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Exposure to endocrine disrupting chemicals including
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neurodevelopmental outcomes in the MARBLES study
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bDivision of Laboratory Sciences, National Center for Environmental Health, Centers for Disease
Control and Prevention, Atlanta, GA, 30341, USA
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Abstract

Background: Endocrine disrupting chemicals (EDCs) are widely used compounds with the
potential to affect child neurodevelopmental outcomes including autism spectrum disorders
(ASD). We aimed to examine the urinary concentrations of biomarkers of EDCs, including
phthalates, phenols, and parabens, and investigate whether exposure during early infancy was
associated with increased risk of later ASD or other non-typical development (Non-TD) or adverse
cognitive development.

Methods: This analysis included infants from the Markers of Autism Risks in Babies—Learning
Early Signs (MARBLES) study, a high-risk ASD cohort (n = 148; corresponding to 188 urine
samples). Thirty-two EDC biomarkers were quantified in urine among infants 3 and/or 6 months
of age. Trends in EDC biomarker concentrations were calculated using least square geometric
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means. At 36 months of age, children were clinically classified as having ASD (n = 36),
nontypical development (Non-TD; n = 18), or typical development (TD; n = 81) through a

clinical evaluation. Trinomial logistic regression analysis was used to test the associations between
biomarkers with ASD, or Non-TD, as compared to children with TD. In single analyte analysis,
generalized estimating equations were used to investigate the association between each EDC
biomarkers and longitudinal changes in cognitive development using the Mullen Scales of Early
Learning (MSEL) over the four assessment time points (6, 12, 24, and 36 months of age).
Additionally, quantile g-computation was used to test for a mixture effect.

Results: EDC biomarker concentrations generally decreased over the study period, except for
mono-2-ethyl-5-carboxypentyl terephthalate. Overall, EDC biomarkers at 3 and/or 6 months of
age were not associated with an increased risk of ASD or Non-TD, and a few showed significant
inverse associations. However, when assessing longitudinal changes in MSEL scores over the four
assessment time points, elevated monoethyl phthalate (MEP) was significantly associated with
reduced scores in the composite score ( = —0.16, 95% CI: 0.31, —0.02) and subscales of fine
motor skills (f = —0.09, 95%CI: 0.17, 0.00), and visual reception (f = -0.11, 95% CI: 0.23, 0.01).
Additionally, the sum of metabolites of di (2-ethylhexyl) terephthalate (~DEHTP) was associated
with poorer visual reception (B = —0.09, 95% CI: 0.16, —0.02), and decreased composite scores

(B =-0.11, 95% CI: 0.21, —-0.01). Mixtures analyses using quantile g-computation analysis did
not show a significant association between mixtures of EDC biomarkers and MSEL subscales or
composite scores.

Conclusion: These findings highlight the potential importance of infant exposures on cognitive
development. Future research can help further investigate whether early infant exposures are
associated with longer-term deficits and place special attention on EDCs with increasing temporal
trends and whether they may adversely affect neurodevelopment.

Keywords

Endocrine disrupting chemicals; Autism spectrum disorder; Infants; Biomarkers; Phthalate;
Cognitive

1. Introduction

Autism Spectrum Disorder (ASD) is a complex neurological disorder characterized by
deficits in social communication and repetitive behaviors. Over the last two decades, the
frequency of autism has climbed and is currently estimated to affect 1 in 36 children in

the United States (Maenner et al., 2023). Furthermore, boys are disproportionately affected
by ASD, with an estimated 4:1 male-to-female ratio (Maenner et al., 2023; Wingate et

al., 2014). Although the causes of ASD remains unknown, ASD is multifactorial and

likely caused by gene-environment interactions (Hallmayer et al., 2011); a number of

such interactions have already been identified (Molk et al., 2022). Environmental exposures
during critical periods of development may be associated with adverse neurodevelopmental
outcomes. For example, air pollution and pesticide exposure have previously been associated
with increased ASD risk (Engel et al., 2011; Shelton et al., 2014; Volk et al., 2011, 2013).
Additionally, environmental exposure to endocrine-disrupting chemicals (EDCs) might also
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be related to neurodevelopment and ASD (Barkoski et al., 2019; Moosa et al., 2018; Shin et
al., 2018).

EDCs comprise several classes of chemicals that are ubiquitously found in modern
environments (Crinnion, 2010; Engel et al., 2010; Mustieles et al., 2015; Radke et al.,
2020). Phthalates, for example, are extensively used in personal-care products and cosmetics
as well as plasticizers in many consumer products including indoor residential flooring

and plastics, vinyl tiles, and shower curtains (Carlstedt et al., 2013; da Silva Oliveira et

al., 2017; Latini, 2005; Swan, 2008). Phenols are also broadly used in household and
personal care products; some are used in the production of polycarbonate plastics and epoxy
resins, such as bisphenol A (BPA) (Dekant and Voélkel, 2008; Vandenberg et al., 2007).
Similarly, parabens are low-cost, broad-spectrum antimicrobials and antiseptic preservatives
commonly used in cosmetics, personal-care products, and pharmaceuticals to suppress
microbial growth and extend product life (Darbre and Harvey, 2008; Wei et al., 2021).
Although increased awareness of the potential negative health effects of some EDCs has
decreased the use and availability of some chemicals, others are on the rise (Buckley et

al., 2020; Meeker et al., 2009; Zota et al., 2014). Di (2-ethylhexyl) phthalate (DEHP),

for example, is increasingly being replaced by di (2-ethylhexyl) terephthalate (DEHTP), a
structural isomer of DEHP, and the non-phthalate alternative 1,2-cyclohexane dicarboxylic
acid-diisononyl ester (DINCH) (Silva et al., 2015). However, some evidence in animal
models and in vitro studies suggests the non-phthalate alternative DINCH, for instance,
may also interfere with the endocrine system (Campioli et al., 2015, 2017; Schaffert et

al., 2021). Given their pervasive presence in our environments, EDCs and replacement
chemicals require further investigation.

Several epidemiological studies have examined the relationship between early exposure to
EDCs and adverse child neurodevelopmental outcomes, especially during the gestational
period. In the Markers of Autism Risks in Babies — Learning Early Signs (MARBLES),

a high-risk ASD pregnancy cohort, several publications have already investigated maternal
exposure during pregnancy to several EDCs in association with child neurodevelopment.
Gestational monoethyl phthalate (MEP) urinary concentrations were associated with an
increased risk of non-typical development (Non-TD) in children (Shin et al., 2018).
Additionally, using a mixture analysis, a pregnancy phenol and paraben mixture was
significantly associated with an increased risk of Non-TD, and borderline-significant risk
for ASD (Barkoski et al., 2019). These findings are consistent with other epidemiology
studies (Braun et al., 2014; Kim et al., 2021a; Mustieles et al., 2015; Oulhote et al.,

2020). For example, maternal urinary concentrations of mono (2-ethyl-5--hydroxyhexyl)
phthalate (MEHHP) and mono (2-ethyl-5-oxohexyl) phthalate (MEOHP) during the second
trimester of pregnancy were found to be associated with autistic traits as measured on

the social communication questionnaire (SCQ) at the age of 4; boys showed a stronger
association with MEHHP and MEOHP than girls (Kim et al., 2021a). Additionally, a
review article found negative impacts on neurobehavioral functioning (including aggressive
behavior, attention deficit, hyperactivity disorder, depression, and anxiety impairments) were
associated with in-utero BPA exposure (Mustieles et al., 2015). These studies highlight

the vulnerability of the gestational period and possible sex differences. However, limited
studies have investigated the effects of EDC exposure during early childhood and adverse
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neurodevelopment; some of which have been conducted in children ranging from 2 to 18
years of age (depending on the specific study), in relation to attention-deficit hyperactivity
disorder (Chopra et al., 2014; Park et al., 2014, 2015; Watkins et al., 2021), or other adverse
development (Bennett et al., 2022; Daniel et al., 2020; Li et al., 2020).

Therefore, the present study aimed to quantify urinary concentrations of biomarkers of select
EDCs, including phthalates, phenols, and parabens during early infancy (measured at 3—6
months). As there are so few measurements in the extant literature of these chemicals in
early childhood, we first characterized correlations between biomarkers and assessed trends
over the study period. The MARBLES study is an enriched-risk ASD cohort that follows
pregnant women who have an older child with ASD and therefore younger siblings have

a high probability of developing ASD, or other developmental concerns without ASD,
although many will develop typically. As such, we sought to investigate whether urinary
biomarkers in infants were associated with later development of ASD or Non-TD and further
explored their associations with cognitive composite scores or subscales for motor and
language skills and visual perception. We hypothesized that elevated concentrations of EDC
biomarkers in a child’s urine would correlate with an increased risk of ASD or Non-TD as
compared to typically developing (TD) children and poorer cognitive scores.

2. Methods

2.1. Study participants

Study participants in the present analysis are from the MARBLES Study (Hertz-Picciotto et
al., 2018)—a high-risk ASD cohort that began recruiting families in 2006. The MARBLES
study follows pregnant women who are at an increased risk for delivering another infant(s)
with ASD, primarily because they previously delivered a child who developed ASD
(Ozonoff et al., 2011). Details of the MARBLES study have previously been published
(Hertz-Picciotto et al., 2018). The MARBLES study has been approved by the State of
California Department of Developmental Services and the institutional review board at the
University of California Davis, and informed consent was obtained before enrollment from
all participants. The analysis of de-identified specimens at the Centers for Disease Control
and Prevention (CDC) laboratory was determined not to constitute human subjects’ research.

For the present study, we investigated concentrations of EDC biomarkers in infants’

urine collected between the ages of 3—6 months in association with neurodevelopmental
diagnostic classification at 36 months. Beginning in late 2008, we attempted to collect urine
using a pediatric U-bag at 3- and 6-month study visits, with some samples available at both
time points. In total, samples from 148 participants (collected at 3 months (n = 79), 6 months
(n =29), or both (n = 40); corresponding to 188 urine samples) were available for this
analysis. For exposure assessment, we computed the average biomarker concentration for
participants with samples collected at both 3 and 6 months or used whichever timepoint was
available at 3 or 6 months for participants who only provided one sample.

In the MARBLES study, children are evaluated for ASD by a licensed clinical psychologist
who has achieved reliability on the assessment instruments: the gold-standard Autism
Diagnostic Observation Schedules (ADOS) at 36 months of age (Lord et al., 2012), and
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the Mullen Scale of Early Learning (MSEL) (Mullen, 1995) which assesses cognitive
skills on four subscales including visual reception, fine motor, receptive language, and
expressive language, as well as a composite score at 6, 12, 24, and 36 months of age.

Both ADOS and MSEL scores were used to determine final neurodevelopmental outcomes
as previously described (Ozonoff et al., 2014; Schmidt et al., 2021). Children with ADOS
scores greater than the ASD cutoff and who meet DSM-5 criteria for ASD are classified as
ASD. Children without ASD but who have elevated ADOS scores (within 3 points of the
ASD cutoff), and/or low MSEL subscales (i. e., two or more subdomain scores greater than
1.5 standard deviations below average or at least one subdomain score that is greater than
2 standard deviations below average) are classified as non-typically developing (Non-TD).
The remaining participants who did not meet the criteria for ASD or Non-TD are classified
as typically developing (TD).

In total, 121 of the 148 participants included in our analysis received a final
neurodevelopmental outcome and completed the MARBLES study (ASD = 26, Non-TD
=17, and TD = 78). However, 27 participants did not receive a final diagnosis at the time

of analysis, due to loss of follow-up, moving out of state, or having missed site visits at

36 months due to COVID-19 limitations. If the ADOS-2 could not be administered using
standard procedures due to COVID-19 pandemic restrictions, when possible, an alternative
measure was used to inform clinical best estimate (CBE) diagnostic classification, including
non-standard administration of the ADOS-2 with use of personal protective equipment
(PPE; e.g., masks; n = 1), the Brief Observation of Symptoms of Autism (BOSA; n = 12)
(Lord et al., 2020), or the TELE-ASD-PEDS (TAP; n = 1) (Wagner et al., 2021). As such,
neurodevelopmental outcomes using alternative assessments were obtained for an additional
14 of the 27 children missing neurodevelopmental diagnosis (ASD = 10, Non-TD =1, TD =
3). The alternative diagnostic process is detailed in the supplemental materials. Therefore, 1)
data from all 148 participants, corresponding to 188 urine samples from 3 and/or 6 months,
were used to determine the detection frequency of EDCs, 2) similarly data from all 148
participants were utilized in temporal trends analysis of biomarkers, 3) only data from those
with final neurodevelopmental outcomes (n = 135; ASD =36, Non-TD =18, and TD =

81) were used to assess ASD/Non-TD risk in association with biomarkers, and 4) data from
those with available MSEL scores at each assessment time point (6 months, 12 months, 24
months, and/or 36 months) were used to investigate the associations with cognitive skills (n
= 106-124, Supplementary Table 1).

2.2. Quantification of urinary concentrations of EDC biomarkers

Urinary concentrations of EDC biomarkers were measured at the Centers for Disease
Control and Prevention (CDC) using analytical methods described before (Silva et al.,

2007; Ye et al., 2005). First, urine (100 uL) was incubated to hydrolyze the conjugates

of the target biomarkers, followed by pre-concentration by online solid phase extraction,
separation by high-performance liquid chromatography, and detection by isotope dilution-
tandem mass spectrometry of target biomarkers. Limits of detection (LODs) were in the low
ng/mL (parts per billion) range. Analytical measurements at the CDC laboratory, which is
certified to comply with the requirements set forth in the Clinical Laboratory Improvement
Act of 1988 (CLIA “88), were conducted following strict CLIA guidelines to assure the

Int J Hyg Environ Health. Author manuscript; available in PMC 2024 October 17.
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accuracy and reliability of results. For example, each analytical run also included high- and
low-concentration quality control materials (QCs) and reagent blanks; concentrations of the
QCs were evaluated using standard statistical probability rules (Caudill et al., 2008). The
CDC laboratory has used this analytical approach for the analyses of tens of thousands

of biological specimens, including those collected as part of the ongoing National Health
and Nutrition Examination Survey (NHANES). Noteworthy, the CDC laboratory analyzed
21 blinded duplicates randomly selected from the study samples for additional quality
assurance. Replicate analysis for individual pairs showed good agreement: the average
relative percent difference was 6.7% (Supplementary Table 2).

In total, we measured triclocarban, eight phenols (BPA, bisphenol S (BPS),

bisphenol F (BPF), benzophenone-3, dihydroxyavobenzone, triclosan, 2,4-dichlorophenol,
2,5-dichlorophenol), methyl-paraben, ethyl-paraben, propyl-paraben, butyl-paraben, 3-
hydroxy n-butyl paraben (HBP), mono-carboxyisooctyl ester (MCOCH), mono-hydroxy-
isononyl ester (MHiINCH), two metabolites of the non-phthalate plasticizer 1,2-
cyclohexane dicarboxylic acid-diisononyl ester (DINCH): mono-carboxyisooctyl ester
(MCOCH), mono-hydroxy-isononyl ester (MHINCH), and 16 phthalate metabolites:
mono-2-ethyl-5-carboxypentyl phthalate (MECPP), mono-2-ethyl-5-hydroxyhexyl phthalate
(MEHHP), mono-2-ethyl-5-oxohexyl phthalate (MEOHP), mono-2-ethylhexyl phthalate
(MEHP), mono-3-carboxypropyl phthalate (MCPP), mono-n-butyl phthalate (MBP),
mono-hydroxybutyl phthalate (MHBP), mono-isobutyl phthalate (MiBP), mono-hydroxy-
isobutyl phthalate (MHiBP), monobenzyl phthalate (MBzP), monoethyl phthalate

(MEP), monooxononyl phthalate (MONP), mono-carboxyisooctyl phthalate (MCOP),
mono-carboxyisononyl phthalate (MCNP), mono-2-ethyl-5-carboxypentyl terephthalate
(MECPTP), mono-2-ethyl-5-hydrohexyl terephthalate (MEHHTP). Because some phthalate
metabolites originate from the same parent compound, the molar sum of the following
metabolites was used in subsequent analysis to assess exposure to the parent compound: %
DEHP (Di (2-ethylhexyl) phthalate) = MEHHP + MEOHP + MECPP, % DBP (Di-n-butyl
phthalate) = MBP + MHBP, Z DiBP (Di-isobutyl phthalate) = MiBP + MHiBP, £ DEHTP
(Di (2-ethylhexyl) terephthalate) = MECPTP + MEHHTP.

2.3. Statistical analysis

Correlations between EDC biomarkers were calculated using Spearman correlation. For
biomarkers with a detection frequency =75% (Hornung and Reed, 1990), we explored
temporal trends by computing the least square geometric mean (LSGM) of EDC biomarker
concentrations (natural-log transformed to account for the right skewness of biomarker data)
to compare the urinary concentrations across different years of birth (2008-2019) similar to
(Zota et al., 2014). From the regression models, LSGM of biomarker concentrations by year
was calculated as exp (LSGM), with 95% confidence intervals (CI) as exp (LSGM * 1.96 X
SE), where SE is the standard error. The Mann-Kendall test was used to test for monotonic
trends in biomarker concentrations in the study period. P-values <0.05 were considered
statistically significant.

Trinomial logistic regression models were used to simultaneously estimate adjusted relative
risk ratio (RRR) and 95% Cls, one for each biomarker with ASD and Non-TD, as previously
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described (Barkoski et al., 2019). Because participants provided a variable number of

urine samples at 3 and/or 6 months, we computed the average biomarker concentration

for samples collected at both 3 and 6 months or used whichever timepoint was available

at 3 or 6 months for participants who only provided one sample for regression analysis.
Subsequently, biomarkers detected in =75% (Hornung and Reed, 1990) of participants

were modeled as continuous natural-log transformed variables in our models. For these
biomarkers, concentrations below the LOD were assigned a value of the LOD divided by the
square root of 2. Additionally, we modeled biomarkers detected in 50-74% of participants
as three-level categorical variables, with the lowest category defined as participants

with concentrations < LOD and the remaining two categories created by dichotomizing
participants at the median of concentrations = LOD. Lastly, we modeled concentrations

of biomarkers detected in 25-49% of participants as binary variables dichotomized as

< LOD or = LOD. Biomarker concentrations with detection frequencies below 25%

were excluded from further statistical analysis: ethyl-paraben, butyl-paraben, MCOCH,
HBP, dihydroxyavobenzone, triclocarban, MEHP, and BPF. All models were adjusted for
covariates selected a priori based on a directed acyclic graph (DAG) (Supplementary Fig.
1). Covariates adjusted in the final models included the child’s year of birth (continuous,

to account for the temporal trend of EDC biomarkers), the child’s sex (female, male),
maternal age at the child’s birth (continuous), maternal pre-pregnancy body mass index
(BMI; (<25, 25-30, >30 kg/m?) and parental homeowner status (yes/no), as a proxy for
socioeconomic status and family wealth. The child’s birth year was centered by subtracting
the mean birth year. Given the exploratory nature of the study and low sample size, we

did not adjust for multiple comparisons, and p-values <0.05 were considered statistically
significant. As a sensitivity analysis, trinomial logistic regression models were also run
excluding participants with alternative diagnostic assessments (n = 14; see Supplementary
Materials). Furthermore, given a subset of participants from the present analysis (n = 53) had
maternal prenatal EDC data available as previously described (Barkoski et al., 2019; Shin et
al., 2018), as a sensitivity analysis, we also ran trinomial logistic regression models further
adjusting our models for maternal EDC urinary concentrations when available. We also
examined maternal prenatal vitamin use during the first month of pregnancy as a possible
effect modifier in a stratified analysis and by adding interaction product terms in separate
trinomial logistic regression models, based on previous studies reporting effect modification
of associations between maternal prenatal vitamin use and cognitive development in children
(Schmidt et al., 2017; Shin et al., 2018).

For biomarkers with a detection frequency =75% (Hornung and Reed, 1990), generalized
estimating equations (GEE) (Liang and Zeger, 1986) were used to investigate the association
between urinary EDC biomarkers and longitudinal changes in MSEL (composite and T-
scores for each subscale) at each assessment time point (6, 12, 24, and 36 months). GEE
models were performed using the “Proc Genmod” function in SAS using a linear link and
autoregressive correlation structure, adjusting for the same covariate set as before with age at
assessment included in the model in the main effects and with an interaction term with EDC
concentrations, with the interaction term considered statistically significant when p < 0.10.
As a secondary analysis, multiple linear regression models were also used to investigate the
association between urinary EDC biomarkers and MSEL scores (composite and T-scores for
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each subscale) at each assessment time point individually. The adjusted estimated regression
coefficients (B) and 95% confidence intervals (ClI) are presented. Finally, for these same
biomarkers, quantile g-computation (which allows for examining the effects of an exposure
mixture by estimating the effects of increasing all exposures by one quantile) (Keil et al.,
2020) was used to assess the exposure to mixtures of EDC biomarkers and MSEL subscales
and composite scores, adjusted for the same covariates as the other models. Quantile
g-computation was implemented using the R package ggcomp with gaussian distribution,
and 500 boot iterations to calculate Cls. All statistical analyses were conducted in SAS
software version 9.4 (Institute Inc. Carny, NC, USA) and R version 4.2.2. (R Foundation for
Statistical Computing, Vienna, Austria) with RStudio.

3. Results

Table 1 shows the study population demographics for MARBLES participants included
in our study. The population included 36 ASD, 18 Non-TD, and 81 TD participants.
Approximately 63% of study participants were male and 37% were female. Thirty-seven
percent of children were non-Hispanic white, 30% were Hispanic, and 32% were non-
Hispanic, non-white. Approximately 55% of mothers reported taking prenatal vitamins in
the first month of pregnancy. Furthermore, 56% of mothers were 35 years or older at the
time of the child’s birth, about 53% of mothers had a bachelor’s degree or higher, and
approximately 62% of parents were homeowners.

The detection frequencies and concentrations of the thirty-two EDCs measured in this
study are presented in Table 2. MECPP was detected in 100% of samples, additionally,
eight phthalates (MECPTP, MiBP, MCOP, MEP, MHiBP, MBP, MBzP, and MEOHP) and
benzophenone-3 were detected in over 90% of samples. The highest median concentrations
were observed for benzophenone-3 (10.8 ng/mL), methyl-paraben (10.4 ng/mL), and

MEP (8.9 ng/mL). As expected, MEOHP, MEHHP, and MECPP (phthalate metabolites
originating from the same parent compound, DEHP) were highly correlated (Spearman’s
rho (r) = 0.94-0.98) (Supplementary Fig. 2). As were MHBP and MBP (r = 0.92), and
MHIiBP and MiBP (r = 0.92), which originate from DBP and DiBP, respectively. When
examining temporal trends (Supplementary Fig. 3), most biomarkers decreased over the
study period including significant negative trends for methyl-paraben (x = —-0.58, p = 0.01)
and propyl-paraben (t = -0.65, p < 0.01). However, MECPTP significantly increased over
the study period (t = 0.81, p < 0.01).

Table 3 presents the results from adjusted trinomial linear regression models investigating
EDC biomarker concentrations at 3 and/or 6 months of age in association with ASD

and Non-TD risk, as compared to TD controls. Overall, most associations between EDC
biomarkers during early infancy with ASD and Non-TD outcomes were null. However,

we found a significant inverse association between ASD risk with ZDEHTP concentrations
(RRR =0.50; 95% CI [0.30, 0.83]), methyl-paraben (RRR = 0.79; 95% CI [0.63, 0.99], the
2nd tertile (vs. the 1st tertile) of MCNP (RRR = 0.23; 95% CI [0.07, 0.76]), and the 3rd
tertile of BPA (RRR = 0.29; 95% CI [0.09, 0.90]). Similarly, a significant inverse association
between Non-TD risk and the 3rd tertile of BPA was also found (RRR = 0.26; 95% CI [0.07,
0.92]). Sensitivity analysis excluding children (n = 14) with alternative neurodevelopmental
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diagnosis did not change our results and similarly showed no increased risk for ASD or
Non-TD risk (Supplementary Table 3); neither did further adjusting our models for maternal
prenatal EDC urinary concentrations, when available (n = 53) (Supplementary Table 4).
Lastly, results from models stratified by maternal prenatal vitamin use during the first
month of pregnancy also did not show a significantly increased risk for ASD or Non-TD
(Supplementary Table 5).

Moving beyond neurodevelopmental diagnosis, when we examined the association between
EDC biomarkers at 3 and/or 6 months of age and MSEL across the four assessment

time points utilizing GEE models, we found two phthalate biomarkers were significantly
associated with poorer scores on the MSEL (Fig. 1). Notably, increased MEP was associated
with poorer composite score (f = -0.16, 95%CI [-0.31, —0.02]) and two subscales including
fine motor (B = —0.09, 95%CI [-0.17, 0.002]), and visual reception (p = -0.11, 95% ClI
[-0.23, 0.01]). Additionally, Y DEHTP was associated with poorer composite score (p =
-0.11, 95%CI [-0.21, -0.01]), and reduced scores in visual reception (p = —0.09, 95%

Cl [-0.16, —-0.02]). However, propyl-paraben and methyl-paraben were both positively
correlated with fine motor, the latter of which was also positively correlated with composite
score (p = 0.06, 95% CI [0.00, 0.12]). See Supplementary Table 6 for all § and 95%

Cls. When analyses were further stratified by each assessment timepoint (Supplementary
Table 7), similarly, increased MEP concentrations were associated with poorer fine motor

at 24 months (p = -1.99; 95% CI [-3.75, —0.23]), and composite scores at 36 months (
=-5.20; 95% CI [-9.27, —-1.13]), and MBzP, MCOP, and Y DEHP were also significantly
associated with poorer receptive language at 12 months (Supplementary Fig. 4). Lastly,
using quantile g-computation to investigate a mixtures effect, we did not find a significant
estimated effect on any MSEL subscales or composite scores in association with a mixture
of EDC biomarkers; although notably a consistent trend for decreased receptive language
was observed in association with a mixture of EDC biomarkers (Supplementary Table 8).

4. Discussion

To better understand the potential effect of early postnatal EDC exposure on child
neurodevelopment, we measured select urinary EDC biomarkers (including phthalates,
phenols, and parabens) at 3 and/or 6 months of age in this high-ASD-risk cohort.

When we investigated the temporal trajectories of biomarkers during our study period

from 2008 to 2019, we found significant decreasing trends in methyl-paraben and propyl-
paraben. Consistent with our study, Kim et al. also previously found significant decreasing
time trends for methyl-paraben and propyl-paraben in urine samples from moms of the
MARBLES study, while they were pregnant (Kim et al., 2021b). Additionally, Shin et al.
also examined temporal trends of phthalate metabolites among mothers in the MARBLES
study, during pregnancy, and found that concentrations for MBzP, MEP, Y DBP, and y DEHP
decreased but reported Y DiBP and MCOP increased over their study period from 2007 to
2017. Similarly, we found infant postnatal phthalate metabolite concentrations of MBzP,
MEP, DBP metabolite (MBP), and DEHP metabolites (MECPP, MEHHP, and MEOHP), as
well as MCOP, tended to decrease over time, although none reached statistical significance.
However, we also found that MECPTP, a major metabolite of DEHTP, significantly
increased over the study period and was detected in about 99% of our infant samples.
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Similar to our results, a previous study also found that MECPTP increased over the study
period (2014-2015) and was detectable in 100 percent of urine samples in Portuguese
children (n = 107) ages 4-17 years (Lessmann et al., 2017). DEHTP is increasingly used
as a replacement plasticizer for other phthalates such as DEHP, as it is a structural isomer
of DEHP (Silva et al., 2015). Although DEHTP exposure has not been reported to induce
major adverse effects in older rodent models at certain doses (Barber and Topping, 1995;
Wirnitzer et al., 2011), additional research is necessary to further investigate possible
adverse effects in humans due to DEHTP’s ubiquitous presence in our environments and
potentially increasing exposures, especially in infants. Nonetheless, regulations with perhaps
contribution from behavioral changes induced by increased consumer awareness about the
potential adverse health effects of some EDCs, together, may have successfully contributed
to decreasing body burden of some phthalates in the last decades (Zota et al., 2014).

While previous studies have also examined several phthalate metabolites in early postnatal
life, to our knowledge, this is the first study to measure triclocarban, phenols, and parabens
at 3 and/or 6 months of age, as well as investigate a broader range of phthalate and

phthalate alternative biomarkers than previously investigated concerning neurodevelopment.
Therefore, this study adds to the limited literature focusing on EDC exposure during

early infancy and provides updated exposure data as our study period was from 2008 to
2019. Sathyanarayana et al. previously reported urinary concentrations of select phthalate
metabolites among infants aged 2-28 months born between 2000 and 2005, and found
higher concentrations for MBP, MBzP, MEHHP, MEOHP, MEP, and MHBP than the
concentrations we observed, while MECPP had a similar range to ours, and MiBP was lower
(Sathyanarayana et al., 2008). Interestingly, they found certain phthalates concentrations

of MEP and MiBP, for example, were significantly associated with the reported use of

baby lotion, infant powder, and baby shampoo (as reported by mothers’ questionnaires
about infant product use), particularly among children younger than 8 months. In a pilot
study conducted between January to March 2000, Brock et al. reported four phthalate
metabolites in 12-18 month infants (n = 19) (Brock et al., 2002); the reported concentrations
were also higher than what we found in our 3 to 6-month infants. As infants develop,

they begin to move around, crawl, and have increased hand-to-mouth behaviors with the
potential for increased exposure to phthalate sources in the environment (Carlstedt et

al., 2013). In contrast, younger infants and newborns with relatively limited mobility are
exposed predominantly to dermal contact with baby care products (Fisher et al., 2019;
Sathyanarayana et al., 2008), or oral ingestion (Cao, 2010; Fromme et al., 2011; Henderson
et al., 2020). While differences in study populations and ages of study participants certainly
contribute to discrepancies in phthalate concentrations we observed compared to previous
studies, decreasing temporal trends (previously discussed) may also be a contributing factor.
Supplementary Table 9 presents a comparison of the phthalate metabolite concentrations in
the present study compared to some concentrations previously reported among infants.

When we analyzed EDC biomarker concentrations at 3 and/or 6 months in association
with risk of ASD or Non-TD, we found that the results of our analysis did not support

our hypothesis that early postnatal EDC concentrations were associated with adverse
neurodevelopmental diagnosis. Most of our findings were null, and a few were opposite
the direction we expected, such as for Y DEHTP and ASD risk, and BPA and ASD/Non-TD
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risk. Given the MARBLES study is an enriched-risk ASD cohort, it is possible that some
of the inverse associations we observed may be related to the genetic component of ASD
which may have a stronger effect in our study population than the associations between
environmental exposures and child neurodevelopmental outcomes. Another study using a
different high risk-ASD cohort of mothers who had a child with ASD also reported null

or inverse associations between maternal urinary phthalate concentrations and ASD-related
behaviors using the Social Responsiveness Scales (SRS) at 3-8 years of age (Patti et

al., 2021); their gestational phthalate metabolite concentrations were very similar to those
previously reported in MARBLES moms (Shin et al., 2020). Furthermore, due to the small
sample size and large confidence intervals in the present study, we cannot rule out null/
inverse results for EDC exposures on adverse neurodevelopmental outcome risk and further
research in the general population is necessary.

Although we did not find EDCs in early infancy were associated with increased risk of
ASD or Non-TD, interestingly, when we further investigated the association between EDC
biomarkers and longitudinal cognitive developmental scores, we found that several phthalate
biomarkers, but not phenols or parabens, were associated with reduced scores in MSEL
subscales and composite scores. Most notably, MEP concentrations were associated with
poorer fine motor, visual reception, and composite scores on the MSEL. Additionally,

Y DEHTP, which previously had an inverse association with ASD risk, was associated

with poorer visual reception and composite scores. Thus, an overall pattern that was most
consistent across several phthalates was reduced scores in visual reception and composite
scores. Very few studies have examined postnatal phthalate exposure in association with
cognitive scores. One study by Jankowska et al. found postnatal MEP and MBP levels

at 2 years of age were inversely associated with cognition at 7 years old; prenatal MEP
levels were also associated with an increased risk of peer relationship problems at early
school age (Jankowska et al., 2019). Postnatal urinary DEHP levels (and its metabolites)
have also previously been associated with poorer 1Q scores (Cho et al., 2010; Huang et

al., 2015) and decreased cognition (Radke et al., 2020). In the context of the present study,
EDC exposure and in particular phthalates throughout early life—both prenatal (Engel

et al., 2010; Jankowska et al., 2019; Miodovnik et al., 2011) and infancy — may have
negative impacts on both cognitive development and behavioral outcomes, i.e. both periods
of exposure should be considered risky for the child.

Though others have also considered a broad range of EDCs in association with
neurodevelopmental outcomes, previous studies have largely focused on the prenatal

period (Braun et al., 2014). As such, this study is unique in that it adds to the extant
literature by focusing on early infancy and investigating some of the youngest age groups
previously reported on—therefore providing more up-to-date biomarker concentrations, and
highlighting that even during the early infancy period, exposure to these EDCs is already
occurring. Additionally, a strength of our investigation is that ASD diagnosis was confirmed
by trained psychologists using the gold standard diagnostic instruments. However, there
were several limitations in our study, including a limited sample size for ASD and

Non-TD outcomes which limited the statistical power and resulted in large confidence
intervals. Nevertheless, the findings of several statistically significant associations indicate
that we actually had adequate power for some of our hypotheses. Another limitation of
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this investigation is that our study participants are from a high-risk ASD population, i.e.
they have a family history, e.g., an older sibling with ASD. As such, study participants
(even TD controls) were at an elevated risk for ASD because of their family history of
this condition. Therefore, our findings, especially related to the risk of ASD, may not be
generalizable to the greater population with this condition, the majority of whom do not
have a family history. Additionally, the parents may have been more motivated to avoid
products with chemicals, given that they already have a child with ASD and thus may

be aware of potential risk factors. Nevertheless, because phthalates are pervasive and have
such a plethora of sources (shampoos, lotions, cosmetics, packaged food, home building
materials, medications), it can take exceptional vigilance to measurably reduce one’s body
burden of this class of chemicals.

Overall, we found many of these EDC biomarkers were already detectable in the urine of
infants at 3 and/or 6 months of age. While temporal trends suggest exposure to most of these
EDCs is decreasing in the population, exposure to replacement phthalates, such as DEHTP,
seems to be increasing and is of concern given the associations we found with Y DEHTP and
poorer visual reception and composite scores on the MSEL. The current study revealed a
mixed set of consistent and discordant findings compared to previous studies that examined
associations between EDCs and diagnosis of ASD or another developmental diagnosis,
however, a clear pattern emerged in the analyses of cognitive function in association with
select phthalates, but not other EDCs. Notably, higher MEP concentrations were associated
with a pattern of poorer skills for the composite, fine motor, and visual reception. In light

of consistency regarding MEP from the more abundant literature in relation to gestational
exposures, these findings highlight the potential importance of early infant exposures in
cognitive development. Further research can shed light on the particular sources of infant
body burdens of phthalates in the current time period, investigate whether those early
postnatal exposures are associated with longer-term deficits, identify cofactors that may
modify the impacts, and place special attention on the increasing replacement chemicals,
such as DEHTP, and whether they adversely affect neurodevelopment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors would like to thank all the MARBLES Study participants and staff for helping make this research
possible.

Funding sources

Funding for this work was provided in part by the National Institute of Health (NIH) [grant numbers

POES11269, RO1ES020392, R01ES028089, P30ES023513, RO1ES025574, R24ES028533, and U24ES928533];
U.S. EPA STAR [grant numbers RD-829388 & RD-833292]; and the UC Davis MIND Institute’s Intellectual and
Developmental Disabilities Research Center [grant number P50HD103526]. Additionally, this work was supported
by a grant from the Simons Foundation (SFARI #863967, RJS).

Int J Hyg Environ Health. Author manuscript; available in PMC 2024 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sotelo-Orozco et al.

Page 13

Data availability

The datasets generated and analyzed during the current study are available from the
corresponding author upon reasonable request.

References

Barber ED, Topping DC, 1995. Subchronic 90-day oral toxicology of di(2-ethylhexyl) terephthalate in
the rat. Food Chem. Toxicol 33, 971-978. [PubMed: 7590545]

Barkoski JM, Busgang SA, Bixby M, Bennett D, Schmidt RJ, Barr DB, Panuwet P, Gennings C, Hertz-
Picciotto I, 2019. Prenatal phenol and paraben exposures in relation to child neurodevelopment
including autism spectrum disorders in the MARBLES study. Environ. Res 179, 108719. [PubMed:
31627027]

Bennett DH, Busgang SA, Kannan K, Parsons PJ, Takazawa M, Palmer CD, Schmidt RJ, Doucette
JT, Schweitzer JB, Gennings C, Hertz-Picciotto I, 2022. Environmental exposures to pesticides,
phthalates, phenols and trace elements are associated with neurodevelopment in the CHARGE
study. Environ. Int 161, 107075. [PubMed: 35085933]

Braun JM, Kalkbrenner AE, Just AC, Yolton K, Calafat AM, Sjodin A, Hauser R, Webster GM,

Chen A, Lanphear BP, 2014. Gestational exposure to endocrine-disrupting chemicals and reciprocal
social, repetitive, and stereotypic behaviors in 4- and 5-year-old children: the HOME study. Environ.
Health Perspect 122, 513-520. [PubMed: 24622245]

Brock JW, Caudill SP, Silva MJ, Needham LL, Hilborn ED, 2002. Phthalate monoesters levels in the
urine of young children. Bull. Environ. Contam. Toxicol 68, 309-314. [PubMed: 11993803]

Buckley JP, Barrett ES, Beamer PI, Bennett DH, Bloom MS, Fennell TR, Fry RC, Funk WE, Hamra
GB, Hecht SS, Kannan K, lyer R, Karagas MR, Lyall K, Parsons PJ, Pellizzari ED, Signes-Pastor
AJ, Starling AP, Wang A, Watkins DJ, Zhang M, Woodruff TJ, on behalf of program collaborators
for, E., 2020. Opportunities for evaluating chemical exposures and child health in the United States:
the Environmental influences on Child Health Outcomes (ECHO) Program. J. Expo. Sci. Environ.
Epidemiol 30, 397-419. [PubMed: 32066883]

Campioli E, Duong TB, Deschamps F, Papadopoulos V, 2015. Cyclohexane-1,2-dicarboxylic acid
diisononyl ester and metabolite effects on rat epididymal stromal vascular fraction differentiation of
adipose tissue. Environ. Res 140, 145-156. [PubMed: 25863588]

Campioli E, Lee S, Lau M, Marques L, Papadopoulos V, 2017. Effect of prenatal DINCH plasticizer
exposure on rat offspring testicular function and metabolism. Sci Rep-Uk 7, 11072.

Cao XL, 2010. Phthalate esters in foods: sources, occurrence, and analytical methods. Compr. Rev.
Food Sci. Food Saf 9, 21-43. [PubMed: 33467808]

Carlstedt F, Jonsson BA, Bornehag CG, 2013. PVC flooring is related to human uptake of phthalates in

infants. Indoor Air 23, 32-39. [PubMed: 22563949]

Caudill SP, Schleicher RL, Pirkle JL, 2008. Multi-rule quality control for the age-related eye disease
study. Stat. Med 27, 4094-4106. [PubMed: 18344178]

Cho S-C, Bhang S-Y, Hong Y-C, Shin M-S, Kim B-N, Kim J-W, Yoo H-J, Cho IH, Kim H-W,

2010. Relationship between environmental phthalate exposure and the intelligence of school-age
children. Environ. Health Perspect 118, 1027-1032. [PubMed: 20194078]

Chopra V, Harley K, Lahiff M, Eskenazi B, 2014. Association between phthalates and attention deficit
disorder and learning disability in US children, 6-15 years. Environ. Res 128, 64-69. [PubMed:
24267794]

Crinnion WJ, 2010. The CDC Fourth National Report on Human Exposure to Environmental
Chemicals: what it tells us about our toxic burden and how it assists environmental medicine
physicians. Alternative Med. Rev 15.

da Silva Oliveira W, de Souza TCL, Padula M, Godoy HT, 2017. Development of an extraction
method using mixture design for the evaluation of migration of non-target compounds and dibutyl
phthalate from baby bottles. Food Anal. Methods 10, 2619-2628.

Int J Hyg Environ Health. Author manuscript; available in PMC 2024 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sotelo-Orozco et al.

Page 14

Daniel S, Balalian AA, Insel BJ, Liu X, Whyatt RM, Calafat AM, Rauh VA, Perera FP, Hoepner LA,
Herbstman J, 2020. Prenatal and early childhood exposure to phthalates and childhood behavior at
age 7 years. Environ. Int 143, 105894. [PubMed: 32679391]

Darbre PD, Harvey PW, 2008. Paraben esters: review of recent studies of endocrine toxicity,
absorption, esterase and human exposure, and discussion of potential human health risks. J. Appl.
Toxicol 28, 561-578. [PubMed: 18484575]

Dekant W, Volkel W, 2008. Human exposure to bisphenol A by biomonitoring: methods, results
and assessment of environmental exposures. Toxicol. Appl. Pharmacol 228, 114-134. [PubMed:
18207480]

Engel SM, Miodovnik A, Canfield RL, Zhu C, Silva MJ, Calafat AM, Wolff MS, 2010. Prenatal
phthalate exposure is associated with childhood behavior and executive functioning. Environ.
Health Perspect 118, 565-571. [PubMed: 20106747]

Engel SM, Wetmur J, Chen J, Zhu C, Barr DB, Canfield RL, Wolff MS, 2011. Prenatal exposure
to organophosphates, paraoxonase 1, and cognitive development in childhood. Environ. Health
Perspect 119, 1182-1188. [PubMed: 21507778]

Fisher M, Arbuckle TE, MacPherson S, Braun JM, Feeley M, Gaudreau E, 2019. Phthalate and BPA
exposure in women and newborns through personal care product use and food packaging. Environ.
Sci. Technol 53, 10813-10826. [PubMed: 31424210]

Fromme H, Gruber L, Seckin E, Raab U, Zimmermann S, Kiranoglu M, Schlummer M, Schwegler U,
Smolic S, Volkel W, Hbmnet, 2011. Phthalates and their metabolites in breast milk—results from
the bavarian monitoring of breast milk (BAMBI). Environ. Int 37, 715-722. [PubMed: 21406311]

Hallmayer J, Cleveland S, Torres A, Phillips J, Cohen B, Torigoe T, Miller J, Fedele A, Collins J,
Smith K, Lotspeich L, Croen LA, Ozonoff S, Lajonchere C, Grether JK, Risch N, 2011. Genetic
heritability and shared environmental factors among twin pairs with autism. Arch. Gen. Psychiatr
68, 1095-1102. [PubMed: 21727249]

Henderson NB, Sears CG, Calafat A, Chen A, Lanphear B, Romano M, Yolton K, Braun JM, 2020.
Associations of breast milk consumption with urinary phthalate and phenol exposure biomarkers
in infants. Environ. Sci. Technol. Lett 7, 733-739.

Hertz-Picciotto I, Schmidt RJ, Walker CK, Bennett DH, Oliver M, Shedd-Wise KM, LaSalle JM,
Giulivi C, Puschner B, Thomas J, Roa DL, Pessah IN, Van de Water J, Tancredi DJ, Ozonoff S,
2018. A prospective study of environmental exposures and early biomarkers in autism spectrum
disorder: design, protocols, and preliminary data from the MARBLES study. Environ. Health
Perspect 126, 117004. [PubMed: 30465702]

Hornung RW, Reed LD, 1990. Estimation of average concentration in the presence of nondetectable
values. Appl. Occup. Environ. Hyg 5, 46-51.

Huang H-B, Chen H-Y, Su P-H, Huang P-C, Sun C-W, Wang C-J, Chen H-Y, Hsiung CA, Wang S-L,
2015. Fetal and childhood exposure to phthalate diesters and cognitive function in children up to
12 Years of age: Taiwanese maternal and infant cohort study. PLoS One 10, e0131910. [PubMed:
26121592]

Jankowska A, Polanska K, Hanke W, Wesotowska E, Ligocka D, Waszkowska M, Stanczak A,
Tartaglione AM, Mirabella F, Chiarotti F, Gari M, Calamandrei G, 2019. Prenatal and early
postnatal phthalate exposure and child neurodevelopment at age of 7 years — polish Mother and
Child Cohort. Environ. Res 177, 108626. [PubMed: 31419718]

Keil AP, Buckley JP, O’Brien KM, Ferguson KK, Zhao S, White AJ, 2020. A quantile-based g-
computation approach to addressing the effects of exposure mixtures. Environ. Health Perspect
128, 47004. [PubMed: 32255670]

Kim JI, Lee J, Lee KS, Lee YA, Shin CH, Hong YC, Kim BN, Lim YH, 2021a. Association of
phthalate exposure with autistic traits in children. Environ. Int 157, 106775. [PubMed: 34314979]

Kim K, Shin HM, Busgang SA, Barr DB, Panuwet P, Schmidt RJ, Hertz-Picciotto I, Bennett DH,
2021b. Temporal trends of phenol, paraben, and triclocarban exposure in California pregnant
women during 2007-2014. Environ. Sci. Technol 55, 11155-11165. [PubMed: 34347462]

Latini G, 2005. Monitoring phthalate exposure in humans. Clin. Chim. Acta 361, 20-29. [PubMed:
16004980]

Int J Hyg Environ Health. Author manuscript; available in PMC 2024 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sotelo-Orozco et al.

Page 15

Lessmann F, Correia-Sa L, Calhau C, Domingues VF, Weiss T, Bruning T, Koch HM, 2017. Exposure
to the plasticizer di(2-ethylhexyl) terephthalate (DEHTP) in Portuguese children - Urinary
metabolite levels and estimated daily intakes. Environ. Int 104, 25-32. [PubMed: 28407489]

Li N, Papandonatos GD, Calafat AM, Yolton K, Lanphear BP, Chen A, Braun JM, 2020. Gestational
and childhood exposure to phthalates and child behavior. Environ. Int 144, 106036. [PubMed:
32798801]

Liang K-Y, Zeger SL, 1986. Longitudinal data analysis using generalized linear models. Biometrika
73, 13-22.

Lord C, Holbrook A, Dow D, Byrne K, Grzadzinksi R, Sterrett K, Toolan C, Kim S, 2020. Brief
Observation of Symptoms of Autism (BOSA). Western Psychological Services.

Lord C, Rutter M, DiLavore P, Risi S, Gotham K, Bishop S, 2012. Autism Diagnostic Observation
Schedule-2nd Edition (ADOS-2). Western Psychological Corporation, Los Angeles, CA.

Maenner MJ, Warren Z, Williams AR, Amoakohene E, Bakian AV, Bilder DA, Durkin MS, Fitzgerald
RT, Furnier SM, Hughes MM, Ladd-Acosta CM, McArthur D, Pas ET, Salinas A, Vehorn A,
Williams S, Esler A, Grzybowski A, Hall-Lande J, Nguyen RHN, Pierce K, Zahorodny W,
Hudson A, Hallas L, Mancilla KC, Patrick M, Shenouda J, Sidwell K, DiRienzo M, Gutierrez J,
Spivey MH, Lopez M, Pettygrove S, Schwenk YD, Washington A, Shaw KA, 2023. Prevalence
and Characteristics of autism spectrum disorder among children aged 8 Years - autism and
developmental Disabilities monitoring network, 11 sites, United States, 2020. Mmwr Surveill
Summ 72, 1-14.

Meeker JD, Sathyanarayana S, Swan SH, 2009. Phthalates and other additives in plastics: human
exposure and associated health outcomes. Philos. Trans. R. Soc. Lond. B Biol. Sci 364, 2097-
2113. [PubMed: 19528058]

Miodovnik A, Engel SM, Zhu C, Ye X, Soorya LV, Silva MJ, Calafat AM, Wolff MS, 2011. Endocrine
disruptors and childhood social impairment. Neurotoxicology 32, 261-267. [PubMed: 21182865]

Moosa A, Shu H, Sarachana T, Hu VW, 2018. Are endocrine disrupting compounds environmental risk
factors for autism spectrum disorder? Horm. Beyond Behav 101, 13-21.

Mullen EM, 1995. Mullen Scales of Early Learning. AGS Circle Pines, MN.

Mustieles V, Pérez-Lobato R, Olea N, Fernandez MF, 2015. Bisphenol A: human exposure and
neurobehavior. Neurotoxicology 49, 174-184. [PubMed: 26121921]

Oulhote Y, Lanphear B, Braun JM, Webster GM, Arbuckle TE, Etzel T, Forget-Dubois N, Seguin JR,
Bouchard MF, MacFarlane A, Ouellet E, Fraser W, Muckle G, 2020. Gestational exposures to
phthalates and folic acid, and autistic traits in Canadian children. Environ. Health Perspect 128,
27004. [PubMed: 32073305]

Ozonoff S, Young GS, Belding A, Hill M, Hill A, Hutman T, Johnson S, Miller M, Rogers SJ,
Schwichtenberg A, 2014. The broader autism phenotype in infancy: when does it emerge?
Journal of the American Academy of Child & Adolescent Psychiatry 53, 398-407. e2. [PubMed:
24655649]

Ozonoff S, Young GS, Carter A, Messinger D, Yirmiya N, Zwaigenbaum L, Bryson S, Carver LJ,
Constantino JN, Dobkins K, Hutman T, Iverson JM, Landa R, Rogers SJ, Sigman M, Stone WL,
2011. Recurrence risk for autism spectrum disorders: a Baby Siblings Research Consortium study.
Pediatrics 128, e488—e495. [PubMed: 21844053]

Park S, Kim B-N, Cho S-C, Kim Y, Kim J-W, Lee J-Y, Hong S-B, Shin M-S, Yoo HJ, Im H, 2014.
Association between urine phthalate levels and poor attentional performance in children with
attention-deficit hyperactivity disorder with evidence of dopamine gene-phthalate interaction. Int.
J. Environ. Res. Publ. Health 11, 6743-6756.

Park S, Lee J-M, Kim J-W, Cheong J, Yun H, Hong Y-C, Kim Y, Han D, Yoo H, Shin M-S, 2015.
Association between phthalates and externalizing behaviors and cortical thickness in children with
attention deficit hyperactivity disorder. Psychol. Med 45, 1601-1612. [PubMed: 25388623]

Patti MA, Newschaffer C, Eliot M, Hamra GB, Chen A, Croen LA, Fallin MD, Hertz-Picciotto I,
Kalloo G, Khoury JC, Lanphear BP, Lyall K, Yolton K, Braun JM, 2021. Gestational exposure to
phthalates and social responsiveness scores in children using quantile regression: the EARLI and
HOME studies. Int. J. Environ. Res. Publ. Health 18, 1254.

Int J Hyg Environ Health. Author manuscript; available in PMC 2024 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sotelo-Orozco et al.

Page 16

Radke EG, Braun JM, Nachman RM, Cooper GS, 2020. Phthalate exposure and neurodevelopment:

a systematic review and meta-analysis of human epidemiological evidence. Environ. Int 137,
105408. [PubMed: 32045779]

Sathyanarayana S, Karr CJ, Lozano P, Brown E, Calafat AM, Liu F, Swan SH, 2008. Baby care
products: possible sources of infant phthalate exposure. Pediatrics 121, e260-e268. [PubMed:
18245401]

Schaffert A, Arnold J, Karkossa I, Bliiher M, von Bergen M, Schubert K, 2021. The emerging
plasticizer alternative DINCH and its metabolite MINCH induce oxidative stress and enhance
inflammatory responses in human THP-1 macrophages. Cells 10, 2367. [PubMed: 34572016]

Schmidt RJ, Kogan V, Shelton JF, Delwiche L, Hansen RL, Ozonoff S, Ma CC, McCanlies EC,
Bennett DH, Hertz-Picciotto I, Tancredi DJ, Volk HE, 2017. Combined prenatal pesticide exposure
and folic acid intake in relation to autism spectrum disorder. Environ. Health Perspect 125, 97007-
97007.

Schmidt RJ, Liang D, Busgang SA, Curtin P, Giulivi C, 2021. Maternal plasma metabolic profile
demarcates a role for neuroinflammation in non-typical development of children. Metabolites 11.

Shelton JF, Geraghty EM, Tancredi DJ, Delwiche LD, Schmidt RJ, Ritz B, Hansen RL, Hertz-
Picciotto 1, 2014. Neurodevelopmental disorders and prenatal residential proximity to agricultural
pesticides: the CHARGE study. Environ. Health Perspect 122, 1103-1109. [PubMed: 24954055]

Shin H-M, Dhar U, Calafat AM, Nguyen V, Schmidt RJ, Hertz-Picciotto I, 2020. Temporal trends of
exposure to phthalates and phthalate alternatives in California pregnant women during 2007-2013:
comparison with other populations. Environ. Sci. Technol 54, 13157-13166. [PubMed: 32940456]

Shin HM, Schmidt RJ, Tancredi D, Barkoski J, Ozonoff S, Bennett DH, Hertz-Picciotto I, 2018.
Prenatal exposure to phthalates and autism spectrum disorder in the MARBLES study. Environ.
Health 17, 85. [PubMed: 30518373]

Silva MJ, Samandar E, Calafat AM, Ye X, 2015. Identification of di-2-ethylhexyl terephthalate
(DEHTP) metabolites using human liver microsomes for biomonitoring applications. Toxicol.
Vitro 29, 716-721.

Silva MJ, Samandar E, Preau JL Jr., Reidy JA, Needham LL, Calafat AM, 2007. Quantification of 22
phthalate metabolites in human urine. J. Chromatogr., B: Anal. Technol. Biomed. Life Sci 860,
106-112.

Swan SH, 2008. Environmental phthalate exposure in relation to reproductive outcomes and other
health endpoints in humans. Environ. Res 108, 177-184. [PubMed: 18949837]

Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV, 2007. Human exposure to bisphenol A
(BPA). Reprod. Toxicol 24, 139-177. [PubMed: 17825522]

Volk HE, Ames JL, Chen A, Fallin MD, Hertz-Picciotto I, Halladay A, Hirtz D, Lavin A, Ritz B,
Zoeller T, Swanson M, 2022. Considering toxic chemicals in the etiology of autism. Pediatrics
149.

\Volk HE, Hertz-Picciotto I, Delwiche L, Lurmann F, McConnell R, 2011. Residential proximity to
freeways and autism in the CHARGE study. Environ. Health Perspect 119, 873-877. [PubMed:
21156395]

Volk HE, Lurmann F, Penfold B, Hertz-Picciotto I, McConnell R, 2013. Traffic-related air pollution,
particulate matter, and autism. JAMA Psychiatr. 70, 71-77.

Wagner L, Corona LL, Weitlauf AS, Marsh KL, Berman AF, Broderick NA, Francis S, Hine J,
Nicholson A, Stone C, Warren Z, 2021. Use of the TELE-ASD-PEDS for autism evaluations in
response to COVID-19: preliminary outcomes and clinician acceptability. J. Autism Dev. Disord
51, 3063-3072. [PubMed: 33125622]

Watkins DJ, Meeker JD, Tamayo-Ortiz M, Sanchez BN, Schnaas L, Peterson KE, Téllez-Rojo MM,
2021. Gestational and peripubertal phthalate exposure in relation to attention performance in
childhood and adolescence. Environ. Res 196, 110911. [PubMed: 33640497]

Wei F, Mortimer M, Cheng H, Sang N, Guo L-H, 2021. Parabens as chemicals of emerging concern in
the environment and humans: a review. Sci. Total Environ 778, 146150. [PubMed: 34030374]

Wingate M, Kirby RS, Pettygrove S, Cunniff C, Schulz E, Ghosh T, Robinson C, Lee LC, Landa
R, Constantino J, Fitzgerald R, Zahorodny W, Daniels J, Nicholas J, Charles J, McMahon W,
Bilder D, Durkin M, Baio J, Christensen D, Van K, Braun N, Clayton H, Goodman A, Doernberg

Int J Hyg Environ Health. Author manuscript; available in PMC 2024 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sotelo-Orozco et al. Page 17

N, Yeargin-Allsopp M, Monitoring ADD, 2014. Prevalence of autism spectrum disorder among
children aged 8 Years - autism and developmental Disabilities monitoring network, 11 sites,
United States, 2010. Mmwr Surveill Summ 63.

Wirnitzer U, Rickenbacher U, Katerkamp A, Schachtrupp A, 2011. Systemic toxicity of di-2-
ethylhexyl terephthalate (DEHT) in rodents following four weeks of intravenous exposure.
Toxicol. Lett 205, 8-14. [PubMed: 21616130]

Ye X, Kuklenyik Z, Needham LL, Calafat AM, 2005. Automated on-line column-switching HPLC-
MS/MS method with peak focusing for the determination of nine environmental phenols in urine.
Anal. Chem 77, 5407-5413. [PubMed: 16097788]

Zota AR, Calafat AM, Woodruff TJ, 2014. Temporal trends in phthalate exposures: findings from
the national health and nutrition examination Survey, 2001-2010. Environ. Health Perspect 122,
235-241. [PubMed: 24425099]

Int J Hyg Environ Health. Author manuscript; available in PMC 2024 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sotelo-Orozco et al.

Biomarker

Page 18

Expressive Language Fine Motor Receptive Language Visual Reception Composite Score
verd  He = t P i
MCOP- He— e He—! N
ver{  j—ali —— —+ — ——
% DBPA = - H= (o o | =
% DEHP+ H= H= H= H=— H—=
5 DEHTP- 4 == e o]
3 D8P+ '1 HH H= e
Methyl-paraben - ] e [ E] =]
Propyl-parben 1 -l aa [ I~
2,5-dichlorophenol 4 [=H [ | =4
Benzophenone-3- Hed = =]
-02 00 02 -02 00 02 =02 00 02 -02 00 02 =02 00 02

B (95% CI)

Fig. 1.

Longitudinal changes (B) and 95% confidence intervals (CI) in MSEL Composite Scores
and T-scores of subscales of children over the four assessment time points in association
with select phthalate (MBzP, MCOP, MEP, ZDBP, ZDEHP, ZDEHTP, ZDiBP), paraben
(methyl-paraben and propyl-paraben), and phenol (2,5-dichlorophenol and benzophenone-3
biomarker concentrations in generalized estimating equations. Models were adjusted for the
child’s birth year, the child’s sex, maternal age, maternal pre-pregnancy BMI, and parental
homeownership. Shaded areas represent associations with a p-value <0.10 for interaction

between age of assessment and EDCs concentrations.
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Table 1
Characteristics of study participants (n = 148).
Frequency (%)

Neurodevelopmental outcome €

ASD 36 (26.67)

Non-TD 18 (13.33)

D 81 (60.00)
Child’s sex

Female 55 (37.16)

Male 93 (62.84)
Child’s race/ethnicity

Non-Hispanic, white 55 (37.16)

Hispanic, any race 45 (30.41)

Non-Hispanic, non-white 48 (32.43)
Child’s birth year

2008-2011 25 (16.89)

2012-2015 71 (47.97)

2016-2019 52 (35.14)
Maternal vitamin intake in the first month of pregnancy 2

No 61 (44.9)

Yes 75 (55.15)
Maternal pre-pregnancy BMI (kg/m?) 2

<25 60 (44.44)

25-30 45 (33.33)

230 30 (22.22)
Maternal education

Some college or less 69 (46.62)

Bachelor’s degree 45 (30.41)

Graduate or professional degree 34 (22.97)
Homeownership status €

No 55 (38.19)

Yes 89 (61.81)
Mother’s age at the time of child’s birth

<35 65 (43.92)

235 83 (56.08)

Page 19

aMissing (n): neurodevelopmental diagnosis (13); maternal prenatal vitamin intake (12); Pre-pregnancy BMI (13); Homeownership status (<5).
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