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Background: Literature suggests that maternal exposure to persistent organic pollutants (POPs)
may influence child neurodevelopment. Evidence linking prenatal POPs and autism spectrum
disorder has been inconclusive and few studies have examined the mixture effect of the POPs on
autism-related traits.

Objective: To evaluate the associations between prenatal exposure to a mixture of POPs and
autism-related traits in children from the Early Autism Risk Longitudinal Investigation study.

Methods: Maternal serum concentrations of 17 POPs (11 polychlorinated biphenyls [PCBs], 4
polybrominated diphenyls [PBDEs], and 2 persistent pesticides) in 154 samples collected during
pregnancy were included in this analysis. We examined the independent associations of the natural
log-transformed POPs with social, cognitive, and behavioral traits at 36 months of age, including
Social Responsiveness Scale (SRS), Mullen Scales of Early Learning-Early Learning Composite
(MSEL-ELC), and Vineland Adaptive Behavior Scales (VABS) scores, using linear regression
models. We applied Bayesian kernel machine regression and quantile g-computation to examine
the joint effect and interactions of the POPs.

Results: Higher In-PBDE47 was associated with greater deficits in social reciprocity (higher
SRS score) (B=6.39, 95% CI: 1.12, 11.65) whereas higher In-p,p’-DDE was associated with lower
social deficits (B=—8.34, 95% CI: —15.32, —1.37). Positive associations were observed between
PCB180 and PCB187 and cognitive (MSEL-ELC) scores (p=5.68, 95% CI: 0.18, 11.17; p=4.65,
95% CI: 0.14, 9.17, respectively). Adaptive functioning (VABS) scores were positively associated
with PCB170, PCB180, PCB187, PCB196/203, and p,p’-DDE. In the mixture analyses, we did not
observe an overall mixture effect of POPs on the quantitative traits. Potential interactions between
PBDE99 and other PBDEs were identified in association with MSEL-ELC scores.

Conclusions: We observed independent effects of PCB180, PCB187, PBDE47, and p,p’ DDE
with ASD-related quantitative traits and potential interactions between PBDEs. Our findings
highlight the importance of assessing the effect of POPs as a mixture.

Keywords

persistent organic pollutants; autism-related traits; environmental mixture; Bayesian kernel
machine regression; quantile g-computation

1. Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition and a major public
health burden affecting 1 in 44 children in the US (Maenner et al. 2021). Currently the
etiology of ASD is not fully understood. Large-scale genomic studies have identified a
number of rare inherited and de novo mutations and common genetic variants associated
with ASD (Gaugler et al. 2014; Grove et al. 2019; lossifov et al. 2014). Recent studies
also show that the perinatal period represents a critical developmental window and prenatal
exposure to environmental factors, particularly environmental toxicants, are linked to
increased risk of ASD (Hertz-Picciotto et al. 2018; Rossignol et al. 2014; Ye et al. 2017).

Persistent organic pollutants (POPs) are a class of compounds that settle in the environment
for an extensive amount of time and can bio-accumulate in the food chain. Examples
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of these compounds include polychlorinated biphenyls (PCBs), polybrominated diphenyls
(PBDEs) and perfluorooctanoic acid (PFOA). Although many POPs have been banned in
the US, levels of these chemicals can still be detected in human serum samples (Chen et al.
2017; Sjodin et al. 2014; Thompson and Boekelheide 2013). Many POPs have established
adverse effects on neurodevelopment. Several potential pathways have been hypothesized
to underlie the mechanisms through which POPs may influence child neurodevelopment
including endocrine or immune system disruption, thyroid hormone levels, and epigenetic
effects (Ashwood et al. 2009; de Escobar et al. 2004; Dunaway et al. 2016; Hertz-Picciotto
et al. 2008; Laufer et al. 2022; Liu et al. 2012). Previous studies have investigated prenatal
exposure to POPs as a potential risk factor for ASD and social, cognitive, and behavioral
outcomes and observed associations of specific POP congeners and/or groups of POP
classes with several ASD-related outcome (Braun et al. 2014; Cheslack-Postava et al. 2013;
Granillo et al. 2019; Lyall et al. 2017a; Lyall et al. 2017b). However, the findings of

those studies are not consistent. More recently, with the development of advanced statistical
methods, researchers have moved toward evaluating the joint effects of multiple chemicals
as co-exposures and interactions among the chemicals. Prior work has examined the mixture
effect of POPs on ASD or child social and behavioral development outcomes (Braun et

al. 2014; Hamra et al. 2019). One study did not observe a relationship between ASD

and POP congeners together with other chemicals in a mixture analysis using a Bayesian
approach (Hamra et al. 2019). A recent publication proposed a flexible Bayesian approach
as Bayesian Weighted Sums (BWS) and applied it to simulated data and the Early Autism
Risk Longitudinal Investigation (EARLI) study. The authors reported positive associations
between summed PBDEs and social deficits and ASD risk (Hamra et al. 2021). Given

that environmental chemicals can co-occur in time or space, it is crucial to incorporate
novel mixture models to account for the complex correlations and interactions among the
individual environmental chemicals.

In this study, we examined the association between prenatal exposure to a mixture of

POPs and quantitative neurodevelopmental traits including related social communication,
and cognitive and adaptive function at 36 months of age in the EARLI study. These outcome
measures have relevance across neurodevelopmental diagnoses and may provide insight into
how population shifts in distributions impact health. Building upon previous evidence and
findings in the EARLI study, we applied linear regression to investigate the independent
effects and Bayesian kernel machine regression (BKMR) and quantile g-computation to
investigate the individual effects and the joint effects of the POP mixtures and potential
interactions between the POPs. These analyses will allow us to understand how individual
POPs and groups of POPs impact health.

Methods

2.1. Study Population

Participants for this analysis were enrolled in the EARLI study. Details of the EARLI study
have been previously described (Newschaffer et al. 2012). Briefly, the EARLI study is

a prospective study of ASD using a high familial likelihood (HFL) design. Women who
had a child with ASD, and who thus had an increased likelihood of having another child
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with ASD or other neurodevelopmental disorders given the high sibling recurrence risk for
these conditions, were enrolled during a subsequent pregnancy. EARLI was implemented
at four major metropolitan locations across the U.S. (Philadelphia, PA; Baltimore, MD

San Francisco Bay Area, CA; and Sacramento, CA), representing three distinct US regions
(Northeast, Southeast, and West). Recruitment methods varied by location to capitalize on
unique resources at each study site, as previously described (Newschaffer et al. 2012).
Children were then followed to age 3 years for developmental assessment. The institutional
review boards (IRB) at organizations in each study site approved the EARLI study and all
participants provided written informed consent.

2.2. Measurement of POP Exposures

Participants provided biological samples at any of the two study visits

during the 2rd trimester or the 3" trimester. Maternal venous blood

samples were collected in trace metal-free EDTA tubes. All samples were

transported to the Johns Hopkins Biological Repository for storage at —80°C,

or in liquid nitrogen at —120°C. PCB congeners (n=37), PBDE congeners

(n=11), and 9 persistent pesticides [hexachlorobenzene, B-hexachlorocyclohexane, -y-
hexachlorocyclohexane, oxychlordane, trans-nonachlor, mirex, 2,2-bis(4-chlorophenyl)-1,1-
dichloroethene (p,0 -DDE), 2,2-bis(4-chlorophenyl)-1,1,1-trichloroethane (p,0 -DDT), and
2-(4-chlorophenyl)-2-(2-chlorophenyl)-1,1,1-trichloroethane (0,0 -DDT)] were measured

in maternal serum samples. Analytical determination of the target analytes was

performed by gas chromatography-isotope dilution high resolution mass spectrometry (GC-
IDHRMS) employing a DFS (Thermo DFS, Bremen, Germany) instrument (Jones 2012).
Concentrations of target analytes were given as ng/g lipid weight (weight of serum lipids),
reported as background subtracted, and corrected for the average amount present in the
blank samples (Phillips et al. 1989). Three blanks were included in every set of 30

samples. Limits of detection (LOD) were calculated for each individual sample as previously
described (Hamra et al. 2021; Lyall et al. 2017a). The LOD is given for every measurement
and is directly dependent on the sample size used and potential interferences detected in the
blank samples analyzed in parallel to unknowns. In addition, twenty women were randomly
selected to have two blood samples sent off for analyses to investigate whether exposure was
constant or variable with blood draw. These measures were found to be relatively stable, so
only the first measure above LOD was used in subsequent statistical analyses.

2.3 Outcome Assessments

At 36 months we collected the 65-item caregiver-report Social Responsiveness Scale (SRS)
(Constantino 2012), with higher raw score values indicating greater expression of the
ASD-related phenotype, i.e., more deficits in social communications. Raw scores were
summed individual item scores and sex-normalized T scores were also computed according
to guidelines. To assess other quantitative aspects of neurodevelopmental phenotypes, we
used Mullen Scales of Early Learning (MSEL) (Mullen 1995), and the Vineland Adaptive
Behavior Rating Scales 2" Edition (VABS-I1) (Cicchetti 1989). Both these caregiver-report
instruments were administered at 12 and 36 months. The MSEL assesses overall cognitive,
language, and motor ability and the Early Learning Composite (ELC) scores shows high
internal consistency and convergent validity with other measures of 1Q among children.
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The VABS-II score is a measure of adaptive functioning of children aged 0 to 18

years and assesses the following functioning domains: communication, daily living skills,
socialization, motor, and adaptive behaviors. Higher scores indicate better cognitive and
adaptive skills on these instruments. Figure S1 presents total number of participants with
each outcome available.

2.4 Covariate Information

In EARLLI study, maternal and child demographic information were obtained through
questionnaires. The following covariates were collected: maternal age, race (Black, White,
other), ethnicity (Hispanic, non-Hispanic), maternal education (< high school graduate,
college education, = graduate education), annual family income (< $50,000, $50,000-
$100,000, > $100,000), maternal pre-pregnancy body mass index (BMI), and child’s sex.
Maternal pre-pregnancy BMI was calculated using the self-reported pre-pregnancy weight
and measured height values, then further categorized into underweight (BMI1<18.5 kg/m?),
normal (18.5-24.9 kg/m?2), overweight (25.0-29.9 kg/m?), and obese (>=30.0 kg/m?).

2.5 Statistical Analyses

Data from 154 participants in the EARLI study with exposure and outcome information
available were included in the analytical sample. Of the 57 POP exposures measured,
analytes with at least 70% of the study population above LOD were included in the final
analysis (Lubin et al. 2004). A total of 11 PCBs (PCBs 28, 74, 99, 118, 138/158, 153,
170, 180, 187, 196/203), 4 BFRs (PBDEs 47, 99, 100, 153), and 2 persistent pesticides
(HCB, p,p’- DDE) were analyzed. Details of the congeners included in final analysis were
further described in Table S1. For participants with measurements below LOD for any

of the 17 congeners, the concentration values were replaced with sample-specific LOD
divided by the square root of two (Sjodin et al. 2014). Pearson correlation coefficients
across the 17 congeners were calculated. Geometric mean concentrations were calculated
for each congener. Given the potential non-linear relationship between the POP exposures
and quantitative traits, we examined the POP concentrations as continuous natural log-
transformed variables. In sensitivity analysis, we further explored the distribution of the
congeners by creating a categorical variable (low exposed vs high exposed) defined by the
median level of each congener and an ordinal variable split by quartiles of each biomarker
concentration.

The independent effects of all 17 POPs on ASD-related phenotypes were evaluated using
linear regression models with natural log-transformed POP concentration as continuous
variables and quantitative traits as continuous variables, adjusting for potential confounders.
We used directed acyclic graphs (DAGSs) based on prior knowledge to identify potential
confounders that could bias the associations between the POPs and ASD-related outcomes.
Covariates were selected and retained in the adjusted model if a 15% change in coefficient
estimate was observed. The final models were adjusted for study site, child’s sex, maternal
education, maternal race, and maternal pre-pregnancy BMI. Missingness of covariates was
relatively low (<4%) and thus complete case analysis was conducted. We also performed
sensitivity analysis by including a missing category in the covariates to evaluate whether
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missingness influenced the results. In addition, we further adjusted for the birth year of the
child, maternal smoking, and maternal age in the models for sensitivity analyses.

Next, we explored the mixture effect of POPs on the quantitative traits using the BKMR
model. BKMR estimates a multivariable exposure-response function in a flexible and
parsimonious way and allows for a grouped variable selection that accounts for highly
correlated exposures (Bobb et al., 2018). In our analysis, we employed a hierarchical
variable selection method and grouped the POP exposures into three groups-PCBs, PBDEs,
and persistent pesticides. Model convergence was visually inspected using trace plots. Our
grouping assumed that within-group correlation was high, and across-group correlation was
low. The group posterior inclusion probability (groupPIP), representing the probability of a
mixture group, and the conditional posterior inclusion probability (condPIP), representing
the probability of a particular chemical within the group, were calculated. Univariate plots
were used to visualize the exposure-response relationship between each POP in the given
mixture while other POPs in the mixture were fixed at their 50t percentile. Potential
interactions and non-linear relationships among the POPs were also visually inspected. Last,
we estimated the overall joint effect of the POP mixtures on each of the traits using quantile
g-computation (Keil et al. 2020). Quantile g-computation is a parametric, generalized-linear-
model-based approach that uses a basic implementation of g-computation to estimate the
change in each outcome for one quantile increase in all of the exposures in a given mixture.
This method was implemented by first transforming all of the exposures into quantiles and
then fitting a linear model between the exposure quantiles, covariates, and outcomes.

Nonlinear relationships were also explored. We examined four mixture groups-all POPs,
PCBs, PBDEs, and persistent pesticides, adjusting for covariates described for the individual
POP associations. Each POP exposure was assigned a weight, indicating the strength of

the association between each POP exposure and the outcome. The weight is interpreted as
the proportion of the negative or positive effect due to the contribution of the specific POP
exposure to the mixture group. All statistical analyses were conducted using R 3.6 software.

3. Results

General characteristics of the study population (N=154) are presented in Table 1. Mothers
were predominantly White (64%), non-Hispanic (83%) and had completed some college

or higher education (89%). Of the 17 POP exposures included in the current analysis, 10
were detectable in = 90% of the samples. The distributions of the POPs are shown in Table
2. Among all POP exposures, p,p’ DDE reported the highest concentration with a median
concentration of 78.3 (IQR: 53.0-131.4) ng/g. PCB 153 had the highest concentration
within PCB class (median [IQR]: 5.6 [3.6-8.7] ng/g) whereas PBDE 47 had the highest
concentration within PBDE class (median 12.0 [IQR]: [5.9-19.2] ng/g). The concentrations
were generally lower than the concentrations for those chemicals among women from the
National Health and Nutrition Examination Survey (NHANES) 2003-2004 cycle (Centers
for Disease Control and Prevention, 2014). The correlations between the concentrations of
the POP exposures are shown in Figure 1. In general, the within-class correlations were high
(ranging from 0.50 to 0.98), and the across-class correlations were low (ranging from 0.02
to 0.44). PCB 28 was not strongly correlated with other PCBs (ranging from 0.06 to 0.22).
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HCB and p,p’ DDE were not highly correlated within persistent pesticide class as compared
to PCBs and PBDEs (=0.39). The distribution of SRS, MSEL, and VABS scores is provided
in Figure S2. The distribution of child SRS raw scores showed a relatively long tail suggests
presence of more individuals with higher levels of ASD-related traits. MSEL-ELC scores
showed a slight shift to the left suggesting an increase in the proportion of lower cognitive
abilities, while VABS scores showed a relatively normal distribution. The correlations of the
quantitative traits were moderate (ranging from —0.40 to -0.57).

3.1 Association between single POP exposure and quantitative traits

Figure 2 shows the results of the independent effect of POPs and quantitative traits at

36 months from the linear regression models adjusting for confounders. We observed
significantly higher SRS scores, indicating poorer social traits among participants exposed
to higher In-PBDE 47 (p=6.39, 95% CI: 1.12, 11.65, £=0.02) and higher In-PBDE 99
(B=5.20, 95% CI: 0.48, 9.92, P=0.03) with one-unit increase in exposure concentration
(Figure 2A). In addition, maternal exposure to In-p,p’-DDE was associated with lower SRS
scores (B=-8.34, 95% CI: —15.32, -1.37, P=0.02). As shown in Figure 2B, higher PCB

180 and higher PCB 187 exposure were associated with higher MSEL-ELC scores (p=5.68,
95% Cl: 0.18, 11.17, P=0.04; p=4.65, 95% CI: 0.14, 9.17, P=0.04, respectively), indicating
improved cognitive functioning. We did not observe significant associations between PBDES
and pesticides and MSEL-ELC scores. Among participants with higher levels of POPs,
VABS was significantly associated with PCB 170, PCB 180, PCB 187, PCB 196/203, and
p,p’ DDE. For example, a one-unit increase in In-PCB 170 was associated with a 4.6 higher
VABS score at 36 months (P=0.02, Figure 2C). PBDEs were not associated with VABS
scores. We did not observe significant changes to the findings after further adjustment for
the birth year, smoking status, and maternal age.

3.2. Association between POP mixtures and quantitative traits in BKMR model

In the BKMR analyses, although there was a linear inverse relationship between the POP
mixtures and SRS score and a linear positive relationship between the POP mixtures

and MSEL-ELC and VABS scores (Figure 3), these associations did not reach statistical
significance. Estimated group PIPs for associations with SRS scores were 0.43, 0.58, and
0.41 for PCBs, PBDEs, and pesticides, respectively (Table S2). PCB group and PBDE
group contributed more than persistent pesticides in MSEL score model (PIP=0.63, 0.71,
and 0.41, respectively). In the VABS score model, PCB groups had the highest group PIP
(PIP=0.62) and PCB180 contributed most within the PCB group (PIP=0.18) (Table S2). We
further plotted the univariate exposure response curves for each POP, with all other POPs
fixed at their median. The independent POP associations appear to be null or linear (Figure
4-5). When all other congeners were fixed at their median levels, a linear association was
estimated between PBDE 47 and SRS score and an inverse association was estimated with
p,p’ DDE (Figure 4). Results for PBDE 47 and p,p’ DDE were consistent with our results
from independent association analysis. Increases in PCB 170 and PCB 180 were associated
with higher MSEL-ELC scores, while HCB appeared to have a negative relationship (Figure
5). A weak U-shape association was identified for PBDE 99 and MSEL-ELC score (Figure
5). A positive linear association was observed between p,p’-DDE and VVABS score, which
was also observed in the independent association results.
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We further estimated the contribution of individual congeners to the joint effect by only
including the congeners associated with the outcomes based on the results of the univariate
exposure response analysis. Figure S3-Figure S5 show the single-exposure effect of each
individual congener with SRS, MSEL-ELC, and VABS scores when other congeners fixed at
25" 50t and 75 percentiles. Potential interactions between POPs were identified visually
(Figure S6-Figure S8). As shown in Figure S9, a possible interaction was observed between
PBDE 99 and MSEL-ELC score, as the PBDE99 association weakened with increasing
levels of PBDE 47 and PBDE 100. We further investigated the interactions by plotting the
bivariate exposure-response function and by including interaction terms in the traditional
linear regression models. Significant interactions were observed between PBDE 47 and
PBDE 99 (Pinteraction = 0.04) and between PBDE 100 and PBDE 99 (Pjnteraction = 0.08) for
the MSEL associations. We did not find evidence for interactions in the associations with
SRS scores and VABS scores.

3.3. Association between POP mixtures and quantitative traits in quantile g-computation

model

In the quantile g-computation analyses, we observed positive associations between POP
mixtures and MSEL and VABS scores, indicating improved cognitive and adaptive skills
for those with higher overall POPs in the mixture analysis (Table 3), which are consistent
with those from BKMR models. Table S3 shows the results from the separate quantile
g-computation models for PCBs, PBDES, and pesticides. There was a suggestive association
between the PCBs and MSEL-ELC scores (p=6.53, 95% CI: —-0.67, 13.73, P=0.08),
suggesting higher levels of PCBs with better cognitive functioning. PCB 187 and PBDE
47 were assigned to largest positive weight (0.26 and 0.23, respectively) whereas PCB

153 and p,p’-DDE showed the largest negative weight (-0.29 and —0.24, respectively)
among the POPs for the association with SRS score. PCB 153 was identified as the
driving factor for the positive association observed between the mixture and MSEL-ELC
score (weight=0.43). For VABS associations, PBDE 47 had the largest weights in negative
direction (weight=-0.35) and PBDE 100 showed the largest positive weight (weight=0.27)
(Figure S10).

4. Discussion

In this study, we examined associations between maternal serum POP exposures during
pregnancy and ASD-related quantitative traits at 36 months in a cohort of siblings with a
family history of ASD. Higher levels of PBDEs were associated with more autism-related
behaviors, while higher levels of PCBs and pesticide p,p” DDE were associated with better
cognitive and adaptive functioning. No overall mixture effect of POPs on these outcomes
was observed in our mixture analyses, though there was a linear trend for better behaviors
and skills across all three measures: lower SRS scores (less social communication deficits
associated with ASD) with higher quantile of POP mixture and higher MSEL-ELC and
VABS scores (higher cognitive and adaptive functioning) with higher quantile of POP
mixture.
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Although there is evidence that suggests adverse associations of /n utero exposure to

POPs and child neurodevelopment, to date, few studies have examined the effect of POPs,
both as a single-pollutant and as a mixture. In addition, the findings of those studies are
heterogeneous and may relate to use of different mixture approaches, which may reveal
different aspects of the associations between the mixtures and the outcomes. In a prospective
birth cohort study, Braun et al. implemented a semi-Bayesian two stage approach to explore
the relationship between multiple endocrine-disrupting chemicals (EDCs) and SRS scores
(Braun et al. 2014). More autistic behaviors were observed with higher levels of PBDE

28 and lower autistic behaviors were observed with PCB 178 and PBDE 85 (Braun et al.
2014). In another mixture analysis, Hamra et al. applied a Bayesian approach to estimate the
effect of 25 EDCs measured during pregnancy on ASD and intellectual disability and did not
find evidence for an association with either diagnosis (Hamra et al. 2019). More recently, a
mixture of 17 POPs were examined in association with childhood reading skills at school
age in the Health Outcomes and Measures of the Environment (HOME) study utilizing

six different statistical approaches (Vuong et al. 2020). Findings from the HOME study
suggested an inverse relationship with prenatal exposure to PBDESs mixtures but not with all
POPs. Using the same EARLI study, Hamra et al., previously reported a positive association
between summed PBDEs and SRS scores and ASD risk using BWS methods (Hamra et al.
2021). The BWS allows for distinct mixture effects to be estimated for different groups of
exposures and potentially identifies the contribution of individual components of the mixture
to the effect, whereas the BKMR provides estimates of posterior inclusion probability for
individual mixture component, meaning components with estimates of zero will be dropped
from the mixture estimation model. In the present study, our analysis utilizing BKMR did
not reveal an association between prenatal exposure to POP mixtures and ASD-related
outcomes. Current evidence for prenatal exposure to POP mixtures and child autistic, social
and cognitive-behavioral outcomes is inconclusive, but the findings of our study along with
previous work highlight the importance to investigate environmental toxicants as mixtures
and to consider advanced statistical approaches for future environmental epidemiological
research.

We observed independent associations of PBDE 47 and PBDE 99 with more autistic
behaviors and identified potential interactions between PBDE 99 and PBDE 47 / PBDE
100. The positive relationship between PBDE 47 and SRS scores was also observed in

the BKMR analysis and has been previously reported using the BWS method (Hamra et
al. 2021). Similar to the findings using the BWS method in the EARLI study (Hamra et

al. 2021), in which PBDEA47 explained more of the summed effects than other PBDEs,

our mixture analysis consistently identified PBDE 47 as the driving toxicant in the PBDESs
for the association with SRS score Previous studies have not shown autistic traits to be
associated with PBDE 47 (Braun et al. 2014); however studies have reported that prenatal
PBDE exposures are associated with neurobehavioral outcomes in children and adolescence
(Dorman et al. 2018; Rossignol et al. 2014). Higher maternal serum PBDE 47 and PBDE
99 concentrations were found to be associated with decrements in cognitive abilities at age
5-8, decreases in psychomotor and mental development scores at 12, 24, and 36 months,
lower 1Q scores during childhood, poorer attention function at school age, and increased
risk of attention-deficit/hyperactivity disorders (ADHD) (Azar et al. 2021; Braun et al.
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2014; Braun et al. 2017; Chen et al. 2014; Eskenazi et al. 2013; Herbstman et al. 2010;
Lenters et al. 2019; Sagiv et al. 2015). Our analysis did not confirm PBDE 47 or PBDE
99 in association with poorer cognitive scores. This present study expands upon previous
work and further explored interactions between the PBDEs and other POPs. Although our
statistical power for such analyses were low, to our knowledge, our study is among the
first to evaluate these potential interactions in association with child neurodevelopmental
outcomes. Animal studies have previously shown that interactions between PBDE 47 and
PCBs and interactions between PBDE 99 and MeHg may affect long-term learning and
memory function and developmental neurobehavior (Fischer et al. 2008; He et al. 2011).
We were not able to explore the potential mechanisms driving the observed interactions of
PBDEs in this study. Future investigation of the interactions remains an important area of
research.

Research on the neurotoxicity of prenatal exposures to PCBs and persistent pesticides in
animal models and epidemiological studies is growing; however, the findings of those
studies are mixed. Recent reviews of epidemiological literature suggest that prenatal PCBs
and p,p’ DDE were related to poorer cognitive function, more behavior problems, and
increased risk of ASD (Biosca-Brull et al. 2021; Pessah et al. 2019). In another high-familial
ASD likelihood study, the Markers of Autism Risk in Babies — Learning Early Signs
(MARBLES) study did not find evidence for prenatal effect of POPs on risk of ASD in
children (Granillo et al. 2019). In this present study, we focused on the ASD-related social,
cognitive, and behavioral outcomes at 36 months. Our findings suggest a positive association
of PCB 170, PCB 180, PCB 187, and PCB 196/203 with VABS scores and/or MSEL-ELC
scores, indicating better cognitive and behavioral function. Two recent case-control studies
have specifically studied maternal serum p,p’ DDE levels with ASD risk and reported
inconsistent findings. A Finnish study found the odds of ASD increased with p,p’ DDE in
the highest percentile, whereas the Early Markers for Autism (EMA) study reported a null
association (Brown et al. 2018; Lyall et al. 2017a). Our results indicate less autism-related
behaviors and better adaptive functioning with higher p,p’ DDE exposures. The levels of
exposures, the sample size, and the age of children at outcome assessment may all contribute
to the mixed findings. Moreover, the potential for confounding both in this study and

other studies must be considered. For example, if postnatal exposures to POPs influenced
neurodevelopment, breastfeeding would be a major source of many of these compounds

and is known to benefit early development. Other nutritional factors, environmental and
lifestyle factors, and maternal health conditions might also influence neurodevelopment and
be associated with prenatal exposures to POPs. Further research should explore a wider
range of co-factors that might confound or interact with POPs. Continued investigation in
both high risk and general population settings would enhance understanding of our results
and other previously reported findings. The observed associations of PCBs and p,p’ DDE in
our study warrant continued investigation in both high risk and general population setting.

This is the first study to address the mixture effect of POPs on ASD-related outcomes at
preschool age. Strengths of this study include prospective data collection, measurement of
maternal serum POPs during gestational time periods, the application of mixture analysis
approaches to account for correlated exposures, and consideration of multiple domains of
child neurodevelopmental outcomes. However, several limitations should be noted. Although

Environ Res. Author manuscript; available in PMC 2024 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

Page 11

we adjusted for a number of potential confounders, we were not able to account for maternal
cognitive function or maternal psychological conditions, which may introduce unmeasured
confounding. Pesticides, air pollution, phthalates, and metals have been associated with
ASD or ASD traits and were not adjusted in these analyses. Additionally, nutrition, as well
as breastfeeding that could result in high post-natal exposures were not accounted for. The
EARLI study recruited participants from four regions in the US and the levels of POPs in the
EARLI study were slightly lower than the reported levels in the NHANES study. This may
reduce the generalizability to some other regions. Because of the small sample size, we were
not able to further explore modification by child sex or race. Future work should evaluate
effect modification in a larger sample population.

We note that our results may appear paradoxical, in suggesting that increased

exposure to some POPs measured during pregnancy may be associated with improved
neurodevelopmental outcomes. Such findings may be partially driven by the unique
selection of EARLLI, which requires an older sibling with ASD by design, resulting in

not only increased rates of ASD and developmental delay diagnoses but also shifts in
quantitative trait distributions away from general population norms. Common sources of
PCBs, PBDEs, and p,p’ DDE are largely dietary in nature and thought to come from
consumption of fish, meat, and dairy products. Given the higher level of education and
associated socio-economic status in EARLI, combined with having had a child with ASD,
such routes of exposure may be elevated in our population as these same foods are known
to contain nutrients (e.g. PUFAs, iron) which foster brain development. Future research
would merit from investigation of such chemicals in the context of the broader diet and in
conjunction with other nutrients. Finally, while results on POPs and neurodevelopmental
traits have been mixed, some studies have also identified directions of effect consistent with
our own (Braun et al. 2014; Caspersen et al. 2016; Neugebauer et al. 2015; Nowack et al.
2015).

Our study investigated the independent and joint effects of prenatal exposure to POPs and
autism-related social, cognitive, and behavioral outcomes in children. Our findings suggest
independent associations of several PCBs, PBDEs, and p,p’ DDE with the quantitative traits.
There was no significant association between POP mixtures and the neurodevelopmental
outcomes. Future research is needed to evaluate mixture effects and interaction of POPs in
other study populations whose background risks and component chemicals may differ and
represent varying sources and duration of exposure to POPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

POP persistent organic pollutant

ASD autism spectrum disorder

PCB polychlorinated biphenyl

PBDE polybrominated dipheny! ethers
HCB hexachlorobenzene

p,p’-,DDE p.p0 -dichlorodiphenyldichloroethene
LOD limit of detection

SRS Social Responsiveness Scale scores
MSEL-ELC Mullen Scales of Early Learning Early Learning Composite scores
VABS Vineland Adaptive Behavior Scales
BMI body mass index
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Highlights

The associations between prenatal exposure to POPs mixtures and autism-
related traits in children were evaluated

Prenatal exposure to PCBs, PBDEsS, and p,p’ DDE were associated with
autism-related traits at 36 months of age

Potential interactions were identified between PBDE 99 and other PBDEs.
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Figure 1. Pearson correlation matrix for POPs.
Positive correlations are indicated in blue shades and negative correlations are indicated in

red shades. POPs were natural log-transformed
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pregnancy BMI
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score estimated from the BKMR model. Estimates and 95% confidence intervals are shown
in the figure when all exposures at particular percentiles were compared to all the congeners
at their 50t percentile. Models adjusted for study site, child’s sex, maternal education,
maternal race, and maternal pre-pregnancy BMI
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|

Univariate exposure-response functions for SRS score from the BKMR model. Associations
between each POP and SRS score (with corresponding 95% confidence intervals) are shown
when setting all other POPs at their median. Models adjusted for study site, child’s sex,

maternal education, maternal race, and maternal pre-pregnancy BMI.
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from the BKMR model. Associations between each POP and MSEL-ELC score (with
corresponding 95% confidence intervals) are shown when setting all other POPs at their
median. Models adjusted for study site, child’s sex, maternal education, maternal race, and

maternal pre-pregnancy BMI.
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Table 1.

Descriptive characteristics of the study population in the Early Autism Risk Longitudinal Investigation
(EARLI) study

N (%)
(n=154)

Maternal characteristics
Maternal age, years (mean, SD) 33.8(4.8)
Maternal race

White 95 (64.2)

Black 16 (10.8)

Other 37 (25.0)
Maternal ethnicity

Non-Hispanic 127 (82.5)

Hispanic 27 (17.5)
Maternal education

High school or less 17 (11.1)

Some college/college 91 (60.0)

Graduate school or higher 44 (28.9)
Maternal pre-pregnancy BMI

Underweight or normal 58 (39.2)

Overweight 44 (29.7)

Obese 46 (31.1)
Study site

Drexel 37 (24.0)

Johns Hopkins 38 (24.6)

Kaiser Permanente 46 (30.0)

UC Davis 33 (21.4)
Child characteristics
Child’s sex

Male 87 (56.5)

Female 67 (43.5)
SRS raw score (mean, SD) 37.3(28.2)
MSEL ELC score (mean, SD) 99.0 (20.5)

VABS composite score (mean, SD)  93.0 (14.2)

N (%) missing: Maternal race 6 (3.9%), Maternal education 4 (1.3%), Maternal BMI 6 (3.9%), Child SRS score 21 (13.6%), Child MSEL score 7
(4.5%), Child VABS score 21 (13.6%)
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Distribution of POPs in maternal serum during pregnancy in the Early Autism Risk Longitudinal Investigation

(EARLI) study

Congener %above LOD  Mean + SD Median (IQR)
PCBs

PCB 28 79 3.3+38 1.8(0.9-4.4)
PCB 74 83 17+14 1.3(09-22)
PCB 99 84 16+1.2 1.3(0.8-2.0)
PCB 118 98 29+21 22(1.4-3.7)
PCB 153 100 7.0+5.1 5.6 (3.6-8.7)
PCB 138/158 100 56+4.1 46(29-7.0)
PCB 170 93 20+13 1.6 (1.0-2.5)
PCB 180 100 48+32 39(26-6.1)
PCB 187 80 1.7+16 1.2(0.8-2.3)
PCB 196/203 77 13+0.8 1.1(0.7-17)
PBDEs

PBDE 47 100 224 +355 12.0(5.9-19.2)
PBDE 99 82 49+9.0 21(1.0-3.7)
PBDE 100 94 52+73 2.7(1.5-5.8)
153PBDE 153 99 122+175 6.2 (2.9-13.0)
Persistent Pesticides

HCB 97 8.0+34 7.6 (6.0-9.3)
p,p’DDE 100 180.6 £ 463.5 78.3(53.0 - 131.4)

Concentrations are lipid adjusted and presented in ng/g lipids. Sample size=154
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Table 3.

Association between POPs mixture and quantitative traits in quantile g-computation models

B (95% CI) p-value
SRS score 1.31(-10.51, 13.14) 0.83
MSEL-ELC score  3.25 (-4.67, 11.18) 0.42
VABS score 3.86 (-2.30, 10.03) 0.22

Estimated beta represents differences in quantitative traits per one-quantile increase in four mixture groups: all POPs, PCBs, PBDEs, persistent
pesticides. Models adjusted for study site, child’s sex, maternal education, maternal race, and maternal pre-pregnancy BMI
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