1duosnue Joyiny vd3 1duosnuel Joyiny vd3

1duosnuel Joyiny vd3

EPA Public Access

Author manuscript
Environ Int. Author manuscript; available in PMC 2021 September 21.
About author manuscripts [ Submit a manuscript

Published in final edited form as:
Environ Int. 2020 April ; 137: 105408. doi:10.1016/j.envint.2019.105408.

Phthalate exposure and neurodevelopment: A systematic review
and meta-analysis of human epidemiological evidence

Elizabeth G. Radke?", Joseph M. Braun®, Rebecca M. Nachman?, Glinda S. Coopera°
au.S. Environmental Protection Agency, National Center for Environmental Assessment, United
States

bBrown University, School of Public Health, United States

¢The Innocence Project, United States

Abstract

Objective: We performed a systematic review of the epidemiology literature to identify the
neurodevelopmental effects associated with phthalate exposure.

Data sources and study eligibility criteria: Six phthalates were included in the review: di(2-
ethylhexyl) phthalate (DEHP), diisononyl phthalate (DINP), dibutyl phthalate (DBP), diisobutyl
phthalate (DIBP), butyl benzyl phthalate (BBP), and diethyl phthalate (DEP). The initial literature
search (of PubMed, Web of Science, and Toxline) included all studies of neurodevelopmental
effects in humans, and outcomes were selected for full systematic review based on data
availability.

Study evaluation and synthesis methods: Studies of neurodevelopmental effects were
evaluated using criteria defined a priori for risk of bias and sensitivity by two reviewers using
a domain-based approach. Evidence was synthesized by outcome and phthalate and strength of
evidence was summarized using a structured framework. For studies of cognition and motor
effects in children <4 years old, a random effects meta-analysis was performed.

Results: The primary outcomes reviewed here are (number of studies in parentheses): cognition
(14), motor effects (9), behavior, including attention deficit hyperactivity disorder (20), infant
behavior (3), and social behavior, including autism spectrum disorder (7). For each phthalate/
outcome combination, there was slight or indeterminate evidence of an association, with the
exception of motor effects for BBP, which had moderate evidence.

Conclusions and implications of key findings: Overall, there is not a clear pattern
of association between prenatal phthalate exposures and neurodevelopment. There are several
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1.

possible reasons for the observed null associations related to exposure misclassification, periods
of heightened susceptibility, sex-specific effects, and the effects of phthalate mixtures. Until these
limitations are adequately addressed in the epidemiology literature, these findings should not be
interpreted as evidence that there are no neurodevelopmental effects of phthalate exposure.

The views expressed are those of the authors and do not necessarily represent the views or policies
of the U.S. EPA.

Introduction

The potential for exposure to endocrine disrupting chemicals (EDCs) to adversely affect
neurodevelopment has been widely reported, with plausible mechanisms described (Braun,
2017). Phthalates (phthalic acid diesters) are a class of chemicals within the wider umbrella
of EDCs, and past narrative reviews by Braun (2017) and Benjamin et al. (2017) and one
systematic review by Ejaredar et al. (2015) suggest that phthalate exposure is associated
with a variety of neurodevelopmental outcomes, including autism, ADHD, reduced 1Q, and
reduced mental and psychomotor development.

Phthalate exposure, primarily via the oral route, but also through inhalation and dermal
contact, is ubiquitous in humans due to their widespread use in some consumer and
industrial products (Johns et al., 2015). This is true across the lifespan, and the ability of
phthalates to cross the placenta as reported by Langonne et al. (1998) increases concern for
developmental effects from in utero exposure, particularly when combined with the potential
for higher susceptibility in the fetus and child (Braun, 2017). After exposure, phthalate
diesters are rapidly metabolized to monoesters (estimated half-lives of various phthalate
metabolites is approximately 3-18 h) and excreted in the urine (Johns et al., 2015).

Phthalates encompass compounds with different structures, properties, and use. Some of

the most studied phthalates, and those focused on here are: di(2-ethylhexyl) phthalate
(DEHP), diisononyl phthalate (DINP), dibutyl phthalate (DBP), diisobutyl phthalate (DIBP),
butyl benzyl phthalate (BBP), and diethyl phthalate (DEP). The metabolites of each are
described in the supplemental materials. Five of the selected phthalates (DEHP, DINP, DBP,
DIBP, BBP) were chosed because they are the most potent with respect to producing

the “phthalate syndrome” of male reproductive effects in rats (NAS, 2008) and their
metabolites have been frequently observed in human population studies; DEP is not one

of the “phthalate syndrome” compounds but was included because it is often the phthalate
to which humans have the highest exposure. Among these phthalates, there are some that
are relatively structurally similar and moderately correlated with each other based on human
biomonitoring data (e.g., DBP and DIBP), while others differ considerably in structure and
commercial/industrial uses and correlations between these are typically low (e.g., DEHP and
DEP).

A growing number of epidemiological studies have assessed the potential effects of early

life phthalate exposure on human health. However, there are important limitations in these
studies related to exposure misclassification, periods of heightened susceptibility, persistence
of effects past childhood, and confounding. Thus, we performed a systematic review of

the epidemiology literature examining the effects of phthalate exposure on infant and child
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neurodevelopment. This review builds on the past reviews on this topic in several ways.
First, it includes in-depth study quality evaluations and study findings are synthesized in the
context of those evaluations. In addition, quantitative meta-analysis is used where possible,
and the results for individual phthalates are reviewed. Finally, there have been a notable
number of new publications on this topic since the last review was published.

2. Methods

2.1

2.2.

The full methods for this systematic review, including for literature search and screening,
study evaluation, data extraction, and evidence synthesis are described in detail in the
protocol (supplemental materials), which was created for a set of systematic reviews of
the human, animal, and mechanistic evidence of all of the phthalates mentioned above. An
abbreviated version is provided below, with references to specific sections of the protocol.
There are a few minor deviations from the protocol for this review, and those are reflected
in this section. In addition, for ease of reference, the key tables from the protocol that

are necessary to understand how study evaluation and evidence synthesis conclusions were
reached are included in a separate supplemental file (key methods supplement).

Neurodevelopmental Test Grouping

As neurodevelopment is typically assessed with an array of neurobehavioral or
neuropsychological tests that include different domains, clear-cut divisions of these domains
is challenging, and psychometric tests often reflect multiple domains. For example, longer
mean reaction time (a measure of response time after a stimulus is introduced) on a
continuous performance test typically indicates inattention but may also be impacted

by slower information processing. Subscales within one test for one neuropsychological
category might reflect aspects of another test (i.e., tests are not independent of each other).
White et al. (2009) suggested grouping tests into broad categories of cognition, academics,
attention, executive function/working memory, language/verbal skills, visuospatial abilities,
learning/memaory, and motor skills. We roughly follow these recommended groupings for
this review, which examines cognition, motor effects, behavior, infant behavior, and social
behavior (Table 1). While data on some other neurodevelopmental effects were available,
they were not included in this review due to the small number of studies (e.g., language
development, anxiety).

Literature search and screening

Epidemiology studies were identified by conducting a single broad literature search on all
six phthalates of interest (DEHP, DINP, DBP, DIBP, BBP, DEP). The Population, Exposure,
Comparators, and Outcome (PECO) criteria are available in the protocol (Section 2.2) and

is intentionally broad to capture any population with any epidemiologic study design, any
exposure to one or more phthalates that were the focus of this review (without restriction

by timing of exposure), any comparison population, and any examination of human health
effects. The following databases were searched: PubMed, Web of Science, and Toxline, with
the initial search in 2013, and updates every 6—-12 months through March 2019. Forward
and backward searches were also performed. Title/abstract and full text screening were
performed by two independent reviewers. The broad inventory of epidemiology studies
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was then further refined for this analysis, focusing only on the studies that reported any
neurodevelopmental outcomes.

2.3. Study evaluation

Study evaluation (protocol Section 4.1) was conducted by two independent reviewers
(authors ER and RN, contributor in acknowledgements CL). Key concerns were risk of
bias (factors that affect the magnitude or direction of effect) and insensitivity (factors
that limit the ability of a study to detect a true effect). Evaluation was conducted for the
following domains: exposure measurement, outcome ascertainment, participant selection,
confounding, analysis, sensitivity, and selective reporting (Fig. 1). These domains were
based on the Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I) tool
(Sterne et al., 2016), modified for use with environmental exposures.

For each study, in each evaluation domain, reviewers reached a consensus rating regarding
the utility of the study for hazard identification, with categories of Gooad, Adequate,
Deficient, or Critically deficient. These ratings were then considered together to reach an
overall study confidence classification of High, Medium, Low, or Uninformative (Fig. 1).
This overall classification was not based on pre-defined weights of the domains, but rather
on reviewer expert judgments, and include the likely impact the noted deficiencies in bias
and sensitivity have on the results, which varies depending on the study and/or outcome. In
general, high confidence studies reflect judgments of “good” across all or most domains, and
medium confidence studies include adequate or good judgments across most domains, with
the impact of any identified limitation not being judged as severe. Studies were evaluated
for their suitability for each outcome investigated and could receive different ratings for
each outcome. Descriptions of each of the ratings can be found in the protocol (Section 4)
and the key methods supplement. Study evaluations were documented in Health Assessment
Workspace Collaborative (HAWC).

Criteria and considerations for reaching the study evaluation ratings were developed a priori
and are described in the protocol and the key methods supplement. This includes: (a)
considerations that apply to all exposures and outcomes, (b) evaluation criteria for phthalate
exposure measurement, and c) evaluation criteria for studies of neurodevelopment. The
exposure- and outcome- specific considerations are summarized briefly here.

For exposure measurement, most of the available studies relied on phthalate metabolite
biomarkers (a list of metabolites for each phthalate is provided in the protocol, Section 1.3).
Different criteria were developed for short-chain (DEP, DBP, DIBP, BBP) and long-chain
(DEHP, DINP) phthalates due to greater reliability of single biomarker measures for short-
chain phthalates. Measurement in urine was considered to be the best proxy of exposure
(Johns et al., 2015). Biomarker measures based on samples other than urine (e.g., blood,
amniotic fluid, breast milk) were considered to be critically deficient for all short-chain
phthalates and for primary metabolites (e.g., MEHP, MINP) of long-chain phthalates (Johns
et al., 2015) due to the potential for metabolism of phthalate contaminants in other sample
types. This critical deficiency was used as a basis for excluding studies from subsequent
analyses. In addition, for timing of exposure measures, because of the short half-lives of
phthalates, concurrent measurement of exposure was considered not likely to represent
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exposure at an etiologically relevant period for this set of outcomes, and thus cross-sectional
studies were considered uninformative and excluded.

In the other domains, there were several outcome-specific considerations. These are
described in detail in the “Evaluation of Studies of Neurodevelopment” criteria in
supplemental materials. For outcome ascertainment, tests used in a study should be
appropriate for the age range being studied and to the culture language. Any relevant
factors such as time of day, computer use, or sleep, should have been considered in the
analysis, and some description of the testing environment provided. If there were multiple
raters, there should have been some consideration of this (e.g., adjustment for rater, or
analysis of interrater reliability). Studies preferably reported results for subscales as well as
summary scales. A combination of parent/teacher/self-rating scales with performance-based
tests was preferred, but either was acceptable alone. While blinding to exposure is ideal, this
information was not commonly reported and it was considered unlikely that participants or
the outcome assessors would have knowledge of exposure levels during testing, and thus
not blinding or lack of information on blinding was acceptable. Evaluation of confounding
was based on the approach used to identify potential confounders; confounders that were
considered potentially relevant included child age and sex, maternal age, socio-economic
status, quality of caregiving environment, prenatal tobacco exposure, marital status of
parents, and maternal mental health and 1Q. It was considered preferable for analyses to
use the outcome scales as continuous variables to minimize misclassification and improve
statistical power (Sagiv et al., 2015).

2.4. Evidence synthesis

After study evaluation, the evidence across studies for each outcome was synthesized
separately for each phthalate using a structured framework (protocol Section 6 and key
methods supplement), using the following aspects of an association that may support
causation: consistency, exposure-response relationship, strength of association, temporal
relationship, biological plausibility, and coherence (Fig. 1), based on the Bradford Hill
considerations. In evaluating the evidence for each of these considerations, syntheses
also considered study evaluation decisions, with high confidence studies carrying the
most weight and consideration of specific strengths and limitations of individual studies
described where relevant. Low confidence studies were primarily used only to evaluate
consistency. Based on the synthesis, the evidence for each phthalate-outcome pair was
assigned a strength of evidence conclusion of Robust, Moderate, Slight, Indeterminate, or
Compelling evidence of no effect. Robust and Moderate describe evidence that supports
a hazard, differentiated by the quantity and quality of information available to rule

out alternative explanations for the results. S/ightand /ndeterminate describe evidence
for which uncertainties prevent drawing a causal conclusion in either direction. These
categories are generally limited in terms of quantity or confidence level of studies and
indicate a need for additional research across the exposure range experienced by humans.
Compelling evidence of no effect requires several high confidence studies with consistent
null results. This structured framework is conceptually similar to and is informed by

the Grading of Recommendations, Assessment, Development and Evaluations (GRADE)
approach (Schunemann et al., 2013), but is designed to address the challenges specific to the

Environ Int. Author manuscript; available in PMC 2021 September 21.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Radke et al.

2.5.

Page 6

analysis of environmental health data rather than clinical evidence. In the syntheses in this
review, only the considerations that contributed to the determination of strength of evidence
are explicitly described, but all considerations were applied to each phthalate-outcome
combination.

Meta-analysis

All phthalate-outcome combinations included in this review were considered for meta-
analysis, and those with a sufficient proportion of studies that were similar enough with
regards to psychometric tests and analysis techniques were selected. These decisions were
made using expert judgment rather than a priori criteria. For most outcomes, a variety of
different psychometric tests were used in the studies (Table 1), which reduced the ability
to directly compare the results, and made meta-analyses for most outcomes inappropriate.
For very young children (<4 years old), most studies used a version of Bayley Scales

for Infant Development, and this group of studies was considered similar enough for meta-
analysis to be used. For each phthalate, a random-effects model was run separately for
cognition (Mental Development Index [MDI]) and motor (Psychomotor Development Index
[PDI]) effects using the metafor package in R, on medium and high confidence studies
with outcomes measured using Bayley Scales of Infant and Toddler Development (BSID).
Analyses were repeated with stratification by sex.

3. Results

The literature flow diagram, depicting the identification and disposition of the literature
search records, is shown in Fig. 2. The number of publications does not represent the
number of studies as in some cases there are multiple publications from the same cohort. In
addition, some publications reported on more than one outcome. A list of all the publications
identified in the search that met the PECO criteria (i.e., the 52 articles in the final box) is
available in the supplement; for each publication this includes the outcomes examined, the
status in the review (included, uninformative based on study evaluation, or not reviewed),
the rationale for not including, the study name, and the neurodevelopmental tests used.
Outcomes with only 1 or 2 available studies were not reviewed further.

3.1. Study selection and evaluation

Due to temporality issues and/or the exposure measurement issues described in the
phthalate measurement criteria, we excluded 18 epidemiology studies (2 on cognition, 11
on behavior including ADHD, and 5 on social behavior) identified in the search with data
on neurodevelopment and phthalate exposure (Table 2). This included most studies with
postnatal exposure measures. The specific phthalate metabolites and outcomes examined in
the remaining 26 papers (17 studies) and the study evaluations are summarized in Table

2. Full rationales for the ratings are available in HAWC (https://hawcprd.epa.gov/summary/
visual/100500036/).

With one exception, all the included studies are birth cohorts with follow-up in infancy to
childhood (newborns to age 11 years), ranging in sample size between 135 and 657 children.
The remaining study was a cohort of children admitted to the pediatric intensive care unit
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(ICU) and followed at 4 years post-admission (Verstraete et al., 2016). Potential for exposure
misclassification was a common limitation because exposure was based on a single urine
sample in all but three studies (Braun et al., 2014, Gascon et al., 2015, Yolton et al., 2011).
The vast majority of the informative studies measured exposure during gestation. Timing

of collection varied among studies but was most common in the 3rd trimester; we did not
consider this variability to be a basis for downgrading the confidence in the results. One
study (Messerlian et al., 2017) measured exposure in the preconception period and two
studies measured exposure in neonates in the NICU (Stroustrup et al., 2018; Verstraete et
al., 2016). In summary, four studies were classified as Aigh confidence, ten studies were
classified as medium confidence, and three studies were classified as /fow confidence.

3.2. Study results and synthesis by outcome

When discussing study results, we refer to associations with higher and lower exposure to
individual phthalates, acknowledging that urinary phthalate metabolite concentrations are
used to assess exposure and that exposure is only estimated.

3.3. Cognition

Evaluation of the association between exposure to DEHP and cognition is based on eleven
included studies (twelve papers), with a focus on the ten medium and high confidence
studies. Four studies (Kim et al., 2011, Téllez-Rojo et al., 2013, Polanska et al., 2014, Li et
al., 2019), including one of the two high confidence studies, reported an inverse association,
i.e., decreased cognition with increased DEHP exposure in the results unstratified by sex,
with effect estimates () of —0.5, -0.8, —1.0, and —1.9 per 1 In-unit increase in DEHP
metabolites. In the two studies with the largest effect estimates (Kim et al., 2011; Li et

al., 2019), these results were statistically significant (Table 3). Li et al. (2019) reported
different associations based on timing of the exposure measure, and the inverse association
was present with exposure measurement at 3 years of age but not during gestation (16 or 26
weeks) or at 1, 2, or 4 years. The remaining studies did not support this inverse association,
and the other high confidence study (Gascon et al., 2015) reported a positive association

at age 4. All the studies that reported inverse associations between DEHP and cognition
assessed this domain in children <3 years old, with the exception of Li et al. (2019). There
was no apparent trend of greater association in studies with higher exposure levels or wider
range. There was some indication of modification by child sex, but the direction was not
consistent across studies. Results in girls drove the inverse association in Téllez-Rojo et al.
(2013), while the association was stronger in boys in Kim et al. (2011). The results of the
meta-analysis of the MDI from the BSID in children 6 months to 3 years were essentially
null (Fig. 3A, p = -0.1; 95% CI = -0.8, 0.5). Looking at the sex-specific meta-analyses,
there was an inverse association in girls, but the estimate was imprecise (Table 4). Overall,
there are indications of an association in some studies, but given the lack of consistency
across the available studies, the evidence for cognition and DEHP exposure is considered
slight.

Three studies provided data on the association between DINP exposure and cognition
(Polanska et al., 2014, Nakiwala et al., 2018; Li et al., 2019). An inverse relationship was
observed by Polanska et al. (2014) (B = -0.6 (95% CI = -2.0,0.8) and no association

Environ Int. Author manuscript; available in PMC 2021 September 21.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Radke et al.

Page 8

was observed in Nakiwala et al. (2018) or Li et al. (2019). This evidence is considered
indeterminate due to the small amount of available evidence.

Eleven studies reported on the association between DBP exposure and cognition (Table 5).
Three studies (Kim et al., 2011, Polanska et al., 2014, Whyatt et al., 2012, Factor-Litvak

et al., 2014) reported inverse associations with effect estimates (g) of 0.5, 0.5, 1.1, and
—2.7 (statistically significant in Factor-Litvak et al. (2014)). Like DEHP, the association was
primarily in children <3 years old, but an association was observed in older children in one
study (Factor-Litvak et al., 2014). The two high confidence studies (Li et al., 2019; Gascon
et al., 2015) reported no association. There is no apparent trend between exposure levels/
range and strength of association across studies. There is a suggestion of effect modification
by sex, i.e., that girls may be more susceptible to cognitive effects of DBP exposure than
boys. Among studies with sex-specific results, girls had stronger associations in most studies
(significant associations in girls were observed in two studies, including one (Doherty et

al., 2017) in which no association was reported in the non-stratified population. However,
there was some inconsistency as a stronger association was observed in boys in one study
(Kim et al., 2011) and the association in the high confidence study was in the opposite
direction. The results of the meta-analysis of the MDI from the BSID in children 6 months
to 3 years were close to null (Fig. 3B, p = -0.2; 95% CI = -0.7, 0.4). Looking at the
sex-specific meta-analyses, there was an inverse association in girls, but the estimate was
imprecise (Table 4). Overall, given the lack of consistency across studies, the evidence for
the association between DBP exposure and cognition is s/ight.

Eight studies reported on the association between DIBP exposure and cognition (Table 6).
One medium confidence study (Factor-Litvak et al., 2014) reported an inverse association,
which was statistically significant. Some studies had fairly low exposure levels (< 10 ng/mL)
compared to other phthalates, which may have reduced sensitivity to observe an effect.
However, the studies with the highest exposure levels did not observe an association. As
with DBP, there were additional significant results in two of the three studies that examined
an interaction with sex, with girls having stronger inverse associations. The results of the
meta-analysis of the MDI from the BSID in children 6 months to 3 years were essentially
null (Fig. 3C, p = —0.1; 95% CI = -0.6, 0.5). Looking at the sex-specific meta-analyses,
there was an imprecise inverse association in girls (Table 4). This evidence is considered
slight.

Evaluation of the evidence for an association between exposure to BBP and cognition

is based on nine studies (Table 7). Four studies (Polanska et al., 2014, Huang et al.,

2015, Factor-Litvak et al., 2014, Whyatt et al., 2012, Li et al., 2019) reported inverse
associations with BBP exposure in the overall populations. The latter study reported
statistical significance with exposure measurement at 3 years of age, and a consistent inverse
relationship with exposure measurement during gestation (at 16 and 26 weeks) and at 2
years of age; no association was observed with exposure measurement at 1 and 4 years

of age. The remaining studies found no association. There was again some indication of
modification by child sex, with a stronger indication of an association in girls. The results
of the meta-analysis of the MDI from the BSID in children 6 months to 3 years was close
to null (Fig. 3D, p = -0.1; 95% CI = -0.8, 0.5). Looking at the sex-specific meta-analyses,
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there was an inverse association in girls, but the estimate was imprecise (Table 4). Overall,
given the lack of consistency, this evidence is considered s/ight.

Nine studies reported on the association between DEP and cognition (Table 8). The two
high confidence studies (Gascon et al., 2015, Li et al., 2019) reported an inverse association
between cognition and DEP exposure. In Li et al. (2019), this association was observed with
exposure measurement at 2 and 3 years of age, with the latter being statistically significant,
but not with exposure measurement during gestation or at 1 and 4 yrs. The Jow confidence
study also reported an inverse association at 1-2 yrs of age. The other studies did not
support an association overall. The results of the meta-analysis of the MDI from the BSID
in children 6 months to 3 years was null (Fig. 3E, p = 0.3, 95% CI -0.3, 0.9), as were the
sex-specific results (Table 4). There were non-statistically significant associations for girls
in one study (Factor-Litvak et al., 2014) and boys in one study (Téllez-Rojo et al., 2013).
Because of the lack of association in most studies, even with high exposure levels, this
evidence is considered sfight.

All studies used In-transformed exposure and s represent 1 In-unit increase, except for
Gascon, which used log2-transformation and B represent doubling of exposure. Results that
support an adverse association are shaded. This represents one or more of the following: p <
0.05, B = 0.5, or exposure-response trend across categories of exposure. NR = not reported.
GM = geometric mean *p < 0.05

The evidence for cognitive effects is fairly similar across the phthalates in this review.

For each phthalate, there are a minority of studies that report inverse associations with
cognitive performance, but with considerable inconsistency within each body of evidence
that results in low confidence that a causal effect exists. There is no recognizable pattern of
association by study confidence, exposure levels or range, timing of exposure measurement,
timing of cognitive assessment, or type of cognitive assessment used. For each phthalate,
there is evidence suggestive of stronger associations in girls, but the small number of
studies presenting this information hinders interpretation. There are also challenges in
assessing coherence across the phthalates and considering whether the phthalates that are
most structurally similar and highly correlated in exposure (e.g., DBP and DIBP) have the
most similar associations, as exposure levels and thus study sensitivity varies across the
phthalates.

3.4. Motor effects

Evaluation of the association between exposure to DEHP and motor effects is based on eight
studies (nine publications), with a focus on the six medium and high confidence studies
(Table 9). All of these studies examined motor effect in young children (<4 years), and

one study (Balalian et al., 2019, an update of Whyatt et al. (2012)) looked at effects at

11 years. Two medium confidence studies reported an inverse association overall (both
sexes combined), with effect estimates (B) of —1.5 and 2.2, the latter of which was
statistically significant (Polanska et al. 2014). One low confidence study in children with
DEHP exposure in the pediatric intensive care unit (\erstraete et al., 2016) also reported

an inverse association. The remaining studies did not support this association. As with
cognition, there was some indication of effect modification by child sex, but the direction
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was not consistent across studies. Results in girls drove the inverse association in Téllez-
Rojo et al. (2013), while the association was stronger in boys in Kim et al. (2011). The
results of the meta-analysis of the PDI in children 6 months to 3 years indicated a decrease
in motor development, but the estimate was imprecise (Fig. 4A, p =-0.4; 95% CIl = -1.4,
0.7). Overall, given the lack of consistency across studies, this evidence is considered s/ight.

Only one study (Polanska et al., 2014) provided results on the association between DINP
exposure and motor skills. An inverse relationship between cognitive and DINP exposure
was observed (B = —1.0 (95% CI = -2.5, 0.5), and without additional studies, this evidence
is considered s/ight.

Seven studies (eight publications) reported on the association between DBP exposure and
motor skills (Table 10). Three studies (Whyatt et al., 2012, Kim et al., 2011, Polanska et
al., 2014) reported decreased in motor skills with higher exposure, with effect estimates ()
of —-0.8, —1.2, —2.8 per 1 In-unit increase in DBP metabolites. Results from one study were
statistically significant in 3-year olds (Whyatt et al., 2012) and in an update at 11 years
(Balalian et al., 2019). The remaining studies did not support this association. There was
again some evidence of effect madification by child sex, but the direction was not consistent
across studies. The results of the meta-analysis of the PDI in children 6 months to 3 years
were consistent with a decrease in motor development, but the estimate was imprecise (Fig.
4B, g =-0.5; 95% CI = -1.5, 0.5)). Looking at the sex-specific meta-analyses, there was
an inverse association in girls, but this estimate was also imprecise (Table 4). Overall, this
evidence is considered sfight.

Evaluation of the association between DIBP exposure and motor effects is based on

six studies (seven publications). Three studies (Gascon et al., 2015, Polanska et al.,

2014, Whyatt et al., 2012), including the single high confidence study, reported inverse
associations with DIBP exposure and motor skills (Table 11). Results from one study were
statistically significant in 3 year olds (Whyatt et al., 2012) and 11 year olds (Balalian et
al., 2019). Two studies (Doherty et al., 2017, Téllez-Rojo et al., 2013) did not support

this association but did have the lowest exposure levels among these studies. Results were
generally consistent across the sexes, with the exception of Doherty et al. (2017). The results
of the meta-analysis of the PDI in children 6 months to 3 years were consistent with a
decrease in motor development, but the estimate was imprecise (Fig. 4C, p = —0.4; 95%
Cl =-1.1, 0.3)). Looking at the sex-specific meta-analyses, there was an inverse, though
imprecise, association in girls (Table 4). Overall, this evidence is considered s/ight.

Evaluation of the evidence for an association between exposure to BBP and motor skills

is based on five medium and high confidence studies (Table 12). Four reported inverse
associations with BBP exposure in young children, though in one study the inverse
association was only in girls (Tellez-Rojo et al., 2013). The inverse effect estimates
unstratified by sex were g = —0.4, -0.6, —0.9, —2.2 and results from the high confidence
study were statistically significant (Gascon et al., 2015). The fact that the strongest
associations were observed in the high confidence study, which may have had less exposure
misclassification due to repeated phthalate measures increases confidence, though this study
was also the only one that did not measure motor effects using the BSID instrument, which
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could also explain differences in results. Since most of the studies performed outcome
testing at a similar age (1-4 yrs), it is not clear whether the association persists to older
ages, but in one study, the update of Whyatt et al. (2012), there was an inverse association
in older children (11 year olds) which was statistically significant in girls (Balaian et al.,
2019). Across studies, there was an indication of a stronger association in girls than boys.
The results of the meta-analysis of the PDI in children 6 months to 3 years were consistent
with a decrease in motor development and approached statistical significance (Fig. 4D, p =
-0.7; 95% CI = -1.4, 0.0). The sex-specific meta-analyses indicated a stronger association
among girls (Table 4, p = 1.6 (95% CI = -2.6,-0.6)). Overall, given the consistency in the
direction of the association across studies, including in the single high confidence study, and
the support of the meta-analysis results, this evidence is considered moderate in girls and
slightin boys.

Five studies reported on the association between DEP and motor skills (Table 13). The one
high confidence study (Gascon et al., 2015) reported a non-significant inverse association
in one-year olds, and a /ow confidence study (Kim et al., 2018) reported a significant
association at 6 months. In addition, Balalian et al. (2019) reported an inverse association in
11 year old girls, but not boys. The other studies did not support an association. The results
of the meta-analysis of the PDI in children 6 months to 3 years were null (Fig. 4E, B =

0.0; 95% CI = -0.6, 0.6). Because of the lack of association in most studies, even with high
exposure levels, this evidence is considered /indeterminate.

The evidence of motor effects is stronger than the other outcomes included in this review,
though uncertainty still remains. For BBP, the evidence is moderate in girls, and a larger
proportion of studies for DBP and DIBP indicated an inverse association than in other
outcomes, though both of these latter two also had studies that reported positive (though
non-significant) associations. These three phthalates, particularly DBP and DIBP are the
most similar structurally and in exposure sources among the phthalates in this review,
which increases confidence in the causal association due to coherence across the correlated
exposures, though there is remaining potential for confounding across the phthalates that
can’t be ruled out with the current evidence. Evidence for DEHP, DINP, and DEP is less
compelling. For all of the examined phthalates, outside of what was discussed for BBP
above, there are no clear patterns of association by study confidence, exposure levels or
range, timing of exposure measurement, timing of cognitive assessment, or type of cognitive
assessment used. As with cognition, there is evidence suggestive of stronger associations in
girls, but additional evidence is needed.

3.5. Behavior

Studies that examined the association between phthalate exposure and behavior generally
assessed multiple dimensions of behavior. This included summary scales (i.e., global
behavior score, internalizing behaviors, and externalizing behaviors) and clinical scales
(e.g., hyperactivity, aggression, anxiety, etc.). This review focused on the summary scales
of internalizing and externalizing behavior because they were the most consistently reported
across studies. In addition, one prospective study of ADHD was reviewed (Engel et al.,
2018).
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Nine studies reported on the association between DEHP exposure and behavior, and eight
medium to high confidence studies are presented in Table 14. One reported an association
between higher exposure to DEHP and more frequent internalizing and externalizing
problems (Lien et al., 2015), but other studies reported no association or, in the study
based on preconception exposure, an inverse association (Messerlian et al., 2017). This
different exposure window may contribute to the apparent inconsistency. The single medium
confidence study of ADHD diagnosis (Engel et al., 2018) reported a significant association
between summed DEHP metabolites and ADHD (OR: 1.5, 95% CI 1.1, 1.9), with an
exposure-response gradient observed across quintiles of exposure. Based on these latter
results, the evidence is considered s/ight, however, there is considerable uncertainty due

to inconsistency and lack of association in high confidence studies and lack of additional
studies on ADHD diagnosis.

One study examined DINP exposure and behavior in boys (Philippat et al., 2017), and
reported no association, and the study of ADHD (Engel et al., 2018) reported no higher odds
of ADHD with higher exposure. This evidence is considered /ndeterminate.

Nine studies examined the association between exposure to DBP and behavior (Table

15). Three studies (Whyatt et al., 2012, Lien et al., 2015, Philippat et al., 2017) reported

an association between higher exposure and more frequent internalizing problems, with
statistical significance reported in Whyatt et al. (2012) and Philippat et al. (2017). Two
studies (Engel et al., 2010, Lien et al., 2015) reported statistically significant results for
externalizing problems. The other studies reported no association or, in the study examining
preconception exposure, an inverse association (Messerlian et al., 2017). The medium
confidence study of ADHD diagnosis also reported no association (Engel et al., 2018).
Overall, given the lack of consistency and the lack of positive association in the Aigh
confidence study (Gascon et al., 2015), the evidence is considered s/ight.

Evaluation of the association between exposure to DIBP and behavior is based on eight
studies (Table 16). One study reported an association between higher exposure to DIBP
and increased internalizing problems (Whyatt et al., 2012). There were also sex-specific
associations for internalizing problems in boys in two studies (Whyatt et al., 2012,
Messerlian et al., 2017) and for externalizing problems in boys in one study (Kobrosly

et al., 2014). The remaining studies reported no association or, in the study examining
preconception exposure, an inverse association (Messerlian et al., 2017), but two of the
studies did not report sex-specific associations, so the ability to assess consistency for these
effects was limited. The medium confidence study of ADHD diagnosis also reported no
association (Engel et al., 2018). This evidence is considered /indeterminate.

Evaluation of the association between exposure to BBP and behavior is based on seven
studies (Table 17). Three studies reported positive associations between higher exposure to
BBP and internalizing problems (Whyatt et al., 2012, Gascon et al., 2015, Philippat et al.,
2017), and two were statistically significant, though only in 3 year olds for Philippat et

al. (2017). One study (Lien et al., 2015) reported a positive association with externalizing
problems in girls only, and two studies (Whyatt et al., 2012, Messerlian et al., 2017) reported
a positive association with externalizing problems in boys only. One study (Lien et al.,
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2015) reported a strong inverse association, and the remaining study reported no association
(Kobrosly et al., 2014). The single study of ADHD diagnosis (Engel et al., 2018) reported
non-significantly higher odds of ADHD with higher exposure (OR: 1.2, 95% CI 0.9, 1.6).
Given the lack of consistency within the specific behavior domains and sexes, this evidence
is considered s/ight.

Eight studies reported on the association between DEP and behavior (Table 18). One study
reported a statistically significant association between higher exposure to DEP and increased
externalizing problems (Engel et al., 2010). The remaining studies reported no association or
inverse associations (Messerlian et al., 2017, Lien et al., 2015), with Messerlian et al. (2017)
examining preconception exposure. The medium confidence study of ADHD diagnosis also
reported no association (Engel et al., 2018). This evidence is considered /ndeterminate.

The evidence of behavioral effects of phthalate exposure is largely null. Few studies reported
associations between higher exposure and more frequent internalizing or externalizing
behaviors. No clear patterns for the observed associations were identified. Across the
phthalates, there was some indication that studies using the Child Behavior Checklist
(Whyatt et al., 2012, Kobrosly et al., 2014, Lien et al., 2015) were more likely to observe

an inverse association, but the data were too sparse to evaluate this thoroughly. There were
notable associations with some phthalates observed in the single study of ADHD (Engel et
al., 2018), but the lack of additional evidence makes interpretation of these findings difficult.

Infant neurobehavior

Three studies reported on the association between any phthalate exposure and infant
neurobehavior (Table 19). Because of the small number of available studies, the low
confidence study is included in the table. There was little consistency in the reported
associations across studies, and this evidence is considered indeterminate for all phthalates,
with the exception of DBP, which is considered s/ight due to statistically significant, though
small, associations in multiple domains of neurobehavior in a high confidence study.

3.7. Social behaviors

Four studies, two Aigh (Braun et al. 2014, Shin et al. 2018), one medium (Miodovnik et al.
2011), and one fow confidence study (Kim et al., 2018) examined the association between
phthalate exposure and autism/social impairment, with most looking at continuous social
behaviors and one (Shin et al., 2018) looking at autism spectrum disorder (ASD) as a
dichotomous outcome.

For DEHP, both higher confidence studies of social behaviors reported increased autistic
behaviors with increasing DEHP exposure (MEHHP B = 1.1 (95% CI —0.8, 3.0) in Braun et
al. (2014); ZDEHP B = 0.8 (95% CI -0.7, 2.4) in Miodovnik et al. (2011), although neither
was statistically significant. The high confidence study of ASD (Shin et al., 2018) reported
no increased risk of ASD with higher exposure to DEHP (RR = 0.75, 95% CI 0.4, 2.3),
though there was an increase in relative risk in a group classified as non-typically developing
(RR =1.4,95% CI1 0.9, 2.1). This group was a heterogenous group, representing children
who had either low cognitive ability scores and/or high autism trait scores without reaching
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the cutoff for the ASD group, and thus the results are difficult to interpret. Overall, this
evidence is considered s/ight.

For the remaining phthalates, the results reported by Braun et al. (2014) do not support an
association between exposure and autistic behaviors (MIBP g = 0.3 [95% CI -1.5, 2.1];
MBzP B = -0.6 [95% CI -2.7, 1.5]; MBP B = 0.4 [95% CI -2.2, 1.4]; MEP B = —0.5 [95%
Cl -2.2, 1.3]), while results reported by Miodovnik et al. (2011) do support an association
for some phthalates (MBP B = 1.4 [95% CI -0.4, 3.2]; MEP  =1.4[95% CI 0.2, 2.5, p

< 0.05]; individual results for MBzP and MIBP were not reported). In Shin et al. (2018),
only DEP had increased risk of ASD with higher exposure (RR = 1.2, 95% C1 0.8, 1.9 for
ASD, RR = 1.4, 95% CI 1.0, 1.9 for non-typical development). Given the lack of consistency
between the available studies, the evidence is considered s/ight for DBP and DEP and
indeterminate for DIBP, BBP, and DINP.

4. Discussion

Based on systematic examination of the epidemiological studies of prenatal phthalate
exposures and neurodevelopment, there is generally not a clear pattern of associations. Most
of the phthalate-outcome pairs have only slight or indeterminate evidence of an association
(Fig. 5), with only motor effects of BBP in girls having moderate evidence. This is despite
the availability of several medium and high confidence studies examining these associations.
There are several possible reasons for the observed null associations, particularly related

to reduced sensitivity resulting from exposure misclassification in studies using single
phthalate measures and periods of heightened susceptibility, and the effects of phthalate
mixtures. These are each discussed further below and until these limitations are adequately
addressed in the literature, these findings should not be interpreted as evidence that there are
no neurodevelopmental effects of phthalate exposure.

The potential for non-differential exposure misclassification to bias the estimates towards
the null is one possible reason for the observed heterogeneity in these study’s findings
(Perrier et al. 2016). When examining the association between continuous health outcomes
and chemicals with substantial temporal within-person variation (e.g., DEHP), effect
estimates derived from a study with a single urine sample can be attenuated by 80%

and as many as 35 repeated urine samples from a single individual are needed to reduce
this attenuation to < 10%. One way to address the issues related to phthalate exposure
misclassification is to pool each individual’s multiple urine samples, as recommended by
Perrier et al. and practiced by others (Perrier et al., 2016), but the majority of available
studies rely on a single urine sample.

Studies examining the health effects of prenatal thalidomide and DES show that there are
unique periods of susceptibility during development when exposure can cause adverse health
effects (Kim and Scialli, 2011, Swan, 2000, Hoover et al. 2011). Thus, there may also

be periods of heightened susceptibility to phthalate exposures, as suggested by one study
examining the association between neurodevelopmental outcomes and repeated measures

of urinary phthalate concentrations during both pregnancy and childhood (Li et al., 2019).

If there are discrete periods of susceptibility to phthalate exposures, then the available
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studies may be unable to adequately assess these associations given that urine samples were
collected at various times during development and neurodevelopmental processes during
some of these periods of life may not be sensitive to phthalate exposures. One way to
address this is to implement new studies with repeated phthalate exposure measures during
multiple potentially susceptible periods of life.

Phthalate exposures do not occur in isolation, and individuals are chronically exposed to
multiple phthalates on a daily basis across their lifespan. The presented epidemiological
studies have examined phthalate exposures using an approach of “one chemical at a time”
and one exposure period at a time where they are treated as if they occur in isolation from
each other. Thus, these studies have not accurately considered the nature of human exposure
to these phthalate “mixtures” or the potential for phthalates to have cumulative effects on
human health. Indeed, studies in rodents show that phthalate mixtures can have additive
effects on fetal testosterone production (Howdeshell et al., 2008). Future studies will need
to employ newly developed statistical tools to quantify the potential neurodevelopmental
effects of phthalate mixtures (Braun et al., 2016, Lazarevic et al., 2019).

The studies considered informative in this review were primarily birth cohorts with exposure
measurement during gestation (Table 2). Several cross-sectional studies were excluded

due to concerns about temporality. Because phthalates do not persist in the body and
exposure measures have poor repeatability over time, current exposure was not considered
an adequate measure of exposure for an etiologically relevant time period. Including these
studies may have influenced the conclusions, particularly for social behaviors, but we felt it
was most useful to focus on the highest confidence studies. However, there is potential that
recent exposure to phthalates could be associated some neuropsychological outcomes such
as cognition, including via a mechanism with thyroid function, and this review was not able
to assess this possibility.

We did not undertake this review with an a priori expectation of sex-dependent associations.
Some studies did report differences in strength and direction of associations for boys and
girls. These were generally not consistent across studies, although there was some indication
of greater effects for MDI in girls. Many of the studies either did not report or were not
adequately powered to assess sex-dependent associations. Future studies should consider
this issue and ensure that they are powered to assess a possible interaction with sex.

As mentioned in the introduction, past reviews have presented plausible mechanisms

for the association between EDCs and neurodevelopmental effects. In rats, prenatal, pre-
adolescent, and adult DEHP exposures cause alterations in learning and hyperactivity

that are accompanied by decreased tyrosine hydroxylase neurons, lower brain derived
neurotrophic factor levels, and suppression of neuronal excitability and synaptic plasticity
in the hippocampus (Holahan et al., 2018) (Li et al., 2018) (Ran et al., 2019). Male rats
exposed to DEHP from birth to adulthood had decreased -y-amino butyric acid (GABA)
levels in their brain and increased anxiety behaviors that were reversed by the administration
of GABA agonists (Carbone et al., 2018). DEHP exposure during puberty caused increased
anxiety and reduced social behaviors in female mice (Wang et al., 2016). This was
accompanied by decreases in estrogen and dopamine receptors in the striatum. Some
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phthalates are anti-androgenic and reduce testosterone levels by decreasing steroidogenesis
and steroid trafficking gene expression (Hannas et al., 2011, Howdeshell et al., 2008).
Gonadal hormones are critical for sex-specific neurodevelopment and also play an important
role in adolescent brain remodeling (Cohen-Bendahan et al., 2005, Dahl et al., 2018).

Some phthalates antagonize triiodothyroinine (T3) binding to thyroid receptor-p (Ghisari
and Bonefeld-Jorgensen, 2009), reduce cellular T3 uptake (Shimada and Yamauchi, 2004),
and affect transcription of the sodium-iodine transporter (Breous et al., 2005). Alterations

in prenatal thyroid hormones has been associated with reduced cognition and brain volume
(Korevaar et al., 2016).

There are other important limitations to note. There is potential for co-pollutant confounding
by other phthalates due to the high correlations across some of the phthalates, and it is
difficult to rule this out for estimates of effects of individual phthalates given the available
evidence. This issue is related to the “one chemical at a time” issue described above and is
discussed in more detail in a forthcoming editorial as an area of uncertainty for reviews of
phthalates and other chemical mixtures. However, it is unlikely that it would significantly
alter the conclusions of the review due to the amount of uncertainty already present in

this evidence. In addition, for most outcomes, we reviewed only the summary measures of
the testing instruments because they were the most consistently reported across studies and
because of the plethora of data available on clinical subscales. It is possible that stronger
conclusions could be reached in looking at a specific subscale or diagnosis, where there

may be greater precision around the outcome. There is some support for this in the single
study on ADHD diagnosis (Engel et al., 2018), which had a more narrowly defined clinical
disorder and found stronger associations than many of the studies of behavior with summary
measures of externalizing behavior. This is an important area for future research.

Overall, this detailed systematic review suggests that there is limited evidence that
phthalates adversely affect the examined neurodevelopmental domains. However, there

are considerable limitations in the existing literature related to exposure misclassification,
periods of heightened susceptibility, sex-specific effects, and phthalate mixture effects.
Future studies should consider examining additional endpoints, like clinical diagnosis with
neurodevelopmental disorders with longitudinal design and repeated exposure measurement.
Studies addressing these limitations may provide more compelling evidence of an effect of
phthalate exposures on neurodevelopment.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.

Literature flow diagram for neurodevelopmental effects of phthalates. *Did not include
studies on neuropsychological and behavioral effects.

Environ Int. Author manuscript; available in PMC 2021 September 21.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Radke et al.

Page 24

DEHP % i

A Author(s) and Year Regression coefficient (95% Cl) D Author(s) and Year EBP Regression coefficient (95% CI)
Polanska et al., 2014 —a— -0.8 [-2.2, 0.6] Polanska et al., 2014 +———®——— -1.0 [-2.6, 0.6]
Kim et al., 2011 —— 1.0 [1.9,:0.1] Doherty et al., 2017 —— 0.7 [-0.5, 1.9]

_— 0.1 [-

Doherty et al., 2017 g 0.6 0.6, 1.9] Huang et al., 2015 0.1 [-3.1, 3.0]
H tal. 2015 13E44, 3.8 Gascon et al., 2015 —————— 0.2 [1.6, 2.1]

Hang.et el [13, 38] Tellez-Rojo et al., 2013 —— 0314, 1.7
Gascon et al., 2015 —_ 0.6 [-1.8, 3.1] Whyatt et al., 2012 - 0.7 1.7, 03]
Tellez-Rojo et al., 2013 +—=—— <0.5[-2.3, 1.3]
Whyatt et al., 2012 — 0.3[-0.9, 1.6] RE Model — 0.1 0.8, 0.5)

r T T 1
-4.0 -2.0 0.0 20 4.0
RE Model - -0.1[-0.8, 0.5] Regression coefficient (95% CI)
r T T ]
-4.0 -2.0 0.0 20 4.0
Regression coefficient (95% Cl)
DBP ) £ DEP ) . .

B Author(s) and Year Regression (95% CI) Author(s) and Year Regression coefficient (95% ClI)
Polanska et al., 2014 e -0.5[-1.7,0.7] Polanska et al., 2014 — 0.3[-1.2,1.8]
Kim et al., 2011 o “05[-.1,01] Doherty et al.,, 2017 i 0.6 [-0.4, 1.6]
Doherty et al., 2017 ——y 0.7 [-0.6, 2.0]

Huang et al., 2015 L 0.9[-2.0, 3.8] Huang et al., 2015 —_— 1.6 [-0.7, 3.9]
Gascon et al., 2015 [P S 1.2[-0.9, 3.3] Gascon et al., 2015 ey -0.7 [-2.3, 0.9]
Tellez-Rojo et al., 2013 —— 0.3[-1.0, 1.6] Tellez-Rojo et al., 2013 —— 02[-08,1.2)
Whyatt et al., 2012 —— -1.1[-2.6, 0.4]

RE Model ~— 0.3[-0.3,0.9]
RE Model - -0.2[-0.7,0.4]

r T T ]
r T T ] g P
AG B0 o6 35 46 40 20 00 20 40

Regression coefficient (95% Cl)

DIBP
C Author(s) and Year Regression coefficient (95% Cl)
Polanska et al., 2014 —.— 0.3 [-1.0,0.4]
Doherty etal., 2017 — 0.1 [-1.4, 1.6]
Gascon et al., 2015 —_— 0.9 [-1.2, 3.0]
Tellez-Rojo et al., 2013 —_—— 0.5[-0.9, 1.9]
Whyatt et al., 2012 — 0.3 [1.7,1.1]
RE Model — -0.1[-0.6, 0.4]
r T T 1
-4.0 -2.0 0.0 20 4.0

Regression coefficient (95% CI)

Fig. 3.

Regression coefficient (95% Cl)

Forest plots for meta-analysis of phthalate exposure and Bayley Scales of Infant
Development Mental Development Index in children < 4 years of age.
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Fig. 4.

Forest plots for meta-analyses of phthalate exposure and Bayley Scales of Infant
Development Psychomotor Development Index in children < 4 years of age.
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Fig. 5.
Summary of epidemiologic evidence of neurodevelopmental effects associated with

phthalates. *In girls.
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