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Abstract

Background Previous studies of singletons evaluating prenatal phthalate exposure and early neurodevelopment
reported mixed results and the associations could be biased by parental, obstetrical, and genetic factors.

Methods A co-twin control design was employed to test whether prenatal phthalate exposure was associated

with children’s neurocognitive development. We collected information from 97 mother-twin pairs enrolled in the
Wuhan Twin Birth Cohort between March 2016 and October 2018. Fourteen phthalate metabolites were measured in
maternal urine collected at each trimester. Neurodevelopmental differences in twins at the age of two were examined
as the outcome of interest. Multiple informant model was used to examine the covariate-adjusted associations of
prenatal phthalate exposure with mental development index (MDI) and psychomotor development index (PDI) scores
assessed at 2 years of age based on Bayley Scales of Infant Development (Second Edition). This model also helps to
identify the exposure window of susceptibility.

Results Maternal urinary levels of mono-2-ethyl-5-oxohexyl phthalate (MEOHP) (3=1.91, 95% Cl: 0.43, 3.39), mono
(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) (3=1.56, 95% Cl: 0.33, 2.79), and the sum of di-(2-ethylhexyl) phthalate
metabolites (YDEHP) (B=1.85,95% Cl: 0.39, 3.31) during the first trimester showed the strongest and significant
positive associations with intra-twin MDI difference. When stratified with twin chorionicity, the positive associations of
monoethyl phthalate (MEP), monoisobutyl phthalate (MiBP), mono-n-butyl phthalate (MBP), monobenzyl phthalate
(MBzP), individual DEHP metabolites, and YDEHP exposure during pregnancy with intra-twin neurodevelopmental
differences were more significant in monochorionic diamniotic (MCDA) twins than those in dichorionic diamniotic
(DCDA) twins.

Conclusions Neurodevelopmental differences in MCDA twins were strongly associated with prenatal phthalate
exposure. Our findings warrant further confirmation in longitudinal studies with larger sample sizes.
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Background

Phthalates are a class of synthetic chemicals widely used
in the manufacture of plastics and other consumer prod-
ucts [1]. Because phthalates are not chemically bound
to the products, they can easily leach into environmen-
tal medium [2], food [3], and drinking water [4], result-
ing in ubiquitous phthalate exposure in humans. Once
absorbed, they are rapidly metabolized in the human
body and principally excreted via urine. Phthalate metab-
olites have been frequently detected in urine samples
from different population groups, including pregnant
women [5-7].

Fetal exposure to phthalates may occur through their
ability to cross the placenta [8]. Exposure to a low dose of
di-(2-ethylhexyl) phthalate (DEHP) can also affect cere-
brovascular function and increase the permeability of
the blood-brain barrier [9]. Numerous food-monitoring
studies have reported high concentrations of phthalates
in various foods. Fetuses are more susceptible to environ-
mental toxicants due to their insufficient detoxification
ability and large amount of nutrition requirements for the
rapid growth and brain development [10]. Toxicological
studies have shown that phthalate exposure can disrupt
the neuroendocrine systems (e.g., estrogenic signaling
and metabolism), impair neuronal proliferation, differen-
tiation and maturation, and have adverse effects on oft-
spring’s neurodevelopment [11-12]. Increasing concerns
have emerged over the adverse effects of prenatal phthal-
ate exposure on the neurodevelopment of children. This
is particularly significant due to the heightened vulner-
ability of children during the in-utero period to the influ-
ence of environmental toxicants [13].

A growing body of evidence has indicated that prena-
tal phthalate exposure is associated with a wide range of
cognitive, social, behavioral, and emotional problems in
preschool and school-aged children [14]. However, stud-
ies focused on children under the age of 3 years, which is
considered one of the most vulnerable periods of devel-
opment, are limited and report mixed results in terms
of specific phthalates and neurocognitive performances.
It is therefore an urgent need to clarify the relationships
between phthalate exposure during pregnancy and early
child development. Currently, in utero phthalate expo-
sure assessment in the majority of previous studies was
limited to a single spot urine sampled during the second
or third trimester [6, 15-18], although chemical expo-
sure at different time windows may induce differential
effects on human’s central nervous system [19]. Two
studies of singletons have examined the associations
between trimester-specific phthalate exposure and child

neurodevelopment [20—-21], whereas these results may be
biased by parental, obstetrical, and genetic factors.

Compared to singleton pregnancies, monochorionic
diamniotic (MCDA) twins are at an increased risk for
serious birth complications since the two fetal circulation
systems are connected [22]. The imbalance of intertwin
transfusion leads to unique hemodynamic manifestations
for each twin, which may further increase their suscepti-
bility to environmental exposures [23]. Twins account for
2-4% of newborns globally [24]. Despite similar genetic
background, twins have discordant neurodevelopmental
outcomes at a significant rate [25, 26]. Increasing evi-
dence has suggested that the characteristics of the pla-
centa, such as placental share, cord insertion site and
placental morphology, vary between two twin fetuses
including MCDA and dichorionic diamniotic (DCDA)
twins [27, 28]. We speculate that twin pairs do not nec-
essarily share a common in utero environment, and this
hypothesis is supported by multiple twin studies showing
that two fetuses within a pair can be subject to differen-
tial intrauterine exposure to chemicals such as bisphenols
and air pollution [29-31]. MCDA twins have a same sex
and share a same genetic structure and a single placenta;
their phenotypic differences are largely attributed to dif-
ferent environmental exposures. Therefore, within-pair
comparisons among twins, particularly those in MCDA
twins, offer a unique opportunity to examine the rela-
tionships between prenatal phthalate exposure and neu-
rodevelopment differences in children when controlling
for key confounders shared within a twin pair, including
parental, obstetrical, and genetic factors.

In the present study, we determined phthalate metabo-
lite concentrations in maternal urine samples collected
at each trimester, and further examined the relationships
between trimester-specific phthalate exposure and intra-
twin differences in neurodevelopment at 2 years of age
and evaluated critical windows of susceptibility.

Methods

Study design and participants

The information used was collected from an ongoing
twin birth cohort in Wuhan, China (Wuhan Twin Birth
cohort, WTBC). Pregnant women were recruited from
their first prenatal visit at Wuhan Children’s Hospital
between March 2016 and October 2018. Participant
recruitment, eligibility, and follow-up procedures were
described elsewhere [32]. In brief, we enrolled women
with twin pregnancies who were <16 weeks of gestation,
aged 18 years or older, living in Wuhan city, and planning
to take prenatal care and deliver in the study hospital.
Of the 432 initially enrolled participants, 286 completed
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a baseline questionnaire that included the information
on pregnancy characteristics, socioeconomic levels, life-
styles, and disease history. After excluding twins without
paired neurodevelopmental assessment at 2 years of age,
our final analysis consisted of 97 mother-twin pairs (Sup-
plementary Fig. S1).

Maternal phthalate exposure assessment

Women pregnant with twins provided one-spot first
morning urine sample in polypropylene containers at
each of three prenatal visits. Of the study participants,
97, 97, and 94 women provided urine samples at their
first, second, and third trimesters (median=13, 24, and
30 weeks of gestation), respectively. After collection, the
urine samples were aliquoted into polypropylene tubes
and stored at —20 °C until analysis.

Phthalate metabolites were analyzed using ultra-per-
formance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS, Applied Biosystem/AB SCIEX
5500 Triple Quadrupole) with a negative electrospray
ionization mode. The detail of pretreatment, separa-
tion, and measurement procedures was described previ-
ously [33]. We focused on 8 phthalate metabolites that
had>85% of concentrations above the limits of detec-
tion (LODs), including monoethyl phthalate (MEP),
monoisobutyl phthalate (MiBP), mono-n-butyl phthalate
(MBP), monobenzyl phthalate (MBzP), four metabolites
of DEHP [mono-2-ethylhexyl phthalate (MEHP), mono
(mono-2-ethyl-5-oxohexyl phthalate (MEOHP), 2-ethyl-
5-hydroxyhexyl) phthalate (MEHHP), mono-2-ethyl-
5-carboxypentyl phthalate (MECPP)]. LODs for phthalate
metabolites ranged from 0.02 to 0.11 ng/mL, and chemi-
cal concentrations below the LOD were substituted with
LOD/V2. MEHP, MEOHP, MEHHP, and MECPP were
produced by the metabolism of DEHP, thus we calculated
a molar sum of the four metabolites (XDEHP, expressed
in micromoles per liter) for estimating the total expo-
sure concentration of DEHP. The quality accuracy/quality
control (QA/QC) procedures were performed by regular
analysis of procedure blanks, matrix-matched calibra-
tion standards, and surrogate standards with high and
low concentrations in urine matrix. After subtracting
background contamination, the mean recovery of matrix
spiked standards ranged from 90.0-111.4% with relative
standard deviations (RSDs) of 7.6—19.5%.

We measured specific-gravity (SG) levels in maternal
urine samples using a digital refractometer (Atago PAL-
10 S, Tokyo, Japan), and used SG to correct for urine
dilution according to the following equation: Pc=P x
[(SG,,-1) / (SG-1)]. P is the detected phthalate metabo-
lite concentrations, SG,, is the median SG for the urine
samples from our participants, and SG is specific gravity
of individual urine samples.
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Neurodevelopmental assessment

We invited mother and their infants to return to Wuhan
Children’s Hospital at approximately 2 years of age. At
this period, trained pediatricians administered the Chi-
nese revision of Bayley Scales of Infant Development
(BSID-CR) to assess the cognitive and motor develop-
ment of children. BSID-CR has been a valid screening
scale for neurodevelopmental assessment in Chinese
children aged 2—30 months [20]. Similar to Bayley Scales
of Infant Development-II (BSID-II), BSID-CR also gen-
erates two indices: mental development index (MDI)
and psychomotor development index (PDI). The for-
mer assesses children’s cognitive, language, and social
skills, and the latter assesses gross- and fine-motor skills.
Higher MDI and PDI scores indicate better neurocogni-
tive development.

Data Collection

During the first prenatal visit, a structured questionnaire
administered by trained staffs was provided to moth-
ers for information collection, including maternal age,
prepregnancy weight and height, education, the use of
assisted reproductive technology (ART), self-reported
cosmetic use, and second-hand smoke exposure in preg-
nancy. We extracted medical information, such as gesta-
tional age, twin birth weight, twin chorionicity, and sex
of twin fetuses by hospital registries after delivery. In
this study, intra-twin differences in neurodevelopment
were the outcome of interest, which were estimated by
subtracting the lower MDI or PDI score from the higher
MDI or PDI score, respectively. We also calculated the
covariate of birth weight discordance using the follow-
ing formula: 100% X (larger twin-smaller twin)/larger
twin [34], since birth weight discordance>20% was sig-
nificantly associated with long-term neurodevelopmental
differences [35].

Statistical analyses
Descriptive statistics were performed for participants’
basic characteristics. Chi-square tests and independent
t-tests were used to compare differences in the character-
istics between participants we followed (n=97) and those
lost to follow-up (n=189). For the study participants, we
calculated Spearman correlation coefficients to assess
the correlations between SG-corrected phthalate metab-
olites by trimesters. Random intercept linear mixed
models were applied to evaluate the within-subject vari-
ability of urinary phthalate metabolites across the three
trimesters, with results expressed as intraclass correla-
tion coefficients (ICCs) and 95% confidant intervals (ClIs).
ICCs>0.75 indicated low variability, 0.40—0.75 indicated
moderate variability, and <0.40 indicated high variability.
We used multiple informant models to examine
the associations between phthalate metabolites and
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neurodevelopmental differences in twins at the age of
two [36]. Concentrations of phthalate metabolites were
modeled as both continuous (In-transformed) and cat-
egorical (tertiles) variables. Linear trend tests by tertiles
of phthalate metabolites were estimated by modeling
the median value of each tertile, with lowest tertile as
the reference. Multiple informant models treat different
exposure windows (trimesters) as informants and jointly
estimate intra-twin neurodevelopmental differences in
relation to individual chemical biomarker concentrations
in each trimester. This method can be used to test the dif-
ferences between trimester-specific exposure and neuro-
development, and a type 3 P value<0.10 indicated that
the associations differ across trimesters.

To eliminate influences of obstetrical, parental, and
genetic factors on child neurodevelopment, we fur-
ther conducted stratified analysis by twin chorionicity.
Because identical twins (MCDA twins) have a same sex
and share a same genetic structure and a single placenta,
their intra-twin comparison analyses can help to deter-
mine the adverse health effects of environmental expo-
sure. In detail, the associations between In-transformed
urinary phthalate metabolites and neurodevelopmen-
tal differences were separately examined in MCDA and
DCDA twins. We did interaction test between indi-
vidual phthalate metabolites in each trimester and twin
chorionicity using the Wald statistic, with a P} eraction
value<0.10 considered significant [37].

We used a directed acyclic graph to determine poten-
tial covariates in the adjusted models (Supplementary
Fig. S2); the variables included in the graph were selected
a priori based on previous publications [20, 21, 34]. The
minimal sufficient covariates included maternal age (con-
tinuous), pre-pregnancy BMI (continuous), education
(high school or below degree vs. college or above degree),
chorionicity (MCDA vs. DCDA), and sex types of twin
fetuses (male-male vs. female-female vs. male-female) in
the multivariate models.

We carried out additional sensitivity analyses to assess
the robustness of our results. To address the issue of
multiple comparisons, we employed the Benjamini-
Hochberg False Discovery Rate correction. To avoid
over- or undercorrection, we first analyzed the associa-
tions between phthalate metabolites and neurodevelop-
mental differences in twins without adjustments for any
confounders. We additionally adjusted for other potential
confounders such as self-reported cosmetic use and sec-
ondhand smoke exposure during pregnancy in the statis-
tical models. Children conceived via ART were excluded
from the analysis, as previous studies have suggested that
assisted conception had a negative impact on child neu-
rodevelopment [38, 39]. Finally, twins that had a discor-
dant birth weight were excluded since intra-twin birth
weight discordance of >220% has been shown to predict

Page 4 of 12

neurodevelopmental outcomes in children throughout
childhood [35]. SAS version 9.4 (SAS Institute, Inc., Cary,
NC, USA) was used to conduct the statistical analyses. A
two-tailed P<0.05 indicated statistical significance.

Results
Cohort characteristics
The characteristics of the study participants are displayed
in Table 1. Maternal participants had a mean (£SD) age
and prepregnancy body mass index (BMI) of 30.7+3.9
years and 21.9%3.1 kg/m?, respectively. The majority of
mothers had at most a high school degree (79.4%), were
not exposed to secondhand smoke (72.7%) and did not
use cosmetics during pregnancy (51.9%). Infants were
an average of 36.7+1.4 weeks gestational age at birth.
Approximately 68.0% of them were DCDA twins, 13.4%
were discordant for birthweight, and 29.9% were con-
ceived via ART. The mean (£SD) intra-twin differences
in Bayley scores were 10.8+7.8 points for MDI and
11.4£11.2 points for PDL

Supplementary Table S1 displays baseline characteris-
tics of participants who followed (#=97) and those lost
to follow-up (n=189), and no significant differences were
observed between the two groups with respect to the
important characteristics of pregnant women and their
twin fetuses. Also, we compared the concentration distri-
bution of standardized phthalate metabolites in these two
groups, and similar concentrations were found for almost
all of metabolites, with the exception of second-trimester
MEHP and third-trimester MEP (Supplementary Table
S2).

Urinary phthalate metabolite concentrations during
pregnancy

The distribution of SG-corrected phthalate metabolite
concentrations across three trimesters are provided in
Table 2; Fig. 1. MiBP and MBP had the highest phthal-
ate concentration, followed by DEHP metabolites and
MEDP, and the lowest concentration was determined for
MBzP. Except for MEHP, concentrations of individual
metabolites showed increasing trends with pregnancy
progressed, and significant differences in MiBP, MBP,
MEHHP, and MECPP levels were observed between the
first and third trimesters (Fig. 1).

Variability and correlations of phthalate metabolites across
trimesters

The variability and correlations of SG-corrected phthal-
ate metabolites throughout pregnancy are represented in
Table 3. MiBP (ICC=0.49) and MBP (ICC=0.52) concen-
trations showed moderate variability, while the remaining
seven metabolites showed high variability (ICCs<0.45).
Spearman correlation coefficients of urinary phthalate
metabolites across three trimesters suggested that short
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Table 1 Demographic characteristics of the pregnant women and their fetuses in this study

Characteristics

Mean +SD or n (%)

Overall MCDA DCDA
(n=97) (n=31) (n=66)

Mother
Maternal age (years) 30.7+39 300+44 311436
Pre-pregnancy BMI (kg/m?) 21.9+3.1 213£29 222432
Maternal education, n (%)

High school or below degree 77 (79.4) 26 (83.9) 51(77.3)

College or above degree 20 (20.6) 5(16.1) 15(22.7)
Secondhand smoke exposure in pregnancy, n (%)

NO 70(72.2) 22 (71.0) 48 (72.7)

YES 27 (27.8) 9(29.0) 18 (27.3)
Self-reported cosmetic use, n (%)

NO 50(51.9) 10(32.3) 40 (60.6)

YES 47 (48.5) 21(67.7) 26 (39.4)
Twins
Gestational age (weeks) 36.7+14 36.7+16 36.7+1.2
Birthweight discordance, n (%)

<20% 84 (86.6) 27(87.1) 57 (86.4)

>20% 13(134) 4129 9(13.6)
Sex types of twin fetuses, n (%)

Male-male 37(382) 17 (54.8) 20 (30.3)

Female-female 33 (34.0) 14 (45.2) 19 (28.8)

Male-female 27 (27.8) 0(0) 27 (40.9)
The use of ART, n (%)

NO 68 (70.1) 30(96.8) 38(57.6)

YES 29 (29.9) 1(3.2) 28 (42.4)
Intra-twin MDI difference 10.8+7.8 96+6.1 11.3+£85
Intra-twin PDI difference 1144112 100£11.2 1214112

Abbreviations: SD, standard deviation; BMI, body mass index; ART, artificial reproductive technology; MDI, mental development index; PDI, psychomotor

development index

Table 2 The summary of specific gravity-corrected urinary phthalate concentrations in pregnant women across three trimesters

(n=97)

Phthalate metabolites >LOD (%) Median Geometric mean (95% Cl)

(ng/mL) Entire pregnancy 1st trimester 2nd trimester 3rd trimester
MEP 97.9-99.0 5.88 5.98(5.02,7.12) 5.19 (3.88, 6.96) 5.69 (4.25,7.62) 7.27 (5.23,10.1)
MiBP 98.9-100 633 51.0 (43.9,59.3) 42.3(32.8,55.8) 53.2(42.6,66.2) 59.3(44.3,78.6)
MBP 98.9-100 683 56.2 (489, 64.6) 46.5 (36.8, 58.6) 592 (46.8,74.2) 64.9 (49.3,84.4)
MBzP 84.5-88.7 0.53 0.59 (0.49, 0.70) 0.48 (0.38, 0.64) 0.62 (0.45,0.82) 0.68 (0.43, 0.96)
MEHP 84.5-93.8 4.72 3.46(2.80,4.27) 441 (3.28,6.04) 2.65 (1.74, 4. 02) 3.55(2.43,5.06)
MEOHP 98.9-100 9.25 0.28(8.28,104) 8.17 (6.68,10.0) 8.96 (7.53,10.2) 109 (8.83,13.6)
MEHHP 98.9-100 273 24.7 (21.8,28.1) 23.8(18.8,30.0) 1(19.7, 28. 2) 276(21.3, 35.2)
MECPP 98.9-100 10.6 9.38(8.13,10.8) 7.56 (5.88,9.73) 940 (7.60,11.2) 6(8.83,154)
SYDEHP (nmol/L) - 186 181 (162,202) 175 (147, 208) 166 (139, ZOO) 206 (166, 256)

Abbreviations: LOD, limit of detection

time intervals (second trimester vs. first or third trimes-
ter) correlated better than long time interval (first trimes-
ter vs. third trimester).

Associations between phthalate metabolites and Bayley
scores

The trimester-specific associations of In-transformed
phthalate metabolites with intra-twin differences in

Bayley scores are presented in Table 4. We found that In-
transformed levels of maternal urinary MEOHP (f=1.91,
95% CI: 0.43, 3.39), MEHHP (B=1.56, 95% CI: 0.33, 2.79),
and YDEHP (=1.85, 95% CI: 0.39, 3.31) during the first
trimester were associated with an increased intra-twin
MDI difference, and these associations varied by trimes-
ters (all of the heterogeneity P-values <0.10). However, no
significant associations were observed between phthalate
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Fig. 1 Distributions of concentrations of urinary phthalate metabolites across entire pregnancy. The bottom, the line inside, and top of the box showed
the first, second, and third quartiles. The whiskers were 2.5% and 97.5% values

Table 3 The overall intraclass correlation coefficient (ICC) and Spearmen'’s correlation coefficient for phthalate metabolites across

trimesters

Phthalate metabolites 1CC (95% Cl) Spearmen’s correlation coefficient

(ng/mL) 1st vs. 2nd trimester 2nd vs. 3rd 1st vs. 3rd trimester
trimester

MEP 0.25(0.13,0.39) 032 % 0.30 ** 020*

MiBP 0.49 (0.36, 0.60) 044 ** 042 ** 0.34 **

MBP 0.52 (0.40,0.63) 0.63 ** 0.59 ** 0.36 **

MBzP 042 (0.30,0.55) 043 ** 053 ** 0.34 **

MEHP 0.27 (0.14, 0.40) 023*% 0.34 ** 0.14

MEOHP 0.30(0.17,043) 025*% 037 ** 0.13

MEHHP 0.29(0.16,0.42) 0.16 0.27 ** 0.15

MECPP 0.27 (0.14,041) 0.28 ** 040 ** 0.24*

YDEHP (nmol/L) 0.20(0.08,0.34) 020* 0.34 ** 0.14

P<0.05 (*) and P<0.01 (**) represents significant correlation

exposure in each trimester and intra-twin PDI difference,
and no evidence indicated that these insignificant asso-
ciations differed across the window of exposure.

We also examined tertiles of phthalate metabolites
and intra-twin differences in Bayley scores (Supplemen-
tary Fig. S3), and consistent results were observed when
phthalate metabolite levels were modeled as continuous
or tertile variables. Specifically, compared to the lowest
tertiles, the highest tertiles of maternal urinary MEOHP
(p=4.10, 95% CI: 0.84, 7.36), MEHHP (=3.41, 95% CIL:
0.37, 6.45), and XDEHP (=3.68, 95% CI: 0.52, 6.84) dur-
ing the first trimester were associated with an increased
intra-twin MDI difference. The associations between
phthalate metabolites across three trimesters and intra-
twin PDI difference were not significant.

Analysis stratified by twin chorionicity

Figure 2 shows the associations between maternal uri-
nary phthalate metabolites and intra-twin differences
in Bayley scores by the strata of twin chorionicity. In
MCDA twins, MiBP ($=1.92; 95% CI: 0.03, 3.81 for the
first trimester and p=1.73; 95% CIL: 0.16, 3.30 for the
second trimester), MBP (p=2.16; 95% CI: 0.01, 4.31 for
the first trimester and p=1.55; 95% CI: 0.23, 2.87 for
the second trimester), individual DEHP metabolites
(MEOHP: $=2.54; 95% CIL: 0.62, 4.46 for the first tri-
mester; MEHHP: $=2.21; 95% CI: 0.46, 3.96 for the first
trimester and p=1.53; 95% CI: 0.13, 2.93 for the sec-
ond trimester), and YDEHP (f=2.24; 95% CI: 0.23, 4.25
for the first trimester) exposure during pregnancy was
associated with an increased intra-twin MDI difference.
Additionally, MEP (B=1.53; 95% CI: 0.10, 2.95 for the
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Table 4 Associations between In-transformed urinary phthalate metabolites and intra-twin differences in neurodevelopment (n=97)

a

Phthalate metabolites

1st trimester

2nd trimester

3rd trimester

P,

tri-int
B (95% Cl) P-value B (95% CI) P-value B (95% CI) P-value
Intra-twin MDI difference
MEP -0.54 (-1.48,0.40) 0.26 0.07 (-0.84,0.98) 0.89 -0.50 (-1.23,0.23) 0.18 048
MiBP 0.38 (-0.94, 1.69) 0.57 040 (-0.83,1.62) 0.53 -0.86 (-2.35,0.64) 0.26 0.31
MBP -0.01(-1.32,1.29) 0.99 0.17 (-0.98,1.32) 0.77 -0.71 (-2.01,0.58) 0.28 042
MBzP -0.29 (-1.41,0.83) 0.62 0. 14( 0.70,0.98) 0.74 0.08 (*O 87,1.04) 0.86 0.87
MEHP 047 (-0.50, 1.45) 0.34 41 (-0.19,1.01) 0.18 -042 (-1.51,0.66) 044 0.46
MEOHP 1.91 (0.43, 3.39) 0.01 048( 0.77,1.73) 045 -0.63 (-2.03,0.76) 037 0.04
MEHHP 1.56 (0.33, 2.79) 0.01 0.53(-0.70,1.75) 040 -0.48 (-1.63,0.67) 041 0.06
MECPP 0.73(-0.64,2.11) 0.30 0.22 (-0.84,1.29) 0.68 -0.23 (-1.23,0.78) 0.66 0.61
>DEHP 1.85(0.39, 3.31) 0.01 0.57 (-0.69, 1.83) 0.37 -0.53 (-1.62,0.56) 0.34 0.06
Intra-twin PDI difference
MEP 0.16 (-1.54,1.85) 0.86 -0.53 (-=2.11, 1.05) 0.51 0.93(-0.33,2.18) 0.15 0.31
MiBP -044 (-2.51,1.62) 0.68 -1.33(-3.28,0.62) 0.18 0.73(-1.79,3.25) 0.57 0.38
MBP 0.23(-1.86,2.33) 0.83 -0.81(-2.70,1.08) 040 046 (-1.65, 2.58) 0.67 0.52
MBzP -1.01(-2.38,0.36) 0.15 0.58 (-0.77,1.93) 040 0.70 (-0.63,2.04) 0.30 0.17
MEHP 0.89 (70 19, 1.98) 0.11 0.18 (-0.86, 1.22) 0.74 0.39(-0.75,1.52) 0.50 041
MEOHP 5(-4.14,1.84) 045 -0.04 (-2.50, 2.43) 0.98 1.70 (-0.81,4.21) 0.19 043
MEHHP 27 (-4.12,1.58) 0.38 0.19(-2.17,2.55) 0.87 0.92 (-1.23,3.07) 04 0.67
MECPP -0.67 (-2.47,1.13) 046 —-0.70 (-2.59,1.18) 046 047 (-1.23,2.18) 0.59 0.60
>DEHP 38(-4.32,1.55) 0.36 0.02 (-2.32,2.37) 0.98 1.10 (-0.85, 3.05) 027 0.53
Abbreviations: Cl, confidence interval
2 Models are adjusted for maternal age, pre-pregnancy BMI, education, chorionicity, and sex types of twin fetuses
b Score test of homogeneity of effect estimates across the three trimesters
Bold format indicates significant results
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Fig. 2 Associations between urinary phthalate metabolites and intra-twin MDI (A) and PDI (B) differences in monochorionic diamniotic (MCDA) and
dichorionic diamniotic (DCDA) twins. Models are adjusted for maternal age, pre-pregnancy BMI, education, chorionicity, and sex types of twin fetuses. *

P<0.05

first trimester), MBzP (f=3.14; 95% CI: 1.11, 5.16 for the
second trimester), and individual DEHP (MEHP: p=2.33;

95% CI: 0.08, 4.58, MEOHP: =4.20; 95% CI: 0.94, 7.45,

and MEHHP: $=3.48; 95% CI: 0.77, 6.19 for the third tri-
mester) exposure was positively associated with an intra-
twin PDI difference. We also observed evidence that

appreciably after

Sensitive analyses
In sensitivity analyses, the main results did not change
(a) without adjustment for any

interaction

<0.10).

some associations were stronger in MCDA twins than
those in DCDA twins (P,
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confounders (Supplementary Table S3), (b) additionally
adjusting for other potential confounders, including self-
reported cosmetic use and second-hand smoke exposure
in pregnancy (Supplementary Table S4), (c) excluding 29
twin pairs conceived via ART (Supplementary Table S5),
(d) excluding 13 twin pairs with a discordant birthweight
(Supplementary Table S6), and (e) implementing the Ben-
jamini-Hochberg correction to control for false discovery
rate (Supplementary Table S7).

Discussion

Using data from prospective cohort of twin pregnant
women and their fetuses, we examined the associations
of urinary phthalate metabolite concentrations at each
trimester with intra-twin differences in Bayley scores at
2 years of age. We observed that maternal urinary MiBP,
MBP, MEOHP, MEHHP, and ¥DEHP during the first and
second trimesters were strongly associated with an intra-
pair MDI difference in MCDA twins, implying unshared
in utero exposure to phthalates between the MCDA
twins who shared a single placenta. Our study identified
early pregnancy as the vulnerable window.

Exposure assessment
We compared the median concentrations of phthalate
metabolites in urine from pregnant women throughout
the world (shown in Supplementary Fig. S4). A simi-
lar exposure pattern was observed between this present
work and previous studies of women pregnant with sin-
gletons in China [20, 40]. Moreover, the median concen-
trations of MBP, MEHP, MEOHP, MEHHP, and MECPP
in our participants were comparable to those in pregnant
women from France [41], the USA [6, 42], and Saudi Ara-
bia [5], but higher than the results from Demark [43] and
Canada [44]. However, urinary MEP was 10-40 times
lower than those reported in studies from France [41],
the USA [6], and Saudi Arabia [5]. The different exposure
patterns for phthalates may be attributed to the variations
in study population, sampling years, gestational age at
sample collection, lifestyles, and dietary habits [45-47].
Phthalate metabolites in the present study exhibited
an increasing trend in concentrations over pregnancy,
except for MEHP. Significant differences in MiBP, MBP,
MEHHP, and MECPP levels were observed between the
first and third trimesters. The possible explanation is
that mothers in late pregnancy may be subjected to more
extensive phthalate exposure from dietary intake and
indoor microenvironments. A previous study conducted
on the general population has suggested that the con-
sumption of ultra-processed foods, such as sandwiches,
hamburgers, French fries, and other potato products,
was associated with higher concentrations of urinary
phthalate metabolites [3]. Pregnant women are exposed
to higher levels of phthalates through their dietary intake
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because they require a larger amount of nutrition to
ensure adequate growth and organ development for the
fetus, particularly during late pregnancy [48]. More-
over, mothers in late pregnancy tend to spend more time
indoors than in early pregnancy [49], and indoor air
and dust are commonly considered significant sources
of exposure to phthalates [50]. Anatomical, physiologi-
cal and metabolic changes (e.g., enzyme activities, organ
volumes and blood flows, and glomerular filtration rates)
in pregnancy could be considered other possible reasons
[51].

In our study, the ICCs for most phthalate metabolites
(e.g., MiBP, MBP, and DEHP metabolites) were similar to
those estimated in other studies with multiple spot urine
samples collected from a single day to months [52-54],
but the ICCs for MEP and MBzP were lower than the val-
ues reported from Belgium [52] and the USA [53, 54]. In
general, most phthalate metabolite concentrations are of
high variability across pregnancy, thus repeated measure-
ments for urinary phthalate metabolites are warranted to
reduce misclassification bias in exposure assessment.

Phthalate metabolite concentrations and Bayley scores
The “first 1000 days” is widely recognized as the golden
brain opportunity, because a great deal of the brain’s ulti-
mate structure and capacity is shaped during this period.
Failure to optimize brain development in early life can
have long-term effects to education, job potential, and
adult mental health [55]. Previous studies of singletons
evaluating prenatal phthalate exposure and children’s
Bayley scores during the “first 1000 days” showed mixed
results. For instance, Qian et al. (2019) report a negative
association between an average concentration of MBP
in different three trimesters and PDI score in 2-year-old
children. The Mothers and Children’s Environmental
Health (MOCEH) study suggest that maternal urinary
MEHHP and MEOHP are inversely associated with MDI
and PDI scores in children aged 6 months [16], and this
study team also observe a reduction of MDI and PDI
scores in association with prenatal MEP exposure [15].
However, several studies indicate null associations of
maternal urinary phthalate metabolites with MDI and
PDI scores [6, 17, 18].

The outcome variables in this present study are intra-
twin MDI and PDI differences, which reflect the rela-
tive differences in neurocognitive performances, making
it difficult to directly compare this study with previous
studies of singletons. In our stratified analysis, the posi-
tive associations of maternal urinary MEP, MiBP, MBP,
MBzP, individual DEHP metabolites, and ¥DEHP with
intra-pair difference were only significant in MCDA
twins. MCDA twins share a single placenta and can have
unequal placental sharing [27, 56], and phthalates have
been proved to across the human placenta [9]. Given a
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shared genetic structure, a discordant neurodevelopment
between two MCDA twins are largely attributed to the
different exposure in utero. A previous singleton study
has reported a significant decrease in MDI score of chil-
dren exposed to MBP, MEOHP, and MEHHP [16], thus
we speculate that the intra-pair MDI difference in MCDA
twins may be attributed to differential phthalate expo-
sure in utero. In our previous study, we have determined
maternal and cord plasma concentrations of poly- and
perfluoroalkyl substances (PFAS), and indeed observed
a significant exposure difference for twins within a pair
(P<0.001) [57]. The reason why two twins have discor-
dant chemical exposure may be due to the presence of
vascular anastomoses on the placental surface that con-
nect the 2 fetal circulation systems. Anastomoses can be
of 3 types: arterioarterial (AA), venovenous (VV), and
arteriovenous (AV), with AV anastomoses having unidi-
rectional blood flow [58]. Because of their unidirectional
nature, AV anastomoses can create a transfusion imbal-
ance and further lead to some unique complications in
MCDA twins, such as birthweight discordance and neu-
rodevelopment difference [59]. Although approximately
2-point difference in MDI score may result in a small
effect for individuals, it can produce a profound societal
impact when extended to the entire population.

The critical window of susceptibility

In our study, first-trimester DEHP metabolites showed
the strongest and significant associations with intra-pair
neurodevelopmental differences in overall twin pairs,
indicating that early pregnancy is the critical exposure
window of susceptibility. Our findings are concordant
with the ELEMENT cohort study which reported nega-
tive associations between first-trimester phthalate expo-
sure and children’s motor, cognitive and memory abilities
[21]. Moreover, previous reviews based on evidence from
humans and animal models indicate that the develop-
mental processes of the nervous system begin early in
embryogenesis, and fetuses are highly sensitive to the risk
factors for brain development [60].

Biological mechanisms

Phthalates are endocrine-disruptive chemicals that may
exert the neurodevelopmental toxicity via the interaction
with neuroendocrine systems. Human evidence and ani-
mal studies have found that parental di-isobutyl phthalate
(DiBP), di-n-butyl phthalate (DBP), and DEHP exposure
can disrupt the regulation and homeostasis of sex hor-
mones and thyroid hormones in offspring [61-65]. Neu-
roendocrine hormones are crucial for the developmental
processes (e.g., migration, synaptogenesis, and myelina-
tion) of the nervous system, thus the disruption of in
utero hormone environment by phthalates may increase
the risk of neurodevelopmental defects during fetal life
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and childhood [66, 67]. DBP and DEHP have also been
shown to disturb the expressions of dopamine receptor,
tyrosine hydroxylase enzyme, and brain-derived neuro-
trophic factor (BDNF), and adversely affect neurodevel-
opment [68-70].

Strength and limitation

Our study adds to the literature of phthalate exposure
with intra-twin differences in Bayley scores at age of two,
to our knowledge, is the first study to report significant
trimester-specific associations between maternal uri-
nary phthalate metabolites and intra-twin MDI differ-
ence, providing new insight to assess the risk of phthalate
exposure on child neurodevelopment.

However, several limitations exist in this study. First,
although we controlled for some key confounders, such
as self-reported cosmetic use, twin chorionicity, and
growth discordance, the unmeasured factors may bias
our findings. One plausible source of residual confound-
ing is by other correlated neurotoxicants (e.g., lead, phe-
nolic substances), since real-life entails simultaneous
exposure to multiple chemicals. Second, the intra-twin
MDI differences may be attributed to postnatal exposure
as well, for example, the smaller twin may have been in
the neonatal intensive care unit (ICU) and exposed to
plastic tubing. Third, approximately two third of baseline
population was lost for 24-month follow-up, thus selec-
tion bias may exist. However, we observed no notable dif-
ferences in baseline characteristics between participants
we followed and those lost to follow-up. Urinary phthal-
ate metabolite levels were also comparable between these
two groups. It should be noted that identifying differ-
ences in exposure is crucial for understanding potential
mechanisms underlying phenotypic discordance in twin
pairs. This is because maternal phthalate exposure only
reflects the total exposure of both twin fetuses. Further
study is needed to associate individual phthalate expo-
sure (fetal cord blood or meconium) with neurodevelop-
mental differences in twins. Last, our results should be
interpreted with caution due to a small sample size.

Conclusions

The present study of twins indicated that first-trimester
DEHP exposure was associated with an increased intra-
twin MDI difference in all of twin pairs. Compared to
DCDA twins, the associations between prenatal phthal-
ate exposure and intra-twin neurodevelopmental dif-
ferences were stronger in MCDA twins. Further, larger
prospective studies performed on MCDA twins are
needed to confirm our findings and uncover the potential
mechanisms involved placental characteristics.
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MDI Mental development index

PDI Psychomotor development index
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UPLC-MS/MS  Ultra-performance liquid chromatography-tandem mass
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MEOHP Mono (mono-2-ethyl-5-oxohexyl phthalate
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ART Artificial reproductive technology

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512889-024-17946-8.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We gratefully thank the mothers and their twins for their participation in the
study.

Author contributions

XH, MH, and ZHAF designed the study. HLQ performed the analysis and
wrote the main manuscript. TTT, ZHJF, XQ, and CXN collected the data. XFY
conducted sample separation. YP completed the measurements for maternal
urinary phthalate metabolites. All authors reviewed the manuscript.

Funding

This research was supported by the Hubei Provincial Natural Science
Foundation of China (Nos. 2023AFB364 and 2020CFB741), National Natural
Science Foundation of China (No. 82304100), Knowledge Innovation project of
Wuhan Science and Technology Bureau (No. 2023020201020553), Youth Talent
Project of Hubei Health Commission (No. WJ2021Q003), Top Medical Young
Talents (2019) of Hubei Province, Outstanding Youth Talents (2021) of Wuhan,
Applied Fundamental Frontier Projects of Wuhan Science and Technology
Bureau (No. 2020020601012307).

Data availability
The datasets used and/or analysed during the current study available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

We obtained written informed consent from all participants. The current
study was approved by the ethics committees of Wuhan Children’s Hospital
(WHFE2016050).

Consent for publication
Not applicable.

Financial interests
The authors declare no competing financial interests.

Competing interests
The authors declare no competing interests.

Page 10 of 12

Author details

UInstitute of Maternal and Child Health, Wuhan Children’s Hospital
(Wuhan Maternal and Child Healthcare Hospital), Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, Hubei, PR China
Operating Room, Wuhan Children’s Hospital (Wuhan Maternal and Child
Healthcare Hospital), Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, Hubei, PR China

3Department of Obstetrics, Wuhan Children’s Hospital (Wuhan Maternal
and Child Health Care Hospital), Tongji Medical College, Huazhong
University of Science and Technology, Wuhan, China

“Delivery Room, Wuhan Children’s Hospital (Wuhan Maternal and Child
Healthcare Hospital), Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, Hubei, PR China

5Department of Public Health and Preventive Medicine, School of
Medicine, Jinan University, 510632 Guangzhou, Guangdong, PR China
5Guangdong Key Laboratory of Environmental Pollution and Health, Jinan
University, 510632 Guangzhou, Guangdong, PR China

Received: 21 August 2023 / Accepted: 1 February 2024
Published online: 20 February 2024

References

1. Zota AR, Calafat AM, Woodruff TJ. Temporal trends in phthalate exposures:
findings from the National Health and Nutrition Examination Survey, 2001-
2010. Environ Health Perspect. 2014;122(3):235-41. https://doi.org/10.1289/
ehp.1306681.

2. Kashyap D, Agarwal T. Concentration and factors affecting the distribu-
tion of phthalates in the air and dust: a global scenario. Sci Total Environ.
2018,635:817-27. https://doi.org/10.1016/j.scitotenv.2018.04.158.

3. Buckley JP Kim H, Wong E, Rebholz CM. 2019. Ultra-processed food
consumption and exposure to phthalates and bisphenols in the US
National Health and Nutrition Examination Survey, 2013-2014. Environ Int.
2019;131:105057. https://doi.org/10.1016/j.envint.2019.105057.

4. LiZ ChangF, ShiP Chen X, Yang F, Zhou Q, et al. Occurrence and potential
human health risks of semi-volatile organic compounds in drinking water
from cities along the Chinese coastland of the Yellow Sea. Chemosphere.
2018;206:655-62. https://doi.org/10.1016/j.chemosphere.2018.05.064.

5. Al-Saleh |, Elkhatib R, Alrushud N, Alnuwaysir H, Ainemer M, Aldhalaan H,
et al. Potential health risks of maternal phthalate exposure during the first
trimester - the Saudi Early Autism and Environment Study (SEAES). Environ
Res. 2021;195:110882. https://doi.org/10.1016/j.envres.2021.110882.

6. Doherty BT, Engel SM, Buckley JP, Silva MJ, Calafat AM, Wolff MS. Prenatal
phthalate biomarker concentrations and performance on the Bayley scales of
Infant Development-Il in a population of young urban children. Environ Res.
2017;152:51-8. https://doi.org/10.1016/j.envres.2016.09.021.

7. DongR, Zheng J, Zhang M, Chen J, Zhang H, Gao X, et al. The concentrations
and cumulative risk assessment of phthalates in general population from
Shanghai: the comparison between groups with different ages. Sci Total Envi-
ron. 2018,637-638:871-80. https://doi.org/10.1016/j.scitotenv.2018.05.064.

8. LiX, SunH,YaoY,Zhao Z Qin X, Duan', et al. Distribution of Phthalate
metabolites between Paired maternal-fetal samples. Environ Sci Technol.
2018;52(11):6626-35. https://doi.org/10.1021/acs.est.8000838.

9. Ahmadpour D, Mhaouty-Kodja S, Grange-Messent V. Disruption of the
blood-brain barrier and its close environment following adult exposure
to low doses of di(2-ethylhexyl)phthalate alone or in an environmental
phthalate mixture in male mice. Chemosphere. 2021,282:131013. https://doi.
org/10.1016/j.chemosphere.2021.131013.

10. Vrijheid M, Casas M, Gascon M, Valvi D, Nieuwenhuijsen M. 2016. Environmen-
tal pollutants and child health-A review of recent concerns. Int J Hyg Environ
Health. 2016;219(4-5): 331-342. https://doi.org/10.1016/j.ijheh.2016.05.001.

11.  Lucaccioni L, TrevisaniV, Passini E, Righi B, Plessi C, Predieri B, et al. Perinatal
exposure to phthalates: from endocrine to Neurodevelopment effects. Int J
Mol Sci. 2021;22(8). https://doi.org/10.3390/ijms22084063.

12. Xu'S, Zhang H, Pao PC, Lee A, Wang J, Suen Chan'Y, et al. Exposure to phthal-
ates impaired neurodevelopment through estrogenic effects and induced
DNA damage in neurons. Aquat Toxicol. 2020;222:105469. https://doi.
0rg/10.1016/j.aquatox.2020.105469.

13. Miguel PM, Pereira LO, Silveira PP, Meaney MJ. Early environmental influences
on the development of children’s brain structure and function. Dev Med
Child Neurol. 2019,61(10):1127-33. https://doi.org/10.1111/dmcn.14182.


https://doi.org/10.1186/s12889-024-17946-8
https://doi.org/10.1186/s12889-024-17946-8
https://doi.org/10.1289/ehp.1306681
https://doi.org/10.1289/ehp.1306681
https://doi.org/10.1016/j.scitotenv.2018.04.158
https://doi.org/10.1016/j.envint.2019.105057
https://doi.org/10.1016/j.chemosphere.2018.05.064
https://doi.org/10.1016/j.envres.2021.110882
https://doi.org/10.1016/j.envres.2016.09.021
https://doi.org/10.1016/j.scitotenv.2018.05.064
https://doi.org/10.1021/acs.est.8b00838
https://doi.org/10.1016/j.chemosphere.2021.131013
https://doi.org/10.1016/j.chemosphere.2021.131013
https://doi.org/10.1016/j.ijheh.2016.05.001
https://doi.org/10.3390/ijms22084063
https://doi.org/10.1016/j.aquatox.2020.105469
https://doi.org/10.1016/j.aquatox.2020.105469
https://doi.org/10.1111/dmcn.14182

Xiao et al. BMC Public Health

20.

22.

23.

24.

25,

26.

27.

28.

29.

30.

(2024) 24:533

Minatoya M, Kishi R. A review of recent studies on Bisphenol A and Phthalate
exposures and Child Neurodevelopment. Int J Environ Res Public Health.
2021;18(7). https:/doi.org/10.3390/ijerph18073585.

Kim S, Eom S, Kim HJ, Lee JJ, Choi G, Choi S, et al. Association between
maternal exposure to major phthalates, heavy metals, and persistent organic
pollutants, and the neurodevelopmental performances of their children at

1 to 2years of age- CHECK cohort study. Sci Total Environ. 2018,624:377-84.
https://doi.org/10.1016/j.scitotenv.2017.12.058.

Kim'Y, Ha EH, Kim EJ, Park H, Ha M, Kim JH, et al. Prenatal exposure to
phthalates and infant development at 6 months: prospective mothers and
children’s Environmental Health (MOCEH) study. Environ Health Perspect.
2011;119(10):1495-500. https://doi.org/10.1289/ehp.1003178.

Minatoya M, Naka Jima S, Sasaki S, Araki A, Miyashita C, Ikeno T, et al. Effects
of prenatal phthalate exposure on thyroid hormone levels, mental and
psychomotor development of infants: the Hokkaido Study on Environ-
ment and Children’s Health. Sci Total Environ. 2016,565:1037-43. https://doi.
0rg/10.1016/j.scitotenv.2016.05.098.

Téllez-Rojo MM, Cantoral A, Cantonwine DE, Schnaas L, Peterson K, Hu H, et
al. Prenatal urinary phthalate metabolites levels and neurodevelopment in
children at two and three years of age. Sci Total Environ. 2013;461-462:386—
90. https://doi.org/10.1016/j.scitotenv.2013.05.021.

Adams J, Barone S Jr, LaMantia A, Philen R, Rice DC, Spear L, et al. Workshop
to identify critical windows of exposure for children’s health: neurobehavioral
work group summary. Environ Health Perspect. 2000;108(Suppl 3):535-44.
https://doi.org/10.1289/ehp.00108s3535.

Qian X, LiJ, Xu S,Wan'Y, LiY, Jiang Y, et al. Prenatal exposure to phthalates
and neurocognitive development in children at two years of age. Environ Int.
2019;131:105023. https://doi.org/10.1016/j.envint.2019.105023.
Torres-Olascoaga LA, Watkins D, Schnaas L, Meeker JD, Solano-Gonzalez M,
Osorio-Valencia E, et al. Early Gestational Exposure to High-Molecular-Weight
Phthalates and Its Association with 48-Month-Old Children’s Motor and
Cognitive Scores. Int J Environ Res Public Health. 2020;17(21). https://doi.
0rg/10.3390/jjerph17218150.

Bamberg C, Hecher K. Update on twin-to-twin transfusion syndrome. Best
Pract Res Clin Obstet Gynaecol. 2019;58:55-65. https://doi.org/10.1016/j.
bpobgyn.2018.12.011.

Rychik J, Zeng S, Bebbington M, Szwast A, Quartermain M, Natarajan S,

et al. Speckle tracking-derived myocardial tissue deformation imaging in
twin-twin transfusion syndrome: differences in strain and strain rate between
donor and recipient twins. Fetal Diagn Ther. 2012;32(1-2):131-7. https://doi.
0rg/10.1159/000335403.

Ananth CV, Chauhan SP. Epidemiology of twinning in developed coun-

tries. Semin Perinatol. 2012;36(3):156-61. https://doi.org/10.1053/j.
semperi.2012.02.001.

Goldman SM, Marek K, Ottman R, Meng C, Comyns K, Chan P, et al. Con-
cordance for Parkinson’s disease in twins: a 20-year update. Ann Neurol.
2019,85(4):600-5. https://doi.org/10.1002/ana.25441.

Lehn H, Derks EM, Hudziak JJ, Heutink P, van Beijsterveldt T, Boomsma DI.
Attention problems and attention-deficit/hyperactivity disorder in discordant
and concordant monozygotic twins: evidence of environmental media-
tors. J Am Acad Child Adolesc Psychiatry. 2007;46(1):83-91. https://doi.
0rg/10.1097/01.chi.0000242244.00174.d9.

Fick AL, Feldstein VA, Norton ME, Wassel Fyr C, Caughey AB, Machin GA.
Unequal placental sharing and birth weight discordance in monochorionic
diamniotic twins. Am J Obstet Gynecol. 2006;195(1):178-83. https://doi.
0rg/10.1016/j.aj0g.2006.01.015.

Freedman AA, Hogue CJ, Marsit CJ, Rajakumar A, Smith AK, Grantz KL, et al.
Associations between features of placental morphology and Birth Weight

in Dichorionic Twins. Am J Epidemiol. 2019;188(3):518-26. https://doi.
0rg/10.1093/aje/kwy255.

Bijnens EM, Derom C, Gielen M, Winckelmans E, Fierens F, Viietinck R, et al.
Small for gestational age and exposure to particulate air pollution in the
early-life environment of twins. Environ Res. 2016;148:39-45. https://doi.
0rg/10.1016/j.envres.2016.03.006.

Qiao P, Zhao Y, Cai J, van Donkelaar A, Martin R, Ying H, et al. Twin growth
discordance in association with maternal exposure to fine particulate matter
and its chemical constituents during late pregnancy. Environ Int. 2019;133(Pt
A):105148. https://doi.org/10.1016/j.envint.2019.105148.

Wang J, Mei H, Zhou AF, Huang LL, Cao ZQ, Hong AB, et al. The associations
of birth outcome differences in twins with prenatal exposure to bisphenol A
and its alternatives. Environ Res. 2021;200:111459. https://doi.org/10.1016/j.
envres.2021.111459.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

Page 11 of 12

Zhao J,Yang S, Peng A, Qian Z, Xian H, Chen T, et al. The Wuhan Twin Birth
Cohort (WTBC). Twin Res Hum Genet. 2017;20(4):355-62. https://doi.
0rg/10.1017/thg.2017.24.

Yang P, Wang J, Hong AB, Huang LL, Xie QT, Wang YX, et al. Exposure profiles
and predictors of a cocktail of environmental chemicals in Chinese men of
reproductive age. Chemosphere. 2022;299:134337. https://doi.org/10.1016/j.
chemosphere.2022.134337.

Miller J, Chauhan SP, Abuhamad AZ. Discordant twins: diagnosis, evaluation
and management. Am J Obstet Gynecol. 2012,206(1):10-20. https://doi.
0rg/10.1016/j.2j0g.2011.06.075.

Halling C, Malone FD, Breathnach FM, Stewart MC, McAuliffe FM, Mor-

rison JJ, et al. Neuro-developmental outcome of a large cohort of growth
discordant twins. Eur J Pediatr. 2016;175(3):381-9. https://doi.org/10.1007/
s00431-015-2648-8.

Sénchez BN, Hu H, Litman HJ, Téllez-Rojo MM. Statistical methods to study
timing of vulnerability with sparsely sampled data on environmental toxi-
cants. Environ Health Perspect. 2011;119(3):409-15. https://doi.org/10.1289/
ehp.1002453.

Kaufman JS, MacLehose RF. Which of these things is not like the others?
Cancer. 2013;119(24):4216-22. https://doi.org/10.1002/cncr.28359.

Sandin S, Nygren KG, lliadou A, Hultman CM, Reichenberg A. Autism and
mental retardation among offspring born after in vitro fertilization. JAMA.
2013;310(1):75-84. https://doi.org/10.1001/jama.2013.7222.

Kissin DM, Zhang Y, Boulet SL, Fountain C, Bearman P, Schieve L, et al. Asso-
ciation of assisted reproductive technology (ART) treatment and parental
infertility diagnosis with autism in ART-conceived children. Hum Reprod.
2015;30(2):454-65. https://doi.org/10.1093/humrep/deu338.

Gao H, Zhu YD, Xu YY, Zhang YW, Yao HY, Sheng J, et al. Season-dependent
concentrations of urinary phthalate metabolites among Chinese pregnant
women: repeated measures analysis. Environ Int. 2017;104:110-7. https://doi.
0rg/10.1016/j.envint.2017.03.021.

Jedynak P, Tost J, Calafat AM, Bourova-Flin E, Broséus L, Busato F, et al. Preg-
nancy exposure to phthalates and DNA methylation in male placenta - an
epigenome-wide association study. Environ Int. 2022;160:107054. https://doi.
org/10.1016/j.envint.2021.107054.

Li N, Papandonatos GD, Calafat AM, Yolton K, Lanphear BP, Chen A, et al.
Identifying periods of susceptibility to the impact of phthalates on children’s
cognitive abilities. Environ Res. 2019;172:604-14. https://doi.org/10.1016/j.
envres.2019.03.009.

Brauner EV, Uldbjerg CS, Lim YH, Gregersen LS, Krause M, Frederiksen H,

et al. Presence of parabens, phenols and phthalates in paired maternal
serum, urine and amniotic fluid. Environ Int. 2022;158:106987. https://doi.
org/10.1016/j.envint.2021.106987.

Lee WC, Fisher M, Davis K, Arbuckle TE, Sinha SK. Identification of chemical
mixtures to which Canadian pregnant women are exposed: the MIREC Study.
Environ Int. 2017;99:321-30. https://doi.org/10.1016/j.envint.2016.12.015.
Hsieh CJ, Chang YH, Hu A, Chen ML, Sun CW, Situmorang RF, et al. Per-

sonal care products use and phthalate exposure levels among pregnant
women. Sci Total Environ. 2019,648:135-43. https://doi.org/10.1016/j.
scitotenv.2018.08.149.

Pacyga DC, Sathyanarayana S, Strakovsky RS. Dietary predictors of Phthalate
and Bisphenol exposures in pregnant women. Adv Nutr. 2019;10(5):803-15.
https://doi.org/10.1093/advances/nmz029.

Wenzel AG, Brock JW, Cruze L, Newman RB, Unal ER, Wolf BJ, et al. Prevalence
and predictors of phthalate exposure in pregnant women in Charles-

ton, SC. Chemosphere. 2018;193:394-402. https://doi.org/10.1016/j.
chemosphere.2017.11.019.

Most J, Dervis S, Haman F, Adamo KB, Redman LM. Energy Intake require-
ments in pregnancy. Nutrients. 2019;11(8). https://doi.org/10.3390/
nu11081812.

Nethery E, Brauer M, Janssen P. Time-activity patterns of pregnant women
and changes during the course of pregnancy. J Expo Sci Environ Epidemiol.
2009;19(3):317-24. https://doi.org/10.1038/jes.2008.24.

Huang C, Zhang YJ, Liu LY, Wang F, Guo Y. Exposure to phthalates and correla-
tions with phthalates in dust and air in South China homes. Sci Total Environ.
2021;782:146806. https://doi.org/10.1016/j.scitotenv.2021.146806.

Abduljalil K, Furness P, Johnson TN, Rostami-Hodjegan A, Soltani H. Anatomi-
cal, physiological and metabolic changes with gestational age during normal
pregnancy: a database for parameters required in physiologically based
pharmacokinetic modelling. Clin Pharmacokinet. 2012,51(6):365-96. https://
doi.org/10.2165/11597440-000000000-00000.


https://doi.org/10.3390/ijerph18073585
https://doi.org/10.1016/j.scitotenv.2017.12.058
https://doi.org/10.1289/ehp.1003178
https://doi.org/10.1016/j.scitotenv.2016.05.098
https://doi.org/10.1016/j.scitotenv.2016.05.098
https://doi.org/10.1016/j.scitotenv.2013.05.021
https://doi.org/10.1289/ehp.00108s3535
https://doi.org/10.1016/j.envint.2019.105023
https://doi.org/10.3390/ijerph17218150
https://doi.org/10.3390/ijerph17218150
https://doi.org/10.1016/j.bpobgyn.2018.12.011
https://doi.org/10.1016/j.bpobgyn.2018.12.011
https://doi.org/10.1159/000335403
https://doi.org/10.1159/000335403
https://doi.org/10.1053/j.semperi.2012.02.001
https://doi.org/10.1053/j.semperi.2012.02.001
https://doi.org/10.1002/ana.25441
https://doi.org/10.1097/01.chi.0000242244.00174.d9
https://doi.org/10.1097/01.chi.0000242244.00174.d9
https://doi.org/10.1016/j.ajog.2006.01.015
https://doi.org/10.1016/j.ajog.2006.01.015
https://doi.org/10.1093/aje/kwy255
https://doi.org/10.1093/aje/kwy255
https://doi.org/10.1016/j.envres.2016.03.006
https://doi.org/10.1016/j.envres.2016.03.006
https://doi.org/10.1016/j.envint.2019.105148
https://doi.org/10.1016/j.envres.2021.111459
https://doi.org/10.1016/j.envres.2021.111459
https://doi.org/10.1017/thg.2017.24
https://doi.org/10.1017/thg.2017.24
https://doi.org/10.1016/j.chemosphere.2022.134337
https://doi.org/10.1016/j.chemosphere.2022.134337
https://doi.org/10.1016/j.ajog.2011.06.075
https://doi.org/10.1016/j.ajog.2011.06.075
https://doi.org/10.1007/s00431-015-2648-8
https://doi.org/10.1007/s00431-015-2648-8
https://doi.org/10.1289/ehp.1002453
https://doi.org/10.1289/ehp.1002453
https://doi.org/10.1002/cncr.28359
https://doi.org/10.1001/jama.2013.7222
https://doi.org/10.1093/humrep/deu338
https://doi.org/10.1016/j.envint.2017.03.021
https://doi.org/10.1016/j.envint.2017.03.021
https://doi.org/10.1016/j.envint.2021.107054
https://doi.org/10.1016/j.envint.2021.107054
https://doi.org/10.1016/j.envres.2019.03.009
https://doi.org/10.1016/j.envres.2019.03.009
https://doi.org/10.1016/j.envint.2021.106987
https://doi.org/10.1016/j.envint.2021.106987
https://doi.org/10.1016/j.envint.2016.12.015
https://doi.org/10.1016/j.scitotenv.2018.08.149
https://doi.org/10.1016/j.scitotenv.2018.08.149
https://doi.org/10.1093/advances/nmz029
https://doi.org/10.1016/j.chemosphere.2017.11.019
https://doi.org/10.1016/j.chemosphere.2017.11.019
https://doi.org/10.3390/nu11081812
https://doi.org/10.3390/nu11081812
https://doi.org/10.1038/jes.2008.24
https://doi.org/10.1016/j.scitotenv.2021.146806
https://doi.org/10.2165/11597440-000000000-00000
https://doi.org/10.2165/11597440-000000000-00000

Xiao et al. BMC Public Health

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

(2024) 24:533

Bastiaensen M, Malarvannan G, Gys C, Ait Bamai Y, Araki A, Covaci A.
Between- and within-individual variability of urinary phthalate and
alternative plasticizer metabolites in spot, morning void and 24-h pooled
urine samples. Environ Res. 2020;191:110248. https://doi.org/10.1016/j.
envres.2020.110248.

Ferguson KK, McElrath TF, Ko YA, Mukherjee B, Meeker JD. Variability in urinary
phthalate metabolite levels across pregnancy and sensitive windows of
exposure for the risk of preterm birth. Environ Int. 2014;70:118-24. https://
doi.org/10.1016/j.envint.2014.05.016.

Shin HM, Bennett DH, Barkoski J, Ye X, Calafat AM, Tancredi D, et al. Variability
of urinary concentrations of phthalate metabolites during pregnancy in first
morning voids and pooled samples. Environ Int. 2019;122:222-30. https://doi.
0rg/10.1016/j.envint.2018.11.012.

Cusick SE, Georgieff MK. The role of Nutrition in Brain Development: the
Golden Opportunity of the First 1000 days. J Pediatr. 2016;175:16-21. https://
doi.org/10.1016/j,jpeds.2016.05.013.

Groene SG, Stegmeijer KJJ, Tan R, Steggerda SJ, Haak MC, Slaghekke F, et al.
Long-term effects of selective fetal growth restriction (LEMON): a cohort
study of neurodevelopmental outcome in growth discordant identical twins
in the Netherlands. Lancet Child Adolesc Health. 2022,6(9):624-32. https://
doi.org/10.1016/52352-4642(22)00159-6.

Hu L, Mei H, Cai X, Xiang F, Li N, Huang Z, et al. A co-twin control study of in
utero exposure to poly- and perfluoroalkyl substances and associations with
neonatal thyroid-stimulating hormone. Environ Res. 2023;239(Pt 1):117350.
https://doi.org/10.1016/j.envres.2023.117350.

Lewi L, Deprest J, Hecher K. The vascular anastomoses in monochorionic
twin pregnancies and their clinical consequences. Am J Obstet Gynecol.
2013;208(1):19-30. https://doi.org/10.1016/j.aj0g.2012.09.025.

Halevy T, Nezer M, Halevy J, Ziv-Baran T, Barzilay E, Katorza E. Twin
discordance: a study of volumetric fetal brain MRI and neurodevelop-
mental outcome. Eur Radiol. 2021,31(9):6676-85. https://doi.org/10.1007/
s00330-021-07773-5.

Rice D, Barone S Jr. Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environ Health Perspect.
2000;108(Suppl 3):511-33. https://doi.org/10.1289/ehp.0010853511.

Lv J,LiY,Chen J, Li R, Bao C, Ding Z, et al. Maternal exposure to bis(2-eth-
ylhexyl) phthalate during the thyroid hormone-dependent stage induces
persistent emotional and cognitive impairment in middle-aged offspring
mice. Food Chem Toxicol. 2022;163:112967. https://doi.org/10.1016/j.
fct.2022.112967.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 12 of 12

MaT, Zhou, Xia Y, Jin H, Wang B, Wu J, et al. Environmentally relevant
perinatal exposure to DBP disturbs testicular development and puberty
onset in male mice. Toxicology. 2021;459:152860. https://doi.org/10.1016/j.
tox.2021.152860.

Morgenstern R, Whyatt RM, Insel BJ, Calafat AM, Liu X, Rauh VA, et al. Phthal-
ates and thyroid function in preschool age children: sex specific associations.
Environ Int. 2017;106:11-8. https://doi.org/10.1016/j.envint.2017.05.007.
Sathyanarayana S, Butts S, Wang C, Barrett E, Nguyen R, Schwartz SM, et al.
Early prenatal Phthalate exposure, sex steroid hormones, and birth outcomes.
J Clin Endocrinol Metab. 2017;102(6):1870-8. https://doi.org/10.1210/
jc.2016-3837.

Wang X, Sheng N, Cui R, Zhang H, Wang J, Dai J. Gestational and lactational
exposure to di-isobutyl phthalate via diet in maternal mice decreases testos-
terone levels in male offspring. Chemosphere. 2017;172:260-7. https://doi.
0rg/10.1016/j.chemosphere.2017.01.011.

Giannocco G, Kizys MML, Maciel RM, de Souza JS. Thyroid hormone, gene
expression, and Central Nervous System: where we are. Semin Cell Dev Biol.
2021;114:47-56. https://doi.org/10.1016/j.semcdb.2020.09.007.

Kranz GS, Zhang BBB, Handschuh P, Ritter V, Lanzenberger R. Gender-
affirming hormone treatment-A unique approach to study the effects of sex
hormones on brain structure and function. Cortex. 2020;129:68-79. https.//
doi.org/10.1016/j.cortex.2020.04.005.

Hatcher KM, Willing J, Chiang C, Rattan S, Flaws JA, Mahoney MM. Exposure
to di-(2-ethylhexyl) phthalate transgenerationally alters anxiety-like behavior
and amygdala gene expression in adult male and female mice. Physiol Behav.
2019;207:7-14. https://doi.org/10.1016/j.physbeh.2019.04.018.

Holahan MR, Smith CA, Luu BE, Storey KB. Preadolescent phthalate (DEHP)
exposure is Associated with elevated locomotor activity and reward-related
behavior and a reduced number of Tyrosine hydroxylase positive neurons

in post-adolescent male and female rats. Toxicol Sci. 2018;165(2):512-30.
https://doi.org/10.1093/toxsci/kfy171.

Lee SM, Jeon S, Jeong HJ, Kim BN, Kim Y. Dibutyl Phthalate exposure during
gestation and lactation in C57BL/6 mice: maternal behavior and neurode-
velopment in pups. Environ Res. 2020;182:109025. https://doi.org/10.1016/j.
envres.2019.109025.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/j.envres.2020.110248
https://doi.org/10.1016/j.envres.2020.110248
https://doi.org/10.1016/j.envint.2014.05.016
https://doi.org/10.1016/j.envint.2014.05.016
https://doi.org/10.1016/j.envint.2018.11.012
https://doi.org/10.1016/j.envint.2018.11.012
https://doi.org/10.1016/j.jpeds.2016.05.013
https://doi.org/10.1016/j.jpeds.2016.05.013
https://doi.org/10.1016/s2352-4642(22)00159-6
https://doi.org/10.1016/s2352-4642(22)00159-6
https://doi.org/10.1016/j.envres.2023.117350
https://doi.org/10.1016/j.ajog.2012.09.025
https://doi.org/10.1007/s00330-021-07773-5
https://doi.org/10.1007/s00330-021-07773-5
https://doi.org/10.1289/ehp.00108s3511
https://doi.org/10.1016/j.fct.2022.112967
https://doi.org/10.1016/j.fct.2022.112967
https://doi.org/10.1016/j.tox.2021.152860
https://doi.org/10.1016/j.tox.2021.152860
https://doi.org/10.1016/j.envint.2017.05.007
https://doi.org/10.1210/jc.2016-3837
https://doi.org/10.1210/jc.2016-3837
https://doi.org/10.1016/j.chemosphere.2017.01.011
https://doi.org/10.1016/j.chemosphere.2017.01.011
https://doi.org/10.1016/j.semcdb.2020.09.007
https://doi.org/10.1016/j.cortex.2020.04.005
https://doi.org/10.1016/j.cortex.2020.04.005
https://doi.org/10.1016/j.physbeh.2019.04.018
https://doi.org/10.1093/toxsci/kfy171
https://doi.org/10.1016/j.envres.2019.109025
https://doi.org/10.1016/j.envres.2019.109025

	﻿Prenatal phthalate exposure and neurodevelopmental differences in twins at 2 years of age
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study design and participants
	﻿Maternal phthalate exposure assessment
	﻿Neurodevelopmental assessment
	﻿Data Collection
	﻿Statistical analyses

	﻿Results
	﻿Cohort characteristics
	﻿Urinary phthalate metabolite concentrations during pregnancy
	﻿Variability and correlations of phthalate metabolites across trimesters
	﻿Associations between phthalate metabolites and Bayley scores
	﻿Analysis stratified by twin chorionicity
	﻿Sensitive analyses

	﻿Discussion
	﻿Exposure assessment
	﻿Phthalate metabolite concentrations and Bayley scores
	﻿The critical window of susceptibility
	﻿Biological mechanisms
	﻿Strength and limitation

	﻿Conclusions
	﻿References


