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A B S T R A C T

Background: Environmental chemical exposures in utero may play a role in autism development. While precon-
ception risk factors for autism are increasingly being investigated, little is known about the influence of chemical
exposures during the preconception period, particularly for paternal exposures.
Methods: In 195 children from the Preconception Environmental exposures And Childhood health Effects
(PEACE) cohort born to parents recruited from a fertility clinic in Boston, Massachusetts between 2004 and 2017,
we quantified concentrations of 11 phthalate metabolites and bisphenol A (BPA) in urine samples collected from
mothers and fathers before conception and mothers throughout pregnancy. When children were 6–15 years old,
parents completed the Social Responsiveness Scale (SRS) questionnaire assessing autistic behaviors. We used
linear mixed effect models to estimate covariate-adjusted associations of phthalate biomarker and BPA con-
centrations, separately for maternal preconception (n = 179), paternal preconception (n = 121), and maternal
pregnancy (n = 177), with SRS T-scores, based on age and gender, in offspring. We used quantile g-computation
models for mixture analyses and evaluated modification by selected dietary factors.
Results: The mean SRS T-score was 47.7 (±7.4), lower than the normative mean of 50. In adjusted models for
individual biomarkers or mixtures, few associations were observed and estimates were generally negative (e.g.,
lower SRS T-scores) and imprecise. We observed associations of higher mono-isobutyl phthalate (MiBP) con-
centrations measured in maternal preconception and paternal preconception periods with lower SRS T-scores
(βmaternal_precon = − 1.6, 95% CI -2.7; − 0.4; βpaternal_precon = − 2.9, 95% CI -4.6; − 1.2) for each loge increase. In a
subset of participants with maternal preconception nutrition information, we generally observed stronger inverse
associations with higher folate and iron intake, particularly for folate intake and MiBP concentrations.
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Conclusions: Urinary phthalate biomarker and BPA concentrations during preconception (maternal and paternal)
and pregnancy (maternal) were not associated with adverse autistic behaviors in these children. Larger studies
are needed to elucidate the observed associations, while considering interactions between maternal nutrition and
chemical exposures.

1. Introduction

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental
disorder that is characterized by challenges with social skills, commu-
nication deficits, and restricted, repetitive, and stereotyped patterns of
behaviors and interests (Faras et al., 2010). As ASD includes a spectrum
of disorders, there is wide variation in the manifestation of symptoms
and phenotypes. In recent years, the prevalence of autism has increased
worldwide (Zeidan et al., 2022; Neggers, 2014) and approximately 1 in
36 United States (U.S.) children has ASD according to 2018 data
(Maenner et al., 2023). While ASD has a genetic basis, genetics alone
does not completely explain the risk of developing ASD and there is
increasing evidence that early life risk factors are involved (Lyall et al.,
2017). More recently, it has been suggested that in utero environmental
chemical exposures may play a role in the development of ASD (Braun,
2017; Schug et al., 2015).

The developing fetus is especially susceptible to endocrine disrupting
chemicals (EDCs), as they can impact critical processes of fetal brain
development and lead to increased risk of neurodevelopmental disor-
ders in the offspring (Braun, 2017; Braun et al., 2013; Ejaredar et al.,
2015; Radke et al., 2020), by altering hormonal function and epigenetic
mechanisms (La Merrill et al., 2020; Zhang et al., 2024). Phthalates and
bisphenol A (BPA) are chemicals with recognized endocrine disrupting
properties and have been shown to pass the placental barrier, potentially
exposing the fetus (Ejaredar et al., 2015; Schettler, 2006; Vandenberg
et al., 2007; Mose et al., 2007; Bräuner et al., 2022). Phthalates are
widely used in various consumer and personal care products such as
shampoo, hair spray and soap, but also in building materials, furniture,
and medical devices (Schettler, 2006; Sathyanarayana, 2008; Chou and
Wright, 2006). Phthalates have short biological half-lives (hours) but the
presence of several phthalate metabolites in many everyday products
results in chronic and widespread human exposure, including exposure
to pregnant women and persons of childbearing age (Sathyanarayana,
2008; Chou and Wright, 2006; Woodruff et al., 2011; Wang et al., 2019).
BPA is one of the highest volume chemicals worldwide and used to
produce epoxy resins and plastic products such as toys, food can linings,
drinking containers, and medical equipment among others (Vandenberg
et al., 2007). Both BPA and phthalates have been increasingly investi-
gated in relation to autistic traits due to their ubiquitous exposure and
potential neurotoxicity (Braun, 2017; Braun et al., 2013; Ejaredar et al.,
2015; Radke et al., 2020; Jeddi et al., 2016). One proposed mechanism
of BPA action is through its hormone-like properties, particularly its
ability to bind to estrogen receptors, thereby interfering with various
neurological functions (Schug et al., 2015; Costa and Cairrao, 2024;
Schwartzer et al., 2013; Alonso-Magdalena et al., 2006). Similarly, some
phthalates can interfere with estrogen and thyroid activity in pregnant
women that are critical for fetal brain development (Schug et al., 2015;
Jeddi et al., 2016; de et al.; Ghisari et al., 2009; Testa et al., 2012).
Indeed, available epidemiological evidence suggests that gestational
exposure to BPA or phthalates may influence childhood behavioral
problems and ASD in later life (Kim et al., 2021; Alampi et al., 2021;
Patti et al., 2021; Day et al., 2021; Ponsonby et al., 2020; Oulhote et al.,
2020; Braun et al., 2014; Miodovnik et al., 2011; Larsson et al., 2009);
but studies have also reported a lack of association (Patti et al., 2021;
Mustieles et al., 2023; Haggerty et al., 2021; Hyland et al., 2019; Shin
et al.).

Although phthalates and BPA are among the most extensively stud-
ied endocrine disrupting chemicals, their effects during the preconcep-
tion period on offspring health remain relatively unexplored (Braun

et al., 2017). The Childhood Autism Risks from Genetics and Environ-
ment study explored risk factors for autism starting from preconception
(Hertz-Picciotto et al., 2006), and other studies have examined maternal
and fetal epigenetic changes, which may increase the risk of autism (Zhu
et al., 2022; Schroeder et al., 2016; Bakulski et al., 2021). However,
evidence addressing the influence of paternal exposures is lacking.
Emerging studies support that paternal environmental exposures can
induce genetic mutations and epigenic alternations in sperm, which can
subsequently affect health of the offspring (Duty et al., 2003; Feinberg
et al., 2015; Meeker et al., 2009), including early autism risk (Feinberg
et al., 2015). The exact biological mechanisms underlying these paternal
exposures are unclear, but may include epigenetic modifications trans-
mitted through sperm DNA, histones, and RNA, all of which are critical
to programming early embryonic development (Jenkins and Carrell,
2012) and in turn impact brain development.

In the present study, we investigated maternal and paternal pre-
conception urinary concentrations of phthalate biomarkers and BPA as
well as maternal pregnancy urinary concentrations in relation to autistic
behaviors in offspring measured with the Social Responsiveness Scale-2
(SRS) (Constantino and Gruber, 2005).

2. Material and methods

2.1. Study design and data source

This analysis included data from 195 children (and their 164 mothers
and 99 fathers) participating in the Preconception Environmental ex-
posures And Childhood health Effects (PEACE) study. The PEACE study
is an ongoing prospective study cohort established in 2018 to investigate
the impact of maternal and paternal preconception and maternal preg-
nancy exposures to endocrine disrupting chemicals on the risk of
childhood neurodevelopmental disorders, obesity, and cardiometabolic
outcomes. Beginning in 2018, we recruited children born to a parent(s)
who participated in the Environment and Reproductive Health (EARTH)
study between late 2004 to 2017 (Messerlian et al., 2018). In the EARTH
study, couples were recruited while attending the fertility clinic at the
Massachusetts General Hospital in Boston. Recruitment occurred before
or at the beginning of fertility evaluation and treatment. Multiple urine
samples were collected from both mothers and fathers before conception
and later from mothers throughout the pregnancy. These pregnancies
included both natural and assisted conceptions. The liveborn children
were enrolled into the PEACE study from age 6 years on, at which time
information on autistic behaviors was obtained using the SRS ques-
tionnaire. Additional information on birth characteristics and relevant
covariate data such as preconception diet (e.g. on daily folic acid/folate
and iron intake), socio-economic status, medical history, and physical
activity were extracted from medical records and other standardized
baseline and follow-up questionnaires.

2.2. Study participants

Among 438 mothers from the EARTH study who met the inclusion
criteria, 174 unique mothers with multiple children (twins or siblings)
agreed to participate in the PEACE study (Fig. 1). (Leader et al., 2024)
We excluded children with no available urine sample from either pre-
conception or pregnancy (n = 9) and further excluded triplets (n = 1
set), providing for a total of 195 children and their 164 participating
mothers and 99 participating fathers. Of the 195 children ultimately
included in this analysis, 179 had maternal preconception urinary
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phthalate metabolite or BPA measures, 121 had paternal preconception
measures and 177 had maternal pregnancy measures available. A total
of 105 children had phthalate metabolite and BPA measures available
from all three exposure windows. Additionally, 161 children had mea-
sures available for both maternal preconception and pregnancy, and 113
children had measures available for both maternal preconception and
paternal preconception (Data not shown).

2.3. Sample collection and chemical analyses

Multiple urine samples were available from each mother: up to two
during preconception (for each cycle or at EARTH study entry) and up to
three urine samples during pregnancy (one from each trimester). A cycle
was defined as the start of either a new intrauterine insemination or in
vitro fertilization cycle. Participating fathers provided one preconcep-
tion urine sample when attending their partner’s fertility treatment or at
EARTH study entry for medically unassisted pregnancies. For both
mothers and fathers, preconception samples were only used for the cycle

associated with a pregnancy of a child included in the PEACE follow-up.
All samples were collected in polypropylene cups. Research staff
measured specific gravity (SG) of each urine sample using a handheld
refractometer (National Instrument Company Inc) and afterwards
divided into aliquots in polypropylene cryovials. The urine samples were
stored at − 80 ◦C for up to three years and shipped on dry ice overnight to
the Centers for Disease Control and Prevention (CDC, Atlanta, Georgia)
for the measurement of phthalate metabolites and BPA. At controlled
subfreezing temperatures, concentrations phthalate metabolites and
BPA in urine are stable (Calafat et al., 2009).

Concentrations of 11 phthalate metabolites and BPA were quantified
for each urine sample using solid-phase extraction coupled with high-
performance liquid chromatography-isotope dilution tandem mass
spectrometry. The analytical approaches have previously been described
in detail (Silva et al., 2007; Ye et al., 2005). The CDC laboratory is
certified to comply with the requirements set forth in the Clinical Lab-
oratory Improvement Amendments of 1988 (CLIA ’88). Analytical
measurements are conducted following strict quality control/quality

Fig. 1. Flowchart of the PEACE study participation (n = 195 children).
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assurance (QC/QA) CLIA guidelines and include participation in profi-
ciency testing programs to continuously demonstrate the accuracy and
precision of the analytical methods. Furthermore, along with the study
samples, each analytical run includes a set of calibrators, reagent blanks,
and high- and low-concentration QC materials. Concentrations of the
QCs are evaluated using standard statistical probability rules (Caudill
et al., 2008). The CDC methods and QA/QC approach are public and
have been used since the early 2000s for analyses of tens of thousands of
biological specimens, including those collected as part of CDC’s ongoing
National Health and Nutrition Examination Survey (NHANES). NHANES
data have provided the most comprehensive assessment of Americans’
exposure to phthalates and BPA for decades (see www.cdc.gov/expos
urereport).

The 11 phthalate monoester metabolites measured included the
following seven: monoethyl phthalate (MEP), mono-n-butyl phthalate
(MnBP), mono-isobutyl phthalate (MiBP), monobenzyl phthalate
(MBzP), mono(3-carboxypropyl) phthalate (MCPP), monocarboxyoctyl
phthalate (MCOP), monocarboxyisononyl phthalate (MCNP), as well as
four metabolites of di(2-ethylhexyl) phthalate (DEHP): mono(2-
ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl) phtha-
late (MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), and
mono(2-ethyl-5-carboxypentyl) phthalate (MECPP). The limit of detec-
tion (LOD) ranged from 0.4 to 1.2 μg/L depending on the specific
chemical biomarker, as presented in Table 2. Concentrations below the
LOD for BPA or any of the phthalate metabolites were assigned a value
equal to the LOD divided by the square root of two prior to adjustment
by SG (Hornung and Reed, 1990). The molar sum of the four DEHP
metabolites was calculated after dividing the concentration of each
metabolite by its respective molecular weight: ΣDEHP = [(MEHP *
(1/278.34)) + (MEHHP * (1/294.34)) + (MEOHP * (1/292.33)) +

(MECPP * (1/308.33))]. Subsequently, we quantified ΣDEHP in μg/L of
MECPP by multiplying the molar sum by the molecular weight of
MECPP (308.33) (Leader et al., 2024).

Analyses at the CDC were performed at 16 different times from 2007
to 2017. While the analytical approach and QA/QC protocols remained
the same, the sensitivity of methods, e.g., LODs, for the various bio-
markers measured changed slightly over the years. In this study, we used
the highest LOD for each biomarker (Table 2). Additionally, in the
earlier years, methods for measuring MCOP and MCNP were not yet
developed, for which reason, there are fewer samples in our study with
measurements for these metabolites.

2.4. Social Responsiveness Scale-2 (SRS)

The SRS questionnaire is a valid and reliable tool for assessing
autistic behaviors in children by measuring children’s social awareness,
cognition, communication, motivation, and autistic mannerism
(Constantino and Gruber, 2005; Bölte et al., 2008). The parent-answered
questionnaire comprises 65 questions scored on a 4-point rating scale (i.
e., Likert-style). We used age- and gender-specific T-scores (normative
population mean: 50, standard deviation: 10 points) derived from US
normative data. Higher scores indicate a greater degree of autistic
symptoms and behaviors, with T-scores ≥60 considered indicative of
clinically significant deficiencies in reciprocal social behavior, and
T-scores ≥76 considered consistent with a clinical diagnosis of ASD
(Braun et al., 2014).

The SRS was predominately filled out by the mothers (n = 189/195,
97%). Due to the COVID-19 pandemic, the follow-up visits of partici-
pating children and their parents to assess SRS were conducted in person
prior to March 2020, followed by virtual participation due to pandemic
restrictions on in-person visits. This meant that the SRS questionnaires
were completed using paper copies up to and including March 2020 (n
= 68/195, 35%) and after using online platforms (n = 127/195, 65%).

2.5. Covariates

Covariates were identified a priori through a Directed Acyclic Graph
based on existing literature and biological relevance (Fig. S1). Cova-
riates were identified as confounders if associated with the exposure, a
risk factor of the outcome, and not part of the causal pathway. We also
included variables not associated with exposure, but predictors of SRS
scores (i.e., precision variables). We identified the following covariates
as confounding factors in the association, while considering available
data: Parental age, parental educational status, parental body mass
index (BMI) pre-pregnancy, maternal smoking history, child sex, child
age, child race, birth year, parity, and mode of conception.

2.6. Statistical approach

We provided descriptive statistics to assess whether relevant study
characteristics differed by SRS scores (<60 T vs. ≥60 T). We further
provided median BPA and phthalate biomarker concentrations in each
of the three exposure windows (maternal preconception, paternal pre-
conception, and maternal pregnancy). To reduce the influence of out-
liers, all urinary biomarker concentrations were loge-transformed prior
to statistical analyses. If more than one urine sample was collected
within an exposure window (maternal preconception or maternal
pregnancy), we used the average of the loge-transformed SG-adjusted
concentrations to reflect that specific exposure window. We used
Spearman’s correlation coefficients to assess correlations between in-
dividual biomarkers within and across exposure windows. These were
visualized as correlation plots using R. In main regression analyses, we
investigated the crude and adjusted associations of one unit increase in
prenatal phthalate biomarker and BPA urinary concentrations with total
SRS T-scores in offspring, separately for each exposure window. These
were performed using linear mixed effect models while considering
cluster effects to account for correlations between twins in our study
population. Adjusted analyses accounted for parental age (continuous),
parental educational status (high school and college; post-graduate),
parental body mass index (BMI) pre-pregnancy (<25; 25–30; ≥30 kg/
m2), maternal smoking history (never; current/ever), child sex (boy;
girl), child age (continuous), child race (white; other races such as black,
Hispanic etc.), birth year (2006-9; 2010-3; 2014-7), parity (nulliparous;
multiparous), and mode of conception (natural; assisted conception).
The two missing values for maternal BMI were replaced with the most
frequent value.

We performed mixture analyses using quantile g-computation
(qgcomp) models from the R package qgcomp to investigate the joint
effects of multiple chemical exposures on SRS scores while accounting
for correlations between exposures (performed for total mixture and for
only phthalate biomarkers). The qgcomp model transforms all exposure
biomarker concentrations into quantiles, set at quartiles in our analyses,
and estimates the effect of simultaneously increasing all biomarkers by
one quantile (Keil et al., 2020). It utilizes an optimally weighted mixture
approach to identify notable chemical contributors to the overall
mixture association. An advantage of the qgcomp model is that it does
not require the directional homogeneity assumption. Of note, we were
not able to account for twin correlations in these mixture models.

In supplementary analysis, we explored differences in associations
according to child sex and separately for singletons. We also explored
associations according to daily maternal preconception folate and iron
intake (total from both diet and supplements) in a reduced sample (Kim
et al., 2021; Oulhote et al., 2020; Haggerty et al., 2021; Goodrich et al.,
2018; Schmidt et al., 2017). Folate and iron intakes were assessed at
study entry using a validated food frequency questionnaire (Yuan et al.,
2017, 2018) and calculated by summing the contributions of relevant
food and supplement items, while taking into account the brand, type,
and dose of dietary supplements used, as previously described (Kadir
et al., 2022; Jiménez-Cardozo et al., 2023). Stratified nutrition models
were only performed for the maternal preconception window, as we did
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not collect data on iron and folate during pregnancy, which could have
changed from preconception to pregnancy; and the paternal nutrition
data were subject to a high number of missing values in an already
modest sample of participating fathers. For maternal preconception iron
intake (median: 31 mg/day; 25-75th percentile: 18–41 mg/day), we used
cut-offs based on recommendations (27 mg/day) (National Institutes of
Health, 2023). For maternal preconception folate intake (median: 1780
μg/day; 25-75th percentile: 1162–2317 μg/day), we used median
cut-offs to achieve more balanced groups, as less than 3% fell below the
recommended intake of 600 μg/day (National Institutes of Health,
2022). To assess potential effect modification (i.e., MnBP, MiBP and
MBzP), we used Johnson-Neyman plots from the R package ‘in-
teractions’ to further explore nutritional modification of associations
between individual phthalate biomarkers and SRS T-scores.
Johnson-Neyman plots were used to visualize interactions between a
continuous exposure and modifier by graphing the modifier value
(x-axis) against the beta for the exposure and outcome association
(y-axis). This allowed us to estimate the magnitude of any modifying
effect across the range of modifier values in our cohort and determine
what level(s) of modifier would attenuate associations between phtha-
late biomarker concentrations and SRS scores to null (Bauer et al.,
2005). Lastly, as an explorative analysis, we assessed associations using
binary clinical cut-offs of SRS T-scores (<60 vs. ≥60) in a simplified
covariate-adjusted model due to practical constraints related to the
limited number of children in the at-risk SRS group.

All statistical analyses were performed in STATA version 18.0 or in R
when specified.

2.7. Ethical considerations

The PEACE cohort study used for these analyses was approved by the
Harvard T.H. Chan School of Public Health institutional review board.
The EARTH study in which mothers originally participated in was
approved by the Human Subject Committees of the Harvard T.H. Chan
School of Public Health, Massachusetts General Hospital and the CDC.
We obtained verbal (for children <7 years of age) or written (children
>7 years of age) assent from all participating children as well as written
informed consent from their guardians.

3. Results

A total of 195 children (including 24 twin sets) and their 164 mothers
and 99 fathers were included in this analysis (Table 1a–b). A larger
proportion of mothers had a post-graduate education (70%) compared
with fathers (46%). Most mothers had a normal BMI at baseline (69%) in
contrast to fathers (28%), while smoking status at baseline was com-
parable between mothers and fathers. The majority of children were first
born (84%), vaginally delivered (54%), born to term (76.4%), and after

medically assisted conception (75%). More children were boys (55%)
and predominately non-Hispanic white (86%). The mean age at follow-
up was 9.6 years (±1.9). The mean SRS T-score was 47.7 (±7.4), and 13
(7%) had an SRS T-score ≥60.

The highest median phthalate biomarker concentrations were
observed for MEP, ΣDEHP, and MCOP across exposure windows
(Table 2). All biomarkers were detected in a minimum of 75% of sam-
ples. Moderate to strong correlations were seen between individual
phthalate metabolites within the same exposure window (up to 0.8)
(Fig. S2). The highest correlations were generally between MCOP,
MCNP, and MCPP. Correlations across exposure windows were gener-
ally weak, but correlations were consistently higher when comparing
the same metabolites across windows (up to 0.65).

Generally, maternal preconception phthalate biomarker and BPA
concentrations were not associated with SRS T-scores, although esti-
mated mean changes for each loge increase in concentrations were
almost always negative and imprecise. In adjusted models, we observed
an association between higher MiBP and MCOP concentrations with
lower SRS T-scores (βMiBP = − 1.58, 95% CI -2.72; − 0.43, n = 179 and
βMCOP = − 1.11, 95% CI -2.09; − 0.13, n = 165). In adjusted paternal
preconceptionmodels, only MiBP was significantly associated with lower

Table 1a
Parental demographic characteristics in the PEACE study.

Total Maternal Paternal

n (%) or mean ± SD n (%) or mean ± SD

164 (100) 99 (100)

Parental age at conception (years) 34.4 ± 3.6 35.3 ± 4.3
Parental educational status ​ ​
High school and college 49 (29.9) 54 (54.6)
Post-graduate 115 (70.1) 45 (45.5)
Parental baseline (pre-pregnancy) BMI
<25 kg/m2 114 (68.9) 28 (28.3)
25 to <30 kg/m2 36 (22.0) 52 (52.5)
≥30 kg/m2 13 (7.9) 19 (19.2)
Missing 2 (1.2) -
Parental baseline smoking status
Never smoker 123 (75.0) 65 (65.7)
Current/Ever smoker 41 (25.0) 34 (34.3)

Table 1b
Child demographics and pregnancy characteristics in the PEACE study (n =

195).

Total SRS
scores (T)

Total
children

Children <60
T

Children
≥60 T

n (%) or mean
± SD

n (%) or mean
± SD

n (%) or mean
± SD

P-
value

Total 195 (100) 182 (93.3) 13 (6.7) ​
Mean SRS T-
scores

47.7 ± 7.4 46.3 ± 5.1 67.8 ± 5.6 ​

Before March
2020, n = 68

46.9 ± 6.0 46.2 ± 4.9 63.3 ± 3.5 ​

After March 2020,
n = 127

48.2 ± 8.1 46.4 ± 5.2 69.2 ± 5.6 ​

Child demographics
Age at follow-up 9.6 ± 1.9 9.6 ± 1.8 9.3 ± 2.3 0.735
Sex assigned at birth
Boy 108 (55.4) 99 (54.4) 9 (69.2) 0.299
Girl 87 (44.6) 83 (45.6) 4 (30.8) ​
Race
White 167 (85.6) 156 (85.7) 11 (84.6) 0.913
Other 28 (14.4) 26 (14.3) 2 (15.4) ​
Parity
Nulliparous (first

born)
163 (83.6) 152 (83.5) 11 (84.6) 0.918

Multiparous 32 (16.4) 30 (16.5) 2 (15.4) ​
Twins (24 sets)
Birth year
2006–2009 63 (32.3) 61 (33.5) 2 (15.4) 0.321
2010–2013 95 (48.7) 88 (48.4) 7 (53.9) ​
2014–2017 37 (19.0) 33 (18.1) 4 (30.8) ​
Pregnancy characteristics
Gestational age at birth
Preterm (<37

weeks)
30 (15.4) 28 (15.4) 2 (15.4) 0.998

Normal term (≥37
weeks)

149 (76.4) 139 (76.4) 10 (76.9) ​

Missing 16 (8.2) 15 (8.2) 1 (7.7) ​
Mode of conception
Natural

conception
48 (24.6) 46 (25.3) 2 (15.4) 0.424

Assisted
conception

147 (75.4) 136 (74.7) 11 (84.6) ​

Mode of delivery
Vaginally born 105 (53.9) 98 (53.9) 7 (53.9) 0.853
Cesarian section

born
81 (41.5) 76 (41.8) 5 (38.5) ​

Unknown/Missing 9 (4.6) 8 (4.4) 1 (7.7) ​
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SRS T-scores (β = − 2.88, 95% CI -4.56; − 1.21, n = 121). Other adjusted
associations of paternal preconception phthalate biomarker and BPA
concentrations with SRS T-scores suggested inverse relationships, but
were not significant. In adjusted maternal pregnancy models, a similar
pattern of results with generally imprecise and inverse associations was
observed, except for MBzP (β = 0.59, 95% CI -0.85; 2.02, n = 177)
(Table 3). The crude and adjusted models were comparable.

When analyzing the mixture of all included biomarkers and the
mixture of only phthalate biomarkers, both were inversely associated
with SRS T-scores for the preconception windows, but these were
attenuated and not significant in adjusted models (Table 3). In the full
sample, thereby excluding MCOP and MCNP, the mixture results for
phthalate biomarkers were essentially the same, although effect esti-
mates appeared smaller for the preconception models and slightly larger
for maternal pregnancy models using the larger set of phthalate bio-
markers. The individual contributions of different phthalate biomarkers
to the total mixture effect differed across exposure windows (Figure S3).
For maternal preconception, the largest negative contributions were
from MiBP and MCOP, while for paternal preconception, MCOP and
MnBP showed the most important negative contributions, with a large
positive contribution from MCPP. For maternal pregnancy, MnBP and
MCPP contributed with the largest negative contributions, with a posi-
tive contribution from MBzP. Notably, ΣDEHP had a positive contribu-
tion across all exposure windows.

In supplementary analyses, we observed some sex-specific differ-
ences in associations, but these were small, not statistically significant,
and not consistent across biomarkers or exposure windows (Table S1). In
general, maternal preconception associations appeared more negative
for boys compared to girls, except for MEP and MCNP, where the pat-
terns were opposite. For paternal preconception, the interaction p-value
for BPA was near-significant (P= 0.10). For maternal pregnancy, the sex
differences were less consistent and not statistically significant (P >

0.25). When restricting our analysis to singletons, results were not
appreciably different, with only marginal differences in associations that
did not show a consistent pattern, and none were statistically significant
(Table S2). When investigating binary cut-offs of SRS T-scores, the
findings generally aligned with those from our main analyses examining
continuous SRS scores (Table S3). The differences in statistical signifi-
cance of some associations could be due to the small sample of children
in the clinical at-risk group.

In a subset of participants (n = 147) examining modification by
maternal preconception nutrition (folate and iron), we generally
observed weaker and fewer negative associations of phthalate
biomarker and BPA concentrations with SRS T-scores with lower daily
folate intake (<1780 μg/day), except for MCNP, compared with higher
folate intake (≥1780 μg/day) (Fig. 2). The pattern of results for maternal
iron intake was similar (using 27 mg/day as cut-offs), except for MCPP
and MCNP. Consistently, associations of MnBP, MiBP, and MBzP
appeared more negative in the high intake groups for both folate and
iron intake compared to low intake groups. But overall, none of the
interaction P-values were statistically significant, although few at a
more liberal level of 0.2 (MBzP for folate intake: P = 0.14; and MCNP
and ΣDEHP for iron intake: P = 0.12 and 0.11, respectively) (Table S4).
The Johnson-Neyman plots showed positive associations between
phthalate biomarkers (MnBP, MiBP, and MBzP) and SRS scores among
participants with lower folate and iron intake (Figure S4). The in-
teractions of MiBP with folate and iron were statistically significant (P<
0.05) when folate levels were above 1943 μg/day and when iron levels
were 36–50 mg/day.

4. Discussion

In children from the prospective PEACE study, we did not find
consistent evidence that preconception (maternal or paternal) or preg-
nancy (maternal) urinary phthalate biomarker or BPA concentrations,
either individually or as a mixture, were related to offspring autisticTa
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Table 3
Associations between total SRS scores (continuous) with one loge increase in phthalate metabolite and bisphenol A concentrations measured in urine samples from preconception (maternal and paternal) and pregnancy
(maternal) in addition to mixtures assesed using quantile g-computation models.

Chemicals Maternal preconception Paternal preconception Maternal pregnancy

Difference in SRS scores, β (95% CI) Difference in SRS scores, β (95% CI) Difference in SRS scores, β (95% CI)

n Crude Adjusteda n Crude Adjustedb n Crude Adjusteda

monoethyl phthalate MEP 179 − 0.57 (− 1.37; 0.23) − 0.21 (− 1.13; 0.72) 121 − 0.54 (− 1.55; 0.47) − 0.12 (− 1.24; 1.00) 177 − 0.30 (− 1.20; 0.60) − 0.14 (− 1.13; 0.85)
mono-n-butyl phthalate MnBP 179 − 0.82 (− 2.03; 0.40) − 0.46 (− 1.78; 0.87) 121 ¡1.70 (-3.23; -0.18) − 1.65 (− 3.36; 0.07) 177 − 0.68 (− 2.09; 0.72) − 0.91 (− 2.51; 0.70)
mono-isobutyl phthalate MiBP 179 ¡1.14 (-2.22; -0.06) ¡1.58 (-2.73; -0.43) 121 ¡2.30 (-3.79; -0.81) ¡2.88 (-4.56; -1.21) 177 0.10 (− 1.24; 1.44) − 0.05 (− 1.60; 1.51)
monobenzyl phthalate MBzP 179 − 0.32 (− 1.35; 0.71) − 0.11 (− 1.21; 0.98) 121 − 0.62 (− 1.83; 0.58) − 1.01 (− 2.29; 0.27) 177 0.52 (− 0.79; 1.83) 0.59 (− 0.85; 2.02)
mono(3-carboxypropyl)

phthalate
MCPP 179 − 0.71 (− 1.68; 0.26) − 0.23 (− 1.31; 0.86) 121 − 0.66 (− 1.65; 0.34) − 0.37 (− 1.56; 0.81) 177 − 0.73 (− 1.76; 0.31) − 0.73 (− 1.99; 0.53)

monocarboxyoctyl
phthalate

MCOP 165 ¡0.95 (-1.74; -0.17) ¡1.11 (-2.09; -0.13) 110 − 0.87 (− 1.77; 0.04) − 0.98 (− 2.18; 0.23) 158 − 0.42 (− 1.42; 0.57) − 0.89 (− 2.19; 0.42)

monocarboxyisononyl
phthalate

MCNP 165 − 0.44 (− 1.53; 0.66) 0.07 (− 1.13; 1.28) 110 − 1.15 (− 2.54; 0.24) − 0.31 (− 1.89; 1.27) 158 − 0.14 (− 1.48; 1.20) − 0.17 (− 1.69; 1.36)

ΣDEHP 179 − 0.49
(− 1.61;
0.62)

− 0.13 (− 1.60; 1.34) 121 − 0.59
(− 1.66;
0.48)

− 0.54 (− 1.90; 0.82) 177 − 0.43
(− 1.63;
0.77)

− 0.48 (− 2.06; 1.10) ​

Mixtures of phthalate
biomarkers

165 ¡1.83
(-3.56;
-0.11)

− 1.02 (− 2.82; 0.78) 110 ¡3.50
(-5.75;
-1.25)

− 2.35 (− 4.94; 0.24) 158 − 0.57
(− 2.38;
1.24)

− 0.56 (− 2.52; 1.41) ​

Mixtures without MCOP and
MCNPc

​ 179 ¡1.60 (-3.11; -0.09) − 0.76 (− 2.41; 0.89) 121 ¡2.47 (-4.52; -0.42) − 2.01 (− 4.27; 0.25) 177 − 0.69 (− 2.32; 0.95) − 0.83 (− 2.62; 0.96)

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
Bisphenol A BPA 179 − 0.33 (− 1.83; 1.18) 0.10 (− 1.55; 1.75) 121 − 1.06 (− 2.35; 0.22) − 0.82 (− 2.21; 0.56) 177 − 0.32 (− 1.87; 1.23) − 0.37 (− 2.18; 1.44)
​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
Total mixtures of all
chemicals

165 ¡2.03
(-3.85;
-0.22)

− 1.25 (− 3.15; 0.64) 110 ¡3.82
(-6.16;
-1.47)

− 2.57 (− 5.33; 0.18) 158 − 0.64
(− 2.51;
1.23)

− 0.66 (− 2.68; 1.37) ​

a Adjusted for maternal age, maternal education, maternal BMI, maternal smoking, child sex, child age, child race, birth year, parity and mode of conception.
b Adjusted for paternal age, paternal education, paternal BMI, maternal smoking, child sex, child age, child race, birth year, parity and mode of conception.
c Mixtures of phthalates without MCOP and MCNP were assessed to maintain the full sample size. Mixtures with the inclusion of MCOP and MCOP resulted in a slightly reduced sample size.
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behaviors. Although the individual associations suggested imprecise
inverse associations, the overall pattern of results essentially supported a
null association, with the possible exception of MiBP. In our evaluation
of effect modification by micronutrient intake, associations were
consistently more inverse with higher levels of folate intake and, to some
extent, iron intake, suggesting a potential protective effect of these
micronutrients.

Our findings showing no harmful associations of phthalates and BPA
throughout preconception and pregnancy on autistic behaviors in
offspring are to some extent consistent with previous publications
examining gestational phthalate and BPA exposure biomarkers in rela-
tion to autistic behaviors (Mustieles et al., 2023; Haggerty et al., 2021;
Hyland et al., 2019; Shin et al.; Yu et al., 2024; Tsai et al., 2023). While
some initial, early studies supported this association (Miodovnik et al.,
2011; Larsson et al., 2009), the majority of later studies have not
replicated these findings. Some studies have observed individual effects
of specific biomarkers (Patti et al., 2021; Oulhote et al., 2020; Shin et al.)
or associations that depended on timing of exposure biomarker assess-
ments (Day et al., 2021), age of follow-up (Kim et al., 2021), sex of the
child (Kim et al., 2021; Oulhote et al., 2020; Braun et al., 2014; Haggerty
et al., 2021), or folic acid intake (Oulhote et al., 2020). The generally
inverse associations observed in our study, although imprecise, contra-
dicted our hypothesis. But interestingly, in a 2021 study by Patti et al.
(2021), the authors compared associations in two separate cohorts, the
Health Outcomes and Measures of the Environment (HOME) Study and
the Early Autism Risk Longitudinal Investigation (EARLI) study, and
observed opposite directions of findings: generally inverse associations
in the EARLI study and generally positive associations in the HOME
study. Similar to our study, pregnant women from EARLI had lower
median phthalate biomarker concentrations and children had lower
median SRS scores compared to mother-child pairs in HOME. The
limited proportion of children in the at-risk SRS category in our study
(7%) and in EARLI (12%) in contrast to HOME (17%), as well as lower
concentrations of some phthalate metabolites as compared to HOME (e.
g., median MEP: 152 ng/mL and MnBP: 26 ng/mL in HOME) may have
attenuated the detection of any associations even if a causal relationship
is true. Noteworthy, the two initial studies to demonstrate an association
of phthalate biomarkers and autism differed from our study. The first

study utilized PVC flooring as proxy of airborne phthalates (Larsson
et al., 2009), while the other involved a cohort of pregnant women with
significantly higher urinary concentrations of MEP (median: 372 μg/L)
and MnBP (median: 33 μg/L) (Miodovnik et al., 2011). Other studies
have also found inverse or null associations and explained their lack of
detecting associations as due to a small sample size (Haggerty et al.,
2021), or use of high-risk population with a genetic component of
autism, possibly masking the associations (Patti et al., 2021; Shin et al.;
Yu et al., 2024). These reasons may also apply to our study, as we were
similarly hampered by a modest sample size. While we did not have an
autism-enriched risk cohort by design, our study participants comprised
couples with known fertility issues who possibly have certain diet and
lifestyle that may make them more sensitive to exposures to BPA/ph-
thalates or other factors relevant to this study. Alternatively, they may
also have a lower use of BPA/phthalate-containing personal care prod-
ucts, resulting in lower exposure. Either way, BPA and phthalate con-
centrations in our study did not differ significantly from levels reported
in most other studies.

Most previous studies did not consider mixtures, despite the fact that
environmental chemicals rarely occur in isolation and the interactions of
multiple chemicals, even at low doses, can induce synergistic effects
(Kortenkamp, 2007, 2014). However, we did not find any robust evi-
dence of an association in our mixture analyses. Notably, the relatively
insubstantial contribution of MiBP to the total mixture for paternal
preconception indicates that the statistically significant association of
MiBP with SRS scores was confounded by other correlated phthalate
biomarkers. The discrepancy suggests that the single pollutant model
may not fully account for correlations between chemicals that are
handled more effectively in mixture models and further highlight the
importance of considering chemical mixtures rather than relying solely
on single pollutant models. Unfortunately, we were not able to account
for correlations between twin pairs in our mixture models, making the
comparison of results for single pollutant and mixture models more
challenging.

Indeed, we do not believe that the observed protective effect of
phthalates and BPA, individually nor as a mixture, on autistic behaviors
in our study represents a true association, and we speculate that the
generally inverse associations we observed (i.e., higher chemical

Fig. 2. Maternal preconception association models between urinary concentrations of phthalate biomarkers and bisphenol A with autistic behaviors of the offspring
according to low and high intake groups of daily maternal preconception folate and iron intake, separately.
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biomarker concentrations with lower SRS scores) may be due to other
factors or unknown or unmeasured confounding. To support this, our
supplementary analyses revealed some effect modifications by maternal
preconception folate and iron intake. On average, among mothers with
higher folate or iron levels, there were stronger inverse associations of
SRS scores for most phthalate biomarker concentrations (i.e., better SRS
scores as compared to mothers with lower folate or iron). It is plausible
that a preconception diet with sufficient intake of iron and folate plays
an important protective role in early neurodevelopmental processes
(Schmidt et al., 2014). Folate, in particular, is essential for DNA
methylation (Crider et al., 2012) and is required for proper nucleotide
biosynthesis, both of which are critical during sensitive periods of
development and rapid cell growth such as during pregnancy (Miller,
2008; Irvine et al., 2022). Iron is also considered vital for many neuro-
developmental processes, albeit less is known about the specific mech-
anisms (Cortés-Albornoz et al., 2021). Notably, experimental evidence
points to possible diet-induced alterations in methylation and gene
expression (Cortés-Albornoz et al., 2021; Geraghty et al., 2015; Zhang,
2015; Green and Marsit, 2015). Therefore, maternal nutrients during
pregnancy may have interactive effects on brain development, poten-
tially mitigating any adverse effects of EDC exposures (Singh and Li,
2012). These findings are consistent with a similar study by Oulhote
et al. who showed that adequate prenatal folic acid supplementation
levels (≥400 μg/day) consistently and significantly attenuated the
positive associations between first trimester phthalate biomarkers and
SRS (Oulhote et al., 2020). The potentially modifying effects by folate
are also supported by two other studies investigating air pollution and
pesticides in relation to autism (Goodrich et al., 2018; Schmidt et al.,
2017). Altogether, there may be opportunities for reducing any risk of
autism from environmental exposures by ensuring sufficient levels of
micronutrient supplementation and these results suggest that the
nutritional “background” of study populations should be considered
when interpreting results across studies.

The concentrations of phthalate biomarkers and BPA in our study
were comparable to those reported in studies with similar sample
collection periods (Shin et al.; Yu et al., 2024; Stevens et al., 2022;
Arbuckle et al., 2018) and largely similar to those reported for pregnant
women surveyed in NHANES cycles overlapping with ours (2005–2016).
(Centers for Disease Control and Prevention (CDC)) However, the urine
concentrations of selected phthalate biomarkers, specifically MEP,
MnBP, and MBzP, were lower compared to pregnant women from
NHANES cycle 2003–2004 (Woodruff et al., 2011), HOME (Yu et al.,
2024), and Mount Sinai Children’s Environmental Health Study
(MSCEH) (Miodovnik et al., 2011) cohorts with earlier sample collec-
tions (from 1998 to 2006). This may reflect declining concentrations of
some phthalate biomarkers in the U.S. populations, and could explain
why studies using data from HOME and MSCEH were able to detect
positive associations. To address this, we adjusted for birth year in all
analyses.

We are unaware of other studies examining relations of preconcep-
tion chemical biomarkers with autistic behaviors in offspring. Three
retrospective case-control studies using occupation as a proxy of pre-
conception chemical exposures have supported a positive association
with autism risk, but are of lower confidence given the study design,
sample size, and use of proxy variables (Coleman, 1976; Felicetti, 1981;
McCanlies et al., 2012; Rossignol et al., 2014). Further, efforts to un-
derstand the potential influences of paternal preconception exposures
on autism are lacking. We were hampered by a limited sample of
participating fathers to make firm conclusions on the paternal precon-
ception models, but other studies have suggested that potential effects of
paternal environmental exposures on offspring health may be mediated
by epigenetic modifications passed on to the offspring through sperm
DNA (Braun et al., 2017; Feinberg et al., 2015). Of interest, two studies
based on the same EARTH preconception samples have associated spe-
cific urinary preconception phthalate biomarkers with other aspects of
child behavior and neurodevelopment at younger ages (Leader et al.,

2024; Messerlian et al., 2017). Additional studies on chemical concen-
trations using preconception and paternal data can help expand our
knowledge on the potentially very early environmental risk factors of
autism.

We acknowledge that we explored three exposure windows sepa-
rately, and disentangling the effect of paternal preconception exposure
from maternal preconception or pregnancy exposure is difficult. Un-
derstanding the couple’s exposure patterns and exposure sources are
needed in order to identify any joint effects across windows or within
couples to account for correlations because of shared environmental
characteristics, particularly in light of how different exposure sources
and routes may impact differently on the concentrations and subsequent
associations (Braun et al., 2017).

4.1. Strengths and limitations

Our study is based on a unique cohort that provided an opportunity
for studying both preconception and pregnancy urinary biomarkers of
exposure with extensive data on relevant covariates. This allowed for
investigating multiple windows of susceptibility for the effects of
phthalates and BPA on autistic behaviors, including the understudied
potential influence of paternal exposures. Adequately measuring bio-
markers of exposure to non-persistent chemicals such as phthalates and
BPA can be challenging due to their short biological half-life and rela-
tively large within-person variability of concentrations (Radke et al.,
2020; Verner et al., 2020). However, urine is the optimal matrix for this
purpose and the multiple maternal samples per exposure window is a
particular strength of our study, likely limiting exposure misclassifica-
tion. The use of qgcomp models to estimate mixtures allows us to
quantify mixture effects while accounting for co-pollutant correlations.
Further, the SRS questionnaire is a validated tool for assessing a
continuous measure of autistic behaviors and symptoms. The measure is
characterized by a high sensitivity, although concerns have been raised
regarding the specificity (Aldridge et al., 2012).

The modest sample size and limited number of children in the at-risk
SRS group may have reduced our statistical power, particularly for the
stratified analyses. In addition, our study participants included a rather
selected group of women that were recruited through a fertility clinic
and agreed to participate in studies both when pregnant (in EARTH) and
again many years later (in PEACE). This selection is supported by the
generally well-educated study participants and thus, generalizability of
our findings may be restricted to people in the higher social classes.
Further, our findings may not be generalized to children of parents
without infertility concerns. We attempted to control for the most
relevant covariates such as ART and education status, but we cannot rule
out potential residual confounding as we were sometimes limited to
rather broad categories of variables, e.g., maternal smoking (ever vs.
never), and moreover, we were not able to adjust for parental autistic
behaviors, which would have been an imperfect proxy for children’s
genetic risk of ASD-related behaviors. Since many SRS questionnaires
were filled out in the aftermath of the COVID-19 pandemic, a plausible
scenario is that this overall change in people’s living situation (being
more at home and alone) may have affected the way the parents
answered the questions or how closely they noticed and perceived the
behaviors of their children. Importantly, we did not observe any sig-
nificant shift in SRS scores when comparing before and after March
2020, and a comparison of online vs. paper-based testing found no sig-
nificant differences in median values (Čandrlić et al., 2014). Another
limitation is the inclusion of twin sets that may introduce complexity in
the interpretation of findings given the shared genetic and environ-
mental characteristics between twins. We acknowledge the risk of
spurious findings in our study, but in additional explorative analyses (on
maternal psychopathology, parental physical activity, maternal BMI,
etc.), we did not find any confounding or modifying effects that can
explain our inverse trends and few statistically significant associations
(Results not shown). We also explored models with different levels of
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covariate adjustment and considered tertiles of exposure biomarkers;
however, these methodological adjustments did not significantly change
the results (Results not shown).

5. Conclusions

In our study, urinary concentrations of phthalate biomarkers and
BPA measured during preconception (maternal and paternal) and
pregnancy (maternal) were not associated with adverse autistic behav-
iors in the offspring measured by SRS scores. Some evidence suggested
that maternal micronutrient intake modified the associations and
possibly play a protective role in the development of autistic behaviors.
Further, larger studies in other cohorts are needed to fully elucidate the
associations, while considering interactions with maternal nutrition
during pregnancy. Studies should also prioritize exploring the potential
importance of the preconception period in the development of autistic
behaviors.
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