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BACKGROUND: Phthalates exposure might affect children’s intelligence development. This study aimed to determine (1) whether
sex and age affect cognitive function and (2) whether sex differences in cognitive performance are wider with higher phthalate

concentrations.

METHODS: Data were collected from PubMed (1998-2022), PROQUEST (1997-2022), and SpringerLink (1995-2022). The study
followed the PRISMA process. The included articles were followed by PECO framework. The GRADE applied to assess the certainty of
evidence. Of 2422 articles obtained, nine were selected using inclusion criteria. The random-effects model was used to estimate the

pooled effects.

RESULTS: Our meta-regression indicated a significant difference between sex differences with age at phthalate concentration
assessment (8= —0.25; 95% Cl = —0.47, —0.03) and MEHP concentration (8 = —0.20; 95% Cl= —0.37, —0.03).

CONCLUSIONS: The limitation of the current article is it only provides information on intelligence level rather than other aspects of
cognitive function. Thus, the sequelae of phthalate exposure on attention and executive function are still unclear. Our analysis
shows significant difference between sex differences in cognitive function scores associated with age at phthalate concentration
assessment. Girls might be more resilient in cognitive function at a younger age or during lower concentrations of phthalates

metabolites.

Pediatric Research (2023) 94:1609-1618; https://doi.org/10.1038/s41390-023-02672-5

IMPACT:

® This is the first meta-analysis to evaluate the pooled estimates of sex differences in objective cognitive functions among

children with phthalate exposure.

® The female might be a protective factor when exposed to toxic plasticizers while the concentration is low.
® This study captures the possible role of sex in cognitive functioning and plasticizer exposure through a meta-analysis of

children’s sex, cognitive scores, and plasticizer exposure.

INTRODUCTION

Phthalates are common endocrine-disrupting chemicals in our
daily lives, found in plastics ranging from bottles to flooring. After
entering the body, most phthalates are excreted in urine and feces
within 24 h.! Nevertheless, repeated exposure to high levels of
phthalates during pregnancy, breastfeeding, and infancy may
impair neurodevelopment,® including intelligence. Intelligence
broadly refers to an individual's ability to combine logical
reasoning, comprehension, expression, language, and learning,
profoundly affecting lifelong learning.

As both prenatal and postnatal exposure to phthalates affects
the development of cognitive function, an increasing number of
epidemiological studies have assessed the potential association;
however, the conclusions are varied because of several

methodological discrepancies.” The three main factors causing
discrepancies include diverse types of phthalates, different
indicators of cognition level (e.g., varying from using the
Behavioral Assessment System for Children, Second Edition
[BASC-2] to measure behavioral and emotional functioning to
using the Bayley Scales of Infant and Toddler Development
Version Il [BSID-1I] to measure mental and psychomotor develop-
mental functions?), and potential biological differences in subjects
(e.g., age and sex). Therefore, until a recent meta-analysis was
published by Radke et al. in 2020,° most review articles were
unable to conduct a meta-anal‘}/sis to quantify the effect of
phthalate exposure on cognition.*”® This meta-analysis used five
to eight articles to assess the associations between five phthalates
(i.e, DEHP, DBP, DIBP, BBP, and DEP) and two types of cognitive
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function in children (i.e., infant mental and psychomotor devel-
opment).® While most results revealed slight and non-significant
inverse associations, there was a moderate and significant inverse
association between BBP and psychomotor development in girls,®
indicating that sex may moderate the extent to which phthalates
affect cognition.’

Before 3 years of age, girls usually have an earlier develop-
mental timetable than boys, so sex differences in cognition level
may exist.'® Jankowska reviewed the role of sex in neurodevelop-
ment on plasticizer exposure and found that phthalates are
essential factors determining children’s cognitive, psychomotor,
behavioral, and emotional development.® However, their findings
had many confounding variables; the outcomes they included
were merged with subjective and objective measures, and the
cognitive function results were contaminated. In addition, they
had no conclusions about cognitive functions after plasticizer
exposure. It is still unclear whether sex differences in cognition
levels persist when children reach a certain age.

Standard intelligence tests used to assess research and clinical
measures could be differentiated by age, below and above the
age of three. The most common measurement of intelligence for
children below 3 years of age is the BSID versions |, Il, and lIl."" The
most common measurement for children above 3 years of age is
the Wechsler Intelligence Scale (WIS),'*'® but some studies used
the Intelligence and Development Scales (IDS) as an alternative.'®
Each measure compares the norms for each age and sex group,
and we should consider whether these differences vary with
phthalate exposure. Therefore, this meta-analysis investigated (1)
whether sex and age affect cognitive performance and (2)
whether sex differences in cognitive performance are wider with
higher phthalate concentrations.

METHODS

We collected data from three databases: PubMed (1998-2022),
PROQUEST (1997-2022), and SpringerLink (1995-2022). We used
EndNoteX9 for importation and articles management. Restrictions
were not put on the publication date or language of the
publications, and the last search was conducted on December
23, 2022. The search keywords were categorized into three
categories, each of which contained all three components: (1)
phthalates; (2) child, preschool, infant, or teenager; and (3)
cognitive function or intelligence.

This meta-analysis was conducted based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) process,'> reported in Supplementary Table 1. We
followed the population, exposure, comparator, and outcome
(PECO) framework to review and included articles in the meta-
analysis. First, the population was defined as children aged
0-16 years. Second, the exposure and comparator were defined as
male children (hereafter referred to as boys) vs. female children
(hereafter referred to as girls) in different age groups and high vs.
low phthalate exposure. Third, the outcome was lower cognitive
performance, measured using a standardized intelligence score.
The intelligence score currently measured using relevant ability
scales is based on country and age norms. The standard deviation
score was 15. We excluded articles in the first screening stage that
were (1) non-human clinical trials, (2) non-child articles, (3) non-
English language articles, (4) without cognitive assessment, and
(5) not including the plasticizer metabolites data. In the final
screening stages, we excluded the articles that (1) missing data, (2)
overlapping population comprised duplicate data (i.e., different
articles using the same data source; if this was the case, the article
was selected for analysis with complete data), (3) cognitive
assessment raw data was not provided. Two independent
reviewers screened the relevant articles. Each article was
evaluated for suitability for inclusion in the PRISMA process,
as well as a keyword search of the article. If a discrepancy
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occurred, a third reviewer participated in the discussion until a
consensus was reached.

We used Microsoft Excel for data curation and Comprehensive
Meta-Analysis 3.0 and Stata version 16.1 (StataCorp, TX) for
statistical analysis. Data records and descriptive statistics, such as
participant distribution, number of participants, data sources, and
measurement of cognitive function tools, were recorded using
Microsoft Excel. A comprehensive meta-analysis was used to
compare sex and cognitive function differences across the study
and draw forest plots. Meta-regression was used to evaluate sex
differences in cognitive function as a factor affecting phthalates
metabolite content. Mean differences between the sexes were
weighted by the standard deviation of the mean and the number
of participants. Funnel plots and Egger’s tests were used to
evaluate potential publication bias.'®

We used the National Toxicology Program Office of Health
Assessment and Translation (NTP/OHAT) approach for evidence
integration to assess the risk of bias and GRADE to grade the
certainty of evidence."” We used I-squared (P) and tau-squared (%)
to investigate heterogeneity across selected studies between-
study variance in the random-effects meta-analysis,'® respectively.
P ranged from 0-25%, 25-50%, 50-75%, and >75%, representing
no heterogeneity, low heterogeneity, moderate heterogeneity,
and high heterogeneity, respectively.'®

RESULTS

Study selection and characteristics

Figure 1 shows the selected articles following the PRISMA process.
The number of included articles in the initial stage was 2422. After
removing 183 duplicate articles and eight book references, the
number became 2231. In the next stage, 146 articles were
included after applying the inclusion and exclusion criteria

[ Identification of studies via databases and registers ]

)
Records identified from
PubMed, PROQUEST, and
= SpringerLink:
.g » PubMed (n = 66) -
S || « PROQUEST (n=2341) Records removed before screening:
= « SpringerLink (n = 15) « Duplicate records removed
€ (n=183)
% « Records marked as ineligible by
= automation tools (n = 0)
» Records removed for other
L reasons (n = 8)
)
Records screened Records excluded by a human for
(n=2231) irrelevant (n = 2085)
* Non-human research
» Non-child research
« Non-english language research
« Without cognitive assessments
Reports sought for retrieval » Not including the plasticizer
2| (n=146) metabolites date
=
g 4{ Reports not retrieved (n = 49)
n
Reports assessed for eligibility Reports excluded:
(n=97) « Missing data (n = 31)
* Same stats (n=2)
« Cognitive assessment raw data
was not provided (n = 50)
« Overlapping population (n = 5)
—_—
'8 Studies included in review
3| (=9
© Reports of included studies
c
~ | (n=9)
_—
Fig. 1 Process of selecting articles. n number of articles.
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mentioned above. In the final screening stage, 31 articles lacked
complete data, two had the same data, 50 did not provide
complete cognitive assessment data, and five overlapping
populations were excluded. Nine articles met the inclusion criteria.
Eight of the 97 articles included in the review showed
inconsistency in results between two independent reviewers,
which were resolved through arbitration by a third reviewer. The
inter-rater reliability of the selected articles was 0.92.

These nine articles included twelve study groups: one each from
Poland, Sweden, ltaly, Denmark, and Slovakia; two each from
South Korea, and the United States; and three each from Taiwan.
Participants were recruited from hospitals, environmental health
centers, obstetrics and gynecology clinics, and child psychiatric
clinics. Concerning cognitive instruments, three articles used
Bayley, and nine used WIS. Regarding the timing of phthalate
concentration assessment, five articles (five study groups) mea-
sured prenatal samples (mother’s urine), and four articles (seven
study groups) measured postrenal samples (children’s urine). The
characteristics of the nine articles included in the final analysis are
summarized in Table 1.

lower levels of cognitive functioning at age seven.
This adverse association is particularly stronger in

prenatal exposure to phthalates is associated with
boys.

between concurrent phthalate exposure and 1Q in

results do not provide evidence for an association
children.

(n = 678); The findings suggested that early

Major findings

Meta-analysis: sex comparison for cognitive function

The significant difference in cognitive scores between the sexes
was not detected (weighted mean difference =0.87; 95% Cl=
—0.24, 1.98; p=020; F=3566%) (Fig. 2). Additionally, we
performed subgroup analyses by study period, region, the timing
of phthalate concentration assessment, and intelligence assess-
ment tools (Table 2; Fig. 3a-d).

MEP, MBP, MBzP, and

Phthalates
>DEHP

Meta-regression and sex role in cognitive functions

Figure 4 reveals bubble plots of sex difference in cognitive
function scores associated with age at phthalate concentration
assessment (Fig. 4a; = —0.25; 95% Cl= —0.47, —0.03; p = 0.03),
and MEHP concentration (Fig. 4b; 8= —0.20; 95% Cl=-0.37,
—0.03; p=0.02). Supplementary Fig. 1A-lI shows insignificant
results on MEOHP (8= —0.01; 95% Cl=-0.22, 0.21; p=0.96),
MEHHP (8= -0.00; 95% Cl=-0.11, 0.13; p=0.97), >DEHP
(8=10.02; 95% Cl=—0.03, 0.07; p=0.37), MBzP (8=0.00; 95%
Cl=-0.06, 0.06; p=0.96), MiBP (3= —0.01; 95% Cl=—0.05,
0.03; p=0.50), MnBP (8 =0.01; 95% Cl=—0.07, 0.10; p = 0.74),
MBP (8 = 0.03; 95% Cl = —0.14, 0.21; p = 0.71), MEP (8 = —0.00;
95% Cl=—0.03, 0.02; p=0.85), and age at intelligence assess-
ment (8= —0.14; 95% Cl = —0.48, 0.19; p = 0.40).

Further correlation analysis revealed that MEHP concentration
was also associated with age at phthalate concentration assess-
ment (both prenatal and postnatal, r=0.71; p<0.05; see
Supplementary Fig. 2A) and age at intelligence assessment
(r=0.40; p<0.05; see Supplementary Fig. 2B). However, the
correlation coefficient between “MEHP concentration” and “age at
phthalate concentration assessment (both prenatal and postna-
tal)” was higher. This finding suggests that the difference was
more significant at younger ages, probably due to the lower
concentration of age at the phthalate concentration assessment.
In addition, both correlations showed that the higher the age, the
higher the plasticizer concentration measured. Our findings
suggest that the protective effect of age may only exist at young
ages or low concentrations of plasticizers.

Age at intelligence assessment:

Number of subjects: 332 boys
7y

Age at intelligence assessment:
and 346 girls

Number of subjects: 133 boys
Ty

Age at intelligence assessment:
and 167 girls

Number of subjects: 165 boys
7y

intelligence assessment age
and 135 girls

Study period, number of
(year)

subjects, and age at

Study period: 2018-2019
Study period: 2014-2017
Study period: 2007-2017

Timing of
phthalate
assessment
Postnatal
Postnatal
Prenatal

name
Tool name: WISC-V

Tool name: WISC-IIl
Tool name: WISC-IV

Tools and tool
Tool: WIS

Tool: WIS
Tool: WIS

Publication bias

A symmetric inverted funnel shape indicated a low risk of
publication bias among these nine articles with twelve study
groups, as shown in Fig. 5 (83=-047; 95% Cl=0.59, 1.49;
p = 0.66).

Country
Denmark
Slovakia
Sweden

continued

Risk of bias

The risk of bias assessments for studies investigating the
association between plasticizer exposure and intelligence function
are summarized in Table 3, and the details of each assessment are

Authors
Gennings
et al. 2022

Table 1.

SPRINGER NATURE Pediatric Research (2023) 94:1609-1618
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Cho et al. 2010 (South Korea, WIS, KEDI-WISC)

Kim et al. 2011 (South Korea, Bayley [MDI], Bayley BSID-II)
Whyatt et al. 2012 (the United States, Bayley [MDI], Bayley BSID-II)
Doherty et al. 2017 (the United States, Bayley [MDI], Bayley BSID-II)
Huang et al. 2017 (Taiwan, WIS, WPPSI-R)

Huang et al. 2017 (Taiwan, WIS, WISC-1V)

Jankowska et al. 2019 (Poland, WIS, IDS [Fluid intelligence])

Tsai et al. 2020 (Taiwan, WIS, WISC-IV)

Rosolen et al. 2022 (ltaly [NAC-II cohort], WIS, WISC-IV)

Rosolen et al. 2022 (Denmark [OCC cohort], WIS, WISC-V)
Rosolen et al. 2022 (Slovakia [PCB cohort], WIS, WISC-III)
Gennings et al. 2022 (Sweden, WIS, WIS-IV)

Overall

Heterogeneity: 12 = 1.28, 12 = 35.66%, H> = 1.55

Test of 6; = 6j: Q(11) = 14.55, p = 0.20

Testof 6 =6:z=1.54, p=0.12

Random-effects REML model

Weighted mean difference Weight
with 95% Cl (%)
—— —2.01 [-4.28, 0.26] 12.20
— 0.63 [-1.57, 2.84] 12.59
—l— 2.54[-0.01, 5.09] 10.77
—a— 0.84 [-2.63, 4.32] 7.23
—— 0.22 [-3.95, 4.39] 5.50
= 0.45 [-5.43, 6.32] 3.1
— 0.28 [-4.59, 5.15] 4.29
= —0.14 [-6.60, 6.33] 2.63
—— 0.00 [-2.38, 2.38] 11.62
—— 1.55[-1.18, 4.28] 9.94
—a— 0.92 [-2.63, 4.46] 7.02
—— 3.44[1.33, 5.55] 13.10
> 0.87 [-0.24, 1.98]
5 0 5 10

Fig. 2 Forest plot of studies on the weighted mean difference of intelligence scores between boys and girls with phthalates exposures.
BSID-Il Bayley Scales of Infant and Toddler Development Version Il, H? h-squared, IDS Intelligence and Development Scales, F I-squared,
p p-value, KEDI-WISC Korean Educational Development Institute-Wechsler Intelligence Scale for Children, 7° tau-squared, WIS Wechsler

Intelligence Scale.

Table 2. Subgroup analysis between plasticizer exposure by different characteristics.
Characteristics Number of study Weighted mean P (in %) p-value Tau® Group difference
groups difference (95% Cl) (p-value of Q test)
Overall 12 0.87 (—0.24, 1.98) 35.66 0.20 1.28
Study period 0.35
2010-2017 0.38 (—1.20, 1.97) 38.44 0.21 1.44
2018-2022 6 1.42 (—0.07, 2.92) 26.82 0.37 0.91
Region 0.13
Asia —0.43 (—2.06, 1.20) 16.48 0.57 0.60
Europe 1.50 (—0.06, 3.06) 32.08 0.28 1.00
North America 1.95 (—0.11, 4.00) 0.00 0.44 0.00
Timing of phthalate 0.05
concentration assessment
Prenatal 1.88 (0.50, 3.26) 21.75 0.36 0.54
Postnatal —0.07 (—1.39, 1.25) 12.69 0.61 0.41
Intelligence assessment tools 0.52
Bayley 3 1.34 (—0.17, 2.84) 0.00 0.51 0.00
WIS + IDS 0.64 (—0.81, 2.10) 42.70 0.12 1.93

provided in Supplementary Table 2. The NTP/OHAT Risk of Bias
tool focuses on confounding and detection biases, including
exposure and outcome assessment. We assessed the risk of bias
among the nine articles. For confounding bias, confounders such
as parents’ smoking habits and education, household income, and
lower socioeconomic status were not adjusted throughout the
four articles. Thus, three articles were rated as having a “probably
high risk of bias.”'*%° For exposure detection bias, none of the
articles was rated as “probably low risk of bias.” However, for
outcome detection bias, two articles were rated as “probably high
risk of bias,” which provided insufficient information to justify the
assessment.”’ For exclusion bias, five articles that did not specify
exclusion bias were rated as “probably high risk of bias.”2°"?* Four

Pediatric Research (2023) 94:1609-1618

articles that failed to report conflicts of interest or funding support
were rated as “probably high risk.”?°">® For selective reporting
bias, article was rated as “probably low risk of bias” due to a lack of
significant and consistent evidence of inverse associations
between three groups of cohort study exposures and FSIQ. In
summary, articles were categorized as Tier 1 (n=15) or Tier 2
(n = 4) for risk of bias, indicating a “plausible bias that raises some
doubt about the results.”"”

Certainty of evidence

A summary of the findings regarding the certainty of the evidence
is provided in Table 4. Regarding the risk of bias rating for studies
investigating plasticizers, the overall risk of bias was “not serious.”
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a By study period

Weighted mean difference  Weight

Study with 95% CI (%)
2010-2017

Cho et al. 2010 (South Korea, WIS, KEDI-WISC) o -2.01(-4.28,026] 1220
Kim et al. 2011 (South Korea, Bayley [MDI, Bayley BSID-I) —— 063(-1.57,2.84] 1259
Whyatt et al. 2012 (the United States, Bayley [MDI), Bayley BSID-I) —— 254(-0.01,509]  10.77
Doherty et al. 2017 (the United States, Bayley [MDI], Bayley BSID-l) —a— 0.84[-2.63,4.32] 7.23
Huang et al. 2017 (Taiwan, WIS, WPPSI-R) —a— 0.22-3.95, 4.39] 5.50
Huang et al. 2017 (Taiwan, WIS, WISC-IV) —_— 0.45[-5.43, 6.32] 311
Heterogeneity: = 1.44, > = 38.44%, H* = 1.62 - 0.38 [1.20, 1.97]

Testof 6= 6; Q(5) = 7.13, p=0.21

2018-2022

Jankowska et al. 2019 (Poland, WIS, IDS [Fluid 0.28 (4,59, 5.15] 429
Tsai et al. 2020 (Taiwan, WIS, WISC-IV) —_—— -0.14(-6.60, 6.33] 2,63
Rosolen et al. 2022 (Italy [NAC-II cohort], WIS, WISC-IV) —— 000(-2.38,2.38]  11.62
Rosolen et al. 2022 (Denmark [OCC cohort], WIS, WISC-V) —.— 1.55[-1.18, 4.28] 9.94
Rosolen et al. 2022 (Slovakia [PCB cohort], WIS, WISC-ll) —a— 0.92[-2.63, 4.46] 7.02
Gennings et al. 2022 (Sweden, WIS, WIS-IV) —— 344[1.33,555  13.10
Heterogeneity: © = 0.91, * = 26.82%, H? = 1.37 s 1.42[-0.07, 2.92]

Test of 6, = 6; Q(5) = 5.35, p= 0.37

b By region

Weighted mean difference  Weight
Study with 95% CI (%)
Asia

Cho et al. 2010 (South Korea, WIS, KEDI-WISC) - -2.01[-4.28,026]  12.20
Kim et al. 2011 (South Korea, Bayley [MDI, Bayley BSID-Il) . 063[-157,284]  12.59
Huang et al. 2017 (Taiwan, WIS, WPPSI-R) —a— 0.22[-3.95,4.39] 550
Huang et al. 2017 (Taiwan, WIS, WISC-IV) —- 0.45[-5.43, 6.32] 311
Tsai et al. 2020 (Taiwan, WIS, WISC-V) e ~0.14[-6.60, 6.33] 263
Heterogeneity: = 0.60, /= 16.48%, H = 1.20 - ~0.43 [-2.06, 1.20]

Test of 6, = 0: Q(4) = 2.94, p= 0.57

Europe

Jankowska et al. 2019 (Poland, WIS, IDS [Fluid 0.28(-4.59, 5.15] 429
Rosolen et al. 2022 (Italy [NAC-I cohort], WIS, WISC-IV) " 000(-2.38,238] 1162
Rosolen et al. 2022 (Denmark [OCC cohort], WIS, WISC-V) N 1.55[~1.18, 4.28] 9.94
Rosolen et al. 2022 (Slovakia [PCB cohort], WIS, WISC-IIl) B 092 [-2.63, 4.46] 7.02
Gennings et al. 2022 (Sweden, WIS, WIS-IV) R 344[1.33,555]  13.10

Heterogeneity: ©* = 1.00, * = 32.08%, H? = 1.47 -
Test of 6, = 0; Q(4) = 5.08, p=0.28

1.50 [0.06, 3.06]

North America

Whyatt et al. 2012 (the United States, Bayley [MDI], Bayley BSLD-l) " 254(-001,509] 1077
Doherty et al. 2017 (the United States, Bayley [MDI), Bayley BSID-1l) —— 0.84(-2.63,4.32) 723
Heterogeneity: = 0.00, /2 = 0.00%, H* = 1.00 < 1.95[0.11,4.00]

Test of 6, = 6; Q(1) = 0.60, p= 0.44

c By timing of phthalate concentration assessment

Weighted mean difference  Weight
(%)

Study with 95% CI

Prenatal

Kim et al. 2011 (South Korea, Bayley [MDI], Bayley BSID-1I) —— 063(-157,2.84] 1259
Whyatt et al. 2012 (the United States, Baytey [MDI], Bayley BSID-I) —— 254(-001,509] 1077
Doherty et al. 2017 (the United States, Bayley [MDI], Bayley BSID-1l) —a— 0.84(-2.63,4.32) 723
Jankowska et al. 2019 (Poland, WIS, IDS [Fluid 0.28[-4.59, 5.15] 429
Gennlngs et al. 2022 (Sweden, WIS, WIS-IV) —— 3.44[1.33,555  13.10
Heterogeneity: * = 0.54, /* = 21.75%, H* = 1.28 - 1.88 050, 3.26]

Test of 6, = 0 Q(4) = 4.33, p=0.36

Postnatal

Cho et al. 2010 (South Korea, WIS, KEDI-WISC) @ -2.01(-4.28, 0.26] 1220
Huang et al. 2017 (Taiwan, WIS, WPPSI-R) —— 0.22[-3.95, 4.39] 550
Huang et al. 2017 (Taiwan, WIS, WISC-IV) —_— 0.45[-5.43, 6.32] 311
Tsai et al. 2020 (Taiwan, WIS, WISC-IV) —_— -0.14(-6.60, 6.33] 263
Rosolen et al. 2022 (Italy [NAC-II cohort], WIS, WISC-IV) —— 000[-2.38,2.38]  11.62
Rosolen et al. 2022 (Denmark [OCC cohort], WIS, WISC-V) —— 1.55[-1.18, 4.28] 9.94
Rosolen et al. 2022 (Slovakia [PCB cohort], WIS, WISC-IIl) —a— 0.92-2.63, 4.46] 7.02
Heterogeneity: ©* = 0.41, /* = 12.69%, H* = 1.15 - -0.07 [-1.39, 1.25]

Test of 6, = 6; Q(6) = 4.49, p= 0.61

d By intelligence assessment tools

Weighted mean difference  Weight

Study with 95% CI (%)
Bayley (MDI)

Kim et al. 2011 (South Korea, Bayley [MDI, Bayley BSID-Il) —— 063(-157,2.84] 1259
Whyatt et al. 2012 (the United States, Bayley [MDI], Bayley BSID-1I) —— 254[-001,6.09]  10.77
Doherty et al. 2017 (the United States, Bayley [MDI], Bayley BSID-1I) — 0.84[-2.63,4.32] 723

Heterogeneity: * = 0.00, /= 0.00%, H=1.00 <
Test of 0, = 0; Q(2) = 1.33, p= 0.51

1.34[-0.17,2.84]

wis
Cho et al. 2010 (South Korea, WIS, KEDI-WISC) —— -2.01(-4.28,026] 1220
Huang et al. 2017 (Taiwan, WIS, WPPSI-R) — 0.22[-3.95,4.39] 550
Huang et al. 2017 (Taiwan, WIS, WISC-IV) —_— 0.45[-5.43, 6.32] 311
Jankowska et al. 2019 (Poland, WIS, IDS [Fluid 0.28[-4.59, 5.15] 429
Tsai et al. 2020 (Taiwan, WIS, WISC-IV) —_—— ~0.14[-6.60, 6.33] 263
Rosolen et al. 2022 (Italy [NAC-II cohort], WIS, WISC-IV) — 0.00 (2.38, 2.38] 11.62
Rosolen et al. 2022 (Denmark [OCG cohort], WIS, WISC-V) —a— 1.55[-1.18, 4.28] 9.94
Rosolen et al. 2022 (Slovakia [PCB cohort], WIS, WiSC-Ill) —a— 0.92-2.63, 4.46] 7.02
Gennlngs et al. 2022 (Sweden, WIS, WIS-IV) —— 3.44[1.33,555]  13.10
Heterogeneity: ©* = 1.93, I* = 42.70%, H* = 1.75 - 0.64[-0.81,2.10]

Test of 6, = 0; Q(8) = 12.79, p = 0.12

Overall < 087 [-0.24, 1.98]

Heterogeneity: * = 1.28, /* = 35.66%, H* = 1.55
Test of 0, = 0; Q(11) = 14.55, p= 0.20

Test of group differences: Q,(1) = 0.42, p = 0.52
-5 0 5 10

The inconsistency of the certainty assessment indicated low
heterogeneity in the meta-analyses of the studies (I = 35.66%).
However, the explanation for this heterogeneity could reveal
some inconsistencies, such as differences in study design,

SPRINGER NATURE

Fig. 3 Subgroup analysis of studies on the weighted mean
difference of intelligence scores between boys and girls with
phthalates exposures. a By study period, b by region, c by the
timing of phthalate concentration assessment, and d by intelligence
assessment tools. BSID-Il Bayley Scales of Infant and Toddler
Development Version Il, H> h-squared, IDS Intelligence and Devel-
opment Scales, I I-squared, p p-value, KEDI-WISC Korean Educa-
tional Development Institute-Wechsler Intelligence Scale for
Children, 7 tau-squared, WIS Wechsler Intelligence Scale.
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Fig. 4 Meta-regression. Meta-regression of the weighted mean
difference in (a) age at phthalate concentration assessment and
(b) MEHP concentration (pg/L).
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Fig. 5 Funnel plot. Funnel plot for the weighted mean difference
from the articles included in the meta-analysis of twelve study
groups.
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S000

Certainty
very low

beta 0.47

Absolute
lower

Effect
(95% ClI)

Girls exposed
to plasticizers

2087

N2 of patients
Boys exposed
to plasticizers

2033

considerations

Other
none

Imprecision
not serious

Indirectness
not serious

Inconsistency

serious

Risk of
serious®

bias

observational

Study design
studies

Summary of finding evidence.

Certainty assessment

Table 4.
Ne of
studies

SPRINGER NATURE

(0.59 higher
to 1.49
higher)

Cl confidence interval, GRADE Grading of Recommendations Assessment, Development, and Evaluation.

#Confounding bias was founded in 3 out of 9 articles.

population age, prenatal or postnatal exposure, and statistical
methods. The respective category of the inconsistency of certainty
assessment was “serious.” The indirectness and imprecision
certainty assessment indicated a category of “not serious” because
the outcomes of our study demonstrated that the evidence
answers directly to population cognitive functions living near
plasticizers, and the Cl of the pooled analysis was narrow (—0.24 to
1.98). Funnel plots (Fig. 5) exhibited symmetrical patterns, and
weighted mean difference did not yield evidence of publication
bias, indicating an undetectable publication bias. In summary, the
inherent risk of bias made our rating for the certainty of evidence
from low to very low for the association between sex differences
in cognitive function and plasticizer exposure.

DISCUSSION

To the best of our knowledge, this is the first meta-analysis to
evaluate the pooled estimates of sex differences in objective
cognitive functions among children with phthalate exposure. We
analyzed the data of twelve study groups from Poland, Sweden,
Italy, Denmark, Slovakia, South Korea, Taiwan, and the United
States. There was no significant difference in cognitive scores
between sexes. However, our meta-regression of the weighted
mean difference shows a significant difference between sex
differences in cognitive function scores and age at phthalate
concentration assessment. In other word, the younger the age of
the child, the greater cognitive and difference in phthalate
concentration between sexes. Another meta-regression of the
weighted mean difference shows significant between sex
differences in cognitive function scores and MEHP concentration.
Specifically, the timing of phthalate concentration assessment and
MEHP concentration from 6 reports were significantly associated
with sex differences by a factor of 0.2 (8 = —0.20; 95% Cl= —0.37,
—0.03; p=0.02). The estimated sex differences in intelligence
scores were higher among children with prenatal phthalate
exposure and lower MEHP concentrations. Suggesting that when
the concentration of MEHP is lower, sex plays as a protecting
factor, making the difference in average 1Q between males and
females larger. Also, the difference in intelligence decreased by
0.02-0.03 points if the timing of phthalate measurement started
1 year later, and MEHP concentration (geometric mean) increased
1 (ug/L).

We observed a higher score for cognitive function in girls than
in boys when phthalate exposure was at a younger age than at an
older age. This finding suggests that girls have greater physical
resilience when exposed to phthalates at a young age’* A
previous systematic review has shown that being female would
act as a protective factor that could modulate the effects of
substance residues on a child’s cognitive function, including
bisphenol A and plasticizers.” The reason prenatal or early
exposure to phthalates had more adverse effects on neurodeve-
lopment in males than in females might be that plasticizers could
disrupt the development of androgen-dependent structures by
inhibiting fetal testicular testosterone biosynthesis.?> Past studies
further showed that in animal or human research, substance
exposure would affect male cognitive function and not females
and even cause behavioral problems.?*2%%

However, does phthalate do more harm to neurodevelopment
in males than in females? Research on cognitive and intellectual
development has discussed sex differences in the early stages of
life; for example, girls had better intelligence than boys when they
were 2 to 7 years old, and it was reported that girls had better
processing speed from ages 4 to 7.2 Additionally, male toddlers
were observed to be less tractable and manageable than girls,
which could cause more injury or less parenting at early ages.*®
However, as children grow up, these differences would
dismiss.>**' We found that female works as physical resilience
at a younger early age.

Pediatric Research (2023) 94:1609-1618



Our correlation results showed a strong relationship between
age (age at intelligence assessment and age at phthalate
concentration assessment) and the concentration of phthalates
metabolites; as the child grows up, more phthalates metabolites
are detected. This phenomenon indicates that phthalates
metabolites would affect the child strongly when exposed to
more plastic products in their daily lives.

Limitations
This study has several strengths. First, cognitive function was
measured by a professional psychologist following a standardiza-
tion process to ensure objectivity. Moreover, the cognitive scores
of the included articles proved that both boys and girls had
normative cognitive scores (the mean cognitive score of norms
was 100). The study objectively answers the review published by
ref.® The included articles encompass different continents, such as
Asia, North America, and Europe, to increase holistically.
However, our study had some limitations. First, the included
articles measured intelligence levels. There was a lack of assessing
other aspects of cognitive function, such as executive function
and attention. Although recent intelligence measurements
claimed that they could measure executive function or atten-
tion,>? these neuropsychological functions did not fully report in
plasticizer exposure articles. These cognitive functions involve
different concepts and do not always have similar outcomes.>
Thus, the sequelae of phthalate exposure on attention and
executive function are still unclear. Future studies should include a
comparison group (control group) and different objective
cognitive function measurements. Additionally, phthalates were
measured at different times (e.g., environmental measurements
only and maternal or child subjects). Jankowska et al. reported
different results in a prenatal and postnatal sampling study.*® It
shows that prenatal (third trimester) and postnatal (at 2 years of
age) measurements indicated that the prenatal phthalate
metabolites were lower than those measured postnatally. Further
studies have shown that different sequelae range between
prenatal and postnatal exposures.?>3* Last and all, only observa-
tional studies were included in the analysis; we could only use the
norm’s mean and standard deviation to check if the intelligence
score of studies showed would be within or without the norm'’s
range. Nor were the studies comparing the intelligence score with
their country/area demographic similar norms. In addition, a
comparison of the exposure sample with the control sample is
lacking. We suggest future studies should include a control group
to examine the sequelae of exposure, even with artificial
intelligence techniques, to find the critical neurodevelopmental
disorder after exposure to a plasticizer.>

CONCLUSION

We suggest that girls had resilient cognitive function in cognitive
scores and lower concentrations of phthalate metabolites
compared with the boys at the same exposure level. Therefore,
the female might be a protective factor when exposed to toxic
plasticizers while the concentration is low. Moreover, when the
child grows up, more phthalate metabolites are detected,
suggesting that phthalate metabolites might affect the child
strongly as they are exposed to more plastic products in their
daily lives.
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