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Abstract

Background: Phthalates are a group of chemicals with ubiquitous exposure worldwide.
Exposures to phthalates during pregnancy may play a role in autism spectrum disorder (ASD)
etiology by disrupting hormone levels or directly impacting fetal neurodevelopment. However,
there is little research quantifying the aggregate effect of phthalates on child ASD-related
behaviors.
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Methods: We used data from two prospective pregnancy and birth cohorts — the Health
Outcomes and Measures of the Environment (HOME) and the Early Autism Risk Longitudinal
Investigation (EARLI). HOME is a general population cohort while participants in EARLI were
at higher familial risk for ASD. Using quantile g-computation and linear regression models, we
assessed the joint and individual associations of a mixture of six phthalate metabolites during
pregnancy with child ASD-related traits measured by Social Responsiveness Scale (SRS) scores at
ages 3-8 years.

Results: Our analyses included 271 participants from HOME and 166 from EARLI. There
were imprecise associations between the phthalate mixture and SRS total raw scores in HOME
(difference in SRS scores per decile increase in every phthalate = 1.3; 95% confidence interval
[CI]: -0.2, 2.8) and EARLLI (difference in SRS scores per decile increase in every phthalate =
-0.9; 95% CI: -3.5, 1.7).

Conclusions: The cohort-specific effect sizes of the pthalates—SRS associations were small and
confidence intervals were imprecise. These results suggest that if there are associations between
phthalate metabolites during pregnancy and child SRS scores, they may differ across populations
with different familial liabilities. Further studies with larger sample sizes are warranted.

INTRODUCTION

Phthalates are a ubiquitous group of chemicals used widely in food packaging,! personal
care products,? and household furnishings.3 Exposure to phthalates during pregnancy is
related to adverse reproductive outcomes,*° preterm birth,% gestational diabetes,’” and
neurodevelopmental deficits.8 While some individual phthalates have been associated with
autism spectrum disorder (ASD)-related traits, %11 research exploring the effect of phthalates
as a mixture has been limited.

Animal studies have found that urinary phthalate metabolite concentrations during
pregnancy caused abnormal social behaviors,12 emotional instability,13 damage in spatial
and learning memory,14:15 decreased cognitive flexibility,16 and increased anxiety,1® all

of which contribute to ASD diagnoses in humans. For example, one study found that di(2-
ethylhexyl) phthalate (DEHP) exposure during pregnancy induced ASD-related behavioral
abnormalities in rat offspring.1’

Results from human studies of the association between urinary phthalate metabolite
concentrations during pregnancy and ASD-related outcomes are inconclusive.18:19 One
case—control study showed that metabolites of DEHP, including mono-2-ethylhexyl
phthalate (MEHP), were elevated in children with ASD compared to controls.2® Another
case—control study found that DEHP and MEHP were higher in ASD cases compared

to controls.2! On the other hand, Miodovnik et al. (2011) conducted a cohort study

where they showed a positive association between urinary monoethyl phthalate (MEP)
concentrations during pregnancy and Social Responsiveness Scale (SRS) scores among
offspring.22 However, Braun et al. (2014) showed less clear associations between phthalate
metabolites, including MEP, with SRS scores in the Health Outcomes and Measures of the
Environment (HOME).23
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To date, there is little evidence on the associations between phthalate metabolite mixtures
during pregnancy and autism-related traits among children.® A previous study from our
group has used quantile regression to assess the individual associations between nine
urinary phthalate metabolites during pregnancy and child autistic traits in HOME and
EARLI.24 While we found positive associations between SRS scores and DEHP, mono-n-
butyl phthalate (MBP), monobenzyl phthalate (MBzP), and mono-isobutyl phthalate (MiBP)
concentrations, further research is needed to better understand the aggregate effect of
phthalate exposures given that they have been regulated as a class2® and phthalate exposures
tend to co-occur due to shared sources of exposure. Furthermore, these exposures may have
nonlinear, interaction effects on health outcomes.

To address these gaps, we assessed the association between exposure to a mixture of
phthalates during pregnancy and child developmental traits related to autism in early
childhood using two prospective cohort studies. We used quantile g-computation to estimate
the combined impact of a chemical mixture on autism-related traits and the proportions of
contributions from each element within the mixture,28 and compared these findings to those
obtained from individual exposure models.

MATERIALS AND METHODS

Participants

We used data from mother—singleton pairs who participated in two prospective pregnancy
and birth cohorts — the Health Outcomes and Measures of the Environment (HOME) Study
and the Early Autism Risk Longitudinal Investigation (EARLI) Study. Details about these
two cohorts have been published elsewhere.2”-28 Briefly, HOME enrolled adult pregnant
women (16+3 weeks of pregnancy) who lived in a home built in or before 1978 in the
Cincinnati metropolitan area.2” EARLLI enrolled pregnant women (< 28 weeks of pregnancy)
who previously had a child with ASD across four different study sites in the U.S., and
followed the subsequent child through early development.28 By nature of the high recurrence
risk of ASD, these younger siblings were at higher risk of developing ASD and other
developmental delays themselves.

Outcome

The primary outcome of this analysis was autism-related traits as measured by the SRS total
raw scores. SRS forms were administered at 4-8 years in HOME (median: 50.1 months)
and at 3 years in EARLI (median: 36.3 months).2° The SRS is a validated caregiver-reported
measure of ASD-related behaviors that includes 65 Likert-style items.29:30 The total raw
score was a sum of these 65 items, with the maximum of 195 points.2%:30 Higher total

raw scores indicate higher social impairment and greater degree of traits related to autism.
Raw scores can also be converted to T-scores to facilitate clinical evaluation and decision.3!
For example, having a SRS T-score >76 indicated that a child had clinically significant
social impairment and health professionals have been increasingly using this to decide if
the child should be referred to the next phases of ASD diagnosis, such as a comprehensive
developmental evaluation.31:32 Hence, we used SRS-T scores in secondary analyses.
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Phthalates were measured in maternal urine samples in the second (around 16 weeks of
pregnancy) and third (around 26 weeks of pregnancy) trimesters in HOME and throughout
pregnancy in EARLLI.24 We published details on sample handling and quality controls in our
previous study.2 Briefly, we quantified the concentrations of the phthalates and phthalate
metabolites in urine samples using on-line solid phase extraction coupled with isotope
dilution-high performance liquid chromatography (HPLC)-electrospray ionization-tandem
mass spectrometry.24:33 All the urine samples were refrigerated at <—20°C before they were
aliquoted and shipped to the Centers for Disease Control and Prevention National Center for
Environmental Health (CDC-NCEH) laboratories for analyses.

We restricted our work to consider the phthalates where 80% of reported values were

above the lower limits of detection (LLODs): MBP, MBzP, mono-3-carboxypropyl
phthalate (MCPP), MEP, MiBP, and 4 metabolites of DEHP — MEHP, mono-2-ethyl-5-
oxohexyl phthalate (MEOHP), mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), and
mono-2-ethyl-5-carboxypentyl phthalate (MECPP). We imputed concentrations of the
phthalates with the lower limit of detection (LLOD) divided by a square root of two if the
concentration was lower than the LLOD34 and corrected for urinary dilution by dividing the
phthalate concentration (ug/L) by urinary creatinine concentration (g/L).3> We then reported
phthalates as jig analyte per g creatinine.3® Because of their high correlation and common
parent diester, DEHP metabolites were summed as “DEHP (ug/g creatinine) = [MEHP
(ug/g creatinine)/278 (g/mol) + MEOHP (ug/g creatinine)/292 (g/mol) + MEHHP (ug/g
creatinine)/294 (g/mol) + MECPP (ug/g creatinine)/308 (g/mol)] x 308 g/mol where 278,
292, 294, and 308 were the molecular weights of MEHP, MEOHP, MEHHP, and MECPP,
respectively. We multiplied the sum of the molar concentrations of the 4 metabolites by the
molecular weight of MECPP so that the ZDEHP was on a comparable unit with the other
phthalates.24 The LLODs for the phthalates ranged from 0.2 pg/L for MCPP to 1.2 ug/L for
MEHP in HOME and from 0.3 ug/L creatinine for MBzP to 1.2 pg/L for MEP in EARLI
(eTable 1 http://links.lww.com/EDE/C79). For pregnant women with more than one sample,
we calculated average phthalate concentrations across pregnancy.

We selected covariates a priori based on previous literature using a directed acyclic

graph (DAG), and data availability (eFigure 1 http://links.lww.com/EDE/C79). The selected
covariates included maternal age at delivery (years), maternal race/ethnicity (Hispanic or
Latino/a/e/x, Non-Hispanic black, Non-Hispanic white, Other/multiple races), maternal
parity (0-2, >2), pre-pregnancy BMI (kg/m?2), household annual income (US$), child sex

at birth (male, female), child age at SRS administration (months), and study site (Cincinnati
metropolitan area, Drexel, Johns Hopkins University, Kaiser Permanente, UC Davis).2436
Although child sex at birth and child age at SRS administration were not associated with
exposure to phthalates during pregnancy, we included them to improve the precision of the
estimates because they were associated with SRS scores.3738 We used Multiple Imputation
by Chained Equations (MICE) to impute any missing values in the phthalates and covariates
and selected the first imputed dataset for further analyses.
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Statistical analyses

We presented descriptive statistics as N’s and percentages for categorial variables and
medians (minimums, maximums) for continuous variables. We visualized the distributions
of each of the phthalates and SRS scores using violin plots and histograms. We quantified
the bivariate associations between each pair of phthalates using Spearman’s correlation
coefficients and visualized using heatmaps.

We fit four quantile g-computation models with SRS total raw score as the outcome

and the 6 phthalate metabolites (i.e., ZDEHP, MBP, MBzP, MCPP, MEP, and MiBP) as
the independent variables.3%40 Model 1 was a joint marginal structural model given by
[E(YX" 7. v, n) = g(y, + v, S, + nZ) where Y was SRS total raw score, X, was the phthalates

decile, Z were the covariates, g( - ) was a link function in a generalized linear model (e.g.,
the identity function in the case of a linear regression model for the expected value of

Y), w, was the model intercept, v, was the expected change in the outcome, given a

one quantile increase in all exposures simultaneously, .S, is an “index” that represented a
joint value of the phthalates, and n was a set of model coefficients for the covariates Z.
Model 2 further included product terms between each pair of the phthalates. Model 3 used
polynomial splines for the phthalates and the output corresponded to the estimates of the

marginal structural model given by [E(YXq YA n) = g(wo + viS, + w,S? + nZ) where y, was

the change in the outcome for an additional unit of squared joint exposure to the phthalates,
over-and-above the linear effect given by y,, and S2 was the quadratic term of the index that
represented a joint value of exposure to the phthalates. Model 4 included indicator terms for
each quantile of each phthalate.

In each of the four models above, we adjusted for the covariates noted above. To compare fit
of the adjusted models, we calculated the Akaike information criterion (AIC) as 2k — 2in(L)

and Bayesian information criterion (BIC) as k In(n) — 21n(L) where k was the number of

estimated parameters, Z was the maximum value of the likelihood function, and » was the
number of data points. The model with the lowest AIC and BIC was selected as the best fit
to the data.

Next, we calculated the weights of each phthalate within this mixture, defined as the
proportion of the overall effects contributed by each phthalate in either the positive or
negative direction.3%-4! These weights represented the contribution of the individual mixture
components to the overall mixture effect.#243 Hence, the weight could range from -1

to 1, with all negative weights (i.e., negative partial mixture effects) summed to -1 and

all positive weights (i.e., positive partial mixture effects) summed to 1.44 Weights are
determined empirically by the data and model, and are not researcher specified. As a
comparison, we also specified separate linear regression models with SRS total raw score
as the outcome and each of the 6 log,-transformed phthalates (i.e., ZDEHP, MBP, MBzP,
MCPP, MEP, and MiBP) as the independent variable. The adjusted model further included
all the covariates specified above. As a sensitivity analysis, we re-fitted all the models
specified above with SRS total T-score as the outcome and stratified the models by cohort
and child sex.
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We conducted all data management and statistical analyses using the R Statistical language
version 4.1.2 45 on Windows 10 x64 (build 22000). Code to recreate our results is

available at https://github.com/emmayu001/qgcomp-Pthalates-SRS. Data requests should be
addressed to the Principal Investigators of the two cohorts (HOME: JMB, KY; EARLI:
MDF).

Ethics statement

This analysis was reviewed and approved by the Institutional Review Board (IRB) of
Drexel University (IRB number: 2010008124). HOME was reviewed and approved by the
Ethics Committee of Cincinnati Children’s Hospital Medical Center IRB (01-8-5, 2008—
0022) and EARLI was reviewed and approved by the IRBs of the Drexel University, the
Children’s Hospital of Philadelphia, the Kaiser Foundation Research Institute, the Veterans
Affairs Northern California Health Care System Human Research Protection Program,

and University of California, Davis (120100673).24 All women provided written informed
consent for themselves and their kids.

RESULTS

After excluding twin births, the final analytic sample included 437 participants, the majority
of whom were from HOME (n = 271, 62%) (Table 1; eFigure 2 http://links.lww.com/EDE/
C79). Around 97% (n = 262) of HOME participants provided urinary phthalate data

from both the 16-week and 26-week visits while around 11% (n = 17) of EARLI
participants provided more than one measurement of urinary phthalate (eTable 2 http://
links.lww.com/EDE/C79). For example, 51% (n = 80) EARLI participants provided urinary
phthalate measurements in the 2" trimester while 2% (n = 3) EARLI participants provided
urinary phthalate measurements in both the 2"d and the 3 trimesters (eTable 2 http:/
links.lww.com/EDE/C79).

The medians (minimums, maximums) of maternal age at delivery were 29 (19, 45) years and
34 (22, 44) years in HOME and EARLLI, respectively (Table 1). In the combined cohorts, the
majority of participants were non-Hispanic white (n = 260, 59.5%), had 0-2 parity (n = 387,
88.6%), and had a household annual income of less than $100,000 (n = 239, 54.7%) (Table
1). There were 225 (51.5%) female births and 212 (48.5%) male births (Table 1).

In comparison to pregnant women in HOME, pregnant women in EARLI had lower
medians for four out of the six phthalate metabolites (Table 1). In both cohorts, the four
YDEHP metabolites were strongly correlated (Spearman correlation coefficients > 0.7)46
(eFigure 3 http://links.lww.com/EDE/C79). In HOME, MBzP was not correlated with MEP
and ~DEHP; MEP was negligibly correlated with MCPP and ZDEHP; and ZDEHP was
not correlated with MBzP and MEP (Spearman correlation coefficients between —0.1

to 0.1)46 (eFigure 3 http://links.lww.com/EDE/C79). In EARLI, MCPP was negligibly
correlated with MBzP and MEP was negligibly correlated with MBzP (Spearman correlation
coefficients between —0.1 to 0.1)*6 (eFigure 3 http:/links.lww.com/EDE/C79). The other
pairs of phthalates had weak to moderate correlations with each other4® (eFigure 3 http://
links.lww.com/EDE/C79).
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The medians (minimums, maximums) of SRS total raw scores in HOME and EARLI were
30.0 points (1.0, 126.0) and 29.0 (6.0, 174.0) points, respectively (Table 1, Figure 1). The
median of SRS total T-scores in HOME (50.0) was higher than that in EARLI (45.0) (Table
1, Figure 1).

Overall association between phthalates mixture and SRS scores

The simplest quantile g-computation model, i.e., model 1, had the lowest AIC (3969.3) and
BIC (4054.9) compared to the other three models; because it fit the data best, we applied this
model to all sensitivity analyses (eTable 3 http:/links.lww.com/EDE/C79). After adjustment
for covariates, concentrations of phthalate metabolites during pregnancy were positively
associated with offspring SRS total raw scores in HOME (difference per decile increase in
every phthalate = 1.3; 95% CI: —-0.20, 2.8) but negatively associated with offspring SRS total
raw scores in EARLI (difference per decile increase in every phthalate = —0.90; 95% CI:
-3.5, 1.7) (Table 2, Figure 2); both estimates are notably imprecise.

Urinary phthalate metabolite concentrations during pregnancy were imprecisely positively
associated with offspring SRS total raw scores among both male children (difference per
decile increase in every phthalate = 1.9; 95% CI: —0.4, 4.2) and female children (difference
per decile increase in every phthalate = 0.6; 95% ClI: —-1.4, 2.7) in HOME (eTable 4 http://
links.lww.com/EDE/C79). On the other hand, urinary phthalate metabolite concentrations
during pregnancy were imprecisely negatively associated with offspring SRS total raw
scores among both male children (difference per decile increase in every phthalate = -0.7;
95% CI: -5.4, 4.1) and female children (difference per decile increase in every phthalate =
-1.5;95% CI: —4.1, 1.1) in EARLI (eTable 4 http://links.lww.com/EDE/C79).

Findings were consistent when using SRS T-scores, with associations of less than one
absolute value of T-score points for all the subgroups (eTable 5 http://links.lww.com/EDE/
C79, eTable 6 http://links.lww.com/EDE/C79, eFigure 4 http://links.lww.com/EDE/C79).
Urinary phthalate metabolite concentrations during pregnancy were positively associated
with offspring SRS total T-scores in HOME (difference per decile increase in every
phthalate = 0.6; 95% CI: -0.1, 1.4) while negatively associated with offspring SRS total
T-scores in EARLI (difference per 10 percentiles increase in the phthalates = —0.3; 95% CI:
-1.3, 0.6) (eTable 5 http://links.lww.com/EDE/C79).

Finally, results from the quantile g-computation models with two-way interaction terms
between each pair of the phthalates are shown in eTable 7 http:/links.lww.com/EDE/C79
and quantile g-computation models with polynomial splines in eTable 8 http://
links.lww.com/EDE/C79; these results did not suggest a nonlinear dose response.

Contribution of individual phthalates within the mixture to SRS scores

In HOME, ZDEHP, MiBP, MCPP, and MEP were associated with higher SRS scores, with
42%, 25%, 20%, 13% positive weights on SRS total raw scores, respectively (Figure 3).
In EARLI, MBzP (52%), MBP (47%), and MCPP (2%) had positive weights on SRS
total raw scores (Figure 3). In contrast, MBP and MBzP had negative weights on SRS
total raw scores, contributing to 70% and 30% of the negative weights in HOME (Figure
3). Finally, in EARLI, ZDEHP, MiBP and MEP had negative weights on SRS total raw
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scores, contributing to 37%, 37%, and 25% of the negative weights, respectively (Figure 3).
Results with SRS total T-scores as the outcome were consistent with results using raw scores
(eFigure 5 http://links.lww.com/EDE/C79).

Associations between individual phthalates and SRS scores

Overall, results from the linear regression models indicated overwhelmingly imprecise and
null associations between individual phthalates and SRS scores, controlling for maternal

age at delivery, maternal race/ethnicity, maternal parity, pre-pregnancy BMI, household
annual income, child sex at birth, child age at SRS administration, and study site (Table 3).
Notably, in HOME, a doubling of ZDEHP concentrations during pregnancy was, on average,
associated with an SRS raw total score increase of 1.9-points (95% ClI: 0.4, 3.4) (Table 3).

DISCUSSION

We investigated the association between urinary phthalate metabolite concentrations during
pregnancy and developmental traits related to autism among children enrolled in two
pregnancy and birth cohorts. In HOME, we observed imprecise positive associations of the
phthalate mixture and some phthalate metabolites with autism-related traits. In EARLI, we
observed imprecise negative associations between the phthalate mixture and SRS scores.
Notably, these associations between urinary phthalate metabolite concentrations during
pregnancy and developmental traits related to autism were essentially null across quintiles of
SRS scores in both cohorts.

Evidence on the associations between urinary phthalate metabolite concentrations during
preghancy and autism-related outcomes is mixed. Two previous studies from our group
found that the independent and individual associations between urinary phthalate metabolite
concentrations during pregnancy and child SRS scores were predominantly null in HOME
using traditional regression methods.23-24 This work used a mixture approach to assess the
aggregate association between a mixture of six phthalate metabolites and child SRS scores
using g-computation approach. The two lines of work yielded consistent results. Another
study found that urinary phthalate metabolite concentrations during pregnancy were not
associated with ASD diagnosis in the Markers of Autism Risk in Babies — Learning Early
Signs (MARBLES) Study, an enriched-risk cohort similar to EARLI.#7 On the other hand,
several studies found that urinary phthalate metabolite concentrations during pregnancy were
associated with social impairment, which represents a key feature of ASD diagnosis.22:3648

We detected mixture associations in the opposite directions in the two cohorts. One possible
reason is that these two cohorts had different study designs. HOME recruited pregnant
women from the general population while EARLI had an enriched-risk design, meaning

that all the pregnant women enrolled already had a child with ASD prior to this pregnancy.
Risk of recurrence of ASD in siblings to ASD-affected children was estimated to be as

high as 18.7%.4° The increased familial liability of ASD and developmental traits related to
autism in EARLI might outweigh potential environmental risk. Specifically, there are known
differences between the general population and the siblings of ASD-affected children,
which was suggested to be attributable to different mechanisms of intergenerational genetic
transmission of ASD.5051
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We also cannot rule out potential differences across cohorts due to measurement of autism-
related traits. Specifically, HOME administered the first edition form of the SRS for children
aged 4-18 years whereas the preschool form of the SRS was used in EARLLI, due to the
modestly differing ages across these two studies. Prior work supports the comparability

of these two forms, and only minor wording changes exist between them to account for
age-appropriate examples in items. Thus, these differences are unlikely to fully explain
differences in results across the two cohorts. However, it has been noted that scores on
preschool forms consistent with ASD may be slightly lower on average than those from
school-age forms, which might explain the similar average T-scores in the two cohorts.>2(P2)

This analysis has several strengths. First, we used a quantile g-computation method to
estimate the association between /n utero exposures to a phthalate mixture and offspring
developmental traits related to autism. Quantile g-computation can estimate the aggregate
effect of correlated exposures instead of estimating the effects of exposures individually.3°
Second, we adjusted for a detailed set of confounders and were able to use two cohorts

to determine if associations were comparable in different populations. Third, we strived

to minimize measurement error of the exposures by calculating the average of up to two
samples per woman at 16 weeks and 26 weeks of gestation in HOME. This may reduce
within-person variation in concentrations of these compounds that could be related to the
timing of urine sample collection. This approach was consistent with our previous study to
ensure comparability.24

There are also several limitations to this analysis. First, while many pregnant women in
HOME had two measures of urinary phthalates from two visits, most pregnant women

in EARLI provided one measure of urinary phthalates. Phthalates are quickly eliminated
from human bodies, and hence this may result in misclassification error.24 Some phthalates,
e.g., ZDEHP, need multiple biospecimen per participant because they have high within-
participant temporal variability.>3 Second, we cannot rule out the possibility of residual
confounding and we did not assess effect measure modification by folic acid, which has
been observed to modify the association between phthalates and SRS scores in another
study.36 However, we controlled for an extensive list of confounders or variables that are
associated with SRS scores, in order to minimize potential confounding. And sensitivity
analysis with prenatal vitamin use initiated in the first month of pregnancy as an additional
covariate in the quantile g-computation models revealed null associations as well (eTable

9 http://links.lww.com/EDE/C79). Third, while using a continuous outcome provided more
statistical power compared to a dichotomous outcome, our sample sizes are still modest.

While it remains inconclusive if there are specific times of increased susceptibility

to xenobiotic exposures during pregnancy, there is an increasing appreciation that the

effects of prenatal exposures to xenobiotics on offspring health outcomes may differ by
pregnancy stage.>* For example, Watkins et al. (2016) found that the associations between
prenatal phthalates concentrations and birth sizes were different by trimester.5> Additionally,
Messerlian et al. (2017) indicated that the preconception period may be another critical
window of susceptibility of phthalate exposures for offspring neurodevelopment.56 However,
due to the limited sample sizes in each trimester and the lack of data in the preconception
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period, we could not pursue trimester-specific analyses in this study. Further studies using
cohorts with larger sample sizes in each trimester are thus warranted.

CONCLUSIONS

We estimated heterogeneous associations between urinary phthalate metabolite
concentrations during pregnancy and offspring SRS scores across two prospective pregnancy
and birth cohorts. While effect sizes were small and confidence intervals included the null,
observed differences could point to a potential role of background familial liability in the
associations between phthalates and child developmental traits related to autism. Further
studies using other cohorts are warranted.
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Figure 1. Profiles of maternal urinary phthalates during pregnancy and offspring SRS scoresin
HOME and EARLI (N = 437).

All the phthalates were imputed with the lower limit of detection (LLOD) divided by a
square root of two if lower than the LLOD and corrected for urinary dilution using urinary
creatinine concentrations.

DEHP, di(2-ethylhexyl) phthalate; EARLLI, the Early Autism Risk Longitudinal Investigation
Study; HOME, the Health Outcomes and Measures of the Environment Study; MBP,
mono-n-butyl phthalate; MBzP, monobenzyl phthalate; MCPP, mono-3-carboxypropyl
phthalate; MECPP, mono-2-ethyl-5-carboxypentyl phthalate; MEHHP, mono-2-ethyl-5-
hydroxyhexyl phthalate; MEHP, mono-2-ethylhexyl phthalate; MEOHP, mono-2-ethyl-5-
oxohexyl phthalate; MEP, monoethyl phthalate; MiBP, mono-isobutyl phthalate; SRS, Social
Responsiveness Scale.
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Figure 2. Pointwise effects of prenatal exposureto a mixture of six phthalates and offspring
Social Responsiveness Scale (SRS) total raw scoresin HOME and EARLI: quantile g-
computation models.

All the models included di(2-ethylhexyl) phthalate (DEHP), mono-n-butyl phthalate (MBP),

monobenzyl phthalate (MBzP), mono-3-carboxypropyl phthalate (MCPP), monoethyl
phthalate (MEP), and mono-isobutyl phthalate (MiBP), maternal age at delivery (years),
three dummy variables for maternal race/ethnicity (Hispanic or Latino, Non-Hispanic
black, Non-Hispanic white, Other/multiple races), maternal parity (0-2, >2), pre-pregnancy
BMI (kg/m?2), household annual income ($), child sex at birth (male, female), and child

age at SRS administration (months) as the independent variables. The model using only
EARLI data further included three dummy variables for study site (Drexel, Johns Hopkins
University, Kaiser Permanente, UC Davis) as the independent variables while the model
using pooled data further included 4 dummy variables for study site (HOME, Drexel, Johns
Hopkins University, Kaiser Permanente, UC Davis) as the independent variables.

EARLLI, the Early Autism Risk Longitudinal Investigation Study; HOME, the Health
Outcomes and Measures of the Environment Study; MSM, marginal structural model.
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Figure 3. Weights of each phthalate from quantile g-computation model in HOME and EARLI
N =437).
,(AII the r?wdels had Social Responsiveness Scale (SRS) total raw scores as the outcome and
di(2-ethylhexyl) phthalate (DEHP), mono-n-butyl phthalate (MBP), monobenzyl phthalate
(MBzP), mono-3-carboxypropyl phthalate (MCPP), monoethyl phthalate (MEP), and mono-
isobutyl phthalate (MiBP), maternal age at delivery (years), three dummy variables for
maternal race/ethnicity (Hispanic or Latino, Non-Hispanic black, Non-Hispanic white,
Other/multiple races), maternal parity (0-2, >2), pre-pregnancy BMI (kg/m2), household
annual income ($), child sex at birth (male, female), and child age at SRS administration
(months) as the independent variables. The model using only EARLI data further included 3
dummy variables for study site (Drexel, Johns Hopkins University, Kaiser Permanente, UC
Davis) as the independent variables while the model using pooled data further included
4 dummy variables for study site (HOME, Drexel, Johns Hopkins University, Kaiser
Permanente, UC Davis) as the independent variables.
DEHP, di(2-ethylhexyl) phthalate; EARLLI, the Early Autism Risk Longitudinal Investigation
Study; HOME, the Health Outcomes and Measures of the Environment Study; MBP, mono-
n-butyl phthalate; MBzP, monobenzyl phthalate; MCPP, mono-3-carboxypropyl phthalate;
MEP, monoethyl phthalate; MiBP, mono-isobutyl phthalate.
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Table 1.

Sociodemographic characteristics of the mother-child pairs and distributions of six phthalate metabolites
during pregnancy in the analytic sample of HOME and EARLI (N = 437).
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HOME (N=271)

EARLI (N=166)

Pooled (N=437)

MATERNAL CHARACTERISTICS
Maternal age at delivery (years)
Maternal race/ethnicity, n(%)

Hispanic or Latino

Non-Hispanic black

Non-Hispanic white

Other/multiple races
Parity 4

0-2

>2
Pre-pregnancy BMI (kg/m?)
Household annual income, $; n(%)

0-10,000

10,001-20,000

20,001-30,000

30,001-50,000

50,001-75,000

75,001-100,000

100,001-200,000

>200,000
MBP (ug/g creatinine), median (min, max)
MBzP (ug/g creatinine), median (min, max)
MCPP (ug/g creatinine), median (min, max)
DEHP (ug/g creatinine), median (min, max) b
MEP (ug/g creatinine), median (min, max)
MiBP (ug/g creatinine), median (min, max)
CHILD CHARACTERISTICS
Child sex at birth, n(%)

Female

Male

Age at SRS administration (months), median (min, max)

SRStotal raw scores (points), median (min, max) ¢

SRStotal T-scores (unitless), median (min, max)
STUDY SITE, n(%)

HOME

Drexel

Johns Hopkins University

Kaiser Permanente

29.0 (19.0, 45.0)

7 (3%)
84 (31%)
168 (62%)

12 (4%)

251 (93%)
20 (7%)
24.7 (15.8,51.3)

46 (17%)
19 (7%)
20 (7%)
42 (16%)
42 (16%)
58 (21%)
44 (16%)
0 (0%)

26.3 (4.5, 557.0)
11.1 (0.6, 185.1)
2.4(0.6,55.2)
88.0 (16.3, 3809.8)
152.3 (11.1, 9158.9)
5.3 (0.8, 48.3)

149 (55%)
122 (45%)
50.1 (45.2, 125.2)
30.0 (1.0, 126.0)
50.0 (35.0, 90.0)

271 (100%)
0 (0%)
0 (0%)
0 (0%)

34.0 (22.0, 44.0)

33 (20%)
15 (9%)
92 (55%)
26 (16%)

136 (82%)
30 (18%)
26.6 (17.8, 58.4)

6 (4%)

4.(2%)

7 (4%)

24 (14%)

29 (18%)

31 (19%)

53 (32%)

12 (7%)
145 (2.2, 217.6)
6.7 (0.3, 238.6)
2.4(0.4,2811.1)

41.3(7.4,1135.7)
34.5 (2.5, 2279.4)
10.3 (1.8, 317.7)

76 (46%)

90 (54%)
36.3 (35.0, 50.2)
29.0 (6.0, 174.0)
45.0 (36.0, 101.0)

0 (0%)
41 (25%)
39 (23%)
58 (35%)
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32.0 (19.0, 45.0)

40 (9%)
99 (23%)
260 (59%)

38 (9%)

387 (89%)
50 (11%)
25.5 (15.8, 58.4)

52 (12%)
23 (5%)
27 (6%)
66 (15%)
71 (16%)
89 (20%)
97 (22%)

12 (3%)
21.6 (2.2, 557.0)
9.2 (0.3, 238.6)
2.4(0.4, 2811.1)

63.6 (7.4, 3809.8)
94.0 (2.5, 9158.9)
6.9(0.8,317.7)

225 (52%)
212 (48%)
48.6(35.0,125.2)
30.0 (1.0, 174.0)
48.0 (35.0, 101.0)

271 (62%)
41 (9%)
39 (9%)
58 (13%)
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HOME (N=271)  EARLI (N=166)  Pooled (N=437)
UC Davis 0 (0%) 28 (17%) 28 (6%)

HAII the pregnant women in EARLI had prior pregnancies by study design.

bDEHP (ug/g creatinine) was calculated as ZDEHP (ug/g creatinine) = [MEHP (ug/g creatinine)/278 (g/mol) + MEOHP (ug/g creatinine)/292
(g/mol) + MEHHP (ug/g creatinine)/294 (g/mol) + MECPP (ug/g creatinine)/308 (g/mol)] x 308 g/mol where 278, 292, 294, and 308 are

the molecular weights of mono-2-ethylhexyl phthalate (MEHP), mono-2-ethyl-5-oxohexyl phthalate (MEOHP), mono-2-ethyl-5-hydroxyhexyl
phthalate (MEHHP), mono-2-ethyl-5-carboxypentyl phthalate (MECPP), respectively.

C, . . .
SRS had 65 items, each of which was scored as 0 (“not true”), 1 (“sometimes true”), 2 (“often true”), or 3 (“almost always true”). The total raw
score was a sum of all these 65 items.

All values are sample sizes (column percentages) for categorial variables and medians (minimums, maximums) for continuous variables unless
otherwise specified. Maternal urinary phthalates concentrations were imputed with the lower limit of detection (LLOD) divided by square root of
two if lower than the LLOD and corrected for urinary dilution using creatinine.

BMI, body mass index; DEHP, di(2-ethylhexyl) phthalate; EARLLI, the Early Autism Risk Longitudinal Investigation Study; HOME, the Health
Outcomes and Measures of the Environment Study; MBP, mono-n-butyl phthalate; MBzP, monobenzyl phthalate; MCPP, mono-3-carboxypropy!
phthalate; MEP, monoethyl phthalate; MiBP, mono-isobutyl phthalate; SRS, Social Responsiveness Scale.

Epidemiology. Author manuscript; available in PMC 2025 January 01.



Page 19

Yuetal.

'sa|qerieA Juapuadapul ayl se (SIAe@ DN ‘lusurWIdd Jasied] ‘Alsianiun sudoH suyor ‘[axaid ‘JINOH) aXs Apnis 10} sajgeLieA Awwnp  pue ‘(syjuow)

uonensiuiwpe (SYS) a[eds ssauanisuodsay [e190S 1e abe pliyd ‘(sfewsy ‘afew) yuig e xas pjiyd ‘($) swosul fenuue pjoyssnoy ANE\Q_V 1N g Adueubaid-aid ‘(z< ‘z—0) Anted Jeutsiew ‘(sadel sjdiynw/isylo
‘a)yM d1uedsIH-UON ‘X9e|q d1uedsiH-UON ‘oulleT Jo diuedsiH) Alo1UyIa/adel [eulalew 1oy sajqerten Awwnp aaly) ‘(sieak) Asanijap Je abe feutarew ‘dgi ‘daIN ‘ddOW ‘dzdIN ‘daIN ‘dH3a cmu:_oc_n
'sa|qeLien Juapuadapul ayl se (sine@ DN ‘aluaueLLIad Jasiey ‘Alisianlun sudoH suyor ‘|axaiq) a1s Apnis o) sa|qelieA Awwnp aaly) pue ‘(syjuow)

uonensiuiwpe (SYS) a[eds ssausaAisuodsay [e190S e abe pliyd ‘(sjewsy ‘afew) yuig e Xas pjiyd ‘($) swosul fenuue pjoyasnoy ANE\mV_v 1N g Aoueubaid-aid ‘(z< ‘2—0) Anted Jeussjew ‘(sades sjdiynw/Isylo

‘31IYyM d1UBdSIH-UON “{oe|q d1uedsIH-UON ‘oulieT 4o duedsiH) ANoIUYIa/a0el [eulsyew 10y sajgerien Awwnp 3a1yy ‘(s1eak) Alaaijap 1e abe [eussrew ‘dgiN ‘d3W ‘'ddOW ‘dZaN ‘daIN ‘dH3a papnjoul,

'Sa|qeLIeA Juapuadapul ay se (Syluow) uolrensiuiwpe

(SYS) 9IS ssausAIsuodsay [e120S 1e abe pjIyd pue ‘(ajeway ‘ajew) yuiqg 1e xas pjiyd ‘($) awodul fenuue pjoyasnoy ANE\mV_v 1N g Aoueubaid-aid ‘(z< ‘z—0) Anted Jeulsrew ‘(sadel ajdinw/isyl0o

‘aliym o1uedsiH-UON ‘Yoe|q d1uedsiH-UON ‘oulieT Jo dluedsiH) A1Io1UY8/a9R) [eUIdTeW 10} SajqelieA Awwnp aaly) ‘(sieak) Alaaljap 1e abe Jeulsiew ‘dgiN ‘d3IN ‘ddDIN 'dZ9N ‘dgIN ‘dH3a nmuz_u:_Q
‘A1aAnoadsal ‘(ddD3n) arefeyiyd fuadAxogued-g-1Ayie-z-ouow ‘(dHHIIN) arefeuyyd jAxayAxopAy-g-1Aure-z-ouow ‘(dHOIIN) arefeyyd jAxayoxo-G-1Ayie-z-ouow

‘(dHAW) arereyyd |1AxayIAyie-z-ouow 4o slyfirem Jenasjow 8y} 81e 8OE PUB ‘¥6Z ‘Z6Z ‘8Le a1aym ow/b gog x [(jow/B) gog/(autunesid 6/6n) ddOIN + (jow/B) vez/(sutunesio B/6n) dHHIN +

(1ow/b) z6z/(dutuneasd 6/6n) JHOIIN + (jow/B) 82z/(dutuneasd B/6n) dHIIN] = (sutunead 6/6n) JH3 AT se pare|nafed sem (suluireald B/6n) dHIQ "sajgerren Juapuadapul ayl se (dgin) arereyyd
1Aangosi-ouow pue ‘(43N) arereyiyd jAyreouow ‘(ddDIN) arereyiyd |AdosdAxoqued-g-ouow ‘(dzgIN) arereyiyd [Azuagouow ‘(4gIN) arefeyyd jAing-u-ouow ‘(dH3A) arereyiyd (JAxayjAuye-z)ip umc:_uc_m

(€L'TL-)v00 ('8 'L1-) v'v— (eT'0T-) ¥'9 (§5'c6-)81T-  (ze'0C-) ¢8- (FT'LT-) 9 WNWIXeN — 06
(8'G'8'-) €00 (8'9 '¥1-) g€~ (TT'e80-) T'S wyv'eL-)vi-  (92'91-) 99- aT'v1-) TS w06 — 1,08
7y ‘€v-) 200 (rs'ot-) 9c- (€8'290-)8¢  (€€'96-)TT- (02'T1-) 67 (28'01-)8°¢€ w08 — ;0L
(62 '6'2-) 100 ('€ '6'9-) 8'T- (gs'Tv0-)9c (e're-)eLo- (e1'6L-)€e-  (8G'690-)G¢ w0L — 09
(ST'¥1-)T00  (L'T'S€e-)88°0- (8z'120-)€T  (T'T'81-)9¢0- (590'6'€-)9T- (62'SE0-)ET w09 — 0§
ERIVEIET )] CRIVEICT )] ERIVEIET )] ERIVEIET )] ERIVEIEI )] CRIVEICT )] Eom - Eo_w
(r1's1-)100- (5€'LT-)880  (120'82-)€T-  (8T'TT-)9g0  (6€'690-)9T  (S€0'62-) €T~ wlv — (n0E
(62 '6'2-) 10°0- (6'9'v'e-) 8T (tro'ss-)9e- (Le'zz-)eLo (6L'c1-)ee  (69°0'8'S-)S2- y0€ — 02
(e'v 'v'v-) 200~ (0T ‘T8-) 92 (zoo'eg-)ge-  (G6'ee-)TT (tr'oz-) 6y (0T'28-) 8¢~ w02 — 40T
(8'5'8'-) €0°0- (eT'8'9-) g€ (€8'0'TT-) T'S- (ELvr-)vT (sT'92-) 99 T 'TT-) TS
EINUERIER]
(ST'v1-)100 (LT'se-)880-  (8C'TZ0-)ET  (TT'8T-)9g0- (S90'6€-)9T-  (6T'GE0-)ET (10 %g6) M
(ev=N)ppolood  (99T=N)51TdV3  (T22=N) gAWOH  (sep=N) pejood  (99T=N) IT8V3  (T.2=N) INOH

ppow paxsn [py elPpOW pa1snfpeun

‘Sjapow uoneindwod-6 spiuenb ;Y3
pue JINOH Ul $3109s Mmel 2101 (SHS) 9]eas ssauanlsuodsay Je190S Bulidsyo pue sarefeyiyd 9 Jo ainixiw e 03 ainsodxs [eleuald UsaMIag SUOIIRIDOSSY

'z 91qeL
Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Epidemiology. Author manuscript; available in PMC 2025 January 01.



Page 20

Yu et al.

*APNMIS JUBLLLIOAIAUT 8U) 4O SBINSE3IA PUB SBLI02INO YI[eaH 8yt ‘JINOH ‘Apnmis uoreBnsaaul feulpniBbuoT ysiy wsnny Ale3 ays ‘| 1dv3

"SUOITRJIUBIUOD BUIUREald Areurin Buisn uonnjip Areutin 1oy pa1aailod pue O 8yl UBYl JamO] I OM] J0 001 asenbs & Aq papialp (QOTT)
UOI39319p JO W] JaMo] 8y yum pandwil a1em sarereyayd ay |1 Ajsnosueynwis salejeyayd 9 |Je Ul asealoul ajiuenb auo e UsAIB ‘sa100s [e101 SHS 8yl Ul abueyd paydadxe sy} sjuasaidal (1D %G6) Th
"pal10ads asIMIBY10 SSajun ajnuadlad (oS - a[nuaoJad (p0v 3u 01 paledwoo se sa)inuadlad usIalllp Usamiaq suostiedwod asimiulod sy 4og ([S1D] S[eAIBIUl 30UBPIILIOD 94GE) SBOUBIALLIP el 8. SanfeA ||

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Epidemiology. Author manuscript; available in PMC 2025 January 01.



Page 21

Yuetal.

“alereyiyd |Ainqosi-ouow ‘dgiiA areeyyd [Ayisouow ‘43N ‘erefeyiyd [AdoidAxogled-g-ouow ‘ddIIN ‘arefeyiyd [Azuagouow ‘dzgiAl ‘erefeyiyd |Aing-u-ouow ‘dgiN ‘erefeyiyd (JAxaylAyie-z)Ip ‘'dH3a

"SUOITRJIUSUOD 3UIUITeaId Areunin Buisn uonnjip Aseuin oy pa1daliod pue QT 3y} Ueyl Jamoj
11 01 J0 1001 a1enbs e Aq papIAIp (QOTT) UONY31AP JO M| JAMO] 8y yym paindwi alam sarefeyiyd ayl |1 “pans1oads asImIByIo SSajun (S[eAIalul 80UBPIIUOD 94G6) SIUBIDLLB0I UoISSalfal ale sanjeA ||y

'sa|qelieA Juapuadapul ayl se (sine@ DN ‘eluaueWIad Jasiey ‘Alisianlun suydoH suyor ‘|axaid ‘JINOH) a1s Apnis 1oy sa|gelien Awwnp ¢ pue ‘(syjuow)

uonensiuiwpe (SYS) a[eds ssausAisuodsay [e190S e abe pliyd ‘(sfewsy ‘afew) yuig e Xas pjiyd ‘($) swosul fenuue pjoyasnoy ANE\mV_v 1N g Aoueubaid-aid ‘(z< ‘2—0) Anted Jeutsiew ‘(sades sjdiynw/Isyo
‘a)yM d1uedsIH-UON XIe|q d1uedsiH-UON ‘ourleT Jo d1uedsiH) ANID1UYIa/adel [eulatew Joy sajqerten Awwnp aaly) ‘(sieak) Asanijap Je abe [eularew ‘dginN ‘d3N ‘ddDW ‘dZdIN ‘d9IN ‘'dH3A _o%:_oc_b
'sa|qeLten Juapuadapul ayl se (sine@ DN ‘alusuelLIad Jasiey ‘AlIsIanlun sudoH suyor ‘|axaiq) a1s Apnis o} sajqelieA Awwnp aaly) pue ‘(syjuouw)

uonensiuiwpe (SYS) a[eas ssauanisuodsay [e190S 1e abe pliyd ‘(sjewsy ‘afew) yuig e xas pjiyd ‘($) swosul fenuue pjoyasnoy ANE\Q_V 1N g Aoueubaid-aid ‘(z< ‘z—0) Anted Jeulsrew ‘(sadel ajdinw/isyl0o

‘aliym o1uedsIH-UON ‘Yoe|q d1uedsiH-UON ‘ouleT Jo oluedsiH) A101UY18/a0R) [eUIaIeW 10} Sa|qelIeA Awwnp 981y ‘(sieak) Alanljap 1e abe Jeulsiew ‘dgiN ‘d3IN ‘ddOIN ‘dZ9N ‘dgIN 'dH3a u%:_oc_u

"Sa|qelIeA Juspuadapul ay se (Syjuow) uolrensiujwpe

(SYS) 91eas ssausAIsuOdsay [e120S 1e abe plIyd pue ‘(sjewsy ‘sjew) Yuiqg 1e xas pjiyd ‘($) awodul fenuue pjoyasnoy ANE\Q_V 1N g Aoueubaid-aid ‘(z< ‘z—0) Anted Jeutsiew ‘(sadel sjdinw/isylo

‘a)yM d1uedsiH-UON X9e|q d1uedsiH-UON ‘oulleT Jo diuedsiH) AL91UYIa/adel [eulatew Joy sajqerien Awwnp aalyl ‘(sieak) Asanijap Je abe feutarew ‘dgiN ‘daN ‘ddOW ‘dzdIN ‘daIN ‘'dH3a umu:_o:_Q
‘Alannoadsal ‘(ddO3IN) arereyiyd KiuadAxoqued-G-|Ayie-z-ouow ‘(dHHIIN) arereyiyd |AxayAxolpAy-G-1Ayrs-z-ouow ‘(dHOTIN) arereyiyd |Axayoxo-G-|Ayrs-z-ouow

‘(dH3W) arereypyd 1AxayIAype-z-ouow Jo sjyftam Jendsjow sy} aJe OE PUE '¥6Z ‘262 ‘8L aum Jowy/b gog x [(1ow/B) gog/(sutuneaid B/6n) ddO3N + (jow/B) yez/(autunessd 6/6n) dHHIAW +

(1ow/b) z6z/(dUIuneald 6/6n) dHOIIN + (Jow/B) 82 z/(dutuneald 6/6n) JHIN] = (sutuneald 6/6n) dHIAX se parejnaed sem (auluneald 6/6n) JHIQ "sajqelten Juspuadapul ayl se (dgiA) arereyiyd
1Ainqosi-ouous pue ‘(43N) arereyiyd 1Ayieouow ‘(ddIN) everewpud IAdo.dAxoguea-g-ouow ‘(dzain) evereuiyd 1Azusgouow ‘(dgiN) everewpyd 1Aing-u-ouow ‘(dH3A) avereuaud (1AxeyiAuse-g)ip papnjoul,,

(zz'6'1-)8T0 (€2'¥vs-) 91~ (Tv'17'0-) 8T (62 'T'1-) 880 (81'C9-)2e- (Lv'seo-)ee dain
(¥90'81-)650- (0T'¢y-)9T-  (9T'160-)9¢0 (870 'LT-)290- (€50'Gy-)0¢- (12 '2L'0-) 890 dan

(Tz'o1-)eso  (180'G9-)8e- (re'ev'0) 6T (ov'0's2-)0T-  (FT0'¥YL-)9e- (8T'¥'T1-) 120 2dH3A
rr'r1-)ero-  (ST'oe-)sL0-  (Gvv90-)eT  (6T00e)¥T-  (820'TY-)6T-  (¥Z'Te-) LEO- ddOW
(T2'T1-) L¥0 (8'€'T'2-) 680 (6T'9'T-)ST0 (T'€'800-) G'T (S7'ST-) ST (6€'v20)T'C dzain
(81'cz-)eco-  (re'sv-)eso (0z'ez-)LT0-  (T1'82-)S80- (9z'es-)eT- (92T 120 daN
(ev=N) ppojood  (99T=N) 517dV3  (TL2=N) gIWOH  (zep=N)polood  (99T=N) I7dVv3  (T.2=N) INOH

fppow paxsnipy

elPpoW pasnipeun

(Buuiyes 1o 6/6n)26o| ‘a1 RYIUd

‘(L&¥ = N) s|apow uolissalbal Jeaul|

(17193 pue JINOH Ul $8403s Mel (SHS) 9]eas ssauanlsuodsay [e190S Bulidsyyo pue sajefeyiyd jenpialpul 03 ainsodxs Jeleuatd Usamiag SUOIIRID0SSY
‘€ 9lqeL
Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Epidemiology. Author manuscript; available in PMC 2025 January 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Outcome
	Exposures
	Covariates
	Statistical analyses
	Ethics statement

	RESULTS
	Overall association between phthalates mixture and SRS scores
	Contribution of individual phthalates within the mixture to SRS scores
	Associations between individual phthalates and SRS scores

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.

