicity of phthalate exposure due to their increased sensitivity to 

environmental factors and incompletely developed biologically protective mechanisms 

(Huen et al., 2010; Selevan et al., 2000). Rodent studies have shown that gestational or 

perinatal exposures to phthalate mixtures, di-n-butyl phthalate (DBP, the parent chemical of 

mono-n-butyl phthalate [MnBP]), and DEHP were associated with decreased social play 

behavior, decreased grooming behavior, and elevated anxiety in offspring, respectively 

(Barakat et al., 2018; Hoshi and Ohtsuka, 2009; Kougias et al., 2018).

Previous epidemiologic studies examining early life phthalate exposure and child behavior 

are inconclusive in terms of particular phthalate metabolites and distinctive behavior profiles 

(Engel et al., 2010; Engel et al., 2018; Gascon et al., 2015; Huang et al., 2019; Hyland et al., 

2019; Jankowska et al., 2019; Kobrosly et al., 2014; Ku et al., 2019; Lien et al., 2015; 

Messerlian et al., 2017; Minatoya et al., 2018; Philippat et al., 2017; Whyatt et al., 2012). 

Besides differences in the timing of and instruments used for behavior assessment, failure to 

account for exposure misclassification, periods of heightened susceptibility, and the effects 

of phthalate mixtures may also contribute to discrepancies (Radke et al., 2020). Due to their 

short half-life and the episodic nature of phthalate exposures, urinary concentrations of 

phthalate metabolite vary within individuals (Koch and Angerer, 2007; Koch et al., 2013; 

Watkins et al., 2014). Most previous studies examining gestational or childhood phthalate 

exposure only collected one urine during these periods of development, which may not 

accurately reflect phthalate exposure. This potential exposure misclassification could 

attenuate associations between urinary phthalate metabolite concentrations and child 

behavior. Moreover, only three prospective cohorts have examined the impact of childhood 

phthalate exposure on child behavior (Huang et al., 2019; Jankowska et al., 2019; Ku et al., 

2019).

Mixture effects of phthalate exposures have not been considered in these studies. Individuals 

are chronically exposed to multiple phthalates across their lifespan. However, most previous 

studies used the “one chemical at a time” and “one exposure period at a time” approaches, 

and have not considered human exposure to these phthalate mixtures (aggregate effects) or 

the potential for phthalates to have cumulative effects on human health.

To address these research gaps and better understand the potential influence of phthalate 

exposure on child behavior, we investigated the associations of repeatedly measured 

gestational (up to twice) and childhood (up to six times) urinary phthalate metabolite 
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concentrations with parent-reported child behavior using a longitudinal pregnancy and birth 

cohort, accounting for measurement error in urinary phthalate metabolite concentrations.

2. Materials and Methods

2.1. Study Participants

We used data from a longitudinal pregnancy and birth cohort, the Health Outcomes and 

Measures of the Environment (HOME) Study, which recruited pregnant women from the 

greater Cincinnati, Ohio area between 2003-2006, and conducted follow-up visits with the 

mothers and their children through age 8 years (Braun et al., 2017). Details regarding the 

HOME Study eligibility criteria, recruitment, and follow up are available elsewhere (Braun 

et al., 2017). Briefly, inclusion criteria included: ≥18 years of age; 16±3 weeks of gestation; 

living in the Cincinnati, Ohio area in a home built before 1978; not taking any medications 

for seizure or thyroid disorders; no history of HIV infection; and no diagnosis of diabetes, 

schizophrenia, bipolar disorder, or cancer. Of 1,263 eligible women, 468 agreed to 

participate in the study; the relatively low participation rate may be due to the high 

frequency and intensity of the study visits. Of the 401 mothers who remained in the study 

until delivery, 389 had live singleton births. A total of 314 mother-child pairs who had at 

least one urinary phthalate metabolite concentration measurement during pregnancy or 

childhood, at least one behavior problem assessment, and relevant covariate data were 

included in the current analysis.

The institutional review boards (IRBs) at Cincinnati Children’s Hospital Medical Center 

(CCHMC) and participating delivery hospitals approved the HOME Study protocols. Brown 

University and the Centers for Disease Control and Prevention IRBs deferred to the 

CCHMC IRB. All mothers provided informed consent for themselves and their children.

2.2. Phthalate Exposure Assessment

We collected maternal urine samples twice, at approximately 16- and 26-week gestation, 

using polypropylene specimen cups. We collected child urine samples annually from ages 

1-5 years and at age 8 years. We used polypropylene specimen cups to collect urine samples 

for children who were toilet-trained. For children who were not toilet-trained, we placed 

surgical inserts into a clean diaper; for children who were in the process of being toilet-

trained, we lined a training potty with inserts to collect urine samples. Urine was then 

expressed from the insert into a urine collection cup with a syringe in the laboratory. All 

urine samples were refrigerated for <24 hours prior to processing and stored at ≤−20 °C 

until phthalate metabolites quantification.

Using previously described analytic chemistry methods (Silva et al., 2004), we measured 

urinary concentrations of four DEHP metabolites: mono(2-ethylhexyl) phthalate (MEHP), 

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

(MECPP), and mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP). We also measured 

urinary concentrations of MnBP, MBzP, monocarboxynonyl phthalate (MCNP), 

monocarboxyoctyl phthalate (MCOP), mono(3-carboxypropyl) phthalate (MCPP), MEP, and 

mono-isobutyl phthalate (MiBP). We were unable to quantify gestational urinary MCNP or 
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MCOP concentrations because the method had not yet been developed. In addition, we 

detected some phthalate contamination in the diaper inserts, and thus we were unable to 

quantify urinary concentrations of MEHP, MnBP, and MiBP in the children’s urine samples 

collected at ages 1-3 years (Watkins et al., 2014). For both gestational and childhood 

samples, we used three oxidative DEHP metabolites to create a summary DEHP metabolite 

measure (i.e., ΣDEHP). To calculate ΣDEHP concentrations, we divided each DEHP 

metabolite concentration by its molar mass, summed the individual concentrations, and then 

multiplied the molar sum by the molar mass of MECPP, using the following formula: 

ΣDEHP (ng/mL) = [MEOHP (ng/mL) / 292.331 g/mol + MECPP (ng/mL) / 308.33 g/mol + 

MEHHP (ng/mL) / 294.347 g/mol] * 308.33 g/mol. The range of limits of detection (LODs) 

for the urinary phthalate metabolites was 0.1 to 1 ng/mL. Less than 3% of the values were 

below the LOD, and were replaced with the LOD/√2 (Hornung and Reed, 1990). We 

measured urinary creatinine concentrations to account for urine dilution (Larsen, 1972). 

Urinary phthalate metabolite concentrations (ng/mL) were creatinine-standardized (dividing 

metabolite concentrations by creatinine concentrations) and log10-transformed in statistical 

analyses. Finally, we standardized the concentrations of each phthalate metabolite to its 

interquartile range (IQR) across visits to make effect sizes more comparable across different 

metabolites (Buckley et al., 2016).

2.3. Child Behavioral Outcomes

Parents or caregivers rated their children’s behavior at ages 2, 3, 4, 5, and 8 years using the 

Behavioral Assessment System for Children-2 (BASC-2) (Reynolds and Kamphaus, 2004). 

The BASC-2 is a valid and reliable tool for assessing children’s adaptive and problem 

behaviors in both home and community settings (Reynolds and Kamphaus, 2004). We 

analyzed three behavior problem composite scales (internalizing problems, externalizing 

problems, and Behavioral Symptoms Index [BSI]) and nine clinical subscales (anxiety, 

depression, somatization, aggression, conduct problems, hyperactivity, attention problems, 

atypicality, and withdrawal). The internalizing problem composite scale reflects inwardly 

directed behaviors (i.e., anxiety, depression, somatization); the externalizing problem 

composite scale measures disruptive behavior problems (i.e., aggression, conduct problems, 

hyperactivity); and the BSI assesses the child’s overall level of problem behaviors (i.e., 

aggression, atypicality, attention problems, depression, hyperactivity, and withdrawal). 

Conduct problems were only assessed at age 8 years. We used software provided by the test 

publishers and U.S. population-based normative referent data to calculate T-scores (mean: 

50, standard deviation [SD]: 10) for each composite and clinical scale. Higher scores on 

these scales indicate more problem behaviors.

2.4. Covariate Assessment

We used previous literature and directed acyclic graphs to identify potential confounders that 

may be associated with both phthalate exposure and child behavior, but not causal 

intermediates or colliders (Supplemental Figures S1–S2). Trained interviewers administered 

standardized questionnaires to assess maternal age, education, household income, marital 

status, parity, gestational alcohol consumption, and children’s race. We abstracted data on 

maternal pregnancy-induced hypertension and child sex from hospital medical charts. We 

used self-reported height and weight (or imputed weight using the Super Learner method if 
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data were missing) to calculate pre-pregnancy body mass index (BMI) (van der Laan et al., 

2007). We assessed maternal depressive symptoms during the 2nd trimester using the Beck 

Depression Inventory-II and attention-deficit/hyperactivity disorder (ADHD) behaviors at 

the 8-year study visit using Conners’ Adult ADHD Rating Scale, with higher scores 

indicating more depressive and ADHD behavior problems, respectively (Beck et al., 1997; 

Conners et al., 1999). We used the average of the log10-transformed serum cotinine 

concentrations measured at 16- and 26-week gestation to assess gestational tobacco smoke 

exposure. Similar to phthalates, urinary bisphenol A (BPA) and triclosan concentrations and 

blood lead concentrations were measured up to twice during gestation and six times during 

childhood. We used the average of the natural log-transformed blood lead concentrations 

measured at 16- and 26-week gestation to assess gestational lead exposure. We assessed the 

caregiving environment when children were 1 year old using the Home Observation for 

Measurement of the Environment (Caldwell and Bradley, 2003).

2.5. Statistical Analyses

We began by calculating univariate statistics and creating violin plots to examine the 

distribution of observed and measurement error-corrected urinary phthalate metabolite 

concentrations across visits (Hintze and Nelson, 2012). Then we calculated the mean and SD 

of the three BASC-2 composite scale scores by strata of the key covariates and compared the 

scores across these strata using the Kruskal-Wallis test. We calculated the intraclass 

correlation coefficients of BASC-2 scores assessed from ages 2-8 years. We also compared 

the covariate distribution between the HOME Study children included and excluded in this 

analysis using Chi-square test or Fisher’s exact test.

2.5.1. Exposure Measurement Error.—We used two distinct regression-calibration 

approaches to account for exposure measurement error of gestational and childhood 

phthalate metabolite measures, depending on whether urinary phthalate metabolite 

concentrations showed time trends across measurements. Details of the approaches have 

been previously described (Jackson-Browne et al., 2019).

For gestational exposure, we used a random intercept model (Carroll et al., 2006), where 

subject-specific replicates were used to estimate true geometric mean urinary phthalate 

metabolite concentrations (log10-transformed and creatinine standardized) across the two 

measurements during gestation (16 and 26 weeks). Our model is based on the assumption 

that phthalate metabolite concentrations collected from the ith mother at the jth 

measurement during gestation are distributed as Yij = μi +εij, where μi ∼ N(μ, σB
2 ) and 

εij ∼ N(0, σW
2 ). Thus, the reliability of observed geometric mean phthalate metabolite 

concentration (y‒i) for the ith mother across gestation is given by Ri = σB
2 ∕ (σB

2 + σW
2 ∕ ni), 

where σB
2  and σW

2  are the between-subject and within-subject variance components 

respectively, and ni, is the number of available phthalate metabolite measures. In our 

regression model for the BASC-2 outcomes, using the NLME package in R (Pinheiro and 

Bates, 2000), we replaced y‒i by its best linear unbiased predictor (BLUP) from a linear 

mixed effects model, yi. Under a random intercept model, the BLUP has a closed form given 
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by yi = (1 − Ri)∗μ + Ri
∗y‒i, where μ is the generalized least squares estimate of the geometric 

mean gestational phthalate metabolite concentration across the two gestational measurement 

occasions for the entire HOME Study sample. Because of their lower reliability, observed 

geometric mean concentrations from mothers with one gestational measure are shrunk more 

towards the grand mean than mothers with two measures.

For childhood exposure, a more complex linear mixed effects model was used to account for 

measurement error because childhood urinary phthalate metabolite concentrations changed 

non-linearly with child age. Models included random intercepts, random linear time slopes, 

and linear, quadratic and cubic fixed effects of time. We specified a spherical covariance 

matrix for the within-subject residuals and an unstructured between-subject covariance 

matrix for the random effects. The scalar reliability measure for the gestational geometric 

mean is replaced by a reliability matrix Ri = ZiΣBZi
T(Zi

∗ΣBZi
T + σW

2 Ii)
−1

 that differentially 

shrinks the observed urinary phthalate metabolite concentrations towards the occasion-

specific grand means depending on both the number and timing of measurement occasions 

for each participant. Based on the subject-specific urinary phthalate metabolite concentration 

trajectory we estimated for each HOME Study participant, we calculated the exposure 

intensity of the urinary phthalate metabolite concentration during the childhood period by 

integrating the resulting quadratic polynomial in closed form and dividing the area under the 

curve by the length of exposure for each subject. For example, the cumulative MEP 

exposure up to age 4 years was used to calculate exposure intensity of urinary MEP 

concentrations at age 4 years.

2.5.2. Periods of Susceptibility Analyses.—First, we used a previously described 

multiple informant method, which utilizes generalized estimating equations, to jointly 

estimate the associations of repeated gestational and childhood urinary phthalate metabolite 

concentrations at each exposure period with the BASC-2 measurements (Jackson-Browne et 

al., 2018; Sanchez et al., 2011; Stacy et al., 2017). This method also allowed us to test if the 

associations were equal across gestational (16- and 26-week) or childhood (ages 1, 2, 3, 4, 5, 

and 8 years) periods. We used the measurement-error-corrected log10-transformed 

creatinine-standardized urinary phthalate metabolite concentrations as our exposure 

variables, and three composite scales as distinctive outcomes. The multiple informant model 

included visit, phthalate x visit, and covariates. A P-value of the phthalate x visit interaction 

term <0.05 was considered evidence that at least one of the phthalate-BASC-2 associations 

differed from the rest. If we found no evidence that the associations differed across 

gestation/childhood exposure periods, we used the geometric mean measurement-error-

corrected gestational phthalates and the measurement-error-corrected exposure intensity of 

childhood phthalates as the exposure variables for the rest of our analyses.

2.5.3. Main Analyses.—We used random intercept linear mixed models (with empirical 

standard errors, as implemented in SAS Proc Mixed version 13.2) to estimate the 

associations of gestational and childhood urinary phthalate metabolite concentrations with 

children’s repeated BASC-2 measurements. BASC-2 was measured in 261 children at age 2 

years, 244 children at age 3 years, 183 children at age 4 years, 206 children at age 5 years, 

and 228 children at age 8 years. Because BASC-2 measurements were relatively stable 
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during childhood (intraclass correlation coefficient ranged from 0.5 to 0.7, moderately 

correlated, Supplemental Table S1), we used all BASC-2 measurements as the outcome to 

increase our sample size and effect estimate precision. The three problem behavior 

composite scales and nine clinical subscales were examined separately as outcomes. 

Geometric mean measurement-error-corrected log10-transformed gestational creatinine-

standardized urinary phthalate metabolite concentrations and measurement-error-corrected 

exposure intensity of log10-transformed childhood creatinine-standardized urinary phthalate 

metabolite concentrations were used as exposure variables. The childhood exposure variable 

was characterized as a time-varying variable to avoid reverse causation. For example, to 

estimate the association with BASC-2 assessment at age 8 years, exposure intensity of 

childhood MEP concentrations during the first 8 years of life were used; whereas to estimate 

the association with BASC-2 assessment at age 4 years, exposure intensity of childhood 

MEP concentrations during the first 4 years of life were used. We adjusted for maternal age 

at delivery, education, marital status, pre-pregnancy BMI, depression score at enrollment, 

serum cotinine concentrations during pregnancy, alcohol consumption during pregnancy, and 

child’s sex, race, and age at outcome assessment.

In addition, we specified a weighted quantile sum (WQS) regression model to estimate the 

influence of our eight-component phthalate mixture on child behavior (Czarnota et al., 

2015). Briefly, a WQS regression model constructs a weighted index within a set of 

correlated exposures and tests its overall association with an outcome. The relative variable 

importance (RVI) of each individual exposure can be then assessed by the weights that the 

model assigns to it within the index (Czarnota et al., 2015). WQS regression is typically 

employed in a non-iterative fashion, thus failing to capture weight uncertainty. Thus, we 

chose to implement WQS regression in an iterative fashion within a parallel-processing 

computing environment (Tanner et al., 2019).

In each of N=1,000 iterations, we randomly sampled 40% of the observations and used them 

to estimate a set of weights that maximized the association between childhood phthalate 

exposure and children’s BASC-2 scores across B=100 bootstrap sub-samples. Because WQS 

regression is constrained to model associations between individual exposures and outcome 

that are all in the same direction, we assumed that these weights were non-negative and 

summed to one across index components. Given that the optimally-weighted index varied 

over its iteration-specific interquartile range, we then used the remaining 60% of the 

observations to fit a linear regression model to estimate a standardized coefficient that 

assessed the association of childhood phthalate concentrations on children’s BASC-2 scores. 

As a result, percentile confidence intervals for β across iterations fully capture uncertainty in 

both the RVI of individual phthalate exposures and in the strength of the association of 

overall childhood phthalate exposure with children’s BASC-2 scores. In addition to 

examining box plots of weights across iterations, we also assessed RVI by the proportion of 

iterations for which the corresponding weights exceeded the threshold expected by chance, 

1/c, where c=8 is the number of index components. Certain index components may appear 

relatively unimportant based on their average weight across iterations, but still have high 

inclusion probabilities, due to large weight variability across iterations. Phthalate 

metabolites with inclusion probabilities >0.125 (1/8) were considered as important 

components of the mixture. Based on our initial analyses described above and given that 
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WQS cannot currently accommodate repeated measurements, we used exposure intensity of 

urinary childhood phthalate metabolite concentrations through age 8 years as the exposure 

and BASC-2 scores at age 8 years as the outcome for this analysis.

2.5.4. Secondary Analyses.—We examined whether the phthalate-behavior 

associations differ by child sex by including a phthalate x sex product interaction term in the 

model; a P value for this term <0.05 was considered as evidence for interaction.

2.5.5. Sensitivity Analyses.—Because mothers and children may share common 

sources of exposure over time, we mutually adjusted for gestational and childhood phthalate 

metabolites in the model to reduce potential co-pollutant confounding and test the robustness 

of our results. Because our group previously reported sex-specific associations of gestational 

urinary BPA and gestational/childhood triclosan concentrations with child behavior, we 

additionally adjusted for gestational urinary BPA and triclosan concentrations in our sex-

specific prenatal exposure models, and childhood triclosan concentrations in our sex-specific 

postnatal exposure models to reduce potential confounding and test the robustness of our 

results (Jackson-Browne et al., 2019; Stacy et al., 2017). The geometric mean measurement-

error-corrected log10-transformed creatinine-standardized gestational urinary BPA and 

triclosan concentrations, as well as measurement-error-corrected exposure intensity of the 

childhood urinary BPA and triclosan concentrations were used in the analysis. In addition, 

because all pregnant woman subjects were living in a home built before 1978, which would 

increase the risk of lead exposure, we additionally adjusted for gestational and childhood 

blood lead concentrations in the prenatal and postnatal exposure models, respectively, to test 

the robustness of our results. The average of gestational blood lead concentrations was 

adjusted in the prenatal model, and the childhood blood lead concentrations was used as a 

time-varying covariate to be consistent with our phthalate biomarker parameterization. We 

also additionally adjusted for household income, pregnancy-induced hypertension, parity, 

maternal ADHD behavior, and caregiving environment given that the presence or 

directionality of the associations of some of these covariates with exposure and outcome is 

unclear.

We performed all analyses using R (R Development Core Team, 2015) and SAS version 9.4 

(SAS Institute Inc., USA). Consistent with the recommendations of the American Statistical 

Association and other epidemiologists that we should not conclude there is ‘no association’ 

just because a P value is larger than a threshold such as 0.05 or a confidence interval does 

not include the null (Amrhein et al., 2019; Wassersteina and Lazar, 2016), we focused on the 

pattern of our results and not just the statistical significance of our estimates in this study. If 

an association showed a pattern, that is, the upper or lower confidence limit closes to 0, we 

consider it a potentially important association.

3. Results

Our analysis included 314 mother-child pairs who had at least one urinary phthalate 

metabolite measurement, at least one BASC-2 assessment at ages 2-8 years, and complete 

covariate data (Supplemental Table S2). The creatinine-standardized urinary concentrations 

of most phthalate metabolites decreased with children’s age, except for MCOP 
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concentrations which changed non-monotonically with age (Supplemental Table S3 and 

Supplemental Figure S3). For measurement-error-corrected gestational phthalate metabolite 

concentrations, MnBP was moderately correlated with MBzP, MCPP, and MiBP (Pearson’s r 

ranges 0.41-0.45). For measurement-error-corrected exposure intensity of childhood 

phthalate metabolite concentrations, the correlations of MnBP with MBzP, MCPP, and 

MiBP (Pearson’s r ranges 0.40-0.62), and the correlations of MCOP with MCNP and MCPP 

(Pearson’s r ranges 0.57-0.67) were moderate as well (Supplemental Figure S4).

Mean ± SD of internalizing problem, externalizing problem, and BSI scores were 48 ± 9, 49 

± 9 and 49 ± 9, respectively, which are close to the U.S. population-based normative referent 

data (Table 1). Below we highlighted BASC-2 scores that were statistically significantly 

different based on the Kruskal-Wallis test. On average, children’s mean internalizing 

problem scores were higher among those who were born to mothers who had higher 

depression scores at enrollment (47 for BDI scores 0-14; 50 for BDI scores >14-19; and 51 

for BDI scores≥19, P=0.02). Children’s mean externalizing problem and BSI scores were 

higher among males, or those born to mothers who had higher (compared to lower) 

depression scores at enrollment (P values <0.05). The distributions of most covariates were 

similar between the HOME Study children included and excluded in this analysis, except for 

maternal education, maternal age, marital status, and gestational smoking (Supplemental 

Table S4).

Using multiple informant models, we did not find evidence that the association of 

gestational or childhood phthalate concentrations with BASC-2 scores varied by visit. All of 

the heterogeneity p-values were >0.05, although the p-values for gestational ΣDEHP-

externalizing problems and childhood MCPP-internalizing problems were 0.10 and 0.09, 

respectively (Supplemental Table S5 and Supplemental Figure S5). Thus, we focused on the 

geometric mean measurement-error-corrected gestational exposure and measurement-error-

corrected childhood exposure intensity in the rest of our analyses.

In our main analyses, gestational urinary MCPP concentrations were positively associated 

with the three composite scores (internalizing problems: β=0.9, 95% confidence interval 

[CI]=−0.1, 1.9, P=0.07; externalizing problems: β=1.0, 95%CI=−0.1, 2.0, P=0.07; BSI: 

β=1.1, 95%CI=0.1, 2.1, P=0.03). Gestational urinary MBzP (β=0.8, 95%CI=−0.2, 1.9, 

P=0.13) and MiBP (β=0.7, 95%CI=−0.2, 1.6, P=0.14) concentrations were both positively 

associated with externalizing problem composite scores (Figure 1, Table 2, and 

Supplemental Table S6). The 95%CIs for most of these associations included the null. The 

associations between gestational phthalates and children’s BASC-2 scores did not differ by 

child sex (Table 2 and Supplemental Figure S6).

Several childhood phthalate metabolites were associated with BASC-2 composite scores. 

Each 1-IQR increase in log10-transformed childhood urinary MEP concentrations were 

associated with 1.7 (95%CI=0.1, 3.2, P=0.03) higher scores on internalizing problem 

composite scale. Higher childhood urinary MnBP (β=1.5; 95%CI=−0.1, 3.1, P=0.07), 

MCNP (β=1.5; 95%CI=−0.2, 3.1, P=0.08), and MEP (β= 1.3; 95%CI=−0.2, 2.9, P=0.08) 

concentrations were associated with higher externalizing problem composite scores. Higher 

childhood urinary MBzP (β=1.4; 95%CI=0.0, 2.7, P=0.05), MCNP (β=3.2; 95%CI=1.6, 4.8, 
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P<0.01), MCOP (β=0.9; 95%CI=0.0, 1.7, P=0.04), MCPP (β=1.8; 95%CI=0.2, 3.5, P=0.03), 

and MEP (β=1.6; 95%CI=0.1, 3.1, P=0.04) concentrations were associated with higher BSI 

composite scores (Figure 1, Table 2, and Supplemental Table S6). The 95%CIs for some of 

these associations included the null. For childhood phthalates, most of the associations were 

not different by child sex; however, we observed more pronounced positive associations 

between MEP concentrations and three composite scores in girls (internalizing problems: 

β=2.2; 95%CI=0.2, 4.1, P=0.03; externalizing problems: β=2.0; 95%CI=0.1, 3.9, P=0.04; 

BSI: β=2.0; 95%CI=−0.1, 4.0, P=0.06) compared to boys (internalizing problems: β=0.7; 

95%CI=−1.4, 2.9, P=0.50; externalizing problems: β=0.3; 95%CI=−1.9, 2.5, P=0.81; BSI: 

β=1.1; 95%CI=−1.0, 3.2, P=0.32) (Table 2 and Supplemental Figure S6).

When examining the aggregate impact of all phthalate metabolites (exposure intensity 

through age 8 years) using WQS regression, an IQR increase in the weighted childhood 

phthalate index was positively associated with the three composite scale scores (internalizing 

problems: β= 1.5, 95%CI=−0.2, 3.1, P=0.08; externalizing problems: β=1.7, 95%CI=0.1, 

3.5, P=0.048; BSI: β=1.7, 95%CI=0.2, 3.2, P=0.03). Compared to other metabolites, MCNP, 

MEP, and MBzP contributed largely to these associations, with the relative weights of 0.33, 

0.28, and 0.15 for internalizing problems; 0.22, 0.15, and 0.36 for externalizing problems; 

and 0.28, 0.13, and 0.30 for BSI, respectively (Figures 2–4, Supplemental Table S7). MCNP, 

MEP, MBzP, ΣDEHP and MCPP (for internalizing problems); MCNP, MEP, MBzP, MnBP, 

MiBP, and ΣDEHP (for externalizing problems); and MCNP, MEP, MBzP and ΣDEHP (for 

BSI) had inclusion probabilities >0.125.

When examining clinical subscales, childhood urinary concentrations of several phthalate 

metabolites were associated with somatization, depression, atypicality and withdrawal 

subscales (Supplemental Figure S7 and Supplemental Tables S8–S9). It is noteworthy that 

childhood urinary ΣDEHP (β=1.9; 95%CI=0.0, 3.8, P=0.05), MBzP (β=1.3; 95%CI=0.0, 

2.7, P=0.06), MCNP (β=1.6; 95%CI=−0.1, 3.3, P=0.06), MCOP (β=1.0; 95%CI=0.0, 2.1, 

P=0.06), MCPP (β=2.0; 95%CI=0.3, 3.8, P=0.02), MEP (β=1.8; 95%CI=0.4, 3.2, P=0.01) 

and MiBP (β=1.3; 95%CI=−0.2, 2.7, P=0.10) concentrations were associated with 

somatization subscale scores. Gestational urinary phthalate metabolites were generally not 

associated with clinical subscales (Supplemental Figure S8).

In sensitivity analyses, when we mutually adjusted for gestational and childhood urinary 

phthalate metabolite concentrations, the results were not substantially different from the 

main analysis (Supplemental Figure S9). When we additionally adjusted for gestational 

urinary BPA and triclosan concentrations in our sex-specific prenatal models, and childhood 

triclosan concentrations in our sex-specific postnatal models, the results were not 

substantially different from the main analysis, except that the association between 

gestational phthalate metabolites and behavior in girls were slightly attenuated after 

adjusting for gestational BPA (results not shown). The results were not substantially altered 

after additionally adjusting for gestational or childhood blood lead concentrations, 

household income, pregnancy-induced hypertension, parity, caregiving environment, or 

maternal ADHD behavior (results not shown).
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4. Discussion

Using data from a pregnancy and birth cohort, we examined the associations of repeated 

measures of urinary phthalate metabolite concentrations from 16 weeks of gestation to 8 

years of age with longitudinal measures of caregiver-reported childhood problem behaviors 

from ages 2-8 years, accounting for urinary phthalate metabolite concentration measurement 

error. We did not observe strong evidence for periods of heightened susceptibility. 

Gestational urinary MCPP concentrations were positively associated with the three 

composite behavior scores examined. Higher childhood MEP concentrations were associated 

with higher internalizing and externalizing problem composite scores, while higher 

childhood urinary MBzP, MCNP, MCOP, MCPP, and MEP concentrations were associated 

with higher BSI composite scores. Finally, the mixture of childhood phthalates was 

positively associated with all three composites scores.

It is unclear how early-life phthalate exposure influence neurobehavior, but several potential 

mechanisms have been proposed (Akaike et al., 1991; Andrade et al., 2006; Boas et al., 

2012; Breous et al., 2005; Howdeshell et al., 2008; Huang et al., 2007; Meeker et al., 2007; 

Miodovnik et al., 2014; Moog et al., 2017; Stein et al., 1991; Xu et al., 2007). Thyroid 

hormones play a critical role in early life brain development (Chan and Kilby, 2000; 

Hendrich et al., 1984; Porterfield and Hendrich, 1993). Exposure to several phthalates (e.g., 

DBP, DEHP, and butyl benzyl phthalate [BBzP, the parent chemical of MBzP, and to a lesser 

extent, MnBP]) have been shown to modulate thyroid function and reduce circulating 

thyroid hormone levels, which may adversely affect neurobehavior (Akaike et al., 1991; 

Breous et al., 2005; Meeker et al., 2007; Miodovnik et al., 2014; Moog et al., 2017; Poon et 

al., 1997; Stein et al., 1991; Sugiyama et al., 2005). Our group has previously found that 

gestational phthalate exposure was associated with cord blood thyroid hormone levels 

among HOME Study children (Romano et al., 2018). In addition, phthalates (e.g., DEHP) 

may alter lipid metabolism and lipid profiles of the brain (Xu et al., 2007; Xu et al., 2008). 

Lipids and their fatty acid substituents (e.g., docosahexaenoic acid and arachidonic acid) are 

critical for development of the central nervous system and fetal brain (Crawford et al., 1976; 

Neuringer et al., 1984). Altered lipid profiles could adversely influence neurodevelopment 

(Helland et al., 2003). Finally, certain phthalates (e.g., BBzP, DEHP, DnBP, and DiBP) are 

anti-androgenic and prior studies report concentration addition effects (Fisher et al., 2003; 

Foster et al., 2001; Hannas et al., 2011; Kavlock et al., 2002). Thus, exposure to these 

phthalates, as well as their mixture, in early life may inhibit testosterone production, which 

is critical for brain development, particularly sex-specific behaviors (Cohen-Bendahan et al., 

2005; Dahl et al., 2018; Fisher et al., 2003; Foster et al., 2001; Hannas et al., 2011; Kavlock 

et al., 2002).

Previous rodent studies suggest that pre- or peri-natal phthalate exposure may impact certain 

offspring behaviors (Barakat et al., 2018; Hoshi and Ohtsuka, 2009; Kougias et al., 2018). 

Using a rat model of human prenatal phthalate exposure, a prior study found that perinatal 

exposure (from gestation through postnatal day 10) to a phthalate mixture was associated 

with decreased social play behavior in the offspring (Kougias et al., 2018). Another study 

found that low-dose DBP exposure during gestation decreased grooming behavior in the rat 

offspring when they were placed in a test cage, indicating low-dose DBP adversely 
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influences emotional stability in a novel environment (Hoshi and Ohtsuka, 2009). Another 

rodent study found that gestational DEHP exposure increased anxiety behavior in offspring 

(Barakat et al., 2018).

We found that gestational MCPP was positively associated with internalizing and 

externalizing problem, and BSI composite scores in the present study, possibly driven by 

anxiety, aggression, and withdrawal subscale scores, respectively. Our findings are 

consistent with findings from the Center for the Health Assessment of Mothers and Children 

of Salinas (CHAMACOS) study (Hyland et al., 2019). The CHAMACOS study found that 

gestational MCPP was positively associated with parent-reported BASC-2 scores assessed at 

ages 7-16 years, including internalizing and externalizing problem composite scores. They 

also found that gestational MCPP was associated with increased internalizing problem 

composite scores and anxiety subscale scores assessed via the self-report version of the 

BASC-2, which is consistent with our findings. Because MCPP is a metabolite of several 

phthalates and its concentrations are usually low compared to other phthalate metabolites, 

MCPP was not often examined in previous studies, which limited our ability to compare our 

findings with theirs. Our findings are, however, consistent with experimental animal studies. 

MCPP is a non-specific metabolite of several phthalates, including DBP, which was shown 

to be associated with decreased grooming behavior in a rodent study (Hoshi and Ohtsuka, 

2009). DBP was also shown to disturb thyroid homeostasis and reduce gonadal hormones, 

which may subsequently influence neurobehavior (Breous et al., 2005; Fisher et al., 2003; 

Foster et al., 2001; Hannas et al., 2011; Kavlock et al., 2002; Meeker et al., 2007; 

Miodovnik et al., 2014; Poon et al., 1997; Sugiyama et al., 2005).

Previous studies showed mixed findings on gestational phthalate exposures and child 

behavior in terms of particular phthalate metabolites and distinct behavior profiles. For 

example, gestational MBzP was not associated with behavioral problems assessed by the 

Strength and Difficulties Questionnaires at age 7 years in a Spanish study, but it was 

associated with withdrawn and internalizing behaviors assessed by the Child Behavioral 

Checklist at age 3 years in an U.S. study (Gascon et al., 2015; Whyatt et al., 2012). A Polish 

study found that gestational MEP concentrations were associated with increased peer 

relationship problems at age 7 years, whereas the Spanish study reported that gestational 

MEP was associated with reduced inattention symptoms at 4 years (Gascon et al., 2015; 

Jankowska et al., 2019). In the present study, besides MCPP, gestational MBzP and MiBP 

were associated with externalizing problem composite scores. The discrepancies in the 

findings might be partly explained by the differences in the sociodemographic compositions 

of the study population, timing of phthalate measurements, age at behavioral assessment, 

and the instruments used. Most importantly, most previous studies only used one single spot 

urine to assess urinary phthalate metabolite concentrations, which is unlikely to represent the 

exposure pattern during entire gestational period given the short biological half-life of 

phthalates in the body. Therefore, previous findings are subject to exposure misclassification 

and biased results. Future studies should consider repeated measurements and correcting for 

measurement error when assessing phthalate metabolite concentrations.

Only three prospective cohorts have investigated the impact of childhood phthalate exposure 

on child behavior, and few studies have examined mixture effects of phthalate exposure 
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(Huang et al., 2019; Jankowska et al., 2019; Ku et al., 2019). A Taiwanese study reported 

that childhood urinary MBzP concentrations at ages 2-8 years were associated with higher 

social problem scores, assessed by the Child Behavior Checklist, in 153 children ages 8-14 

years (Huang et al., 2019). Another study based on the same cohort reported that urinary 

MBzP concentrations at age 2 years were associated with ADHD symptom traits, assessed 

by child activity level, distractibility, and low persistence (Ku et al., 2019). In our study, we 

found that childhood MBzP was associated with higher BSI composite scores, and increased 

depression, somatization, conduct problem, and atypicality subscale scores. The positive 

associations between MBzP and child behavior is consistent with experimental animal 

studies examining BBzP, the parent compound of MBzP, which has been shown to adversely 

affect neurobehavior by disturbing thyroid homeostasis and reducing gonadal hormones 

(Breous et al., 2005; Fisher et al., 2003; Foster et al., 2001; Hannas et al., 2011; Kavlock et 

al., 2002; Meeker et al., 2007; Miodovnik et al., 2014; Poon et al., 1997; Sugiyama et al., 

2005). We also found that several childhood phthalate metabolites were associated with BSI 

composite scales, but null associations were observed in this Taiwanese study (Huang et al., 

2019). The Polish Mother and Child Cohort reported that childhood urinary phthalate 

metabolite concentrations at age 2 years were not associated with child behavior at age 7 

years, assessed using the Strengths and Difficulties Questionnaire (Jankowska et al., 2019). 

The inconsistencies in the findings might be explained by differences in sociodemographic 

compositions of the study population, age at behavior assessment, the instruments used, and 

whether exposure misclassification and mixture effects were accounted for.

Few studies have examined the impact of early life phthalate mixtures on child behavior. In 

our WQS analysis, childhood MEP, MCNP, and MBzP contributed largely to the positive 

associations of phthalate mixture with the three composite scores, which is consistent with 

our findings from single phthalate metabolite analysis where these same three metabolites 

were positively associated with the three composite scores. Given that WQS cannot 

currently accommodate repeated measurements, only the BASC-2 scores at age 8 years was 

used in the WQS analysis, whereas repeated measurements of BASC-2 scores at ages 2, 3, 4, 

5, and 8 years were used in the single phthalate metabolite analysis, and thus may contribute 

to some slight discrepancies in the findings, even though the BASC-2 measurements were 

relatively stable during childhood. For gestational exposure, the associations between 

phthalate metabolites and behavior were not modified by child sex in the present study, 

which is consistent with most previous studies (Gascon et al., 2015; Huang et al., 2019; 

Kobrosly et al., 2014; Lien et al., 2015; Philippat et al., 2017). Only two previous studies 

reported modification by sex; however, the associations were not consistently stronger in 

boys (Engel et al., 2010; Whyatt et al., 2012). For childhood exposure, most phthalate-

behavior associations were not modified by child sex in our study, although there were some 

exceptions. No effect measure modification by child sex was observed in the Taiwanese 

study that examined the impact of childhood phthalates on behavior (Huang et al., 2019). 

Admittedly, the moderate sample size in our study and most previous studies have limited 

the ability to detect effect measure modification by sex. Phthalates influence gonadal 

hormones that are critical for sex-specific neurodevelopment, and thus it is possible that the 

impact of phthalates on child behavior differ by sex (Cohen-Bendahan et al., 2005; Dahl et 
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al., 2018; Doherty et al., 2017; Hannas et al., 2011). Future studies are needed to explore the 

sex modification and the underlying mechanisms.

There are some strengths and limitations to our study. First and foremost, we quantified 

urinary phthalate metabolite concentrations up to twice during gestation (16 and 26 weeks) 

and six times in childhood (annually at ages 1-5 years and age 8 years). Phthalates are 

rapidly metabolized, and therefore it is challenging to accurately assess phthalate exposure 

using a single urine sample. Moreover, there are changes in physiology, diet, activity, and 

personal care product use over the first few years of a child’s life, which may lead to 

changes in phthalate exposure (Adibi et al., 2008; Braun et al., 2012; Watkins et al., 2014). 

Thus, compared with most previous studies that only assessed phthalate metabolites in a 

single urine sample, our repeated collections allowed us to better capture the phthalate 

exposure during gestation, infancy, and childhood.

Relatedly, our study used regression calibration to account for phthalate metabolite 

measurement error. Urinary phthalate metabolite concentrations vary within individuals due 

to the relatively short biological half-life (<24 hours) and episodic nature of phthalate 

exposures (Koch and Angerer 2007; Koch et al., 2013; Watkins et al., 2014). None of the 

previous studies examining the impact of phthalate exposure on child behavior have 

accounted for measurement error, and are thus subject to exposure misclassification and 

potentially biased results. Using regression calibration, we accounted for measurement error 

by considering the means of both group- and individual-level phthalate metabolite 

concentrations, variation in the number of missing phthalate metabolite measurements, and 

age-associated changes in childhood phthalate metabolite concentrations. Further, given that 

phthalates are quickly metabolized in the body and phthalate exposure may change with age, 

we calculated childhood phthalate exposure intensity to better reflect the “average” exposure 

during childhood. Compared with traditional methods that take an arithmetic average of 

observed values from non-missing measurements at different ages, our methods could 

provide a more accurate estimate by accounting for variations in phthalate metabolite 

concentrations associated with age. Admittedly, we still cannot completely rule out the 

possibility of exposure misclassification. Future studies should consider collecting several 

urine samples within a short period of time (e.g., a week) to obtain a more accurate 

estimation of urinary phthalate metabolite concentrations.

Third, we investigated phthalate mixture exposure and child behavior using iterative WQS 

regression, which allowed us to fully quantify the uncertainty surrounding the aggregate 

impact of different phthalates on child behavior. Admittedly, WQS model does not consider 

actual exposure level differences between each chemical. Also, similar to most mixture 

approaches, WQS is statistical in nature and does not incorporate biological knowledge. 

Fourth, we used a valid and reliable tool, the BASC-2, to repeatedly assess child behavior 

during early and middle childhood. Because BASC-2 measurements were relatively stable 

during childhood, we used all BASC-2 measurements as the repeated outcome to increase 

our sample size and effect estimate precision. However, given that the behaviors problems 

may change with age, there is a possibility that some age-specific could be present. Fifth, 

our study has a modest sample size, and thus the multiple informant model has relatively 

low power to detect metabolite-time period interactions. Sixth, we collected a rich set of 
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covariates using valid and reliable measures, which allowed us to adjust for a variety of 

potential confounders, including gestational and childhood urinary BPA and triclosan 

concentrations and blood lead concentrations, maternal depressive symptoms, and maternal 

ADHD behaviors. Still, there is always a possibility of residual confounding, such as other 

potential neurotoxicants or maternal/child behavior and lifestyle factors associated with 

phthalate exposure and neurobehavior. In addition, the timing of the urine collection varies 

from person to person. This may be of concern given the short biological half-lives of 

phthalates within human body. However, given that the timing of urine collection is 

independent of the outcome, it is unlikely that this could have biased the findings. Moreover, 

we used creatine-standardized phthalate metabolite concentrations as exposure instead of 

adjusting for creatinine in the multivariable models, which may potentially introduce bias 

(Barr et al., 2005). However, previous simulation studies indicate that the bias from this is 

relatively low and the 95% CI coverage is acceptable in most scenarios (O’Brien et al., 

2016). Further, all pregnant woman subjects of the HOME Study were living in a home built 

before 1978, which may reduce the generalizability of our findings. Finally, we did not 

adjust for multiple comparisons since it is controversial and may undeservedly reduce 

statistical power (Rothman 1990). However, the consistent patterns of several phthalate 

metabolites associated with BSI composite scores, as well as gestational MCPP being 

associated with the three problem behavior composite scores suggests that these results may 

not be solely due to chance. The potential concern of false positive results necessitates 

replication of our findings.

In conclusion, gestational and childhood urinary concentrations of several phthalate 

metabolites (i.e., MBzP, MCNP, MCOP, MCPP, and MEP) may be related to higher 

behavioral problem scores among children in this cohort. Moreover, the mixture of 

childhood phthalate concentrations may be associated with more problem behaviors, with 

MCNP, MEP, and MBzP being the most important components of this mixture. Future 

epidemiologic studies investigating the health effect of early life phthalate exposure should 

consider accounting for measurement error and examining the mixture effects of multiple 

phthalates, and laboratory studies could investigate the underlying mechanisms of these 

associations.
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Highlights

• Gestational and childhood phthalate exposures may be associated with 

behaviors

• Childhood exposure to phthalate mixtures may be associated with behaviors

• MCNP, MEP, and MBzP were the most important components of this mixture

• Measurement error was accounted for in urinary phthalate metabolite 

concentrations
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Figure 1. 
Adjusted Differences in BASC-2 Composite Scale Scores with 1-IQR Increase in Geometric 

Mean Measurement-Error-Corrected Log10-Transformed Gestational Creatinine-

Standardized Urinary Phthalate Metabolite Concentrations or Measurement-Error-Corrected 

Exposure Intensity of Log10-Transformed Childhood Creatinine-Standardized Urinary 

Phthalate Metabolite Concentrations: The HOME Study.

Note: BASC-2, Behavioral Assessment System for Children-2; IQR, interquartile range; 

INZ, internalizing problems; EXT, externalizing problems; BSI, behavioral symptoms index; 
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ΣDEHP, summary di(2-ethylhexyl) phthalate metabolite measure; MnBP, mono-n-butyl 

phthalate; MBzP, monobenzyl phthalate; MCNP, monocarboxynonyl phthalate; MCOP, 

monocarboxyoctyl phthalate; MCPP, mono(3-carboxypropyl) phthalate; MEP, monoethyl 

phthalate; MiBP, mono-isobutyl phthalate.

The sample size for estimating the associations between maternal phthalates and behavior is 

N=314, for the associations of childhood MiBP and MnBP with behavior is N=262, and for 

the associations between other childhood phthalates and behavior is N=312.

All estimates were adjusted for: maternal age at delivery, mother’s pre-pregnancy BMI, 

maternal gestational smoking (mean of log10-transformed serum cotinine concentrations 

during 16 and 26 weeks of pregnancy), mother’s Beck’s Depression Inventory score, 

gestational alcohol consumption (<1/month, >1/month, binge), maternal education (high 

school graduate or less, tech school or some college, college graduate or above), marital 

status (married, unmarried), and child’s sex (male/female), race (non-Hispanic White, non-

Hispanic Black, other), and age at outcome assessment.
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Figure 2. 
Results from Weighted Quantile Sum Regression Analysis with 1,000 Iterations on 

Childhood Exposure to Phthalate Mixture and Internalizing Problem Composite Scale: 

Relative Weights of Each Phthalate Metabolite and Percent of Repeated Holdouts Above 

Relative Variable Importance Threshold (N=228).

Note: Each individual dot represents weight for a given metabolite from a single repeated 

holdout. Box-and-whisker plots describe univariate statistics of these weights from 1,000 

repeated holdouts. Bar height indicates the proportion of repeated holdouts where the weight 
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had a value above the relative variable importance threshold (0.125, i.e., 1/8). DEHP, 

summary di(2-ethylhexyl) phthalate metabolite measure; MnBP, mono-n-butyl phthalate; 

MBzP, monobenzyl phthalate; MCNP, monocarboxynonyl phthalate; MCOP, 

monocarboxyoctyl phthalate; MCPP, mono(3-carboxypropyl) phthalate; MEP, monoethyl 

phthalate; MiBP, mono-isobutyl phthalate.

Adjusted for maternal age at delivery, mother’s pre-pregnancy BMI, maternal gestational 

smoking (mean of log10-transformed serum cotinine concentrations during 16 and 26 weeks 

of pregnancy), mother’s Beck’s Depression Inventory score, gestational alcohol 

consumption (<1/month, >1/month, binge), maternal education (high school graduate or 

less, tech school or some college, college graduate or above), marital status (married, 

unmarried), and child’s sex (male/female), race (non-Hispanic White, non-Hispanic Black, 

other), and age at outcome assessment.
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Figure 3. 
Results from Weighted Quantile Sum Regression Analysis with 1,000 Iterations on 

Childhood Exposure to Phthalate Mixture and Externalizing Problem Composite Scale: 

Relative Weights of Each Phthalate Metabolite and Percent of Repeated Holdouts Above 

Relative Variable Importance Threshold (N=228).

Note: Each individual dot represents weight for a given metabolite from a single repeated 

holdout. Box-and-whisker plots describe univariate statistics of these weights from 1,000 

repeated holdouts. Bar height indicates the proportion of repeated holdouts where the weight 

had a value above the relative variable importance threshold (0.125, i.e., 1/8). DEHP, 
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summary di(2-ethylhexyl) phthalate metabolite measure; MnBP, mono-n-butyl phthalate; 

MBzP, monobenzyl phthalate; MCNP, monocarboxynonyl phthalate; MCOP, 

monocarboxyoctyl phthalate; MCPP, mono(3-carboxypropyl) phthalate; MEP, monoethyl 

phthalate; MiBP, mono-isobutyl phthalate.

Adjusted for maternal age at delivery, mother’s pre-pregnancy BMI, maternal gestational 

smoking (mean of log10-transformed serum cotinine concentrations during 16 and 26 weeks 

of pregnancy), mother’s Beck’s Depression Inventory score, gestational alcohol 

consumption (<1/month, >1/month, binge), maternal education (high school graduate or 

less, tech school or some college, college graduate or above), marital status (married, 

unmarried), and child’s sex (male/female), race (non-Hispanic White, non-Hispanic Black, 

other), and age at outcome assessment.
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Figure 4. 
Results from Weighted Quantile Sum Regression Analysis with 1,000 Iterations on 

Childhood Exposure to Phthalate Mixture and Behavioral Symptoms Index Composite 

Scale: Relative Weights of Each Phthalate Metabolite and Percent of Repeated Holdouts 

Above Relative Variable Importance Threshold (N=228).

Note: Each individual dot represents weight for a given metabolite from a single repeated 

holdout. Box-and-whisker plots describe univariate statistics of these weights from 1,000 

repeated holdouts. Bar height indicates the proportion of repeated holdouts where the weight 

had a value above the relative variable importance threshold (0.125, i.e., 1/8). DEHP, 

summary di(2-ethylhexyl) phthalate metabolite measure; MnBP, mono-n-butyl phthalate; 
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MBzP, monobenzyl phthalate; MCNP, monocarboxynonyl phthalate; MCOP, 

monocarboxyoctyl phthalate; MCPP, mono(3-carboxypropyl) phthalate; MEP, monoethyl 

phthalate; MiBP, mono-isobutyl phthalate.

Adjusted for maternal age at delivery, mother’s pre-pregnancy BMI, maternal gestational 

smoking (mean of log10-transformed serum cotinine concentrations during 16 and 26 weeks 

of pregnancy), mother’s Beck’s Depression Inventory score, gestational alcohol 

consumption (<1/month, >1/month, binge), maternal education (high school graduate or 

less, tech school or some college, college graduate or above), marital status (married, 

unmarried), and child’s sex (male/female), race (non-Hispanic White, non-Hispanic Black, 

other), and age at outcome assessment.
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Table 1.

Behavior Assessment System for Children-2 (BASC-2) Scores According to Covariates among Children from 

the Health Outcomes and Measures of the Environment Study (N=314)

N

Internalizing 
Problemsa

P-value Externalizing 
Problemsa

P-value Behavioral 
Symptoms Indexa

P-value

Mean ± 
SD

Mean ± 
SD

Mean ± 
SD

Overall 314 48 ±9 49 ±9 49 ±9

Child Sex 0.37 0.01 0.01

Female 171 48 ±9 47 ±9 48 ±9

Male 143 47 ±8 50 ±9 50 ±9

Child Race 0.60 0.84 0.37

Non-Hispanic White 197 48 ±8 49 ±8 49 ±8

Non-Hispanic Black 97 47 ± 10 49 ± 11 50 ± 10

Other 20 47 ±9 48 ±9 47 ±9

Maternal Education 0.51 0.54 0.26

High School or Less 68 48 ±9 49 ± 10 50 ±9

Tech School/Some 
College 77 47 ±9 50 ± 11 50 ± 10

Bachelor’s or More 169 48 ±8 48 ±7 48 ±8

Marital Status 0.54 0.51 0.14

Not Married 103 47 ± 10 49 ± 10 50 ±9

Married 211 48 ±8 49 ±8 49 ±8

Maternal Age 0.07 0.67 0.72

18-25 Years 70 47 ± 10 48 ± 11 50 ± 10

25-35 Years 195 47 ±9 49 ±8 49 ±8

>35 Years 49 50 ±8 50 ±8 50 ±9

Pre-Pregnancy BMI 0.36 0.18 0.26

<25 166 47 ±9 48 ±9 49 ±8

≥25-30 85 49 ±8 48 ±7 49 ±8

≥30 63 47 ± 10 51 ± 11 51 ± 10

Gestational Smoking 0.48 0.52 0.56

Unexposed 109 48 ±8 49 ±8 49 ±8

Second Hand Smoke 172 47 ±9 49 ± 10 49 ±9

Active Smoking 33 48 ± 10 50 ± 10 50 ±8

Maternal Baseline 
BDI 0.02 0.01 0.01

0-14 257 47 ±8 48 ±8 48 ±8

>14-<19 29 50 ± 10 51 ± 11 53 ±9

≥19 25 51 ±9 55 ± 10 55 ±9

Gestational Alcohol 
Drinking 0.27 0.23 0.28

Never or <1/Month 269 47 ±9 49 ±9 49 ±9

>1/Month 19 48 ±8 51 ±7 51 ±7
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N

Internalizing 
Problemsa

P-value Externalizing 
Problemsa

P-value Behavioral 
Symptoms Indexa

P-value

Mean ± 
SD

Mean ± 
SD

Mean ± 
SD

Binge 26 50 ±8 50 ± 10 50 ±9

Note: SD, standard deviation; BMI, body mass index; BDI, Beck Depression Inventory.

When BASC-2 scores were available at more than one age, the oldest age was used.

P values were calculated using the Kruskal-Wallis test to compare the mean BASC-2 scores across the strata of covariates.
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