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ARTICLE INFO ABSTRACT

Keywords: Background: Phthalate have been detected widely in the environment; while several studies have indicated that
Pregnancy prenatal phthalate exposure has adverse effects on neurodevelopment, the results were inconsistent.

Phthélf"te exposure Objective: We aimed to determine the current research status of the relationship between prenatal exposure to
Cognition different types of phthalate and cognition and behavioral development in children. We conducted a systematic
21611;13‘;:;: review to evaluate the current state of knowledge.

Methods: We systematically searched PubMed, Web of Science, and EMBASE electronic databases up to May
2018 with manual searches of the references of retrieved publications and relevant reviews. Only birth cohort
studies that reported on the association between phthalate exposure and cognitive or behavioral development
were included in this review. We evaluated the risk of bias for each of the included studies using a modified
instrument based on the Cochrane Collaboration’s “Risk of Bias” tool.

Result: Twenty-six birth cohort studies met our inclusion criteria, nine of which investigated the impact of
phthalate exposure during pregnancy on cognition, 13 on neurobehavior, and 4 on both cognition and neuro-
behavior. However, ten articles reported that the effect of prenatal exposure to phthalates on cognitive devel-
opment was statistically significant, 15 articles reported that the effect of prenatal exposure to phthalates on
neurobehavior was statistically significant. The effect of prenatal phthalate exposure on neurodevelopment
differed according to sex, but the results are inconsistent, for instance, among the five studies investigating the
association between mental development index (MDI) and Mono-n-butyl phthalate (MnBP), two of them showed
a significantly decreasing MDI scores with increasing concentrations of MnBP among girls, but among boys one
study showed the inverse association, another showed the positive association.

Conclusion: Di(2-ethylhexyl) phthalate, dibutyl phthalate, butyl-benzyl phthalate and di-ethyl phthalate ex-
posure during pregnancy was associated with lower cognitive scores and worse behavior in offspring, and sex-
specific effects on cognitive, psychomotor, and behavioral development were identified, especially the impact of
phthalate exposure on neurobehavior in boys.

1. Introduction

As endocrine-disrupting chemicals (EDCs), phthalates are ubiqui-
tous in daily life. They are used not only to increase the softness,
flexibility, elongation, and durability of products as plasticizers for
polyvinyl chloride (PVC) polymers in building and construction mate-
rials, floorings, toys, medical materials, food packing materials, cables
and wires but also as additives in medical devices, enteric coating in

medication, food supplements, cosmetics and personal care products,
etc. Phthalates are classified into two distinct groups according to the
length of their carbon chains: high molecular weight phthalates
(HMWP) and low molecular weight phthalate (LMWP). HMWP include
di(2-ethylhexyl) phthalate (DEHP), di-iso-decyl phthalate (DiDP), and
di-iso-nonyl phthalate (DiNP), while LMWP include dibutyl phthalate
(DBP), butyl-benzyl phthalate (BBzP), di-n-octyl phthalate (DnOP), and
di-methyl phthalate (DMP) (Katsikantami et al., 2016; Koch and
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Table 1
Common phthalates and their urinary metabolites.
Phthalate Abbreviation Urinary metabolite abbreviation
Primary metabolite Secondary metabolite
Di(2-ethylhexyl) phthalate DEHP Mono-2-ethylhexyl phthalate MEHP
Mono-2-ethyl-5-hydroxyhexyl phthalate MEHHP/50H-MEHP
Mono-2-ethyl-5-oxohexyl phthalate MEOHP/50x0-MEHP
Mono-2-ethyl-5-carboxypentyl phthalate MECPP/5cx-MEHP
Mono-2-methylcarboxyhexyl phthalate MMCHP
Di-iso-nonyl phthalate DiNP Mono-iso-nonyl phthalate Mono-hydroxy-iso-nonyl phthalate MHiNP/OH-MiNP
Mono-oxo-iso-nonyl phthalate MOIiNP/oxo-MiNP/MHiOP
Mono-carboxy-iso-octyl phthalate MCiOP/cx-MiNP
Di-iso-decyl phthalate DiDP Mono-carboxy-iso-nonyl phthalate MCNP
Dibutyl phthalate DBP Mono-n-butyl phthalate MnBP
30H-mono-n-butyl phthalate 30H-MnBP
Mono-3-carboxypropyl phthalate MCPP*
Mono-iso-butyl phthalate MiBP
Butyl-benzyl phthalate BBzP Mono-benzyl phthalate MBzP
Di-ethyl phthalate DEP Mono-ethyl phthalate MEP
Di-n-octyl phthalate DOP/DnOP Mono-3-carboxypropyl phthalate MCPP
Mono-n-octyl phthalate MnOP
Di-methyl phthalate DMP Mono-methyl phthalate MMP

Note : “*” : MCPP is a major di-n-octyl phthalate metabolite, or a minor dibutyl phthalate metabolite or a metabolite of several high molecular weight phthalates.

Calafat, 2009).

Given that phthalates are not chemically bound to products, they
are easily resealed into the environment through abrasion, migration,
release, and immersion and absorbed by the body via ingestion, in-
halation, dermal contact, and intravenous injection (Gong et al., 2016;
Teng et al., 2015; Verstraete et al., 2016; Wormuth et al., 2006). The
biologic half-lives of phthalates are short, from hours to days, and their
metabolites have been detected in human urine, blood, feces, amniotic
fluid, breast milk, and sweat (Katsikantami et al., 2016; Meeker et al.,
2009). At present, urinary concentrations of phthalate metabolites are
usually used as internal dosimeters of exposure. The phthalate meta-
bolites in urine from the birth cohort studies included are listed in
Table 1. Although phthalates do not accumulate significantly in the
body, their wide-scale use results in frequent exposure, and phthalate
metabolites have been detected in an overwhelming majority of human
populations. In general, children are exposed to higher phthalate doses
than adults, and women have significantly higher levels of phthalate
metabolites than men (Frederiksen et al., 2007; Katsikantami et al.,
2016; Kelley et al., 2012; Wittassek et al., 2011). An emerging public
health concern is that the widespread use of phthalates might affect
neurodevelopment. Some studies have shown that phthalate exposure is
a risk factor for attention deficit hyperactivity disorder (ADHD) and
autism spectrum disorder (ASD) (Hu et al., 2017; Park et al., 2015;
Testa et al., 2012), and also affects children’s learning, behavior, and
intelligence (Arbuckle et al., 2016; Cho et al., 2010; Chopra et al., 2014;
Huang et al., 2017; Kim et al., 2009, 2016; Shiue, 2015; Won et al.,
2016).

Phthalates can enter fetuses through placenta, during the brain
growth spurt (BGS) in the prenatal period; exposure to EDCs has been
suggested as a possible causal factor for neurodevelopmental disorders,
and the BGS period usually begins during the third trimester of preg-
nancy and continues throughout the first two years of life (Jeddi et al.,
2016). Animal model studies showed that prenatal exposure to phtha-
lates had an impact on behavior and recognition memory (Barakat
et al., 2018; Kougias et al., 2018). Human studies also indicated that
prenatal phthalate exposure was associated with neurobehavior and
cognition (Kim et al., 2011; Lien et al., 2015).

To date, although there have been a significantly increasing number
of studies on the relationship between phthalate exposure during
pregnancy and neurodevelopment in children, the results are incon-
sistent. Birth cohort studies are the best choice for investigating the
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relationship between prenatal phthalate exposure and neurodevelop-
ment in offspring. Hence, to gain a better understanding of the impact
of prenatal exposure to phthalates on cognitive and behavioral devel-
opment in offspring, we conducted a systematic review based on birth
cohort studies to assess the association between urinary phthalate
metabolite concentration in pregnant women and child neurodevelop-
ment.

2. Methods
2.1. Data sources

We first conducted a literature search in October 2017 of the
PubMed, EMBASE, and Web of Science electronic databases for studies
investigating the association between phthalate exposure and neuro-
development in humans. To ensure that our study was based on the
most recent results, we further updated the literature search on May 30,
2018. The search focused on two themes of Medical Subject Headings
(MeSH) and related exploded versions: phthalate or phthalic acid esters,
neurodevelopment, cognition, or behavior. The two themes were
combined using the Boolean operator “and”. No restrictions in the
search strategy were inserted. The detailed search strategies are shown
in the Supplemental Material. In addition, the bibliography lists of all
included publications were searched.

2.2. Inclusion and exclusion criteria

Articles were considered for inclusion in the systematic review if:
(1) the article studied the association between phthalate exposure and
neurodevelopment, including cognition and behavior; (2) the authors
reported data from an original human study; (3) the study was based on
a prospective birth cohort; (4) phthalate metabolite concentrations
were measured in urine; (5) the methods used to assess children’s
neurodevelopmental outcomes were generally accepted; and (6) the
studies were published in English. Furthermore, reviews, meta-ana-
lyses, meetings, letters, abstracts, and comments were excluded. We
first read the titles and abstracts of the retrieved articles to screen for
eligible documents, and then reviewed the full text.
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2.3. Study selection and data extraction

Two investigators independently assessed literature eligibility, and
inconsistencies were resolved by consensus or consulting with the third
investigator. Data were also extracted independently from papers by
two reviewers. We extracted the following information from the stu-
dies: cohort characteristics (cohort name, study location, recruitment
time, number of participants, exposure assessment time during preg-
nancy, and follow-up), authors, publication year, children’s ages, tools
used for neurodevelopmental assessment, phthalate metabolite types
and concentrations measured in urine, results of the evaluation of
cognitive and behavioral development, and the analysis methods used
(statistical models, covariates adjusted in the models).

2.4. Quality assessment

We evaluated the risk of bias for each of the included studies using a
modified instrument based on the Cochrane Collaboration’s “Risk of
Bias” tool (Higgins, 2011; Lam et al., 2017), including the selection
bias, exposure assessment, outcome assessment, confounding, in-
complete outcome data, selective outcome reporting outcome, and
other source of bias for each article. The possible ratings for the risk of
bias in each domain were “low”, “probably low”, “probably high”, or
“high”. Two reviewers assessed the risk of bias, inconsistencies were
resolved by consulting with the professor. The criteria for categoriza-
tion for each point of possible bias was described (Table S1)

2.5. Analysis strategy

The included studies used different statistical analysis methods,
including multiple linear regression, logistic regression, structural
equations, and Bayesian models to investigate the association between
phthalate exposure during pregnancy and neurodevelopment in off-
spring. Given that the same study might adjust for different con-
founding factors (age, gender, birth weight, maternal education, and so
on) in the statistical models, this systematic review was based on the
results of the model including the optimum adjustment factors from
each cohort study. The results were summarized in the Tables 3-5, in
addition, in order to clearly compare the results, we presented some
results in the form of charts in Supplementary materials (Figs. S1-S6).

Based on the results of the studies, the relationships between pre-
natal exposure to different types of phthalates and children’s cognitive
development and behavioral development were elaborated. At the same
time, the association was assessed separately at different developmental
stages of children and in different genders. In addition, based on the
existing studies, the possible biological mechanisms were illustrated.

3. Results
3.1. Literature search

We identified 9412 records, including 1492 articles from PubMed,
803 from EMBASE, and 7117 from Web of Science, and did not identify
any other publications from the bibliography lists of the related articles.
After screening based on the aforementioned criteria and detailed ex-
amination, duplicates and irrelevant articles were excluded, except the
30 cohort studies that were included in this systematic review;
However, four of the 30 articles were excluded because of a non-birth
cohort, or no measurement of urinary phthalate metabolite concentra-
tions. Finally, 26 publications on the association between prenatal
phthalate exposure and cognition and neurobehavior development
were reviewed (Fig. 1), one of which was a prospective birth cohort,
nested case-control study.
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3.2. Cohort studies characteristic

The 26 studies that met the inclusion criteria came from 14 different
birth cohorts and nine countries in Asia, Europe and the Americas. The
cohorts established and recruited pregnant women between 1997 and
2012. The maternal age was greater than 16 years old and four birth
cohorts studies were conducted in the United States, three in South
Korea, and others in Mexico, Spain, Poland, France, Denmark, Norway,
and Chinese. Nine articles only investigated the impact of phthalate
exposure during pregnancy on cognition, 13 on neurobehavior, and the
remaining four on both cognition and neurobehavior (Table 2).

The included birth cohorts collected urine samples during the
second or third trimesters of pregnancy to evaluate the extent of
phthalate exposure. Only the INMA-INfancia y Medio Ambiente
Environment and Childhood (ITYMAEC) birth cohort and the Health
Outcomes and Measures of the Environment (HOME) birth cohort
measured urinary phthalate metabolite levels at two different time
points during pregnancy; the other cohorts collected urine samples at
only one time point. The majority of studies included in this review
investigated the effects of DEHP, DBP, DEP, and BBzP exposure during
pregnancy on the neurodevelopment of offspring, but few studies in-
vestigated the effect of other phthalate types. DBP is mainly excreted
from the urine in the form of Mono-n-butyl phthalate/monobutyl
phthalate (MnBP/MBP) and mono-iso-butyl phthalate (MiBP); for
comparison, we replaced MBP with MnBP in some studies. The follow-
up information of the birth cohorts is shown in Table S2 at length,
except for the Polish Mother and Child Cohort (PEPRO_PL) birth cohort,
because the cohort is a multicenter prospective cohort study, current
analysis was restricted to 165 children from Lodz district, there is no
description of the follow-up information in the article. Furthermore, in
the included studies, cognitive development was mainly assessed in
infants, whereas neurobehavioral development was primarily assessed
in pre-school and school-age children. The results of the risk of bias
assessment are shown in Table S3, the reliability of the two reviewers
regarding the quality assessments was high, kappa value was 0.813, risk
of bias of the included articles were low or “probably low”, and few
were “probably high”. The concentrations of phthalate metabolites
were listed for each birth cohort study (Table S4).

3.3. Prenatal exposure to phthalate and cognitive development

Table 3 shows the effects of phthalate exposure during pregnancy on
cognition in children. Thirteen articles investigated the relationship
between prenatal exposure to phthalate and cognition in children, only
Nakiwala et al. (2018), Huang et al. (2015), and Kim et al. (2017) found
no association between them. Overall, mono-2-ethyl-5-hydroxyhexyl
phthalate (MEHHP), mono-2-ethyl-5-oxohexyl phthalate (MEOHP),
MiBP, MnBP, mono-benzyl phthalate (MBzP), mono-ethyl phthalate
(MEP) and mono-3-carboxypropyl phthalate (MCPP) affected children’s
cognitive and psychomotor development, but the results were not
consistent.

Significant inverse associations between prenatal exposure to DBP
and cognitive and psychomotor development were reported in several
studies. Kim et al. (2011), Polanska et al. (2014) and Factor-Litvak et al.
(2014) found that exposure to DBP during pregnancy had a negative
impact on children’s cognitive and psychomotor development. In ad-
dition, Kim et al. (2011) and Whyatt et al. (2012) reported that MnBP
was inversely associated with the psychomotor development index
(PDI) in boys and not in girls. Whyatt et al. (2012), Factor-Litvak et al.
(2014) and Doherty et al. (2017) suggested that MnBP exposure only
damaged cognitive development in girls. However, Doherty et al.
(2017) reported increased PDI and mental development index (MDI)
scores with increasing MnBP concentrations in boys.

Exposure to DEHP during pregnancy was inversely associated with
children’s cognitive and psychomotor development. Kim et al. (2011),
Tellez-Rojo et al. (2013), and Polanska et al. (2014) demonstrated that
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Eligible studies meeting inlusion criteria

Fig. 1. Flowchart of the systematic review.

prenatal exposure to DEHP could be detrimental to children’s cognitive
or psychomotor development. Kim et al. (2011) found that DEHP ex-
posure affected boys’ cognitive and psychomotor development, while
Tellez-Rojo et al. (2013) found that it had an effect on cognition only in
girls. Moreover, Olesen et al (2018) reported that increasing prenatal
DEHP exposure was associated with lower scores in language devel-
opment for boys. Ipapo et al. (2017) demonstrated that maternal pre-
natal exposure to DEHP was negatively associated with visual re-
cognition memory among girls. At the same time, visual recognition
memory and language development were associated with intelligence
quotients (IQ) scores (Liao et al., 2015; McCall and Carriger, 1993).
Exposure to BBzP during pregnancy affects cognition, psychomotor,
and language development in children, but the studies are con-
troversial. Gascon et al. (2015) showed a negative association between
MBzP and psychomotor development; Doherty et al. (2017) found that
MBzP was positively associated with cognitive development in boys and
negatively associated with psychomotor development in girls; while
Ipapo et al. (2017) and Olesen et al. (2018) respectively found that
prenatal exposure to BBzP was not advantageous to girls’ visual

recognition memory or boys’ language development. However, Tellez-
Rojo et al. (2013) reported that MBzP was positively related to psy-
chomotor development among boys. The other birth cohort studies
found no association between BBzP and children’s neurodevelopment.

With regard to the effect of MCPP, MEP, and mono-methyl phtha-
late (MMP) on cognitive outcomes of offspring, Doherty et al. (2017)
reported that MCPP was not helpful for psychomotor development or
cognitive development in girls; however, Tellez-Rojo et al. (2013) in-
dicated that MCPP improved psychomotor development in boys. Kim
et al. (2018) and Ipapo et al. (2017) showed that MEP interfered with
psychomotor or cognitive development but the correlation was de-
monstrated only in girls. Furthermore, Olesen et al. (2018) showed that
MEP was inversely related to language development in boys. At present,
there is no evidence that DMP exposure during pregnancy affects psy-
chomotor and cognitive development in children.

With respect to the near and long-term effects of exposure to
phthalate during pregnancy on children’s cognition, we can’t make an
inference yet. Ten studies assessed the short-term effect of phthalate
exposure, eight of which showed an effect on children’s cognitive or
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psychomotor development. Five studies investigated the long-term ef-

8 fects of phthalate exposure, three of which demonstrated an effect of
E children’s IQ or psychomotor development.
e 2
=5 T
= 2 3.4. Prenatal exposure to phthalate and behavioral syndromes
Seventeen articles reported that the associations between prenatal
urinary concentrations of phthalate metabolites and neurobehavior
v 8 among children were examined using behavioral assessments including
[
LS various behavioral questionnaire. The behavior syndromes could be

divided into externalizing behavior (hyperactivity/impulsivity, conduct
problems, aggression problems, delinquent behavior, rule-breaking
behavior), internalizing behavior (emotion, peer relationships, anxiety/
depression, somatization, withdrawal), and other types of neurobeha-
vior (attention, gender-typical play behaviors, social behavior, visual-
spatial ability, etc).

3.4.1. Prenatal phthalate exposure and internalizing and externalizing
behaviors

Engel et al. (2010), Whyatt et al. (2012), Kobrosly et al. (2014), Lien
et al. (2015), Philippat et al. (2017), Kim et al. (2018), and Gascon et al.
(2015) assessed the association between prenatal urinary concentra-
tions of phthalate metabolites and internalizing and externalizing be-
haviors, of which only Gascon et al. (2015) found no associations be-
tween prenatal phthalates exposure and behavior problems. Overall,
exposure to DBP, DEP, DEHP, and BBzP during pregnancy interfered
not only with internalizing behavior, but also with externalizing be-
havior (Table 4).

Higher concentration of prenatal exposure to DBP led to more ser-
ious internalizing and externalizing behavior problems. Whyatt et al.
(2012) and Philippat et al. (2017) reported that higher prenatal urinary
concentrations of DBP metabolites were associated with greater inter-
nalizing behavior problems; Kobrosly et al. (2014), Engel et al. (2010),
and Lien et al. (2015) reported that increasing severe externalizing
behavior problems were associated with higher maternal urinary MnBP
or MiBP concentrations. Finally, Philippat et al. (2017), Whyatt et al.
(2012) and Kobrosly et al. (2014) reported that DBP exposure con-
tributed to internalizing or externalizing behavior problems in boys but
not in girls.

Our review supported positive associations between maternal DEHP
exposure and children’s externalizing and internalizing behavior syn-
dromes. Kobrosly et al. (2014) and Philippat et al. (2017) reported that
DEHP exposure during pregnancy was positively associated with in-
ternalizing behavior scores only in boys, indicating more internalizing
behavior problems. Lien et al. (2015) also reported that maternal urine
DEHP metabolites were related to externalizing behavior problems.

The studies indicated that prenatal exposure to BBzP might play a
role in the behavioral development of children. Prenatal urinary con-
centrations of MBzP were associated with internalizing behavior pro-
blems, only in girls according to Whyatt et al. (2012) and only in boys
by Philippat et al. (2017); however, Kobrosly et al. (2014) reported that
higher MBzP concentrations were associated with increasing ex-
ternalizing behavior problems in boys and decreasing internalizing
behavior problems scores in girls.

In addition to DBP, DEHP, and BBzP, Engel et al. (2010) and Kim
et al. (2018) reported that MEP exposure was associated with increased
internalizing or externalizing behavior problems. Engel et al. (2010)
divided phthalates into HMWP and LMWP, finding that only LMWP
affected internalizing or externalizing behavior problems; MiBP, MnBP,
MMP and MEP were the chief components of LMWP, although no other
studies observed a relationship between DEP exposure and internalizing
or externalizing behavior problems in children. We found that phtha-
late exposure during pregnancy was more likely to interfere with boys’
behavioral development than with that of girls

In all children: |IQ (f: -2.69, -4.22 -1.16). In boys: |1Q (B: -2.92, -5.17 -0.67). In girls: |IQ (B: -2.38,-4.50 7

-0.26).
In all children: |IQ (f: -2.69, -4.33 -1.05). In boys: IQ (f: -1.89, -4.34 0.56). In girls: |IQ (B: -3.15, -5.44

Neurocognitive problems outcome (point estimation, confidence interval or p value)
-0.87).

Type of phthalates metabolite
MiBP
MnBP

(Factor-Litvak et al.,
2014)

Reference

Note: “|”represents risk factor; “1” represents protective factors; “*”: the effect size was listed based on the order of phthalate metabolites preceding.

Table 3 (continued)

206



Neurotoxicology 73 (2019) 199-212

Q. Zhang, et al.

-3urpadaxd

sajrjoqelaur aleepyd Jo IopIo S} U0 Paseq PaISI] Sem SZIS 103JJd ) :,#,, TeAISIUT DUSPYUO0D Jou ‘uonewnsa jurod a1 moys ATuo JINIAN pPue daIN ‘d9UuiN ‘ddiN ‘[(ed 0SZ >) mo] pue (eQ 0SZ <) Y3Iy] sIsissouour )
30 JySrom re[noajour 9y £q pauyop saLI0823ed 0Mm] ojul padnoid a1om salrjoqelaw ajereyiyd ‘Apnis oy} Ul :,..,, ‘swaqoid 1o1aeyaq dymads ur asit e yuasaidar |, ‘swajqoid Jo1ABYDq dY10ads Ul dur[dap e sjussaidar 1, :2970N

¢l

"(TO'T 960 ‘66°0 *HMUI) (€0°T £6°0 00°T “¥yI) UonezieuIdxy :s£oq uf
"(10°T $6°0 ‘86°0 "D ‘(¥0'T 960 00°T YD) ‘(10°T €6°0 ‘£6°0 *¥UI) “(10°T
€ 60 °L6°0 *MUD ‘(E0'T £6'0 ‘00T *WUD) (0’1 +6°0 ‘86°0 "¥HI) UonezieuIdxy :skoq uf

*19NpU0) | {UONRZI[BUIXH | :USIP[IYD [[e U]

‘UOTIRZI[RUIIXY| ‘UOISSaIS3Y | uIp[IYd [[e uf

"(68'C GS°0- “LT'T *¢) uonezifeurxy {(I€°€ 60°0 ‘04T :g) 3Pnpuod|

SHI8 UL (ZH'E ¥£°0 ‘80°C *¢) uoneziewraxy| {(94°¢ L1°0 ‘Op°T :J) uolssaiddy|

(0¥ SS'T ‘64°C *¢) 1npuod| :s£oq uf *(88' 19°0 ‘SL'T ) UOnEZI[EUIIXY

6 | {(b€T ST'0 YT'T :f) uorssa18dy| {(9p°€ vE'T ‘Ob'C ) 19MPUOD| ULIP[IYD [[e U]

“(60°0 ST°0- ‘€0°0- :g) UOTIRZITRUISIXY :USIPTIYD [[@ UL

*(60°0 €2°0- “£0°0~ :g) InpuoD SIS

uf *(£€°0 90°0 ‘12°0 :¢) 1npuod| s£oq uf *(Z°0 90°0- ‘£0°0 :¢) I9NPUOD UIP[IYD [[e U]
“(¥€°0 T2T'0- “90°0

i) uonezifeurAxy {(02°0 12°0- ‘Y000~ :g) PNPUOD (6€°0 ¥1°0- ‘CT°0 :g) uoIssaI33y
M8 Ul *(85°0 90°0 ‘TE°0 :ff) uonezIeUIIXH|{(85°0 020 ‘6€°0 ) swalqoid Jonpuo))|
{(65°0 60°0 V€70 :¢) uorssa138y| :shoq Ul *(ZH"0 €0°0- ‘020 :g) uoneZI[EUINXY
(8€°0 S0°0 ‘TZ'0 :¢) Pnpuod| (S°0 €0°0 ¥T°0 :g) uoIssa183y| UIPIIYD [[e U]
“(€2°0 61°0- ‘20°0 :g) 3npuo) :sp3

u[ *(95°0 ST°0 ‘9€°0:¢]) 3onpuoD)| :s£oq U (£€°0 20°0 ‘61°0 :¢) 1ONPUOD|, UIP[IYD [[e U]

“(IT°0 8T°0- “¥0°0- g) UONEZI[EUINXT ‘USIPTIYD [[8 U

‘(8T €T Y-
‘89°0- :g) {(16°€ ‘41°9- ‘€T'T- :¢J) (S9°E €9°b- ‘6+°0- :¢) UONLZI[RUISIXY :UDIPIYD [[B U]

‘6b°1 :9) ((92°8 €0°0 ‘8T ) (66°L 65°0 ‘6T ) (ST'9 €€°'T VL€ :d) uonezieuraIxg} (69°€ S0°0
8  £8'T:) (8L 910 LLE ) (¥6'9 020 LS'E :d) (60'9 18'T ‘G6°¢ :d) yuanburp| uaIp[Iyd e uf

“(P£00°0 *d) UONeZI[RUIAIUL, :USIP]IYD [[e U

‘(60°T 00°T YO'T 9¥D “(IT°'T TO'T ‘90°T ~¥YI) UoNeZI[eUINU]

VAETT TO'T “£0°T ¥ “(TT°T 00°T ‘90°T :¥yI) drysuonepa1 1994| :s£oq uf
(SO'T S6°0 “00°T ~9¥D) ‘(90°T S6°0 ‘TO'T YYD ‘(0T'T 86°0 ‘Y0 T-WUD (£0°'T S6°0
IO T:9YD ‘(#0°T 96°0 ‘00°T ¥¥D) (0T'T 66°0 F0'T :¥YI) uonezieurauy :sfoq ug
‘uonjezifeuraiuy| ¢ uorssaxda| :USIPIIYD [[& UL

‘uorssaxda| :UIpIIYD [[e uf

(94T L¥°0- ‘Y1°1 :g) uoissaxdaq :s[13 Ul (94°C 90°0-
‘0g°1 :g) uorssaxdaq :skoq up *($2'¢ T1°0 ‘81°T :¢) uorssaxdaq| :ua1pyIypd J[e uj

*(£0°0 81°0- ‘S0°0- :g) UONEZI[RWISU] :USIPIIYD [[B UL
(10°0- 6€°0- “02°0") AUV (0 ¥+°0- ‘2 °0-) uonezifeurdIul} SMIS UL “(ET°0
SZ°0- “90°0- :g) ARIXUY (81°0 SZ'0- ‘b0°0- :g) uonezifeurauy :s£oq ur *(€0°0
82°0- ‘€1°0- :J) L_IXUY {(50°0 0€°0- ‘€T°0- :g) UONEZI[RUIU] :UIP[IYD [[E U]

“(S2°0 T20- 20°0 *¢) UOHEZI[EUIAU] USIP[IYD [[e U]

"(91°0 €€°0- ‘8070~ :g) UONEZI[RUIANU] :UIP[IYD [[E U]

“(81°0 £0°0- “90°0 :¢) uoneznRWOS {($0°0- 8€°0- ‘IZ°0- :J) ALIxXUY! SIS

ug “(81°0 ST°0- 20°0 :¢J) AwIxuy (82°0 £0°0 ‘ST°0 :g) uoneznewos| :skoq ug

*(€0°0 22°0- ‘60°0- ) A¥9IXUY {(2°0 10°0 ‘0T°0 :¢) UONELZNEWOS) ‘USIP[IYD [[e Ul

(9b'1 98'%- ‘0L'T-

'd) (29T 974 48T :F) ((S6°T Sb'S- ‘G4 T- if) UOnRZI[RUIaIU] (USIP[IYD [[B U]
‘(€5°€ S50

(922 Th'T1- ‘Th'0 :9) (0€'S 96'T- L9°T :d) {(bS'S 0T'T-

L1 ) (ST°€ 1T°T- ‘T0'T :g) uonezijeurauy uSIp[Iyd [[e uf

(69T 88°0 ‘64'T :¢) uonezirewsau} (€6°0 62°0 ‘T9°0 :J) [eMBIPYIM

14580 £1°0 ‘15°0 :¢) Lemxuy| S8 Ul “(gy'1 €8°0- ‘620 *¢) UoneZIRUIAIU]
(S€°0 9¥0°0- ‘S0°0- :¢) L1vrxuy :s£0q Ul *(8%°0 +0°0- ‘2Z°0 :J) LRIXUVY {(95°T
1T°0 ‘€8°0 :¢J) uonezirewruy| {(SS°0 £0°0 ‘TE°0 :¢) [eMBIPRIM| USIPIIYD [[8 U]
(24T ST°0- ‘62T :g) uonezieusayuy S8 uf *(92°¢ 99°0 ‘12°¢ :¢) uonezieusajug
1 {(€0°T 60°0 ‘95°0 *¢)) TemeIpyIM| (€€°T TZ'0 ‘£L°0 ) uoneznewos| (61°1
220 ‘1£°0 :¢) reuonowry) :soq uf "(0S°Z 0F°0 ‘St'T :¢) uonezieuaiuy| (y£0
S0°0 ‘0b°0 :g) TemeIpyIMI| (06°0 6T°0 ¥S°0 :¢) UOHBZIIBWOS), :USIP[IYD [[e U]
(6’1

T00°0- ‘£6°0 :fJ) uonezIeWIANU] {(29°0 100 TE"0 :J) [PUONOWH |, [USIPIYD [[e U]

ddIN

dzdIN ‘d9UIN
dNDIA ‘dODIN
‘ddOI ‘dd'IN ‘dAN ‘dHAA"X

dAIN
ddIN
d9UN

AMINT'X

didN

dzdiN

ddIN
d9uN
dHAA®X

dININ “dZdIN ‘dHIN

dHHAN
‘dHHAN | d9UN ‘dHOHIN

dzdiN

d9UN

ddin

(810T “Te 12 wny)

L(L10T
“1e 10 1eddiyqd)

(010 “Te 39 [28uy)

(r10z
“Te 19 A[s01q0Y))

#(ST0T “Te 12 uary)

(z102
“Ie 32 nedym)

(1ea4) 28y (enfea d 10 TeAIIUT 9DUSPYU0D ‘Uonewnsa jurod) sura[qoid 1o1aBYaq SUIZI[RUIAIXH

(enrea
d 10 TeAIS)UT 2dUSPYUOD ‘Uonewns? jurod) swajqoid 1o1aeyaq SUTZI[RUIDIU]

ajjoqelawr sajerepyd jo adAJ,

dURIYY

“URIP[IYD Ul suwa[qoid Jolaeyaq SUIZI[EUI)XD pue SUIZI[EUIS)UI UO MIIAI Y} UI PIPN[OUI S}NSI YIIeasay

b oIqeL

207



Q. Zhang, et al.

Neurotoxicology 73 (2019) 199-212

Table 5
Research results included in the review on others behavior problems in children.
Reference Type of phthalates metabolite Others behaviors problems (point estimation, confidence interval or p value) Age (year)
(Lien et al., 2015) MEOHP In all children: 1Social problems ($:2.98, 0.37 5.59). 8
(Kobrosly et al., 2014)* 33DEHP; MnBP; MBzP; MEP In all children: Attention (f: -0.08, -0.04 0.21); (f: -0.06, -0.14 0.26); (B: -0.05, -0.20 0.10); (B: -0.04, 6-10
-0.14 0.07).
MiBP. In all children: fAttention ($: 0.20, 0.01 0.39). In boys: tAttention (f: 0.27, 0.04 0.5). In girls: Attention
(B: 0.12, -0.12 0.36).
(Engel et al., 2010)" ,LMWP In all children: fAttention (f: 1.29, 0.16 2.41); |emotional control (f: 1.33, 0.18 2.49); |Global 4-9
Executive Composite (: 1.23, 0.09 2.36). In boys: {Attention (f: 1.55, 0.22 2.88). In girls: Attention s
(B: 0.83, -0.87 2.54).
MnBP In all children: |Working memory.
MiBP In all children: |adaptability.
MEP In all children: !Attention; |emotional control.
MMP In all children: fAttention; |emotional control; |Behavioral Regulation Index; |Working memory;
| Global Executive Composite.
(Philippat et al., 2017)* %,DEHP; MEP; MnBP; MBzP; In boys: Hyperactivity-inattention (IRR: 0.97, 0.93 1.01); (IRR: 1.00, 0.97 1.03); (IRR: 0.99, 0.95 1.02); 3
MCOP; MCNP; (IRR: 0.98, 0.94 1.01); (IRR: 0.98, 0.94 1.03); (IRR: 0.97, 0.93 1.01).
MiBP; MCPP. In boys: |Hyperactivity-inattention (IRR: 0.95, 0.91 1.00); (IRR: 0.96, 0.92 1.00).
(Kim et al., 2018) MEP In all children:|Social adaptive(p: -2.54, -4.44 -0.65). In boys: Social adaptive (f: -1.07, -4.69 2.55). In  1-2
girls: |Social adaptive (B: -3.34, -5.51 -1.17);
(Gascon et al., 2015) * %4,DEHP At 4 years in all children: 1Social competence (f: 2.00, 0.22 3.79); |Inattention (IRR: 0.84, 0.720.98). 4 or7
At 7 years in all children: | ADHD index (IRR: 0.88, 0.77 1.00); |Cognitive/Inattention (IRR: 0.83, 0.71
0.95).
MEP; MiBP; MnBP; MBzP. At 4 years in all children: |Inattention (IRR: 0.88, 0.80 0.97); Inattention (IRR: 0.95, 0.84 1.07); (IRR:
0.98, 0.87 1.11); (IRR: 0.96, 0.86 1.07). At 7 years in all children: Cognitive/Inattention (IRR: 0.95,
0.87 1.04); (IRR: 0.96, 0.86 1.08); (IRR: 0.94, 0.84 1.06); (IRR: 1.03, 0.93 1.15).
(Yolton et al., 2011) 3,DBP In all children: |arousal (f: -0.072, P: 0.04); |handling (f: -0.038, P: 0.02); self-regulation (B: 0.08, P: 5 weeks
0.05), movement (f: 0.054, P: 0.067)
(Engel et al., 2009) 24,LMWP In boys: 'Motor performance (f: 0.09, p: 0.01). 5 days
YsHMWP In girls: |Orientation (f: -0.37, p: 0.02); |quality of altertness (f: -0.48, -0.83 -0.12).
(Swan et al., 2010)* MiBP; MEHHP; MEOHP; In boys: |male typical play behavior (B: -4.53, 8.12 -0.94); (B: -3.29, -6.14 -0.43); (B: -2.94, -5.78 3-6
%,DBP; %;DEHP. -0.10); (B: -4.20, -8.18 -0.23); (B: -3.18, -6.26 -0.10). In girls: feminine play behavior (B: 0.69, -2.24
3.62); (B: 0.42, -2.38 3.23); (B: 0.45, -2.45 3.34); (B: 1.01, -2.13 4.14); (B: 0.32, -2.53 3.17).
(Percy et al., 2016) MiBP; MEP In boys: |masculine play behavior (OR: 1.69, 1.00 2.86); male typical play behavior (OR: 0.72, 0.51 8
1.02).
In girls: feminine play behavior (OR: 0.68, 0.41 1.14); {feminine play behavior (OR: 0.7, 0.51 0.97).
(Braun et al., 2017) MnBP In all children: |distance to find a hidden platform (B: -0.9, -1.8 -0.0). In boys: |time to find a hidden 8
platform (f: -3.0, -5.6 -0.4). In girls: |distance to find a hidden platform (B: -1.7, -2.8 -0.5).
(Miodovnik et al., %4,LMWP; MEP. In all children: |Social Communication (f: 1.86, 0.48 3.24) (p: 1.67, 0.44 2.90); |Social Cognition (B: ~ 7-9
2011)* 1.40, 0.07 2.74) (B: 1.28, 0.10 2.47); |Social Awareness (f: 1.25, 0.09 2.42) (f: 1.10, 0.06 2.14); tsocial
deficits (B: 1.53, 0.25 2.82) (B: 1.38, 0.23 2.53).
(Singer et al., 2017)* MiBP; MnBP. In all children:|gross motor activity (-0.2, -0.4 0.0) (-0.2, -0.5 0.0). 1
MBzP In all children:|gross motor activity (f: -0.2, -0.4 0.0); |smiling (§: -0.1, -0.2 0.0); duration of
orienting (f: 0.3, 0.0 0.5).
MEP In all children:|gross motor activity (B: -0.1, -0.3 0.0); |soothability (f: -0.1, -0.3 0.0).
MCPP In all children:|smiling (f: -0.1, -0.3 0.0).
MCPP; MBzP. In all children:tsocial fear (f: 0.3, -0.1 0.6); (B: 0.3, 0.0 0.5); |pleasure (f: -0.2, -0.4 -0.1); (f: -0.1,-0.2 2
0.0).
% ,DEHP In all children:fanger levels (B: 0.2, 0.0 0.4).
MEP In all children:factivity (f: 0.1, 0.0 0.3).
(Engel et al., 2018) %sDEHP In all children: tAttention deficit hyperactivity disorder(ADHD) (OR: 1.47, 1.09 1.94). In boys: 1 ADHD

(OR: 1.41, 1.00 1.95). In girls: ADHD (OR: 1.62, 0.95 2.58).

Note: “|” represents a decline in specific behavior problems; “1” represent a rise in specific behavior problems. “*”: in the study, phthalate metabolites were grouped
into two categories defined by the molecular weight of the monoesters [high (> 250 Da) and low (< 250 Da)], MiBP, MnBP, MEP and MMP only show the point
estimation, not confidence interval. “#”: the effect size was listed based on the order of phthalate metabolites preceding.

3.4.2. Prenatal exposure to phthalate and other behavior

Phthalate exposure during pregnancy could interfere with children’s
social development, attention, hyperactivity (ADHD-related symp-
toms), temperament, visual-spatial abilities, and gender-related play
behaviors, which have been demonstrated during the neonatal period.
Engel et al. (2009) and Yolton et al. (2011) reported that phthalate
exposure in gestation affected the neurobehavior of infants on the fifth
day and fifth week after birth, and observed significant sex-phthalate
interactions (Table 5).

Phthalate exposure during pregnancy affected children’s attention,
but the results were inconsistent. Kobrosly et al. (2014), Engel et al.
(2010), Kim et al. (2017) and Gascon et al. (2015) discussed the re-
lationship between phthalate exposure and children’s attention using
different scales and tests. Kobrosly et al. (2014) and Engel et al. (2010)
respectively used the Child Behavior Checklist (CBCL) and the Behavior
Assessment System for Children (BASC) scales to find that increasing
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MiBP, MEP, and ¥4,LMWP levels were associated with an increased risk
of attention problems. Kim et al. (2017) observed no associations be-
tween prenatal phthalate exposure and attention using the Compre-
hensive Attention Test (CPT), however Gascon et al. (2015) reported
that increasing prenatal MEP and X,DEHP concentrations were asso-
ciated with a reduced risk of inattention symptoms and ADHD index;
furthermore, in a recent prospective, nested case-control study, Engel
et al. (2018) found evidence that maternal urinary concentrations of
DEHP were monotonically associated with an increased risk of ADHD.

Prenatal phthalate exposure impaired children’s social behavior
development. Lien et al. (2015), Kim et al. (2018) and Miodovnik et al.
(2011) reported that elevated concentrations of £,LMWP, MEP and
MEOHP increased social behavior problems. Gascon et al. (2015) re-
ported that increasing prenatal ¥,DEHP concentrations were associated
with better social competence using the California Preschool Social
Competence Scale (CPSCS), and Braun et al. (2014) simultaneously
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analyzed a variety of EDCs and found no associations between phtha-
lates and social behavior in two-stage hierarchical analysis.

In addition to the behavioral problems described above, phthalate
exposure during pregnancy impaired children’s executive function,
decreased boys’ masculine play behavior, and affected Virtual Morris
Water Maze (VMWM) performance, especially among boys (Table 5).
Engel et al. (2010) reported that MMP had a greater impact on chil-
dren’s executive function, although its concentration was much lower
than that of MEP, MBzP, MBP, and MEHHP. In addition, Braun et al.
(2017) reported that MCPP interfered with VMWM performance, and
Singer et al. (2017) reported that MCPP was associated with reduced
smiling and increased social fear.

3.4.3. The near and long-term effects on behavioral development

In terms of children’s growth and development, six and 12 articles
studied the effect of phthalate exposure during pregnancy on the neu-
robehavior of children aged 0-3 and 4-10 years, respectively. Although
there were been few studies on short-term behavioral development of
children, the association between phthalate exposure and behavior was
found. In conclusion, prenatal exposure to phthalates could interfere
with the neurobehavior of children aged 0-12 years.

4. Discussion

To our knowledge, this study was the first systematic review to
assess the associations between prenatal phthalate exposure and chil-
dren’s cognitive and behavioral development using data from birth
cohorts. We assessed various aspects of neurodevelopment including
cognitive development, psychomotor development, internalizing be-
havior, externalizing behavior, social related behavior, temperament,
visual-spatial ability, attention, and sexually dimorphic behavior, and
separately analyzed the effects of phthalate exposure during pregnancy
on children’s short-term and long-term neurodevelopment. This review
also evaluated the effects of exposure to multiple types of phthalates
during pregnancy, including DEHP, BBzP, DEP, DBP, DMP, DiNP, DiDP,
and DnOP.

4.1. Main findings

In general, the results showed that prenatal exposure to DEHP,
BBzP, DEP, and DBP influenced cognition and behavior development.
Exposure to phthalates had adverse effects on cognitive development in
boys and girls, with gender differences. In addition, phthalate exposure
was more likely to cause behavioral problems in boys. Phthalate ex-
posure interfered with testosterone concentrations (Sathyanarayana
et al., 2014) and aromatase activity (Mankidy et al., 2013), which play
major roles in the conversion of testosterone to estradiol. Testosterone
levels in humans are associated with male-typical behaviors (Saenz and
Alexander, 2013) and androgen levels were important predictors of
sexually dimorphic behaviors (Collaer and Hines, 1995), which may
explain why boys are more sensitive than girls to the effects of phtha-
late exposure on neurobehavior. Other cohort studies have also re-
ported associations between prenatal phthalate exposure and cognitive
development or attention deficit by measurement of phthalate meta-
bolite in hair or blood (Jones et al., 2018; Minatoya et al., 2016;
Verstraete et al., 2016).

The current results suggested that phthalate exposure during preg-
nancy affected neurobehavior in children aged 0-12 years. Phthalates
tended to have an impact on short-term cognitive development, which
may be due to the fact that the assessment of the intelligence scale
required special training and that follow-up is more difficult with
longer duration, resulting in a lack of literature on the long-term effects.
More researches is required to verify these findings.

At present, there are few studies on the effects of DnOP and DMP on
neurodevelopment. Doherty et al. (2017) reported that MCPP interfered
with children’s cognitive development, Singer et al. (2017) and Braun
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et al. (2017) reported that MCPP had an impact on behavior develop-
ment. Moreover, Engel et al. (2010) reported that prenatal DMP ex-
posure disturbed children’s execution function, however, no association
between DMP exposure and cognition was found.

The results evaluating the association between prenatal phthalate
exposure and neurodevelopment were inconsistent, which could be due
to the different methods of correcting for urinary dilution (specific
gravity or creatinine), different transformation methods of phthalate
concentrations (nature log-transformated, log10-transformed or log2-
transformed), different collection time of urine samples, different in-
struments of outcome measurement, different ethnic population, dif-
ferent sample sizes and different adjustment factors in the models
(Table S5). We believed that it was most appropriate to adjust the
confounding factors of children’s age, sex, maternal age, maternal
education, breastfeeding, maternal alcohol use during pregnancy,
smoking during pregnancy, race, HOME score in the model by con-
sulting literatures (Doherty et al., 2017; Singer et al., 2017). Moreover,
Philippat et al. (2017) and Nakiwala et al. (2018) analyzed pregnant
women whose children were boys.

Kim et al., 2011 conducted a categorical analysis to estimate asso-
ciations of MDI and PDI with quartiles of creatinine-corrected phthalate
biomarkers according to infant sex, and demonstrated that among male
infants, MDI and PDI scores decreased with increasing MEHHP quar-
tiles, MEOHP quartiles, and MnBP quartiles, but there were no sig-
nificant differences among female infants. Doherty et al. (2017) esti-
mated associations between MDI and PDI scores and tertile of
creatinine-standardized metabolite concentrations in additional sensi-
tivity analyses, and supported the assumption of linearrity, demon-
strated threshold-type and non-monotonic. Factor-Litvak et al. (2014)
reported that IQ scores were lower among children born to mothers
with urinary DBP concentrations in the highest compared the lowest
quartiles. Ipapo et al. (2017) reported that the magnitude of effect on
novelty preference score was similar and lower in tertiles 2 and 3
compared to tertile 1 for each of the phthalate metabolites excepting
MnBP and MCPP among girls. Olesen et al. (2018) showed that lower
vocabulary and complexity percentile scores were found among boys in
the highest quartile of prenatal phthalate exposure compared to the
three other quartile, but no dose-response relationships were apparent.
Nakiwala et al. (2018) reported that no significant association was
observed after categorizing exposure in tertiles. The results were in-
consistent probably due to the different population sizes, maternal
ethnicity, and assessment scales, for example, Factor-Litvak et al.
(2014) included Hispanics and African Americans women of New-York
which could limit comparability with Nakiwala et al. (2018) which
relied on a polulation that mostly included highly educated Caucasian
European women. In addition, Engel et al. (2010, 2009), Swan et al.
(2010) reported that behavior problems increased with higher quartiles
of phthalate metbolites. In brief, we speculated that there was a re-
lationship between the extent of phthalate exposure and the effects on
neurological outcomes.

4.2. Biological mechanisms

Although a specific mechanism linking maternal phthalate exposure
to neurodevelopment has not yet been established, extensive evidence
suggests that phthalates can interfere with systems and processes es-
sential to the development of the fetal brain and nervous system (Johns
et al., 2015; Liu et al., 2009; Miodovnik et al., 2014; Sun et al., 2018).
Based on the current findings, the following possible biological me-
chanisms can be elucidated. Maternal phthalates levels were sig-
nificantly and negatively associated with serum thyroid-stimulating
hormone (TSH) in cord blood (Kuo et al., 2015) and maternal serum
thyroid (Johns et al., 2015, 2016; Yao et al., 2016), phthalates exposure
in early life were inversely associated with children cognitive outcomes
(Morgenstern et al., 2017), while thyroid function was related to cog-
nition, behavior, and ADHD symptoms (Ghassabian et al., 2011;
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Modesto et al., 2015; Perez-Lobato et al., 2015; Thompson et al., 2018).
Both animal and epidemiological studies have found that phthalate
exposure could interfere with the homeostasis of sex hormones (pro-
gesterone, androstenedione, and testosterone) in vivo (Hannon et al.,
2015; Sathyanarayana et al., 2014). Steroid hormones, including sex
hormones, may affect children’s neurodevelopment and relevant be-
haviors (Gore et al., 2014); testosterone levels in humans were asso-
ciated with male-typical behaviors (Auyeung et al., 2009; Saenz and
Alexander, 2013); in addition, phthalates may interfere with aromatase
activity, which plays a major role in the conversion of testosterone to
estradiol (Mankidy et al., 2013) and may be important in brain mas-
culinization (Weiss, 2012). Phthalates could interfere with lipid meta-
bolism in the body (Jia et al., 2015, 2016; Xu et al., 2008), which may
be detrimental to neurodevelopment (Helland et al., 2003; Xu et al.,
2007). Furthermore, phthalates have been shown to activate peroxi-
some proliferator-activated receptors (PPARs) in vitro and induce
PPARy overexpression, resulting in apoptosis of undifferentiated neu-
rons (Cocci et al., 2015; Ernst et al., 2014; Lampen et al., 2003; Lin
et al., 2011). PPARs are a diverse class of nuclear receptors expressed in
the fetal rat and human brain tissue with wide-ranging epigenetic and
developmental effects(Abbott., 2009) and play an important role in
neural tube development and cell proliferation (Kota et al., 2005).

Above all, there are some plausible biological mechanisms.
Phthalate metabolites interfered with calcium signaling coupled with
nicotinic acetylcholine receptors (nAchRs) in human cell lines (Liu
et al., 2009), nAchRs-mediated calcium channel in the brain and the
peripheral nervous system play essential roles in a variety of neurode-
velopment processes (Resende and Adhikari., 2009). Besides, animals
studies showed that phthalate exposure resulted in hippocampal neuron
loss and structural and functional alternations (Holahan and Smith,
2015; Li et al., 2013); the hippocampus has long been studied for its
prominent role in learning and memory (Nadel and Moscovitch., 2001).
Moreover, phthalate altered the expression of neuropeptide Y (NPY) in
human cells (Rendel et al., 2017); NPY coordinates energy homeostasis
regulation, anxiety, aggression, and other feeding-related behavioral
aspects (Loh et al., 2015), and haplotype-driven NPY expression was
related to trait anxiety (Zhou et al., 2008). Finally, DEHP and DBP are
epigenetically toxic, and maternal exposure to DEHP was shown to
increase DNA methylation and expression levels of DNA methyl-
transferases in mouse testis (Singh and Li., 2012). Epigenetic alterations
may also affect behavior (Champagne and Rissman, 2011; Tops et al.,
2019).

4.3. Limitations of the current research

This review has some limitations. First, only five cohort studies
collected urine samples at two different trimesters of pregnancy; the
others only obtained one prenatal urinary sample, which might result in
an imprecise assessment of phthalate exposure during pregnancy.
Secondly, of the 14 birth cohorts, 10 and five measured urinary
phthalate metabolites during the third and second trimester, respec-
tively; thus it was unclear how phthalate exposure during early preg-
nancy affected child neurodevelopment. Furthermore, few articles in-
vestigated the effect of DnOP and DMP exposure on neurodevelopment;
in addition to DnOP being metabolized to MCPP in vivo, DBP, DiNP and
several high molecular weight phthalates can also be metabolized to
MCPP, and we could not determine which affected children’s cognitive
and behavioral development. Besides, the studies reported the out-
comes on different assessments, most of which measured slightly dif-
ferent constructs of behavior or neurodevelopment. In addition, most
studies assessed the association between exposure and outcomes at
different ages. Moreover, some studies did not address the issue of
postnatal exposure, as brain development did not stop at birth, how-
ever, Polanska et al. (2014) reported that postnatal children exposure to
phthalates was not associated with cognition. In addition to the lim-
itations mentioned above, based on a variety of behavioral rating
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scales, we classified behavioral issues as internalizing and externalizing
behavioral problems for analysis, which might affect the results. Fi-
nally, there might be some publication bias, which led to some mean-
ingless results being missed.

4.4. Areas for future research

Given that female reproductive development might be more vul-
nerable to the effects of phthalate exposure during special critical
periods of in utero development (Watkins et al., 2017), we hypothe-
sized that there is a critical in utero window of susceptibility for neu-
rodevelopment in children. Future studies are warranted to investigate
the effect of phthalate exposure during different periods of pregnancy.
Multiple urine samples should be collected to better evaluate phthalate
exposure levels during pregnancy. In addition, when investigating the
effects of DMP and DnOP exposure on neurodevelopment, the main
source of MCPP in vivo should also be identified. Furthermore, the
differences in the effects of phthalate exposure during pregnancy on
children’s short-term intelligence and long-term intelligence require
further clarification. Finally, it is necessary to further identify the bio-
logical mechanisms to prevent the adverse effects of phthalate ex-
posure.

5. Conclusions

Prenatal exposure to DEHP, DBP, DEP, and BBzP had an adverse
impact on cognitive development, psychomotor development, inter-
nalizing behavior, externalizing behavior, attention, gender-typical
play behaviors, social behavior and visual spatial ability in children, but
results are not always consistent. Some effects were gender-specific,
especially the impact of phthalate exposure on neurobehavior in boys.
No association had been reported between prenatal DMP exposure and
cognitive and psychomotor development. The findings served as con-
firmatory evidence of the diverse neurodevelopment hazards of
phthalates in children.
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