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Abstract

Background—~Prenatal chemical exposures may adversely affect neurodevelopment, but few
studies have examined the persistence of these associations. We examined whether associations
between prenatal bisphenol A (BPA) or polybrominated diphenyl ether (PBDE) exposures persist
or resolve as children age.

Methods—We followed 346 mother-child pairs (enrolled 2003-2006) from Cincinnati, OH from
pregnancy until children were 8 years old. We measured BPA in urine collected at 16 and 26
weeks gestation and PBDE-47 in serum collected at 16 weeks gestation. We administered repeated
measures of children’s behavior, mental/psychomotor development, and 1Q from ages 1-8 years.
We determined if associations of BPA or PBDE-47 with child neurobehavior persisted or resolved
as children aged using linear mixed models and estimated neurobehavioral measure reproducibility
using intraclass correlation coefficients (ICCs).

Results—Higher BPA in girls and higher PBDE-47 in both boys and girls were associated with
more externalizing behaviors; these associations persisted from ages 2—8 years (exposure x age
interaction p-values=0.36). Higher PBDE-47 concentrations were associated with decreases in
MDI from ages 1-3 years (PBDE-47 x age interaction p-value=0.03) and persistently lower 1Q at

Corresponding Author: Joseph M. Braun, Brown University, Box G-S121(2), Providence, Rl 02912, Telephone: 401-863-5397,
joseph_braun_1@brown.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Competing financial interests: The authors have no competing financial interests to declare.
Obtaining Data: The HOME Study principal investigators have actively engaged in collaborative data-sharing. Investigators should

contact Drs. Joseph M. Braun [joseph_braun_1@brown.edu] or Kimberly Yolton (kimberly.yolton@cchmc.org) to obtain data or code

from this paper. Requests for data require that investigators submit a project proposal which is evaluated by the HOME Study Data
Sharing Committee.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Braun et al. Page 2

ages 5 and 8 years (PBDE-47 x age interaction p-value=0.56). Mental/psychomotor abilities had

fair reproducibility from ages 1-3 years (ICCs~0.4), cognitive abilities from ages 5 to 8 years had
excellent reproducibility (ICCs=0.7-0.8), and parent-reported behaviors from ages 2—8 years had
poor to good reproducibility (ICCs=0.38-0.59).

Conclusions—Prenatal BPA and PBDE-47 concentrations were persistently associated with
more externalizing behaviors. PBDE-47 concentrations were inversely associated with cognitive
abilities that strengthened over time.
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Children; bisphenol A; epidemiology; halogenated flame retardants; prenatal; neurodevelopment

Introduction

The developing brain is exquisitely sensitive to environmental inputs, and there are many
neurotoxicant exposures that increase the risk of neurobehavioral disorders.1-2 However,
studies of potential neurotoxicants have generally not considered whether these exposures
influence the trajectory of children’s behavior and cognition.2 Two potential neurotoxicants
of interest are bisphenol A (BPA) and polybrominated diphenyl ethers (PBDESs); exposure to
both is ubiquitous among pregnant women in the United States and associated with
decrements in cognitive abilities and behavior problems among children in prior cohort
studies.*11

Determining if the effects of neurotoxicant exposures change over time requires studies with
repeated neurobehavioral assessments. Since some epidemiological studies only assess
neurobehavior once, it is not possible to determine if the effect of these exposures persists,
strengthens, or resolves as children age. Identifying persistent effects is important as
toxicant-induced deficits early in life may be a prelude to more severe impairments later in
life, as is the case with lead.12 Alternatively, neurotoxicant-associated deficits that manifest
in infancy or early childhood may not persist if the plasticity of the developing brain allows
for recovery from early life insults. In addition, neurobehavioral trajectories of typically
developing children have not been well described, yet understanding variations and
progression in development could help define what level of deviation is within normal
limits. While some studies have explored this, they are limited by a focus on specific
domains (e.g., 1Q), use of outdated versions of instruments, or short follow-up intervals.13-17

To address these gaps, we used a prospective birth cohort study of 346 mother-child dyads
with repeated measures of child behaviors, mental and psychomotor development, and
cognition to determine if previously observed associations of prenatal BPA and PBDE
exposure with child behavior and 1Q in this cohort were associated with trajectories of
neurobehavior between ages 1 and 8 years. We also characterized the variability and patterns
of these neurobehavioral measures over the first 8 years of life.
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Methods

Study Participants

The Health Outcomes and Measures of the Environment (HOME) Study is a prospective
pregnancy and birth cohort that has followed mothers and their children in the greater
Cincinnati, OH metropolitan area from the 2" trimester of pregnancy (March 2003-January
2006) until their singleton children were on average age 8.1 (range: 7.5-10) years (March
2012-July 2014).18.19 We designed the study to assess the relationship between low-level
environmental chemical exposures and child neurobehavior. Inclusion criteria for pregnant
women at enrollment included: 1) 16+3 weeks gestation, 2) 218 years old, 3) living in a
home built before 1978, 4) no history of HIV infection, and 5) not taking medications for
seizure or thyroid disorders. We enrolled women living in homes built before 1978 in order
to study the neurotoxic effects of early life lead exposure, as these homes would be more
likely to have lead hazards. All women provided informed consent for themselves and their
children. The institutional review boards of Cincinnati Children’s Hospital Medical Center,
the cooperating delivery hospitals, and the Centers for Disease Control and Prevention
(CDC) approved this study.

Prenatal BPA and PBDE Exposure Assessment

We assessed prenatal BPA exposure by measuring total (free + conjugated) BPA
concentrations in urine samples collected in polypropylene specimen cups at 16 and 26
weeks gestation using previously described analytic chemistry methods.2% To account for
urine dilution, we measured urinary creatinine concentrations using a kinetic assay and
creatinine-standardized BPA concentrations (BPA in ng/mL divided by creatinine in mg/
dL).2! If a woman had two urine samples (~95% of women), we averaged log;o-transformed
creatinine-standardized urinary BPA concentrations; otherwise, we used the available logq-
transformed creatinine-standardized concentration. We assessed PBDE exposure by
measuring concentrations of PBDE-47, the most abundant PBDE congener in our
participants, in serum collected from women at 16 weeks gestation using previously
described analytic chemistry methods.22 To account for inter-individual differences in blood
lipid concentrations we measured serum triglycerides and total cholesterol concentrations
using an enzymatic assay;23 PBDE-47 concentrations were lipid-standardized (PBDE-47 in
pg/mL divided by mg/dL of lipids) and logyg-transformed for analyses.

Urine and serum samples were collected following the recommended best practices for
collecting and processing biospecimens that are to be used for environmental chemical
exposure assessment.24 Both urine and serum samples were refrigerated after collection,
stored at or below —20° C within 24 hours of collection, and shipped to the CDC laboratories
on dry ice where they were analyzed using previously described methods that included
quality control samples and reagent blanks.2922 The limit of detection (LOD) for the BPA
assay was 0.4 ng/ml, while the LOD for the PBDE-47 assay was defined as the highest of
the lowest point on the calibration curve (0.5 pg/uL) or three times the standard deviation of
the method blank concentrations. Concentrations <LOD were assigned a value of LOD/V2.25
The coefficients of variation for quality control samples were <10%.
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Infant and Child Neurobehavioral Battery

We repeatedly assessed children’s behaviors, mental and psychomotor development, and
cognitive abilities from ages 1 to 8 years (Supplemental Table 1). We administered valid and
reliable neurobehavioral instruments that have been used extensively in epidemiological
studies and for which measured domains of these instruments have been associated with
several early life neurotoxicant exposures (see Supplemental Methods for description of
testing procedures).2% For the purpose of this analysis, we focused on neurobehavioral
domains previously associated with prenatal exposure to BPA or PBDEs in this cohort; these
included behavior measured with the Behavioral Assessment System for Children-2
(BASC-2), mental and psychomotor development measured with the Bayley Scales of Infant
Development-11 (BSID-I1), and child cognitive abilities measured with two age-specific
Wechsler instruments (Wechsler Preschool and Primary Scales of Intelligence-111 [WPPSI-
I11] and the Wechsler Intelligence Scale for Children-1V [WISC-1V]).

We evaluated children’s behavior using the preschool and child versions of the BASC-2 at
ages 2, 3, 4, 5, and 8 years. The BASC-2 is a valid and reliable parent-reported assessment
of a child’s adaptive and problem behaviors in community and home settings.2” We
examined three of the BASC-2 composite scales: Externalizing Problems, which reflects
disruptive behavior problems; Internalizing Problems, such as depression and anxiety; and
the Behavioral Symptoms Index, a measure of a child’s overall level of problem behaviors.
We also examined eight clinical subscales (in secondary analysis of reproducibility
described below): hyperactivity, aggression, anxiety, depression, somatization, atypicality,
withdrawal, and attention.

Higher scores on the BASC-2 indicate worse behaviors, and values =60 (i.e., =1 standard
deviation above the mean) are used to identify children with “at-risk” scores. At-risk scores
are indicative of behaviors significant enough to warrant treatment, further evaluation, and
assignment of a possible clinical diagnosis.2” Few children had clinically significant scores
(=70) on the BASC-2, so we did not evaluate this as an outcome.

We assessed children’s mental and psychomotor development using the BSID-II at ages 1, 2,
and 3 years.28 The BSID-II produces two scaled scores, the mental development index
(MDI) and the psychomotor development index (PDI). The MDI assesses cognitive and
language abilities, while the PDI assesses gross and fine motor skills. We administered the
WPPSI-II1 and the WISC-1V at ages 5 and 8 years, respectively, to evaluate children’s
overall cognitive ability (Full-Scale 1Q [FSIQ]), perceptual reasoning and organization skills
(Performance I1Q [P1Q]), and verbal abilities (Verbal 1Q [VI1Q]).29:30

Higher scores on the BSDI-11, WPPSI-I11, and WISC-1V indicate better performance. Scores
<70 on the BSID-I1I, WPPSI-II1, and WISC-1V are typically used to identify clinically
significant deficits in mental or psychomotor development or cognitive abilities. Because of
the small number of children who had scores <70, we classified children with scores <85
(i.e., <1 standard deviation below the mean) as having “at-risk” scores on these instruments.
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Statistical Analyses

BPA and PBDE Exposures and Repeated Neurobehavioral Assessments—We
conducted two complementary sets of analyses to examine how prenatal exposure to BPA
and PBDEs influences child neurobehavior over the first 8 years of life. For these analyses
we focused on relations of: 1) prenatal BPA exposure and externalizing behaviors (BASC-2)
in girls, and 2) prenatal PBDE exposure with children’s cognitive development (BSID-II
MDI and WPPSI-H/WISC-1V FSIQ) and externalizing behaviors (BASC-2) in all children.
We chose these relations because we previously observed and reported associations between
these specific exposures and neurobehavioral domains in this cohort.4® For BPA, we focus
on the results from models with girls only because we previously observed sexually
dimorphic associations between BPA and children’s neurobehavior.

In the first analysis we used linear mixed models with a random intercept, a random linear
slope for age, a fixed exposure slope, an unstructured within-subject covariance matrix, and
robust standard errors to estimate the change in mean neurobehavioral test scores across
terciles of BPA or PBDE-47 concentrations and per 10-fold increase. These estimates can be
regarded as summary measures of the overall association between BPA/PBDE-47
concentrations and neurobehavioral scores across assessment ages. We included mother-
child pairs with complete exposure and covariate data, as well as at least one
neurobehavioral measure during follow-up. We extended this analysis and examined whether
the rate of neurobehavioral test scores changed across terciles of BPA or PBDE
concentrations among mother-child pairs with complete data and at least two measures of
the same neurobehavioral test. Our model included terms for BPA or PBDE tercile, child
age, covariates, and an interaction between BPA or PBDE tercile and child age. This
interaction term allowed us to estimate the rate of change in neurobehavioral test scores in
each BPA or PBDE tercile and to test whether the association between BPA or PBDE
concentrations and these neurobehavioral outcomes persisted, attenuated, or became greater
as children aged. In addition, it let us estimate the subject-specific change in
neurobehavioral test score across ages.

We identified potential confounders using directed acyclic graphs that were based on our
prior work in this cohort.#31 We adjusted our models for maternal age at delivery, race,
education, 1Q, marital status, serum cotinine concentrations during pregnancy, household
income, baseline depressive symptoms (Beck Depression Inventory-I1), and the quality and
quantity of the caregiving environment at age 1 year (Home Observation for Measurement of
the Environment Inventory).32:33 Between 11 and 21 children were missing covariate data in
the various analyses. Given the relatively small proportion of children missing covariate
data, we used complete case analyses and did not impute missing data.

Variability and Patterns of Child Neurobehavior—We conducted additional analyses
to describe the magnitude and patterns of variability in longitudinal trajectories of children’s
neurobehavior. First, we estimated the reproducibility of the individual test scores across
time by calculating the intraclass correlation coefficient (ICC) between repeated
neurobehavioral measures using linear mixed models with a compound symmetric within-
subject correlation matrix and a fixed linear effect for child age. For equicorrelated
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measures, ICC values of 0 to <0.4, 0.4 to <0.75, and = 0.75 indicate poor, fair to good, and
excellent reproducibility within an individual, respectively.34

We augmented the reproducibility analysis described above by determining whether children
with at-risk scores at baseline were more likely to have at-risk scores at subsequent study
visits. We did this by modeling the relative risk (RR) of having an at-risk score (i.e., at-risk
vs. low-risk) at subsequent study visits as a function of at-risk score status at the baseline
study visit using generalized estimating equations with Poisson errors, a logarithmic link, a
working unstructured correlation matrix, and robust standard errors.3® We defined at-risk
scores as described above.

Finally, we estimated the age-related change in repeated neurobehavioral test scores to
describe the average change and variation in neurobehavior. We modeled repeated
neurobehavioral measures as a function of child age using a linear mixed model with a
random intercept, a random linear slope for age, and an unstructured within-subject
covariance matrix. From this model, we used subject-specific effects to estimate the rate of
change in neurobehavioral test scores for individual study participants, thus, allowing us to
assess the magnitude and patterns of between-subject variability in these longitudinal
trajectories.

Sensitivity and Secondary Analysis

Results

In sensitivity analyses, we re-calculated our ICCs among mother-child pairs with =2
measures of the same neurobehavioral test to determine if the inclusion of children with only
one measure biased our results. Second, we checked the assumption of equicorrelation in
calculating our ICCs by comparing the fit of model specified above with several other model
parameterizations.

In secondary analyses, we examined the correlation of BSID-11 MDI scores at 1, 2, and 3
years of age with WISC-IV FSIQ scores at 8 years of age because many studies of
neurotoxicants use the BSID-11 MDI score as a measure of early life cognitive abilities. We
also described the magnitude and patterns of variability in parent-reported executive
function (assessed using the Behavior Rating Inventory of Executive Function) and
reciprocal social behaviors (assessed using the Social Responsiveness Scale), as these are
also used in studies of neurotoxicants (Supplemental Table 1).

Among participants included in at least one analysis, 65% of mothers were non-Hispanic
white and 55% were college educated; 54% of children were female (Supplemental Table 2).
A total of 229 (59% of original cohort) children completed follow-up at age 8 years.
Children who completed follow-up at age 8 years were similar to the original cohort in terms
of baseline sociodemographic characteristics.18 Median maternal urinary BPA and serum
PBDE-47 concentrations were 2.0 ug/g creatinine (Range: 0.4-49) and 19 ng/g lipid (Range:
1.5-1,290), respectively. Median maternal BPA (2.0 vs. 1.8 pug/g creatinine) and PBDE-47
(20 vs. 17 ng/g lipid) concentrations during pregnancy were similar among children who did
and did not complete follow-up.
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BPA and PBDE Exposures and Repeated Neurobehavioral Assessments

Consistent with our prior findings in this cohort, we observed that prenatal urinary BPA
concentrations were associated with increased BASC-2 externalizing scores in girls between
age 2 and 8 years (Table 1).° In girls, each 10-fold increase in maternal urinary BPA
concentrations was associated with a 5.9-point increase (95% CI: 1.1, 11) in BASC-2
externalizing scores and nearly 6-times the risk of having a score = 60 (RR=5.8; 95% CI:
1.7, 20). The positive association between maternal urinary BPA concentrations and
BASC-2 externalizing scores was stable as girls aged, neither strengthening nor attenuating
(BPA tercile x age p-value=0.36). Specifically, on average, girls in the 15, 2", and 3'd
terciles of BPA concentrations had annual changes in BASC-2 externalizing scores of 0.1
(95% CI: -0.3, 0.5), — 0.1 (95% ClI: -0.8, 0.5), and —0.3 (-0.8, 0.2), respectively (Figure 1,
Supplemental Table 3). Consistent with our prior findings, BPA concentrations were not
associated with externalizing behaviors in boys (Supplemental Table 4) and child sex
modified the association between BPA and repeated measures of externalizing behaviors
(BPA x sex interaction p-value=0.01). Prenatal BPA concentrations were not associated with
child MDI, PDI, or FSIQ scores or with their trajectories over time (results not shown).

Each 10-fold increase in prenatal PBDE-47 concentration was associated with 2.0-point
higher (95% CI: -0.1, 4.2) externalizing behavior scores between ages 2 and 8 years and 2-
times greater risk of having a score = 60 (RR: 2.0; 95% CI: 1.1, 3.6) (Table 2). The
association between PBDE-47 and BASC-2 externalizing scores did not vary as children
aged, suggesting that the association persisted (PBDE-47 tercile x age p-value=0.67) (Figure
2, Supplemental Table 5). Higher prenatal PBDE-47 concentrations were not associated with
MDI scores at age 1 year, but PBDE-47 were inversely associated with MDI scores at age 2
and 3 years. On average, children born to women in the 3" PBDE-47 tercile had a 1.4-point
decline in MDI scores per year (95% CI: -3.3, 0.4). In contrast, MDI scores increased 1.7-
point per year (95% CI: 0.2, 3.2) among children in the 1% tercile (PBDE-47 tercile x age p-
value=0.04) (Figure 2, Supplemental Table 5). The inverse association between prenatal
PBDE-47 and mental development at 3 years of age was consistent with the inverse
association between PBDE-47 and FSIQ at 5 and 8 years of age (Bper 10-fold: —4.1; 95%
Cl: -8.3, 0.1). No evidence emerged that the association between PBDE-47 and FSIQ
changed between 5 and 8 years of age by PBDE-47 tercile (Figure 2, Supplemental Table 5)
(PBDE-47 tercilexage p-value=0.56).

Variability and Patterns of Child Neurobehavior

The reproducibility of repeated neurobehavioral test scores varied within and across tests
(Table 3 and Supplemental Table 6). For instance, repeated BASC-2 externalizing scores had
good reproducibility (ICC=0.57), whereas BASC-2 anxiety scores had poor reproducibility
(ICC=0.38). BSID-Il MDI (ICC=0.42) and PDI (ICC=0.39) scores had poor to fair
reproducibility, respectively. FSIQ and VIQ scores had excellent reproducibility
(ICCs=0.80) and PI1Q had good reproducibility (ICC=0.69). Children who had clinically
significant neurobehavioral test scores at baseline were at increased risk of having a
clinically significant test score at a subsequent visit compared to children who had a low-risk
score at baseline. In general, the magnitude of the relative risk of having a clinically
significant test score at a subsequent visit followed the magnitude of the corresponding
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scale’s ICC (Table 1). For instance, children with a BASC-2 externalizing score =60 at
baseline had 4.6-times the risk (95% ClI: 2.8, 7.5) of an at-risk score at a subsequent visit
compared to children with scores < 60 at baseline.

On average, most repeated neurobehavioral test scores changed <0.5 points per year and
declined between 2 and 8 years. Notably, BASC-2 anxiety scores increased an average of 0.6
points per year (Range: 0, 2.0) and atypicality scores decreased an average of 0.7 points per
year (Range: —1.9, 1.6). BSID-II PDI scores increased an average of 3.1 (Range: —6.4, 9.6)
points per year between 1 and 3 years of age, while FSIQ scores remained stable between
age 5 and 8 years.

Sensitivity and Secondary Analyses

ICCs were similar when we restricted our analyses to children who had at least two
measures of the same neurobehavioral test. The equicorrelation assumption we made when
calculating the ICC was not satisfied for most BASC-2 scales, some executive function
scales, the MDI, and the measure of reciprocal social behavior.

The correlations between FSIQ at age 8 years and BSID-11 MDI scores was stronger at 2 and
3 years of age (Pearson r=0.61, r=0.67, respectively) compared to 1 year of age (Pearson
r=0.22). The reproducibility of parent-reported executive function was poor to fair and
parent-reported reciprocal social behaviors had good reproducibility (Supplemental Table 6).

Discussion

Using a prospective pregnancy and birth cohort study, we investigated the persistence of
associations between prenatal BPA or PBDE exposures with repeated measures of children’s
neurobehavior. We also quantified the reproducibility and patterns of longitudinal
measurements of children’s cognition and behavior from 1 to 8 years of age. Three new
findings emerge from this work. First, higher prenatal urinary BPA and serum PBDE-47
concentrations were associated with persistent increases in externalizing behaviors and risk
of at-risk externalizing behavior scores from age 2-8 years among girls and all children,
respectively. Second, higher prenatal serum PBDE-47 concentrations were associated with
declining mental development from age 1-3 years and persistent decrements in cognitive
abilities from age 5-8 years. Third, the stability of repeated neurobehavioral measures
depended on the specific domain. Mental and psychomotor development varied substantially
from age 1-3 years, but cognitive abilities were stable from age 5-8 years. Most parent-
reported behaviors showed fair to good correlations from age 2-8 years.

Previous studies, including ones from this cohort, have reported that prenatal BPA and
PBDE exposures are associated with neurobehavioral decrements in children.4-8.10.36-39 The
presented work extends our prior findings from this cohort and shows that associations
between prenatal urinary BPA concentrations and externalizing behaviors in girls endure to
school-age.® Prior reports from the HOME Study and other United States cohorts reported
that prenatal serum PBDE concentrations were associated with cognitive decrements,
increased externalizing behaviors, more attention problems, and impairments in executive
function; many of these associations were observed in school-aged children.#6-10 The
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presented findings show that our previously observed associations between prenatal serum
PBDE-47 concentrations and child neurobehavior persist to school age.

This study is the first to formally test whether associations between prenatal BPA or PBDE
exposures persist as children age, but we were unable to examine the potential mechanisms
of this observation. This remains an important area of research as the developing brain may
be able to adapt to neurotoxicant insults because of its plasticity and associations between
prenatal toxicant exposures and child neurobehavior may resolve as children age.4? On the
other hand, the developing brain may be exquisitely sensitive to neurotoxicant exposures and
disruption of neurulation, synaptogenesis, or neuronal differentiation, proliferation, or
migration during critical periods of development could increase the risk of behavioral
disorders or cognitive deficits.> The need to formally evaluate trajectories of neurobehavior
is highlighted by the observed decline in children’s MDI scores as they aged with increasing
prenatal serum PBDE-47 concentrations. This association would have been missed if we had
only one measure of cognitive development during infancy.

There are a variety of mechanisms by which prenatal BPA or PBDE exposures may
adversely affect children’s neurodevelopment. In animal and /n vitro studies, BPA and
PBDEs can affect the synthesis, action, transport, or metabolism of neurotransmitters,
thyroid hormones, or gonadal hormones.#142 Thyroid hormones are critical for proper
neurodevelopment and may be a mechanism underlying these associations given evidence
from this cohort suggesting that BPA and PBDEs can affect thyroid hormone homeostasis
during gestation and in the neonate.#3-4> The ability of BPA to act on gonadal hormone
systems may explain the sexually dimorphic associations we and others have observed since
gonadal hormones play an important role in sexually-dimorphic neurodevelopment.*6 We
are not aware of specific mechanisms that would explain why prenatal PBDE-47
concentrations were associated with more rapid declines in children’s MDI scores, but we
speculate that PBDE exposure could set off a cascade of events that do not manifest until
later in childhood or affect postnatal neurodevelopmental events such as synaptic pruning or
myelination. Alternatively, the reduced misclassification of children’s cognitive abilities as
they age may enhance our ability to detect associations of prenatal neurotoxicant exposures
with cognitive measures at later ages. This hypothesis is supported by the greater
reproducibility of cognitive measures at ages 5 and 8 years compared to ages 1 to 3 years
and the stronger correlation between cognitive measures at ages 3 and 8 years compared to
ages 1 and 8 years.

In these data, prenatal BPA and PBDE exposures were persistently associated with poorer
neurobehavioral outcomes. However, additional studies estimating the impact of prenatal
BPA and PBDE exposures on adolescent or adult outcomes are warranted. Prior studies
suggest that associations between childhood lead exposure and cognitive decrements
precede more profound neurobehavioral sequelae including criminal behavior in adulthood
and structural changes in the brain of adults.12:4748 The results of the present study and prior
studies of BPA, PBDEs, and lead suggest that early life exposure to some neurotoxicants
may place children on a trajectory of development from which they cannot recover. Because
prior studies show that neurobehavioral trajectories during childhood and adolescence are
important predictors of adult health outcomes, it is necessary to consider both the relative
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change in children’s neurobehavior as they age, as well as the absolute differences in
neurobehavior at any age.4

It will be important to determine if the potential effects of prenatal exposures continue to
influence neurobehavior after adolescence, a period of dramatic changes in the brain.50
Moreover, neurotoxic or endocrine disrupting exposures during adolescence might adversely
affect adolescent neurodevelopment. This is particularly relevant for chemicals like BPA and
PBDEs that may affect gonadal hormones, which in turn play an important role in
adolescent brain development.5152 Consistent with the presented findings, prior studies
show that repeated measures of 1Q and behavior have good to excellent correlation over
intervals <1 year.13-17 Previously observed correlations between repeated 1Q measures over
periods >1 year are also consistent with our results; two studies from the United States and
New Zealand reported that repeated 1Q measures were highly correlated over a period of ~3
to 6 years (R>0.72) and that most children had similar full scale 1Q scores at multiple
visits.1415 A prior study of 4-16 year old Dutch children found a high degree of correlation
between repeated measures of parent-reported behavior (Child Behavior Checklist) over a
period of up to 8 years,16:17 which is consistent with our findings. When it is not feasible or
of interest to obtain repeated neurobehavioral measures, our results show that a single
measurement of 1Q would be sufficient to achieve reproducibility at a level of 0.8 (0.8 =
194.2/(194.2 + 48.8/1) [reproducibility calculated from variance components in Table 3, n of
1 used for number of repeated measures to achieve reproducibility at a level of 0.8).
However, for parent-reported measures of behavior, the Spearman-Brown “prophecy”
formula suggests that two or more repeated measures may be necessary to achieve
reproducibility at a level of 0.8.53 It should be noted that the equicorrelation assumption was
not satisfied for all neurobehavioral measures in this study, thus, the presented ICCs should
be interpreted cautiously.

In this cohort of typically developing children, the average annual rate of change in most
neurobehavioral domains was small (<0.5 points per year). However, our subject-specific
analyses indicated that there were some children who had annual rates of change = 1 point
per year, particularly on the BASC-2 and BSID-11 scales. Some of the within-person
variation in these neurobehavioral domains likely reflects the dynamic nature of
development in the first few years of life, but the role of environmental factors in this
variation is not well understood. Thus, future studies should consider how a broad suite of
early life factors influences this variation in neurobehavioral trajectories, as well as its
consequences in later life.

The strengths of this study include the prospective assessment of prenatal BPA and PBDE
exposure, detailed and longitudinal assessment of children’s neurobehavior from infancy to
school-age, and use of linear mixed models to evaluate changes in children’s
neurobehavioral scores as a function of their prenatal BPA and PBDE exposures. There are
some limitations that should be acknowledged. First, there are other methods to examine
trajectories of neurobehavioral scores, like latent class mixed models; these can identify
distinct classes of neurobehavioral scores that vary over the life course.#9 We initially
applied these methods, but resulting classes had insufficient numbers of children to support
subsequent analyses. Thus, this is a direction for future studies with larger sample sizes.
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Second, while we adjusted for many potential confounders, adjusting for other factors
associated with higher BPA or PBDE exposure and poorer child neurobehavioral scores may
attenuate the observed associations towards the null. Finally, we did not evaluate whether
there are periods of heightened vulnerability to BPA or PBDE exposures or if postnatal
exposures contributed to neurobehavioral trajectories, but there are statistical methods for
identifying discrete windows of vulnerability.>* In the case of postnatal BPA exposures,
which varies substantially within a person, it would be possible to use time-varying BPA
exposures to estimate both the cross-sectional and longitudinal effects of BPA exposure on
neurobehavior using the mixed model framework.19:55

Conclusion

We used repeated measures of neurobehavior in a cohort of typically developing children to
show how two prevalent neurotoxicant exposures may impact both the absolute level and
trajectory of child behavior and cognition. Prenatal BPA exposure was associated with
persistent increases in externalizing behaviors among girls from ages 2—8 years. Prenatal
PBDE exposure was associated with persistent increases in externalizing behaviors from
ages 2-8 years, declines in mental development from ages 1-3 years, and persistent
decrements in 1Q from ages 5-8 years. Given that higher prenatal PBDE-47 concentrations
were associated with declines in children’s mental development scores from ages 1-3 years
and persistent decrements in 1Q, future studies should consider whether PBDE exposures
have lingering effects that do not manifest until later in childhood.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Prenatal BPA and PBDE exposures were associated with more externalizing
behaviors.
. Prenatal PBDE exposure was associated with poorer cognitive abilities.
. The association between PBDE and cognitive abilities strengthened as
children aged.
. Reproducibility of neurobehavioral measures from age 1-8 years varied by

domain.
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Figure 1.
Average and subject-specific BASC-2 externalizing behavior scores among HOME Study

girls between ages 2 and 8 years by prenatal urinary BPA concentration tercile®?
a-Adjusted for maternal age at delivery, maternal race (white or non-white), maternal
education (college, some college, < high school), marital status (married or unmarried),
serum cotinine concentrations during pregnancy, household income, materna 1Q, maternal
depressive symptoms at baseline, and caregiving environment score

b-A linear mixed model was used to estimate the average and subject-specific change in
externalizing scores from 2—8 years of age in each tercile of prenatal urinary BPA
concentrations. The thicker lines show the average trajectory in each BPA tercile, while the
individual lines show the subject-specific change for each of the 148 girls. The model
included an age x BPA interaction term, which allows BASC-2 scores to change as a linear
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function of both age and BPA tercile. This interaction term was not significant (p-
value=0.36), indicating that externalizing scores did not increase or decrease as children
aged for a given level of BPA.
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Average and subject-specific BASC-2 externalizing behavior, BSID-111 MDI, and WPPSI-
IHI/WISC-IV FSIQ scores among HOME Study children between ages 1 and 8 years by

prenatal serum PBDE-47 concentration tercile?P

a-Adjusted for maternal age at delivery, maternal race (white or non-white), maternal

education (college, some college, < high school), marital status (married or unmarried),
serum cotinine concentrations during pregnancy, household income, maternal 1Q, maternal

depressive symptoms at baseline, and caregiving environment score

b-A linear mixed model was used to estimate the average and subject-specific change in
externalizing scores (n=251) from age 2-8 years, mental development scores from age 1-3

years (n=250), and full scale 1Q from age 5-8 years (n=154) in each tercile of prenatal

serum PBDE-47 concentration. The thicker lines show the average trajectory of score in
each PBDE-47 tercile, while the individual lines show the subject-specific change for each
child. Each model included an age x PBDE-47 interaction term, which allowed the scores to
change as a linear function of both age in each PBDE-47 tercile. This interaction term was
not significant for externalizing (p-value=0.67) or full scale 1Q scores (p-value=0.56), but

was for mental development scores (p-value=0.04).
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Table 1

Adjusted difference in BASC-2 externalizing scores and relative risk of clinically significant scores (=60)
among girls between ages 2 and 8 years by prenatal urinary BPA concentrations 4

Average Difference in BASC-2 score or
RR of At-Risk Scores

(N=178, # repeats=603)P

Urinary BPA Concentration  Difference RR

(95% ClI) (95% ClI)
Tercile 1 (0.4-1.6 ug/g Cr) Ref Ref
Tercile 2 (1.6-2.6 ug/g Cr) 0.9 (-1.7,3.5) 1.1(0.4,3.2)
Tercile 3 (2.6-49 pg/g Cr) 3.2(05,5.9) 2.3(1.0,5.6)
Per 10-fold 5.7 (0.8, 11) 5.8 (1.7, 20)

a, . . . . . . .

-Adjusted for maternal age at delivery, maternal race (white or non-white), maternal education (college, some college, < high school), marital
status (married or unmarried), serum cotinine concentrations during pregnancy, household income, maternal 1Q, maternal depressive symptoms at
baseline, and caregiving environment score.

-Model is estimating the average change in BASC-2 externalizing scores or RR of having an externalizing score = 60 across all visits. Thus, the
point estimates represent the average change in BASC-2 scores or RR with increasing prenatal urinary BPA concentrations across all visits.
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Table 2
Adjusted difference in BASC-2 externalizing, BSID-11 MDI, and WPPSI-11I/WISC-IV FSIQ scores and
relative risk of clinically significant scores between ages 2 and 8 years by prenatal serum PBDE-47
concentrations 4

Average Difference in score or RR of
At-Risk ScoresP

Neurobehavior Scale Difference RRC

(95% CI) (95% Cl)
BASC-2 Externalizing (2-8 Years of Age, n=274, repeats=1,024)
Tercile 1 (1.5-13 ng/g lipid) Ref Ref
Tercile 2 13-26 ng/g lipid) 0.1(-1.6,1.8) 15(0.7,3.3)
Tercile 3 (27-1,290 ng/g lipid) 2.0(0,4.0) 2.3(1.0,5.3)
Per 10-fold 2.0(-0.2,4.2) 2.0 (1.1, 3.6)
BSID-11 MDI (1-3 Years of Age, n=291, repeats=752)
Tercile 1 (1.5-13 ng/g lipid) Ref Ref
Tercile 2 13-26 ng/g lipid) 0.5(-1.8,2.9) 0.9(0.7,1.3)
Tercile 3 (27-1,290 ng/g lipid) -1.9(-45,0.7) 1.3(0.9,1.8)
Per 10-fold -1.3(-3.7,1.1) 1.1 (0.8, 1.5)
WPPSI-HI/WISC-1V FSIQ (5-8 Years of Age, n=219, repeats=373)
Tercile 1 (1.5-13 ng/g lipid) Ref Ref
Tercile 2 13-26 ng/g lipid) -4.3(-8.1, -0.5) 1.0(0.4,2.1)
Tercile 3 (27-1,290 ng/g lipid) -5.0(-9.1, -0.9) 0.8 (0.4, 1.8)
Per 10-fold -4.1(-8.3,0.1) 1.1(0.4,2.7)

a,. . . . . . .

-Adjusted for maternal age at delivery, maternal race (white or non-white), maternal education (college, some college, < high school), marital
status (married or unmarried), serum cotinine concentrations during pregnancy, household income, maternal 1Q, maternal depressive symptoms at
baseline, and caregiving environment score.

-Model is estimating the average change in neurobehavioral test score or RR of having an at-risk score across all visits. Thus, the point estimates
represent the average change in test scores or RR with increasing prenatal serum PBDE concentrations across all visits.

C—Clinically significant scores for the BASC-2, MDI, and FSIQ are = 60, <85, and < 85, respectively.
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