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Abstract

Exposure to phthalates, used as plasticizers and solvents in consumer products, is ubiquitous.
Despite growing concerns regarding their neurotoxicity, brain differences associated with
gestational exposure to phthalates are understudied. We included 775 mother-child pairs from
Generation R, a population-based pediatric neuroimaging study with prenatal recruitment, who
had data on maternal gestational phthalate levels and Tq-weighted magnetic resonance imaging in
children at age 10 years. Maternal urinary concentrations of phthalate metabolites were measured
at early, mid-, and late pregnancy. Child 1Q was assessed at age 14 years. We investigated the
extent to which prenatal exposure to phthalates is associated with brain volumetric measures and
whether brain structural measures mediate the association of prenatal phthalate exposure with

1Q. We found that higher maternal concentrations of monoethyl phthalate (mEP, averaged across
pregnancy) were associated with smaller total gray matter volumes in offspring at age 10 years (
per log10 increase in creatinine adjusted mEP=-10.7, 95%ClI: -18.12, —3.28). Total gray matter
volumes partially mediated the association between higher maternal meP and lower child 1Q

(p for mediated path =—0.31, 95%Cl: -0.62, 0.01, p = 0.05, proportion mediated = 18%). An
association of higher monoisobutyl phthalate (mIBP) and smaller cerebral white matter volumes
was present only in girls, with cerebral white matter volumes mediating the association between
higher maternal mIBP and lower 1Q in girls. Our findings suggest the global impact of prenatal
phthalate exposure on brain volumetric measures that extends into adolescence and underlies less
optimal cognitive development.

Introduction

Mental health problems and intellectual disability are a leading cause of health loss

among children and adolescents in high income countries.! A combination of genetic
predisposition, social determinants, environmental factors, and stochastic processes affect
the developing brain and contribute to cognitive impairments and mental health problems in
children. Given the rapid developmental changes in the brain and immaturity of metabolic
pathways, the fetal period is a critical window of susceptibility for environmental insults.?
Toxic environmental chemicals receive particular attention because their contribution is
potentially preventable.2 One group of such chemicals that presents a concern are phthalates,
which are ubiquitously used as plasticizers and solvents in a wide range of commercial
products, such as personal care products, food packaging, and vinyl flooring. In recent years
the use of certain phthalates (e.g., di-2-ethylhexyl phthalate [DEHP]) in consumer products
have been regulated under European Union Regulations* and their use are restricted in

toys and childcare products in the United States.® Nonetheless, pregnant women are still
ubiquitously exposed to phthalates, such as DEHP%8 and its replacements such as di-iso-
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nonyl phthalate,® 10 even though proportion of women exposed to legacy phthalates and
newer replacement phthalates varies by the compound, location, and year of assessment. For
this reason, the American Academy of Pediatrics and several other scientific organizations
urged a call for action on this emerging child health concern, with recommendations to
expand translational research on emerging neurotoxicants.3: 11. 12

Epidemiological studies have shown that prenatal exposures to DEHP, butyl-benzyl
phthalate (BBzP), di-ethyl phthalate (DEP), and di-n-butyl phthalate (DBP) are associated
with less optimal cognitive function, social development, and motor skills as well as
behavioral problems in children.13: 14 In the Generation R Study, we reported that maternal
prenatal urinary concentrations of phthalates, i.e., monoethyl phthalate (mEP) and a
metabolite of di-n-octyl phthalate (DnOP), i.e., mono(3-carboxypropyl) phthalate (mCPP),
were associated with lower 1Q in school-age children.1% 16 There is some evidence that
prenatal exposure to mono-n-butyl phthalate (mnBP, a metabolite of DBP) is related to brain
development using ultrasound measurements.1” Most of our knowledge on specific brain
regions and developmental processes influenced by phthalate exposure comes from animal
models. For example, developmental DEHP exposure inhibits the cerebellar granule cell
proliferation in male rat/mouse offspring.18 In animal models, prenatal phthalate exposure to
a mixture of phthalates (DEHP, DEP, and others) results in a reduction in neuron number,
synapse number, and size of the medial prefrontal cortex.1® Developmental exposure to
DEHP also reduces proliferation and neurogenesis and leads to an abnormal neuronal
distribution in the neocortex.20

Several studies have examined the neural basis of cognitive development and brain structure
and function.?! The relationship between brain development as identified by structural
magnetic resonance imaging (MRI) and children’s and adolescents’ cognitive abilities is not
limited to global development. Relations of subcortical structural and regional development
in prefrontal cortex with cognitive abilities have also been demonstrated.22-2> Neuroimaging
studies have also been used to identify brain influences of environmental toxicants, such

as lead, air pollution or neurotoxicants, such as organophosphate pesticides.26-29 Yet,

brain MRI has rarely been used to study whether specific neurobiological influences of
phthalate exposure is present in humans.3? One study examined the association between
prenatal phthalate exposure and white matter microstructure in 76 preschool age children
and found that higher maternal urinary concentrations of high molecular weight phthalates
(metabolites of DEHP and BBzP) during the second trimester were associated with a higher
mean diffusivity in diffusional tensor imaging, an indicator of impairments in white matter
microstructure.3% However, other structural brain differences, including global and regional
volumetric measures, and child 1Q were not examined in that study.

We used data from Generation R, a population-based pediatric neuroimaging study with
prenatal recruitment, to examine the extent to which repeatedly measured /n utero exposure
to phthalates is associated with brain volumetric measures at age 10 years and whether
brain structural differences mediate the association of prenatal phthalate exposure and
child 1Q assessed at age 14 years. We hypothesized that prenatal exposure to phthalates
would be associated with global alterations in the brain, and brain alterations would

be mediators in the association of prenatal phthalates and child 1Q. This hypothesis is
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grounded on observations from epidemiological studies that showed a wide range of
behavioral and cognitive outcomes affected by prenatal phthalate exposure.12-14 These
studies reported sex differences in neurodevelopmental outcomes associated with prenatal
phthalate exposure. Therefore, we examined sex differences in the association between
prenatal phthalate exposure and brain volumetric measures and further tested sex differences
in brain alterations that explained the association between prenatal phthalate exposure and
child cognition. Since a recent meta-analysis reported associations of moderate effect size
between prenatal phthalate exposure and neurodevelopment in girls,14 we hypothesize that
sex-specific associations will be present in girls.

Materials and Methods

Study Participants

Participants were mother-child pairs from the Generation R Study, a population-based birth
cohort in Rotterdam, the Netherlands. Briefly, Generation R recruited pregnant women
with a delivery date between April 2002 and January 2006 in the city of Rotterdam,31-33

A sample of women provided spot urine samples three times in pregnancy, which was

used for measurement of phthalates and creatinine. Children and their families have been
followed across various life stages using questionnaires and in-person visits, including
brain MRI scans and other objective measurement of neuropsychological functioning. In
total, 2083 pregnant women provided three spot urine samples during gestation [early (<18
weeks), mid- (18-25 weeks), and late pregnancy (>25 weeks of gestational age)]. In this
group, phthalate metabolites were repeatedly measured in urine sample of 1431 women
with singleton pregnancy who provided postnatal consent.34 At age 10 years, participating
children underwent brain MRI scans [mean age=9.8 years, standard deviation (SD) = 0.3]
and at age 14 years children’s 1Q was evaluated (mean age=13.48, SD=0.26). We included
775 mother-child pairs in the analysis with maternal urinary phthalate levels and good
quality brain MRI. For a subgroup including 671 mother-child pairs, data on 1Q at age 14
was also available. Additional mediation analyses including 1Q were performed on these 671
mother-child pairs.

The Medical Ethics Committee of the Erasmus Medical Centre approved the study. Parents
provided written informed consent, and confidentiality was guaranteed. We obtained assent
from children older than age 12 years.

Phthalate Exposure

Urine samples of pregnant women were collected between 8 am and 8 pm in 100 mL
polypropylene urine collection containers that were kept for a maximum of 20 h at 4°C
before being frozen at —20°C in 20 mL portions in 25 mL polypropylene vials. Specimens
were shipped on dry ice in 4 ml polypropylene vials to the Wadsworth Center, New York
State Department of Health, Albany, New York for analysis of phthalate metabolites.
Phthalate metabolite concentrations were determined using high performance liquid
chromatography-electrospray ionization-tandem mass spectrometry (HPLC-ESI-MS/MS),
with details of measurements reported elsewhere.34 Briefly, urine samples were processed
using enzymatic deconjugation of the glucuronidated phthalate monoesters followed by
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on-line solid phase extraction (SPE) coupled with reversed phase HPLC-ESI-MS/MS.

This selective method allows for rapid detection of phthalate metabolites with limits of
detection in the range of 0.1-0.5 ng/mL. We quantified concentrations of phthalic acid

(PA), a proxy for total phthalate exposure, and 17 metabolites, included mnBP, monobenzyl
phthalate (mBzP), monocyclohexyl phthalate, mono(7-carboxy-n-heptyl) phthalate, mono(2-
carboxymethyl)hexyl phthalate (NCMHP), mCPP, mono(2-ethyl-5-carboxypentyl) phthalate
(mECPP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-50xohexyl)
phthalate (mMEOHP), mEP, mono(2-heptyl) phthalate, monohexyl phthalate, monoisobutyl
phthalate (mIBP), mono(8-methyl-1-nonyl) phthalate, monoisononyl phthalate, monomethyl
phthalate (mMP), and monooctyl phthalate. For phthalate metabolites with detection rate
higher than 80%, concentrations below the limit of detection (LOD) were imputed by
LOD/V2. We calculated ¥ DEHP concentration as the molar sum of mMECPP, mEHHP,
mEOHP, and mCMHP concentrations, after imputing the levels below LOD by LOD/

v2.34 All metabolite concentrations were divided by creatinine level and effect sizes were
expressed per increase in ng/g of creatinine for individual phthalates and pmol/g creatinine
for Y DEHP.

In Generation R, 3992 visited the center for brain MRI at age 10 years for whom brain
images were acquired on a 3T General Electric scanner (MR750w, Milwaukee, WI). A
high-resolution T;-weighted sequence was obtained using a 3D coronal inversion recovery
fast spoiled gradient recalled sequence (Tr=8.77 ms, Tg=3.4 ms, T;=600 ms, flip angle=10°,
field of view=220x220 mm, number of slices=230, voxel size=1.0 mm3, ARC acceleration
factor=2).3! Prior to the actual MRI scanning session, the children participated in a mock
scanning session. Following the mock scanner session, the child was shown two pictures of
an MRI scan of the brain, one with little movement and one with considerable movement.
This was done to help the child visualize that the “pictures of the brain become blurred

with movement’. In addition, if excessive movement was seen on the MRI console following
image reconstruction, the scan was repeated.

Structural MRI data were processed through the FreeSurfer analysis suite, version 6.0
recon-all tool3> A number of automated steps were involved to segment the brain into
multiple regions. These steps include the removal of nonbrain tissue, normalizing the
image intensity to account for B1 inhomogeneities, whole-brain tissue segmentation, and
creatubg a surface-based model of the cortex. Measures of global brain regions (e.g., total
brain volume and subcortical volume), and a number of subcortical and cortical structures
(amygdala, orbitofrontal cortex, etc.) were automatically labeled according to the Desikan-
Killiany atlas.36 For quality assessment, T1 images underwent both visual inspection and
an automated quality assessment measure for motion-related artifacts.3! Images were once
rated at the time of MRI acquisitions using a six-point Likert scale and scans were repeated
for images with unusable or poorrating. After FreeSurfer reconstruction, 2-D segmentations
and 3-D morphometry were visually inspected using a 3-point Likert scale with the
following levels: “Excellent to Very Good,” “Good to Fair,” and “Poor to Unusable”.
Eventually, scans were also systematically rated using an algorithm developed in house and
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tested in two external neuroimaging datasets.3” To improve precision, the MRI quality score
was added as a covariates to all association models (See below).

From 3992 children who visited the center for brain MRI, 806 scans were excluded, mainly
due to poor/insufficient data quality after image processing (80%) as well as missing
complete Ty scan (14%), a different T, acquisition (3%), or incidental finding (3%).38
Characteristics of children who were excluded because of poor quality scans (n=806) were
comparable to 3186 children with brain scans (e.g., 49% boys in both groups, mean age
=10.1 at the time of scan or sociodemographic characteristics). See full characteristics in
Table S1 (Supplemental Information). From 3186 with good quality images, data on prenatal
phthalates were available in included 775 mother-child pairs who were included in this
analysis (See above, Study Participants).

To address our hypothesis regarding the global effect of prenatal phthalate exposure on brain
development, we examined total brain, total gray matter, subcortical gray matter, cerebral
white matter, and total cerebellum volumes. See Table S2 (Supplemental Information) for
the list of labels included in the analysis.

During visits to the study’s research center at age 14 years, children’s 1Q was assessed using
the Wechsler Intelligence Scale for Children® Fifth Edition (WISC®-V, Pearson Clinical
Assessment, San Antonio, Texas).3? In collaboration with Pearson, four core subtests from
the WISC-V were selected to assess specific cognitive domains and to derive an estimated
full scale 1Q.40 All four subtest were administered by research assistants trained by a
clinical neuropsychologist. The subtests included (1) Matrix reasoning, which measures
fluid reasoning; (2) Coding, measuring processing speed; (3) Vocabulary, which measures
verbal comprehension; and (4) Digit Span, to assess working memory.

The Matrix Reasoning and Coding subtests were administered to the child via the Q-
Interactive system of Pearson*! on an iPad Air 2 and while the examiner remained in the
room. In a small subset (less than 5%), the tablet was not functioning at the time of the
assessment and thus a paper/pencil version of the Matrix Reasoning and the Coding subtest
was used.

In the Matrix Reasoning subtest, children were provided with an incomplete matrix and
asked to select the completing response option. In the Coding subtest, children were
introduced to a key with numbers and corresponding symbols and were asked to match

as many numbers with the corresponding symbols within 2 min. For the Vocabulary subtest,
children had to provide definitions for words read out loud by the examiner. Responses by
children were recorded with an audio recorder, which were then used for scoring of the
subtest, additional to the responses written down by the examiner. The Digit Span subtest
consisted of three separate tasks. First, children were asked to repeat a sequence of numbers
in the same order that the numbers were presented. Then they were asked to repeat a
sequence of numbers in reverse order. Last they were asked to repeat a sequence ordered
from low to high.
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Matrix Reasoning and Coding were scored automatically, whereas the Digit Span subtest
was scored by trained research assistants. The three subtasks were equally weighted to
compute a Digit Span summary score. The Vocabulary subtest was also scored by trained
the research assistants. All examiners first scored the same subset of tests, and if scoring
was adequate (reliability higher than the predefined threshold of 0.9), they could continue
scoring. If examiners were in doubt about what was written down on the forms, they were
instructed to listen to the recording of the task and then decide on the score. Other issues
about scoring were discussed in monthly meetings with other examiners

Raw subtest scores of the Vocabulary, Matrix Reasoning, Digit Span, and Coding subtests
were summed and converted to a four-subtest estimated full scale 1Q (See Table S3 in
Supplementary Materials for Sum of Scaled Score Range). Age-standardized T-scores were
calculated using Dutch norm-scores (data from Table Al in the Dutch Manual of the WISC
V). The reliability across 6 — 16 years was tested by Pearson, which shows high reliability
of the custom index and similarity with a full-scale 1Q (See Supplementary Table S4 for

the intraclass correlation between custom index and a Pearson full-scale 1Q for different age

groups).

Other Measures

Information on maternal age (year), highest educational levels achieved, maternal

national origin, and marital status was obtained with questionnaires at enroliment during
pregnancy. We categorized educational levels as ‘low’ (no primary school/primary school),
‘intermediate’ (secondary school or lower vocational training), and ‘high’ (higher vocational
training, university). National origin was grouped as ‘the Netherlands’ and ‘other than the
Netherlands’. We combined categories of married and living with partners and compared to
those with no partner. Pregnant women also reported their smoking habits at enrollment, in
mid-pregnancy, and in late pregnancy. We defined any smoking during pregnancy (yes/no)
using this information. Pre-pregnancy body mass index (BMI) (kg/m2) was calculated using
self-reported pre-pregnancy weight and height. Maternal non-verbal 1Q was assessed using
a computerized version of the Ravens Advanced Progressive Matrices Test, set | during age
six visits of children.#2 Information on parity (nulliparous, yes/no) and a child’s sex and date
of birth were obtained from hospitals and midwives records.

Statistical Analysis

Because phthalates have short half-life, the average urinary concentrations of metabolites
are likely a better estimate of the exposure across gestation. Therefore, we calculated an
average of creatinine-adjusted concentrations throughout pregnancy. Phthalate concentration
were expressed on a creatinine basis and log10 transformed.

The primary research question was the association between phthalate metabolites and brain
volumetric measures. We performed linear regression models to examine the associations

of phthalate metabolite concentrations with brain volumes, adjusted for confounders (see
below). To correct for multiple hypothesis testing accounting for the correlation between
concentrations of eight phthalate metabolites, we used False Discovery Rate (FDR).*3 In a
sensitivity analysis, we also examined a more conservative approach of using FDR-corrected
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p values for 40 tests (eight phthalate metabolites and five brain measures). We explored the
non-linearity of associations between exposures and outcomes using a smoothing curve
spline. To further explore if the associations between prenatal phthalate exposure and

brain volumetric measures differed by sex, we added interaction terms between phthalate
measures and sex to the models and also stratified the analyses of phthalates/brain measures
by sex.

We used linear regression models to examine the associations of phthalate metabolite
concentrations with child 1Q (full scale 1Q score and the four domains), adjusted for
confounders. The total effect of a specific exposure on an outcome might be very small

or close to null, while in fact mediation effects exist.*# Therefore, we pursued mediation
analyses if associations were observed with a specific phthalate metabolite and brain
volumetric measures, even when the associations between specific phthalates and child

1Q were not significant in our sample. We used causal mediation analysis providing
estimation of the natural direct effect, the natural indirect effect, and the total effect*® and
calculated proportion mediated (ratio of natural indirect effect and total effect). Indirect
effects represent the effect of phthalate exposure on 1Q that is mediated via brain volumes,
while the direct effect denotes the remaining part of the total effect and represents the effect
of phthalate exposure on 1Q not mediated through brain volumes. The natural effect models
were adjusted for potential exposure-outcomes, exposure-mediator, and mediator-outcome
confounders (as listed below). Standard errors were calculated using bootstrapping. If
interaction terms (phthalates X sex) were significant, we further tested if the association
between prenatal phthalates and child 1Q mediated by brain volumetric measures was
moderated by sex (moderation of the mediated effect).

We selected potential confounders based on the directed acyclic graphs and factors shown to
be associated with exposure or outcomes.13: 14 16. 34 Models were adjusted for maternal age,
national origin, marital status, 1Q score, BMI, parity, smoking during pregnancy, and child
sex and age at the neuroimaging assessment. Models with neuroimaging outcomes were also
adjusted for MRI quality score and models with cerebellar volume for intracranial volume
(ICV) to ascertain relativity to head size. There were high correlations between measures

of total gray matter, subcortical gray matter, and cerebral white matter volumes and ICV
(r=0.81-0.90), so models with these measured were adjusted for ICV in an additional step.

Missing data for covariates were: maternal body mass index in 93 (12%), parity in 2 (0.3%),
national origin in 4 (0.5%), education in 23 (3%), marital status in 33 (4%), smoking in

67 (9%), and 1Q in 11 individuals (1 %); child 1Q in 104 (13%) individuals. We used the
Multivariate Imputation by Chained Equations (MICE) method in R to impute the missing
values for covariates, creating 20 imputed datasets using 25 iterations.*6-49 Mediation
analysis were performed within all 20 imputed datasets, and since the results were similar
across sets, we present findings from the 10t and 20 sets, randomly. For all other analyses,
we present the results of combined effect estimates across imputation sets.

Within Generation R, factors predicted inclusion in this study were maternal age, education,
national origin, and 1Q, parity, household income, and child gestational age at birth. We
used information on these factors to estimate the probability of participation in the study

Mol Psychiatry. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ghassabian et al.

Page 9

and applied the inverse of those probabilities as weights in all analyses to examine if the
selective nonresponse influenced our findings.

Code availability

Results

Analyses were performed in R Package version 3.4.1. Codes will be available upon request
and communication with the corresponding author.

Table 1 presents participants’ characteristics. Pregnant women were on average 31.0 years
(SD=4.6) at enrollment and mostly had Dutch national origin (n=439, 56.9%). More than
half of women had high education levels (n=420, 55.9%), and 168 women (23.7%) smoked
at any point during pregnancy. The mean (SD) full scale 1Q score of children at age 14 years
was 103.0 (SD=13.2). Median and interquartile range of phthalate metabolites detected in
at least 80% of the samples are presented in Table S5 (Supplemental Information). These
included mMP, mEP, mIBP, mnBP, mBzP), mCPP, metabolites of DEHP, as well as PA
(See Table S6 for the correlation between phthalates). Intraclass correlation coefficients
(ICC, estimated by using a 2-way mixed-effects model with absolute agreement) for
phthalate measures varied between 0.37 (3 DEHP) and 0.68 (mEP) for the average of the
three measurements across pregnancy. Concentrations of mEP was the highest among all
metabolites measured.

Associations of prenatal phthalate exposure with brain volumetric measures

Table 2 summarizes the associations of maternal urinary concentration of phthalate
metabolites (averaged across pregnancy) with brain global and regional volumetric measures
in children aged 10 years. After correction for multiple comparisons using FDR, higher
gestational concentrations of maternal mEP were associated with smaller total gray matter
volumes (P per log10 increase in creatinine adjusted mEP=-10.70, 95%CI: —-18.12, -3.28),
but not with other brain volumetric measure. When we adjusted the models with total gray
matter, cerebral white matter, and subcortical gray matter for ICV, we found a significant
association between prenatal mIBP exposure and total gray matter volume (B=-8.11,
95%Cl: —13.56, —2.66) that remained significant with FDR correction (Table S7 in the
Supplemental Information). The associations between other phthalate metabolites and brain
measures did not remain significant after correction for multiple comparisons using FDR.
When we used Prpg for 40 tests, none of the associations remained significant. We found
no indication of non-linearity in the association between phthalate metabolite concentrations
and brain measures (data not shown).

We found sex interactions in associations of maternal mIBP concentrations with cerebral
white matter volumes (significant after correction for multiple comparison, Pgpr = 0.04).
We examined the associations across strata of sex and found that girls with higher phthalate
exposure, including mIBP and mEP, had smaller volumes in several brain features (Table
S8). The associations of prenatal phthalate exposure with brain volumetric measures were
not present in boys (Table S9).
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Associations of prenatal phthalate exposure with child cognition and mediation by brain
morphology

Table 3 shows the associations between maternal phthalate metabolite concentrations and
child cognition (total 1Q scores and subtests) at age 14 years. Children exposed to higher
maternal mEP and mnBP concentrations had lower 1Q: B for matrix reasoning per log10
increase in creatinine adjusted meEP = —0.45, 95%Cl: —0.84, -0.07; and  for verbal
vocabulary per log10 increase in creatinine adjusted mnBP —0.97, 95%Cl: -1.65, —0.29.

We next examined the extent to which brain volumetric measures that were associated

with mEP and mIBP exposures, i.e., total gray and white matter volumes, mediated the
association of prenatal phthalates and child general 1Q. We observed that smaller total gray
volumes partially mediated the association between prenatal mEP exposure and lower full
scale 1Q scores (natural indirect effect which shows the mediated path: p per log10 increase
in creatinine adjusted meP = -0.31, 95%Cl: -0.62, 0.01; proportion mediated = 18%)
(Figure 1 and Figure S1). We did not pursue mediation analysis with subcortical measure
residualized for intracranial volumes because we found no associations between residualized
measures and child 1Q. We found that the mediated path by white matter volume in the
association of mIBP exposure and child 1Q was present in girls (natural indirect effect: p per
log10 increase in creatinine adjusted mIBP = -1.08, 95%CI: —-1.95, —0.16), but not in boys
(Figure 2 and Figure S2).

Discussion

We found that higher maternal prenatal concentrations of mEP were associated with smaller
total gray matter volumes in offspring at age 10 years. Smaller gray matter volumes partially
mediated the association between higher maternal mEP and lower child full score 1Q at age
14 years. In the association between prenatal mEP exposure and child full scale 1Q scores,
the proportion mediated by total gray matter volumes was 18%. The inverse association of
higher mIBP and lower child 1Q was mediated by smaller cerebral white matter volumes
only in girls, with a proportion mediated of 76%. While effect sizes were overall small, for
example, one-sixth of SD deviation decrease total gray matter volumes per 10 times increase
in mEP exposure, these findings have high public health impact because of the high and
widespread exposure to phthalates and poor regulations in pregnant populations. Moreover,
we observed a pattern in the data that suggested an inverse relationship between phthalates
with low molecular weights associated with smaller volumetric measures, even though the
estimates were imprecise.

This study is the first to investigate the brain volumetric measure associated with prenatal
phthalate exposure using brain MRI. Strengths include the large sample size and the
availability of data on important confounders, such as maternal 1Q. We used biomonitoring,
with multiple urine samples during pregnancy, which is the method of choice for measuring
rapidly metabolized organic compounds.®® Findings of this study should be interpreted
considering the following limitations. First, phthalates are non-persistent chemicals with a
short half-life and urine spot samples during pregnancy might not be the accurate reflection
of the whole pregnancy exposure and long-terms effects of early life exposure should be
interpreted considering this limitation. In this sample, we observed moderate ICCs between
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the three measures of phthalates in pregnant women and subsequently used concentrations
of metabolites from three spot urine samples in the main analyses; yet, measurement error
remains an issue in studies of non-persistent chemicals.> Particularly, the short half-lives of
these chemicals should be considered when interpreting trimester-specific analyses. Second,
we did not examine exposure to plasticizers that are used as replacement of DEHP, while
their potential neurotoxicity is a growing concern and relevant to more recent cohorts.12
Third, although we adjusted the models for several confounders, residual confounding by
unmeasured factors cannot be ruled out. This is particularly important for the mediation
analysis, which was performed under the assumption that no unmeasured confounding
existed on any of the paths. Fourth, to minimize the participant burden, we used four
subtests of WISC®-V. These subtests were selected from the 10 core subtests that are usually
used to measure the four index scores to measure full 1Q score, but lack information on
other important constructs such as visual spatial scale. Last, Generation R sample represents
the diversity of Rotterdam and its surrounding area, and as such participants reported a
wide spectrum of backgrounds. Because many of these groups have a small number of
participants in the Generation R Study, we operationalized this data as a two-category
variable.

Developmental neurotoxicity of certain phthalates, e.g., DEHP and DBP, is widely studied

in experimental studies, with possible mechanisms suggested to be thyroid disruption,>?
epigenetic modifications, 53 or sex hormone disruption.>* Influences of phthalates on sex
hormones are particularly important during the organizational effects of gonadal steroids

on fetal brain development.5® Experimental data also suggest that the effect of phthalate
exposure on brain development can be both global and early (e.g., interference in the
cytoarchitecture of neocortex2%) and region-specific (e.g., morphology of specific structures
such as the cerebellum18 53). Epidemiological data in humans applying neuroimaging to
investigate the impact of prenatal phthalate exposure on the brain are limited. One report
from the Alberta Pregnancy Outcomes and Nutrition (APrON) study showed associations
between high molecular weight phthalates (metabolites of DEHP and BBzP), measured once
in mid-pregnancy, and impairments in structural connectivity (white matter microstructure)
in preschool age children.39 But the APrON study did not examine global or regional
volumetric measures of the brain, while brain structural measures are shown to be implicated
in children’s behavioral and cognitive functioning, e.g., the established relationship of
cortical and subcortical gray matter volumes with 1Q.22: 23 The present study is the first

to examine the associations of prenatal phthalate exposure with offspring brain volumetric
measure and potential implications for general cognition. We found that higher prenatal
exposure to mEP, a metabolite of DEP, was associated with a global effect on the brain,

as seen with smaller gray matter volume. Higher exposure to mEP was associated with
lower scores in Matrix Reasoning. Fluid reasoning, important for later achievement and
academic performance,8 is highly heritable but the role of environmental factors are also
proposed, particularly in earlier stages of development.>” Our current analysis extends our
earlier report of an association between prenatal mEP and child non-verbal 1Q at age six
years!® 16 by showing that the impact of prenatal phthalate exposure on the brain and child
cognition continues into adolescence. DEP is less often examined in experimental studies (as
opposed to DEHP and DBP); with few studies confirming that DEP exposure can interfere
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with brain processes,8: 59 and others report no effect.t0 It is important to note that DEP

is the phthalate to which individuals are most highly exposed,4 which was also found in
this sample (see Table 2 for concentrations of urinary mEP concentrations, a metabolite of
DEP). Thus, it is critical to identify exposure reduction strategies for DEP, possibly similar
to current regulations that exist for DEHP, for example.

Our findings on sex differences in the associations of prenatal phthalates with brain
measures was expected based on earlier studies of child cognition and behavior.13: 14 A
recent meta-analysis of epidemiological studies on prenatal phthalate exposure and several
neurodevelopmental outcomes concluded that despite some inconsistencies, girls are often
more susceptible to exposure to diisobutyl phthalate (DIBP, the parent compound of mIBP)
for lower motor and cognitive abilities.14 For example, two studies reported associations
between higher DIBP exposure (measured by urinary mIBP) and lower child cognition

only in girls.61 62 Our study, with a large sample size that allowed examination of sex
interaction and mediation analysis, provides the first evidence on the neural substrate for
sex differences in cognitive outcomes associated with mIBP exposure. Phthalates interfere
with sex hormone production and are associated with estrogenic and anti-androgenic
reproductive effects in males and females.>* Fetal exposure to both androgens and estrogens
are associated with differential growth in sexually dimorphic brain areas.>® Anti-androgenic
effects of phthalates in girls, in particular mid-gestation through the end of gestation, might
interfere with brain organizational development.

Findings from models adjusted for the ICV showed also associations with smaller total gray
matter volumes, but in with mIBP exposure (compared to associations with mEP in models
not adjusted for ICV). We speculate that these differences might be due to the mechanism of
action of phthalate compounds (specific vs global effect) that should be investigated further
in mechanistic studies.

In conclusion, despite increased regulations for certain phthalates, such as DEHP in the

US and EU for childhood exposure, our findings suggest the global impact of prenatal
exposure to phthalates, such as mEP and mIBP that are less regulated, through adolescence.
Further investigations are warranted, which replicate our findings on brain global measures
in larger and more diverse samples and further examine associated regional differences.
Sex differences in some associations indicate potential involvement of sex steroid signaling
pathways, which should be investigated in future mechanistic studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Associations between prenatal monoethyl phthalate (mEP) exposure (averaged across
pregnancy) and child full scale 1Q score at age 14 years, mediated by total gray matter
volume at age 10 years.

Models were adjusted for maternal age, national origin, education, marital status, 1Q score,
pre-pregnancy body mass index, parity, smoking during pregnancy, MRI quality score, and
child sex and age at the neuroimaging assessment and/or age at assessment child 1Q. Data
shown from the 20t imputation set.
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Figure 2.

Associations between prenatal monoisobutyl phthalate (mIBP) exposure and child full scale
IQ score at age 14, mediated by cerebral white matter volume at age 10 years in girls (A)
and boys (B).

Models were adjusted for maternal age, national origin, education, marital status, 1Q score,
pre-pregnancy body mass index, parity, smoking during pregnancy, MRI quality score, and
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child age at the neuroimaging assessment and/or age at assessment child 1Q. P value for sex
interaction: 0.01. Data shown from the 20" imputation set.
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Table 1.

Participants’ characteristics (n=775). The Generation R Study.

Maternal characteristics

Age at enrollment, years; mean (SD) 31.0 (4.6)
Pre-pregnancy BMI; mean (SD) 235 (4.1)
Parity; n (%)
0  487(63.0)
>1 286 (37.0)
National origin; n (%)
the Netherlands 439 (56.9)
Others 332 (43.1)
Education; n (%)
Low 97 (12.9)
Intermediate 235 (31.2)
High 420 (55.9)
Marital status; n (%)
Married/living with partner 663 (89.4)
No partner 79 (10.6)
1Q score; mean (SD) 98.6 (14.4)
Any smoking during pregnancy; n (%) 168 (23.7)

Child characteristics

Child sex, boys; n (%) 390 (50.3)
Full scale 1Q score at age 14 years; mean (SD) 103.0 (13.2)
Total brain volume at age 10 years, cm3; mean (SD) 1211.3 (106.1)
Total gray matter volume at age 10 years, cm3, means (SD) 761.4 (63.1)
Cerebral white matter volume at age 10 years, cm®, means (SD) 422.9 (46.2)
Subcortical gray matter volume at age 10 years, cm3, means (SD) 60.3 (4.5)
Total cerebellum volume at age 10 years, cm3, means (SD) 144.1 (13.1)

Body mass index: BMI; Magnetic resonance imaging: MRI; Standard deviation: SD
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Table 2.

Associations of prenatal exposure to phthalate metabolites (averaged across pregnancy) with brain structure at
age 10 years. The Generation R Study.

Brain volumes, cm3 (n=775)

Global measures Regional measures
Total brain Total gray matter Cerebral white Subcortical gray matter Total cerebellum
matter
B 95%ClI B 95%ClI B (95%CI) B (95%Cl) B (95%CI)
mMP -3.19(-21.67,15.28)  -0.91 (-11.67, 9.85) -2.22 (-10.66, 6.23) 0.15 (-0.69, 0.99) -1.34 (-3.37,0.70)
mEP -16.23 (-28.98, -10.7 (-18.12, -5.22 (-11.06, 0.62) -0.55 (-1.13, 0.03) -0.65 (-2.06, 0.77)
-3.48) -328)"

mCPP 2.01 (-21.51, 25.53) 1.28 (-12.43, 14.99) 1.10 (-9.63, 11.83) 0.59 (-0.49, 1.66) -2.38 (-4.95, 0.20)
mIBP -16.14 (-35.41,3.13)  -10.87 (-22.10, 0.36) -4.78 (-13.58, 4.01) -0.2 (-1.08, 0.67) -2.14 (-4.25, -0.02)
mnBP -6.81(-28.15,14.52)  -3.53 (-15.97, 8.90) -2.94 (-12.68, 6.8) 0.43 (-0.54, 1.41) -1.49 (-3.83, 0.85)
mBzP -10.38 (-26.56,5.79)  -6.18 (-15.60, 3.23) -4.00 (-11.39, 3.39) -0.27 (-1.01, 0.47) -0.96 (-2.73, 0.81)
YDEHP 7.47 (-17.07, 32.01) 3.06 (-11.24, 17.36) 4.65 (—6.55, 15.86) 0.53 (-0.59, 1.65) -2.50 (-5.20, 0.19)
Ph_tjhalic -18.47 (-41.43, 4.49) —14.3%(9—42)7.66, -3.61 (-14.11, 6.90) -0.41 (-1.45, 0.64) -2.77 (5.3, -0.24)
aci -0.

Cl: confidence interval; DEHP: di-2-ethylhexyl phthalate; mnBP: mono-n-butyl phthalate; mBzP: monobenzyl phthalate; mCPP: mono(3-
carboxypropyl) phthalate; mEP: monoethyl phthalate; mIBP: monoisobutyl phthalate; mMP: monomethyl phthalate.

Models were adjusted for maternal age, national origin, education, marital status, 1Q score, pre-pregnancy body mass index, parity, smoking during
pregnancy, MRI quality score, and child sex and age at the neuroimaging assessment. Models with total cerebellar volume were additionally
adjusted for intracranial volume.

Bold: association with p-value <0.05.
*
Associations were significant after correction for multiple comparisons.

Estimates are reported per log10 increase in creatinine adjusted maternal urinary phthalate concentrations (ng/g of creatinine of individual
phthalates and pmol/g creatinine for Y DEHP).
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Table 3.

Associations of prenatal exposure to phthalate metabolites (averaged across pregnancy) with and child 1Q at
age 14 years (n=671). The Generation R Study.

Full scale 1Q score Vocabulary Matrix Reasoning Digit Span Coding
B (95%Cl) B (95%CI) B (95%Cl) B (95%Cl) B (95%CI)
mMP 0.91 (-1.91, 3.73) 0.15 (=0.45, 0.75) 0.02 (-0.54,0.58)  0.24 (-0.36,0.84)  0.14 (-0.58, 0.86)
mEP -1.68(-3.61,0.25)  -0.13(-0.54,0.28)  -0.45(-0.84,-0.07) -0.32(-0.73,0.09) —0.08 (~0.57, 0.41)
mCPP -1.42 (-5.07,2.24)  -0.58 (-1.36, 0.19) 0.41(-0.32,1.14)  0.11(-0.66,0.89) —0.76 (-1.69, 0.16)
mIBP -0.53(-3.42,2.36)  -052(-1.13,0.09)  -0.37(-0.94,0.21)  0.56 (-0.06,1.17)  0.01 (=0.72, 0.74)
mnBP -315(-6.39,0.09) _0g7* (-1.65,-0.20) ~0:23(-0.88,0.41) -020(-0.89,0.49) -0.49(-1.31,0.34)
mBzP 1.08 (-1.437,3.59)  —0.09 (-0.62, 0.44) 0.39(-0.11,0.89)  0.42(-0.12,0.95)  —0.06 (-0.70, 0.58)
YDEHP -1.83(-5.59,1.93)  -0.44(-1.23,0.36)  -0.10(-0.85,0.65) -0.21(-1.01,0.58) —0.34 (~1.29, 0.62)

Phthalicacid -1.82(-5.35,1.72)  -0.44(-1.19,0.31)  -0.23(-0.93,048) -0.42(-1.17,0.33) 0.03 (-0.87, 0.92)

Cl: confidence interval; DEHP: di-2-ethylhexyl phthalate; mnBP: mono-n-butyl phthalate; mBzP: monobenzyl phthalate; mCPP: mono(3-
carboxypropyl) phthalate; mEP: monoethyl phthalate; mIBP: monoisobutyl phthalate; mMP: monomethyl phthalate.

Bold: association with p-value <0.05.

*
Significant with FDR correction.

Models were adjusted for maternal age, national origin, education, marital status, 1Q score, pre-pregnancy body mass index, parity, smoking during
pregnancy, and child sex and age at the 1Q assessment.

Estimates are reported per log10 increase in creatinine adjusted maternal urinary phthalate concentrations (ng/g of creatinine of individual
phthalates and umol/g creatinine for Y DEHP)
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