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Background & aims: Exposure to a range of elements, air pollution, and specific dietary components in
pregnancy has variously been associated with gestational diabetes mellitus (GDM) risk or infant neu-
rodevelopmental problems. We measured a range of pregnancy exposures in maternal hair and/or infant
cord serum and tested their relationship to GDM and infant neurodevelopment.
Methods: A total of 843 pregnant women (GDM ¼ 224, Non-GDM ¼ 619) were selected from the
Complex Lipids in Mothers and Babies cohort study. Forty-eight elements in hair and cord serum were
quantified using inductively coupled plasma-mass spectrometry analysis. Binary logistic regression was
used to estimate the associations between hair element concentrations and GDM risk, while multiple
linear regression was performed to analyze the relationship between hair/cord serum elements and air
pollutants, diet exposures, and Bayley Scales of infant neurodevelopment at 12 months of age.
Results: After adjusting for maternal age, BMI, and primiparity, we observed that fourteen elements in
maternal hair were associated with a significantly increased risk of GDM, particularly Ta (OR ¼ 9.49, 95%
CI: 6.71, 13.42), Re (OR ¼ 5.21, 95% CI: 3.84, 7.07), and Se (OR ¼ 5.37, 95% CI: 3.48, 8.28). In the adjusted
linear regression model, three elements (Rb, Er, and Tm) in maternal hair and infant cord serum were
negatively associated with Mental Development Index scores. For dietary exposures, elements were
positively associated with noodles (Nb), sweetened beverages (Rb), poultry (Cs), oils and condiments
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(Ca), and other seafood (Gd). In addition, air pollutants PM2.5 (LUR) and PM10 were negatively associ-
ated with Ta and Re in maternal hair.
Conclusions: Our findings highlight the potential influence of maternal element exposure on GDM risk
and infant neurodevelopment. We identified links between levels of these elements in both maternal
hair and infant cord serum related to air pollutants and dietary factors.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Exposomics is a field of research investigating cumulative
chemical and non-chemical exposures throughout an individual's
life [1]. Exposures to environmental pollutants, diet, and other
lifestyle factors can be involved in the development and progres-
sion of diseases. Such exposure may also influence pregnancy
outcomes and lead to long-term adverse consequences for
maternal and infant health.

Gestational diabetes mellitus (GDM) is the most prevalent
metabolic disorder during pregnancy, affecting 12.8e16.7% of all
pregnancies in mainland China [2]. Epidemiological evidence sug-
gests that exposure to GDM in utero not only increases the inci-
dence of diabetes and metabolic disorders in later life [3], but also
elevates the risk of impaired neurodevelopment in the offspring
[4]. Children born to mothers diagnosed with GDM exhibited
higher inattention scores, poor social competence, lower working
memory, inadequate motor skills, and spatial impairment [5e8].

Recent epidemiological studies have reported associations be-
tween air pollution exposure with the development of GDM and
infant neurodevelopment [9e11]. Air pollution is a ubiquitous
exposure and is emitted from many sources, such as industrial fa-
cilities, cars, and airplanes. The primary forms of measured are
pollution include particulate matter (PM10: <10 mm in diameter;
PM2.5: <2.5 mm) [12]. Using vital birth statistics records in Florida,
USA, Hu et al. observed an association between exposure to PM2.5
with an increased risk of GDM [13]. Moreover, studies have indi-
cated that air pollution exposure is associated with an impairment
of the central nervous system as early as in utero and through the
first year of life [10,14,15]. Grace et al. found that prenatal exposure
to PM10 was associated with poorer neurodevelopment at two
years of age, particularly in language, cognition, and adaptive
behavior [15]. Therefore, evidence suggests that air pollution
exposure during pregnancy is a potential risk factor for GDM
development and impairments in offspring neurodevelopment.

Maternal diet is another widely accepted factor contributing to
GDM manifestation and infant neurodevelopment. Several cohort
studies have shown that a maternal diet rich in fruits, vegetables,
legumes, and whole grains significantly decreased the risk of GDM,
whereas a diet characterized by high intakes of red meat and
processed meats was associated with an elevated risk of GDM
[16e18]. Other studies have also reported that maternal nutrient
deficiencies significantly elevated the offspring's risk for impaired
neurodevelopment [19,20]. Numerous studies from both human
and rodent models have reported that maternal high-fat diets
aberrantly influence the neurodevelopment of their offspring
[21e25]. Recently, our published work observed that higher scores
on a dietary pattern characterized by high intakes of pasta,
sweetened beverages, oils and condiments, were associated with
lower infant Psychomotor Development Index (PDI) scores on the
Bayley scales of Infant development at 12 months of age [26].
Studies have also found that prenatal exposure to mercury (Hg)
during pregnancy, which can accumulate in fish and seafood, was
associated with impaired infant neurodevelopment [27e29]. Thus,
maternal diet and air pollution exposure are two modifiable
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external exposures that may be involved in the development of
GDM and impaired infant neurodevelopment.

Exposure to certain elements is associated with the develop-
ment of GDM and impaired infant neurodevelopment [30,31].
Findings from clinical studies have highlighted associations be-
tween Hg, cadmium (Cd), sodium (Na), and arsenic (As) levels in
maternal blood, urine, umbilical cord blood, andmeconiumwith an
increased risk of GDM [32e35]. For example, Rezaei et al. found
that higher levels of As, Cd, and Hg in maternal serum were asso-
ciated with an increased risk of GDM [36]. Another study reported
that maternal urinary thallium (Tl) levels were higher in women
who developed GDM [37]. Importantly, many elements can cross
the placental barrier to the fetus [38]. Gestation is a crucial period
for fetal brain development. Some elements may adversely impact
fetal neurodevelopment as they have a high affinity for competing
transporters used by essential elements [39]. Prenatal exposures to
Hg, Cd, and Pb have also been shown to disrupt the development of
the fetal nervous system, which can have long-term consequences
on the child's cognitive and motor abilities, and behaviors [40e42].

Several studies have utilized hair as a robust biological specimen
to reflect the long-term exposure of elements in pregnancy and
linked these findings to the development of GDM and infant neu-
rodevelopment. Previous studies have reported that high levels of
Hg and Sn in maternal hair were associated with an increased risk
of GDM [43,44], whereas others found maternal Hg exposure
associated with offspring neurodevelopment [45e47]. Moreover,
several studies have reported that elevated umbilical cord blood
Hg, lead (Pb), and manganese (Mn) concentrations were associated
with gross motor development delay and cognitive deficits during
infancy [48e50]. Although elemental studies concerning GDM and
infant neurocognition have progressed, they are still limited. Blood
and urine were commonly explored to measure trace element
exposure but results are generally inconsistent, possibly due to the
transient nature of the biological specimens analyzed [51,52]. Hair,
on the other hand, grows at a relatively constant rate (10e12 mm
per month) during pregnancy, making it a robust biological spec-
imen to reflect longer-term exposure [53,54].

However, no study to date has combined data on exposure to air
pollutants, diet, and elements during pregnancy to evaluate their
association with GDM risk and infant neurodevelopment. There-
fore, this study aimed to combine exposomics and elementomics to
investigate: (1) possible associations of maternal hair elements
with the risk of GDM and infant neurodevelopment at one year of
age; (2) possible associations of infant cord blood elements and
infant neurodevelopment at one year of age; (3) whether the
changes in maternal hair elements related to GDM and neuro-
development are related to external exposures such as air pollut-
ants and maternal diet.

2. Methods

2.1. Study population

Participants in this study were from The Complex Lipids in
Mothers and Babies (CLIMB) study, established in Chongqing,
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China, during 2015e2017 (Chinese Clinical Trial Register number:
ChiCTR-IOR-16007700). Detailed information about the CLIMB
study has been published previously [55]. Women were first
enrolled in the CLIMB study at the First Affiliated Hospital of
Chongqing Medical University and Chongqing Health Centre for
Women and Children during their clinic visit between 11 and 14
gestational weeks (according to ultrasound-confirmed dating). A
total of 1500 women in early pregnancy participated in the CLIMB
study. The CLIMB inclusion criteria were: (1) Agreed to participate
in the study; (2) Aged from 20 to 40 years; (3) Had a singleton
pregnancy; (4) No previous history of diabetes. For this study, we
excluded 608 women without hair samples (n ¼ 272), sufficient
hair (weight<3.5 mg) (n ¼ 296), dietary questionnaires (n ¼ 21) or
air pollution exposure data (n ¼ 19). A total of 49 mothers who
were lost to follow-up were also excluded. The current study thus
included 843 mothers (224 womenwith GDM diagnosed according
to the International Association of Diabetes and Pregnancy Study
Group (IADPSG) Guidelines and 619 women without GDM) with
available early pregnancy hair samples who had completed dietary
questionnaires and had available air pollution exposure data
(Fig. 1). From these 843 pregnancies, 116 umbilical cord blood
samples were collected. Neurocognitive development data was
available for 694 infants (Bayley Scales of Infant Development
[Psychomotor Development Index (PDI) and Mental Development
Index (MDI)] available at 12 months). Written informed consent
was obtained from all study participants for any data and sample
collection and use. All study protocols were reviewed and approved
by the Ethics Committee of Chongqing Medical University
(No.2014034). In this study, all procedures performed were in full
agreement with the Declaration of Helsinki and the International
Conference on Harmonisation Good Clinical Practice E6 (ICH-GCP).

2.2. Chemicals and reagents

Analytical and internal standards were purchased from Agilent
Technologies. ICP-MS-grade nitric acid (65%) and acetone were
obtained from ANPEL Laboratory Technologies (Shanghai, China).
Ultrapure deionized water (18 mU) was obtained from a water
Fig. 1. Flowchart of st
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purification system (Aoside, China). A calibration standard solution
was prepared by diluting 10 mg/mL of mixed-element standard
solutions (Multi-element Calibration Standard 2 A: Ag, Al, As, Ba,
Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Tl,
U, V, Zn; Multi-element Calibration Standard 4: B, Ge, Mo, Nb, P, Re,
S, Si, Ta, Ti, W, Zr; Multi-element Calibration Standard 1: Ce, Dy, Er,
Eu, Gd, Ho, La, Lu, Nd, Pr, Sc, Sm, Tb, Th, Tm, Y, Yb; Agilent; USA) or a
single-element standard solution (Multi-element Calibration
Standard 2 A-HG: Hg; Agilent; USA). Two sets of standard solutions
for calibration curves were prepared by diluting in 5% HNO3. The
first standard solution contained all the purchased elements
(except Hg, �2500 mg/L), and the second contained only Hg
(�2.5 mg/L). A bulk standard containing all quantified elements was
prepared and aliquoted this into 20 identical sets as quality control
samples. An instrumental internal standard solution was also pre-
pared by diluting 100 mg/mL of standard solution (ICP-MS Internal
Standard Mix: Bi, Ge, In, Li, Lu, Rh, Sc, Tb; Agilent; USA) in 5% HNO3
(ICP-MS Internal Standard Mix: 5% HNO3 ¼ 1: 200).

2.3. Hair and cord blood collection and inductively coupled plasma-
mass spectrometry analysis

Maternal hair strands were collected at the first clinic visit
(11e14 weeks of gestation) and were taken from the occipital area,
0.5 cm away from the scalp. The hair samples were stored in
aluminum foil in a self-sealing bag at �20 �C. Hair segments were
cut based on the method published by Delplancke et al. [56]. The
samples from the scalp-end of the hair (0e3.6 cm) were collected
and analyzed to represent early pregnancy. Trained nurses
collected cord blood samples from the participants' umbilical cords
into serum separator vacutainer tubes containing separator gel at
delivery time. The tubes were centrifugated twice using the
following procedure: 3000 rpm at 4 �C for 10 min, and 4000 rpm at
4 �C for another 10 min. The supernatant was transferred into
cryotubes (Micronic, Lelystad, Netherlands), and then stored
at �80 �C until analysis.

The hair segments were washed once with 18 mU deionized
water for 10 min and then two times with acetone for 10 min prior
udy participants.
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to drying in a draught oven (Heratherm Oven, Thermo Scientific).
After washing, the hair sample was weighed (4 mg ± 0.5 mg),
placed into 15 mL polytetrafluoroethylene digestion tubes, and
added 200 mL of concentrated nitric acid (65%). For the cord serum
samples, a 100 mL aliquot of each sample was mixed with 200 mL of
concentrated nitric acid (65%) in 15 mL polytetrafluoroethylene
digestion tubes. Then, tubes were capped, and the samples were
microwave digested for 30 min. After the samples had dissolved,
they were made up to a volume of 3 mL with 18 mU deionized
water and were transferred to 15 mL centrifuge tubes.

Forty-eight elements were analyzed in the digested hair and
cord serum samples (Fig. S1) by inductively coupled plasma-mass
spectrometry (ICP-MS, Agilent 8900, USA) using helium mode.
The system generates a high-force vacuum environment
(6.79 � 10�4 Pa); radio-frequency (RF) power: 1550 w, RF match-
ing: 1.80 V, sampling depth: 10 mm, nebulizer gas flow: 1.05 L/min,
peristaltic pump speed: 0.1 rps, atomization chamber temperature:
2 �C. All digested hair samples, cord serum samples, and calibration
standards were injected using a SPS 4 autosampler (Agilent Tech-
nologies). The instrumental internal standard solution was jointly
analyzed with injected samples by a peristaltic pump to monitor
the precision of the ICP-MS.

2.4. Data collection for air pollutants, maternal dietary patterns,
and infant neurodevelopment assessment

Air pollution exposure data were collected from 21 air quality
monitoring stations in the main urban area of Chongqing. The data
were gained from the reports published by the Chongqing
Ecological Protection Bureau between 2015 and 2017. The in-
dicators of air quality included particulate matter less than 2.5 mm
in diameter (PM2.5) and less than 10 mm in diameter (PM10). In this
study, we selected air pollution exposure data from the first
trimester for analysis, and have used two methods, namely prox-
imal and land use models, to estimate the amount of maternal
exposure during pregnancy. With regards to the proximal model,
the exposures were calculated as daily concentrations averaged
over each trimester [57]. Meanwhile, we also used land use
regression (LUR) models to estimate the PM2.5 exposure of our
study population [58]. Furthermore, participants did not change
their addresses during the study period.

At the end of the first trimester of pregnancy, participants
completed a 96-item food frequency questionnaire (FFQ), which
reflected maternal dietary intake over the three months prior. This
FFQ was an adaptation based on the FFQ used in the S-PRESTO
study to suit pregnant women in Chongqing [59]. The 96 items
were condensed into 28 food groups based on food groupings
previously published in studies of pregnant Chinese women
[60,61]. These food groups were used in a principal components
analysis to derive dietary patterns consumed in the cohort [26]:
two main dietary patterns were derived e a pattern high in fish,
poultry, and vegetable intake (FPV-based dietary pattern) and a
pattern high in pasta, sweetened beverages, oils and condiments
(PSO-based dietary pattern). Using the regression method, all study
participants received a score for each dietary pattern.

Of 843 singleton live births, 694 infants underwent neuro-
development assessment between 11.5 and 12.5 months of age
using the Chinese version of the Bayley Scales of Infant Develop-
ment (BSID), which resulted in scores on two main indices: psy-
chomotor development index (PDI) andmental development index
(MDI) [62]. The PDI component comprised 81 items that assessed
fine and gross motor skills. The MDI component included 163 items
that assessed cognitive functioning, language development, and
personal and social development. The raw scores were transformed
into standardized scores using the norms for the Chinese
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population [62]. The standardized index scores were categorized
into the following subgroups (0e69: poor, 70e79: borderline,
80e89: low average, 90e109: average, 110e119: high average,
120e129: excellent, �130: very excellent) [63].

2.5. Clinical outcomes and covariates

Maternal clinical information was collected at enrollment using
a structured questionnaire, including maternal age, body mass in-
dex (BMI), smoking status, alcohol consumption, primiparity, pre-
vious miscarriage, marital status, ethnicity, household income,
occupation, and total years of schooling (Table 1). Infant gestational
age at delivery, birthweight, and Apgar score for 1 min were
collected at birth (Table S1). Plasma glucose was measured during a
75-g oral glucose tolerance test (OGTT) conducted between 22 and
28 weeks gestation. The diagnosis of GDM was performed ac-
cording to the IADPSG guidelines. Participants were diagnosedwith
GDM if they met one or more of the following criteria: fasting
plasma glucose (FG) �5.1 mmol/L, 75-g 1 h OGTT �10.0 mmol/L,
75-g 2 h OGTT �8.5 mmol/L.

2.6. Statistical analysis

The data distributionwas evaluated by inspecting PeP plots and
ShapiroeWilk W test results. All element concentrations were
naturally log-transformed before statistical analysis as they had
skewed distributions. Baseline characteristics of participants with
and without GDMwere compared using the ManneWhitney U test
for continuous variables. c2 Test or Fisher's exact test was used for
categorical variables. Binary logistic regression analyses with
adjustment for confounders (age, BMI, and primiparity) were per-
formed to compare the differences in elements between women
with GDM and controls. Multivariate linear regression with
adjustment for confounders (GDM, age, BMI, infant gestational age
at delivery, birthweight, and Apgar score for 1 min) was used to
analyze associations of maternal hair elements and cord serum
elements with infant neurodevelopment scores. Multivariate linear
regression with adjustment for confounders (age and BMI) was
performed to analyze the relationship between air pollutants, food
groups, dietary pattern scores, and hair or cord serum elements. In
addition, Pearson's correlation was used to study the association
between significant elements and air pollutants. False discovery
rates (FDR) were calculated based on the Benjamini-Hochberg
process using the q-value R package [64] for accounting for mul-
tiple comparisons. P-values <0.05 and q-values (FDR) < 0.05 were
considered statistically significant. All statistical analyses were
performed using SPSS software (version 23.0). The periodic table of
elements, percentage plot of standardized score areas for PDI and
MDI, and linear association bar chart were illustrated using
Microsoft Excel (version 2019). Forest plots, fold change, boxplots,
linear association matrix graphs, and Pearson's correlation shadow
graph were constructed using the ggplot 2 R package [65].

3. Results

3.1. Study participant characteristics

The demographic and clinical characteristics of the 843 partic-
ipants are described in Table 1. Compared with the Non-GDM
group, the women with GDM were older and had a higher BMI
(p < 0.05). Additionally, primiparity was lower in the GDM group
(p < 0.05). No significant differences were observed between the
GDM and Non-GDM groups for smoking, alcohol consumption,
history of previous miscarriage, marital status, ethnicity, income
group, occupation, and educational attainment (p > 0.05).



Table 1
Demographic and clinical characteristics of study participants.

GDM (n ¼ 224) Non-GDM (n ¼ 619) P value

Age (years) 29 (27, 32) 28 (26, 30) 0.004**
BMI (kg/m2) 22.0 (20.0, 24.1) 20.9 (19.3, 22.7) ＜0.001***
75-g OGTT (mmol/l)
Fasting blood glucose (mmol/l) 5.1 (4.7, 5.3) 4.6 (4.4, 4.8) ＜0.001***
75-g 1 h OGTT (mmol/l) 9.6 (8.6, 10.4) 7.2 (6.4, 8.3) ＜0.001***
75-g 2 h OGTT (mmol/l) 8.5 (7.4, 9.2) 6.7 (6.0, 7.3) ＜0.001***
Smoking and/or drinking, n (%) 0.58
YES 0 (0) 4 (0.6)
NO 224 (100) 615 (99.4)

Primiparity, n (%) 0.007**
YES 160 (71.4) 496 (80.1)
NO 64 (28.6) 123 (19.9)

Miscarriages, n (%) 0.41
YES 100 (44.6) 296 (47.8)
NO 124 (55.4) 323 (52.2)

Marriage, n (%) 0.89
YES 221 (98.7) 608 (98.2)
NO 3 (1.3) 11 (1.8)

Han nationality, n (%) 0.88
YES 220 (98.2) 605 (97.7)
NO 4 (1.8) 14 (2.3)

Income groups, n (%) 0.83
<2000￥/month 48 (21.4) 119 (19.2)
<4000￥/month 83 (37.1) 232 (37.5)
<7000￥/month 69 (30.8) 190 (30.7)
<10,000￥/month 24 (10.7) 78 (12.6)

Occupation, n (%) 0.34
Full time work 50 (22.3) 129 (20.8)
Part time work 119 (53.1) 306 (49.4)
Student 55 (24.6) 184 (29.7)

Educational years 16 (15, 16) 16 (15, 16) 0.40
Bayley Scales of Infant Development GDM (n ¼ 182) Non-GDM (n ¼ 512)
Psychomotor Development Index 86 (77, 98) 86 (77, 95) 0.72
Mental Development Index 94 (83, 105) 97 (84, 107) 0.20

The values are represented as the median with IQR (interquartile range) or n (%).
P values are for statistical comparison between the two groups (ManneWhitney U test, Chi-square test, or Fisher's exact test).
P values is significant at p < 0.05; ***p < 0.001, **p < 0.01.
BMIebody mass index; GDM-gestational diabetes mellitus; OGTT-oral glucose tolerance test.
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Moreover, scores on the infant neurodevelopment indices were not
significantly different between the two groups (p > 0.05). However,
there was a higher proportion of low MDI standardized scores
(<70) in the GDM group (Fig. 5C). Subsequent logistic regression
models included maternal age, BMI, and primiparity as
confounders.

3.2. Hair elementomics profiling

Out of the total 57 elements measured, forty-eight were quan-
titatively detected, including four alkali metals, four alkaline earth
metals, thirteen lanthanoids, two actinoids, eighteen transition
metals, four post-transition metals, one metalloid, and two non-
metal elements (Fig. S1).

3.3. Hair elements associated with GDM development

Eighteen elements were found to be associated with GDM
(p < 0.05): Ta, Re, Ag, Cs, Tl, Eu, Se, Nb, Th, Na, K, Rb, Gd, Sm, and Al
were found in higher concentrations in the hair of women with
GDM compared to the Non-GDM group, while Ni, As, and Er, were
found in lower concentrations in the hair of GDM cases compared
to the Non-GDM group (Table 2). Fourteen elements remained
statistically significant after excluding the collinearity (Table S2)
and adjusting for multiple comparisons (q < 0.05) (Fig. 2A). The
most significant of these findings were Ta, Re, and Se, where each
one-unit increase in the ln-transformed hair element levels was
associated with an 849% [Ta: OR (95% CI) ¼ 9.49 (6.71, 13.42)], 421%
[Re: OR (95% CI) ¼ 5.21 (3.84, 7.07)], and 437% [Se: OR (95%
1879
CI) ¼ 5.37 (3.48, 8.28)] increase in the odds of developing GDM
(Table 2). The odds ratios of all significant elements are displayed in
Table 2. In addition, all 14 of the elements showed a positive fold
change between the two groups (GDM element concentration/
Non-GDM element concentration), indicating that they are
increased in the GDM group (Fig. 2B). The concentrations of the 14
elements in the GDM and non-GDM groups are displayed in Fig. 2C.

3.4. Maternal hair and cord serum elements associated with infant
neurodevelopment scores at 12 months

We divided the standardized MDI and PDI scores into seven
categories. The percentage of infants with scores in each category is
displayed in Fig. 3A and C. As shown in Fig. 3B and D, maternal hair
elements were predominantly negatively associated with infant
MDI scores. In a model adjusted for confounders, five maternal hair
elements were found to have a significant negative associationwith
infant MDI scores at 12 months of age (q < 0.05): Na (b ¼ �0.12;
p ¼ 0.005, q ¼ 0.040), K (b ¼ �0.10; p ¼ 0.017, q ¼ 0.040), Rb
(b ¼ �0.11; p ¼ 0.012, q ¼ 0.040), Er (b ¼ �0.16; p ¼ 0.017,
q ¼ 0.040), and Tm (b ¼ �0.18; p ¼ 0.017, q ¼ 0.040) (Fig. 3B).
Furthermore, three infant cord serum elements were also found to
be negatively associated with MDI scores in an adjusted model: Rb
(b ¼ �0.22; p ¼ 0.024, q ¼ 0.037), Er (b ¼ �0.34; p ¼ 0.002,
q¼ 0.005), and Tm (b¼�0.40; p¼ 0.0001, q¼ 0.001) (Fig. 3D). The
standardized regression coefficients of the linear regressionmodels
of infant neurodevelopment with maternal hair elements and in-
fant cord serum elements are displayed in Fig. S2. Moreover, we
analyzed the associations between maternal hair elements and



Table 2
Comparison of first trimester hair element concentrations (mg/L) between pregnant women with and without GDM.

Elements GDM (n ¼ 224) Non-GDM (n ¼ 619) OR (95%CI) p value q value

Na 72.869 (50.805, 180.494) 67.786 (32.510, 132.147) 1.22 (1.06, 1.40) <0.01** 0.01*
Mg 51.798 (41.551, 71.508) 50.498 (34.874, 63.062) 1.14 (0.92, 1.41) 0.23 0.31
Al 19.461 (13.508, 29.703) 12.802 (11.520, 26.156) 1.47 (1.11, 1.96) 0.01* 0.02*
P 159.401 (145.821, 188.621) 211.967 (180.146, 229.704) 1.21 (0.82, 1.76) 0.34 0.41
K 162.122 (73.742, 220.279) 59.454 (10.937, 113.125) 1.18 (1.04, 1.35) 0.01* 0.03*
Ca 91.689 (63.942, 113.075) 96.211 (77.995, 116.491) 0.88 (0.66, 1.17) 0.39 0.43
Ti 2.415 (1.992, 4.091) 2.112 (0.965, 3.851) 1.04 (0.87, 1.23) 0.70 0.63
V 0.016 (0.012, 0.028) 0.027 (0.014, 0.043) 0.89 (0.75, 1.06) 0.18 0.27
Cr 0.589 (0.325, 0.690) 1.852 (0.469, 8.665) 1.02 (0.85, 1.21) 0.86 0.69
Mn 0.288 (0.232, 0.406) 0.399 (0.308, 0.475) 0.87 (0.73, 1.03) 0.10 0.18
Fe 15.715 (13.615, 25.462) 16.574 (15.240, 88.090) 0.89 (0.70, 1.14) 0.36 0.42
Co 0.008 (0.006, 0.014) 0.015 (0.013, 0.024) 1.07 (0.93, 1.23) 0.37 0.42
Ni 0.348 (0.209, 0.901) 0.430 (0.160, 1.269) 1.20 (1.02, 1.40) 0.03* 0.06
Cu 14.878 (13.000, 16.436) 15.234 (11.930, 25.226) 0.99 (0.71, 1.38) 0.96 0.72
Zn 285.914 (245.006, 359.654) 268.800 (237.356, 382.751) 0.96 (0.68, 1.36) 0.83 0.68
Ga 0.011 (0.005, 0.015) 0.006 (0.005, 0.013) 0.96 (0.85, 1.08) 0.47 0.47
As 0.073 (0.054, 0.107) 0.075 (0.067, 0.088) 1.28 (1.01, 1.64) 0.04* 0.09
Se 0.290 (0.235, 0.336) 0.275 (0.233, 0.307) 5.37 (3.48, 8.28) <0.001*** <0.001***
Rb 0.064 (0.045, 0.173) 0.056 (0.049, 0.099) 1.28 (1.09, 1.49) <0.01** 0.01*
Sr 2.145 (1.323, 2.988) 2.316 (1.532, 3.008) 1.01 (0.82, 1.25) 0.93 0.71
Y 0.003 (0.002, 0.006) 0.006 (0.002, 0.013) 1.02 (0.89, 1.16) 0.83 0.68
Zr 0.025 (0.017, 0.033) 0.023 (0.016, 0.027) 0.94 (0.78, 1.14) 0.54 0.52
Nb 0.006 (0.005, 0.010) 0.005 (0.002, 0.005) 1.90 (1.57, 2.31) <0.001*** <0.001***
Mo 0.031 (0.021, 0.048) 0.034 (0.003, 0.051) 1.13 (0.93, 1.38) 0.21 0.30
Ag 0.086 (0.045, 0.141) 0.035 (0.014, 0.482) 1.88 (1.63, 2.16) <0.001*** <0.001***
Cd 0.022 (0.014, 0.062) 0.014 (0.013, 0.015) 1.02 (0.89, 1.18) 0.76 0.65
Cs 0.007 (0.003, 0.012) 0.005 (0.001, 0.007) 1.65 (1.32, 2.05) <0.001*** <0.001***
Ba 1.375 (0.981, 1.707) 1.167 (0.669, 1.223) 1.04 (0.85, 1.26) 0.72 0.64
La 0.005 (0.004, 0.012) 0.006 (0.006, 0.012) 1.11 (0.94, 1.31) 0.23 0.31
Ce 0.011 (0.008, 0.026) 0.011 (0.011, 0.013) 0.99 (0.84, 1.17) 0.91 0.71
Pr 0.002 (0.001, 0.004) 0.002 (0.001, 0.005) 1.12 (0.96, 1.31) 0.16 0.24
Nd 0.004 (0.002, 0.007) 0.008 (0.004, 0.009) 1.06 (0.91, 1.23) 0.46 0.47
Sm 0.002 (0.001, 0.005) 0.002 (0.001, 0.003) 1.13 (1.01, 1.26) 0.04* 0.08
Eu 0.001 (0.001, 0.002) 0.001 (0.0006, 0.001) 1.29 (1.12, 1.49) <0.001*** <0.001***
Gd 0.002 (0.001, 0.002) 0.002 (0.0004, 0.006) 1.28 (1.09, 1.49) <0.01** 0.01*
Tb 0.777 (0.417, 0.903) 0.314 (0.047, 0.469) 0.87 (0.74, 1.02) 0.09 0.16
Dy 0.002 (0.002, 0.002) 0.002 (0.001, 0.006) 1.08 (0.95, 1.22) 0.26 0.33
Ho 0.001 (0.001, 0.002) 0.001 (0.001, 0.002) 1.13 (0.99, 1.30) 0.07 0.13
Er 0.001 (0.001, 0.002) 0.002 (0.001, 0.003) 1.20 (1.01, 1.42) 0.04* 0.08
Tm 0.001 (0.001, 0.002) 0.001 (0.001, 0.001) 1.12 (0.97, 1.30) 0.13 0.21
Yb 0.001 (0.001, 0.003) 0.003 (0.002, 0.004) 0.96 (0.81, 1.13) 0.60 0.55
Ta 0.033 (0.023, 0.062) 0.017 (0.015, 0.018) 9.49 (6.71, 13.42) <0.001*** <0.001***
Re 0.004 (0.003, 0.006) 0.002 (0.002, 0.004) 5.21 (3.84, 7.07) <0.001*** <0.001***
Hg 0.700 (0.521, 1.006) 0.686 (0.221, 0.702) 1.09 (0.92, 1.29) 0.34 0.41
Tl 0.005 (0.004, 0.006) 0.004 (0.003, 0.005) 1.73 (1.39, 2.16) <0.001*** <0.001***
Pb 0.307 (0.214, 0.839) 0.469 (0.352, 0.704) 0.94 (0.80, 1.11) 0.45 0.47
Th 0.001 (0.001, 0.002) 0.001 (0.0003, 0.001) 1.33 (1.13, 1.57) <0.01** <0.01**
U 0.078 (0.051, 0.086) 0.098 (0.031, 0.126) 1.05 (0.87, 1.27) 0.60 0.55

Data are presented as medians (25th percentile, 75th percentile); the data have been ln-transformed for binary logistic regression.
Binary logistic regression analyses were adjusted for maternal age, BMI, and primiparity.
p values and q values are significant at p, q < 0.05; ***p, q < 0.001, **p, q < 0.01, *p, q < 0.05.
GDM-gestational diabetes mellitus; OR-odds ratio; CI-confidence intervals.
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infant cord serum elements using a linear regression model.
Twenty-one elements in maternal hair were correlated with
twenty-seven elements in infant cord serum, while most were
negative linear associations (Fig. S3).
3.5. Associations between maternal hair and cord serum elements
of significance and maternal diet

Of the fourteen maternal hair elements significantly associated
with GDM, four were also significantly associated with maternal
food group consumption (Fig. S4). A negative linear relationship
was observed between processed meats and the element Se [b (95%
CI) ¼ �0.10 (�0.15, �0.04)] in the adjusted model. Positive linear
associations were found between noodle consumption and the
element Nb [b (95% CI)¼ 0.12 (0.03, 0.20)]; sweet beverages and the
element Rb [b (95% CI)¼ 0.06 (0.02, 0.10)]; and poultry and element
Cs [b (95% CI) ¼ 0.15 (0.04, 0.26)], in the adjusted model (Table S3).
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Of the nine cord serum elements significantly associated with in-
fant neurodevelopment (Fig. 3D), two were positively associated
with maternal food group consumption in the adjusted model: oils
and condiments and element Ca [b (95% CI) ¼ 0.11 (0.03, 0.18)], and
other seafood and element Gd [b (95% CI) ¼ 0.14 (0.04, 0.25)]
(Table S4). In addition, a negative association was found between
the element Th and the PSO-based dietary pattern, which was re-
ported by de Seymour et al. (2022) to be associated with infants'
PDI scores at 12 months of age [adjusted model: b (95% CI) ¼ �0.54
(�0.99, �0.08)] (Table S5).
3.6. Associations between maternal hair and cord serum elements
of significance and environmental pollutant exposure

Associations between measured PM and the estimated levels of
PM and the significant maternal hair elements are illustrated in
Figs. 4 and 5. Ta and Re of the fourteen hair elements significantly



Fig. 2. First trimester hair element exposure and the development of gestational diabetes mellitus. (A) The odds ratios between first trimester hair element concentrations and
GDM. A hollow circle represents significant differences. (B) The volcano plot of fold changes to describe quantity changes of hair element concentration between GDM and Non-
GDM groups. Fold change ¼ GDM group/Non-GDM group. (C) The concentrations of significant elements in participants with and without GDM. The blue dot and red dot represent
the concentrations of each hair sample. ***q < 0.001, **q < 0.01, *q < 0.05. GDM: gestational diabetes mellitus. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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associated with GDMwere also significantly associated with the air
pollutant measures (Fig. 4A). In the adjusted model, Re was nega-
tively associated with PM10 (b ¼ �0.11, p ¼ 0.004, q ¼ 0.048). The
element Ta showed a negative association with PM2.5 (LUR)
(b ¼ �0.11, p ¼ 0.0004, q ¼ 0.002). Ta had a negative correlation
with PM2.5 (LUR) in the Non-GDM group (r ¼ �0.166, q ¼ 0.0006)
(Fig. 4B). Two (K and Rb) of the five maternal hair elements asso-
ciated with MDI were also significantly associated with some of the
air pollutants (Fig. 5A). Both K and Rb were positively associated
with the estimated PM2.5 (K: b ¼ 0.11, p ¼ 0.001, q ¼ 0.007; Rb:
b ¼ 0.14, p ¼ 0.0003, q ¼ 0.003) in the adjusted model. The cor-
relation analysis found that K was positively correlated with PM2.5
(LUR) (r ¼ 0.210, q ¼ 0.013) and Rb also was positively correlated
with PM2.5 (LUR) (r ¼ 0.196, q ¼ 0.013) in the GDM group (Fig. 5B).
Nevertheless, only two infant neurodevelopment-related elements
(As and Gd) in cord serumwere associatedwith air pollutants when
the statistical significance was set at p < 0.1 (Fig. S5).
4. Discussion

This study extensively investigated early pregnancy maternal
hair and umbilical cord serum element concentrations and their
association with GDM and infant neurodevelopment. Our analyses
demonstrated that fourteen maternal hair elements were
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significantly associated with an increased risk of GDM, particularly
tantalum (Ta), rhenium (Re), and selenium (Se). Furthermore,
GDM-related hair elements were negatively associated with air
pollutant exposure (PM2.5 (LUR) and PM10 related to Ta and Re,
respectively) and positively associated with maternal diet (Nb, Rb,
and Cs related to noodles, sweet beverages, and poultry, respec-
tively). Three elements (Rb, Er, and Tm) were negatively associated
with maternal hair and cord serum infant MDI scores. Interestingly,
the infant neurodevelopment-related element Rb and K were
positively associated with air pollutants PM2.5 based on the LUR
model. Our results indicate that air pollutant exposure and
maternal diet may impact on several elements that are related to
GDM and infant neurodevelopment.
4.1. Maternal hair elements and GDM

Exposure to certain elements has been shown to induce oxidative
stress and inflammation, both associated with adverse pregnancy
outcomes [66e68]. These etiologies are often regarded as the path-
ogenicmechanisms of insulin resistance, leading to the development
of GDM (66). Our study showed that fourteenmaternal hair elements
(Ta, Re, Se, Tl, Eu, Gd, Na, Al, K, Ag, Nb, Rb, Cs, Th)were associatedwith
an increased risk of GDM (Fig. 2A). A birth cohort study in China hy-
pothesized that the observed association between high thallium (Tl)



Fig. 3. Linear regression analyses of infant neurodevelopment with elements. The distribution of standardized scores across the two developmental domains of the Bayley Scales of
Infant Development in maternal hair (A) and cord serum samples (C). Standardized regression coefficients of the linear regression models of infant neurodevelopment with first
trimester maternal hair elements (B) and infant cord serum elements (D). The models were adjusted for GDM, maternal age, BMI, infant gestational age at delivery, birthweight, and
Apgar score at 1 min. Blue indicates negative linear associations. Only the significant associations (p < 0.05 and q < 0.05) between elemental concentration and infant neuro-
development were displayed as pie charts. MDI: mental development index, PDI: psychomotor development index. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. Associations between air pollutants and the hair elements significantly associated with GDM. (A) Linear regression analyses of elements and air pollutants, adjusted for age
and BMI. Numbers in the cells represent the standardized regression coefficients. Red and blue ellipses indicate positive and negative linear associations, respectively. The red ellipse
outlines represent significant q < 0.05. LUR: land use regression model. (B) The correlation between the element concentration and the significant air pollutant level. The shadow
around the trendline shows the 95% CI. GDM: gestational diabetes mellitus. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Y.-Y. Xia, J.V. de Seymour, X.-J. Yang et al. Clinical Nutrition 42 (2023) 1875e1888
exposure and GDM may be due to increased oxidative stress [37].
Exposure to Al has been associated with a higher risk of GDM and
dysregulated lipid metabolism [69], which causes inflammation and
insulin resistance [70]. Moreover, Markus et al. have indicated that
excess Na intake plays a vital role in developing inflammatory re-
actions [71]. The roles of oxidative stress and inflammation are
interconnected, and the upregulation of one leads to the elevation of
the other [72]. Contrary to our result, where we found that Se was
higher in the hair ofwomenwithGDM, Se is known to playavital role
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in regulating oxidative stress and inflammatory response [73].
However, the Japan Environment and Children's study also reported
that high Se in whole blood was a possible risk factor for GDM [32].
Hyo et al. suggested that the increased risk for GDMmay result from
insulin signaling disruption by high Se levels [74]. Some animal ex-
periments have also observed that excessive selenoproteins (SP)
impair insulin transduction which can lead to insulin resistance and
glucose intolerance [75,76].Given thesefindings,wehypothesize that
elevated element levels observed in maternal hair in this study are



Fig. 5. The association between air pollutants and the maternal hair elements significantly associated with infant neurodevelopment. (A) Linear regression analyses of elements and
air pollutants, adjusted for age and BMI. Numbers in the cells represent the standardized regression coefficients. Red and blue ellipses indicate positive and negative linear as-
sociations, respectively. The red ellipse outlines represent significant q < 0.05. LUR: land use regression model. (B) The correlation between the element concentration and the
significant air pollutant level. The shadow around the trendline shows the 95% CI. GDM: gestational diabetes mellitus. (C) Comparison of the percentage of standardized score areas
in the GDM and Non-GDM groups for two developmental domains of the Bayley Scales of Infant Development. PDI: psychomotor development index, MDI: mental development
index. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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likely to be associatedwith GDM risk via increased insulin resistance
(Fig. 6).

4.2. Maternal diet and environmental exposures associated with
GDM-related elements

Maternal diet and environmental exposures may be the source
of element accumulation related to GDM (Fig. 6). We found that the
consumption of noodles, sweetened beverages, and poultry had
positive linear associations with the elements Nb, Rb, and Cs,
respectively (Fig. S4). It has been widely reported that exposure to
excess inorganic elements during pregnancy was associated with
GDM [30,33,44]. Various elements in water, soil, and air can bio-
accumulate in meats and vegetables, which enter the food chain
and are consumed by pregnant women [77]. For example, Xu et al.
observed that Cs levels were positively correlated with intake from
animal-sourced food [78]. Although no study has associated Nb or
Rb with the specific food groups in our study (noodles and sweet
beverages), several studies have reported the contamination of
wheat starch and groundwater by inorganic elements. A study
showed that Cd had a higher pollution load index in wheat when
wastewater was used for irrigation [79]. Another study found that
elements in soil and water can be transferred to wheat, and the
concentrations of Cu and Pb were over the acceptable threshold in
the seed [80]. Due to the high water solubility of Rb, it could be
readily leached from the soil into groundwater [81].

We also found that PM10 and PM2.5 (LUR) were negatively
correlated with Re and Ta, respectively (Fig. 4). Air pollutants such
as particulate matter (PM) have been observed to be associated
with metabolic dysfunction and increased insulin resistance [82].
Therefore, element accumulation in pregnancies affected by GDM
may be partly a result of maternal diet consumption and other
environmental exposures.

4.3. Maternal hair and cord serum elements and infant
neurodevelopment

The elements that pregnant women are exposed to can be
absorbed and detected in various biofluids and tissues, including
blood, hair, and umbilical cord blood [83]. Elements are easily
incorporated and retained in hair due to their high affinity for the
sulfhydryl group of amino acids in hair keratin [84]. Hair has great
potential as a robust biospecimen to reflect long-term element
exposure during pregnancy [53]. Human hair grows approximately
10e12mm per month, making it a time-specific marker of exposure.
Umbilical cord blood is also a useful biospecimen for investigating
element exposure. It can be used to understand whether maternal
exposures (observed inmaternal hair) cross the placental barrier and
reach the fetus/infant during gestation [85]. Some studies have re-
ported maternal hair and umbilical cord blood element levels asso-
ciated with infant neurodevelopment [47,86]. In our study, we found
that Rb, Er, and Tm were negatively associated with MDI scores in
both hair and cord serum (Fig. 6). The lanthanide ions of rare earth
elements (e.g., Er and Tm) are capable of crossing the placental
barrier and bloodebrain barrier to influence fetal neurodevelopment
[87,88]. Recent findings have shown that lanthanide ions can cause
NMDA (N-methyl-D-aspartate glutamatergic) receptor over-
activation in rat hippocampal CA1 neurons, leading to glutamate-
induced excitotoxic neuronal injury and damage to cognitive func-
tion and memory [89,90]. Zhao et al. found that lanthanide com-
pounds injected into the mice's abdominal cavity could be detected
in the forebrain. The same research team also claimed that lantha-
nide ions caused oxidative stress, damaged nervous tissue, and
altered neurochemical metabolism [91]. The element Rb has been
found to be positively associated with cognitive function due to its
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neuroprotective properties [92,93]. However, our data showed that
Rb concentrationwas negatively associated with neurodevelopment
in this cohort. As the group one elements (Alkali metals) on the
periodic table, Rb and Na share some similar physical and chemical
properties [94]. We speculate that Rb might act like Na to influence
infant neurodevelopment through inflammation [95], activating
microglia to secrete pro-inflammatory cytokine IL-1b and inhibiting
the proliferation of neural progenitor cells [96]. This mechanistic
hypothesis would need to be tested in an animal model. The differ-
ence in findings may also reflect a potential U-shaped relationship
between Rb concentrations and neurodevelopment.

4.4. Maternal diet and environmental exposures associated with
elements related to infant neurodevelopment

PM2.5, estimated by the LUR model was positively associated
with K and Rb inmaternal hair (Fig. 5), while oil and condiment and
other seafood were positively associated with Ca and Gd in cord
serum, respectively (Table S4). Although there is no previous report
on the association between hair K/Rb and air pollutants, a study in
Northeast China has found that the concentrations of K and Rb in
the bronchoalveolar lavage fluid of patients with chronic obstruc-
tive pulmonary disease were significantly elevated in the high-risk
PM2.5 inhalation period [97]. Air pollutants such as PM2.5, dis-
charged by cars and factories, have a certain persistence and con-
tinuity [98]. Particularly, elements are likely attached to the PM
surface, making PM a significant source of element exposure to air
pollutants [99]. While we detected that Rb, Ta and K were associ-
ated with GDM and infant neurodevelopment (Figs. 4 and 5), Rb
and Ta are generally not abundant in atmospheric PM samples, and
only K is relatively abundant from biomass combustion or soil.
Likewise, of the infant neurodevelopment-related elements in cord
blood, only As is commonly detected in atmospheric PM samples;
Gd is not frequently reported. The disparity between these results
may be related to different geographic locations. Previous studies
showed that twenty-seven inorganic elements were detected from
PM2.5 filtered atmospheric samples in Chongqing, including K, Rb,
and As [100]. Wang et al. characterized the sources of trace ele-
ments in PM2.5 from Chongqing City and reported that K ac-
counting for 25.4% of the total analyzed trace elements [101].
Adjacent to Chongqing, the Sichuan Province has rich mineral re-
sources of Ta [102] and Gd [103], which may influence the PM trace
element concentration in the Chongqing region. Moreover, from
pregnancy to the first year of infancy, the mother and infant will
likely reside in the same area. Therefore, their exposure to air
pollutants is likely to transcend both pregnancy and the first year
post-partum, making this long-term environmental exposure likely
to influence the developing infant brain. On the other hand, the
high levels of Ca and Gd in cord serum may result from maternal
diet. Mendil et al. found that sunflower oil from Turkey contains a
high level of Ca [104]. The Gd bioaccumulation has been reported in
marine species, such asmussels and sea urchins [105]. These results
were consistent with our maternal dietary pattern and cord serum
elements related to infant neurodevelopment. Together with our
findings (Fig. 6), air pollutant exposures were only significantly
associated with maternal hair elements (K and Rb), while diet ex-
posures were only correlated with infant cord serum elements (Ca
and Gd). Thus, our results demonstrated that the hair elementmore
likely reflect environmental exposure, while the umbilical blood
element may better represent the maternal diet.

4.5. Strengths and limitations

This study had several strengths. Firstly, this was the first study
to explore the associations between 48 elements in hair and cord



Fig. 6. The potential associations of element accumulation influence GDM risk and infant neurodevelopment through diet and air pollutant exposures. Higher noodles, sweet
beverages, poultry, oil and condiment, and other seafood intakes during gestation were likely to elevate element concentrations in maternal hair (Nb, Rb, and Cs) or infant cord
serum (Ca and Gd). Moreover, higher PM2.5 exposures during pregnancy might increase maternal hair's K and Rb levels. In particular, the three most prominent risk factors (Ta, Re,
and Se) were associated with insulin resistance. At the same time, the elevated Rb, Er and Tm concentrations in both maternal hair and infant cord serum were associated with low
infant MDI, likely related to dysregulated neurodevelopment. Therefore, we hypothesize that increased exposures to metal elements through adverse diet and air pollutants during
pregnancy might promote GDM and poor infant neurodevelopment. Orange and blue letters represent dietary exposure, including noodles, sweet beverages, poultry, oils and
condiments, and other seafood. Green and purple letters represent environmental exposure. Grey dashed lines indicate maternal exposure, including diet and air pollutants. Black
solid lines indicate significant elements in maternal hair, while the solid red line indicates influential elements in infant cord serum related to GDM and low infant MDI. The
identical superscript indicates relevant exposure factors and elements. GDM: gestational diabetes mellitus; MDI: mental development index. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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serum samples with GDM and infant neurodevelopment. Secondly,
this cohort study combined exposomics and elementomics to
investigate the associations between elements and pregnancy
outcomes and whether there were links to modifiable lifestyle
factors such as maternal diet and air pollutant exposure. Thirdly,
using hair as the biospecimen for analysis in this study has great
advantages. Hair sampling requires non-invasive collection, is easy
to preserve, and can be used to discover long-term cumulative
exposure levels. There were also several limitations to our study
that should be addressed in future studies. Firstly, we only tested
element concentrations in a small number of cord serum samples.
Future studies should include more cord serum samples to verify
the relationship between elements and infant neurodevelopment.
Secondly, considering the large geographic expanse of the study
area, the small sample size for the data on air pollution may not
provide sufficient variability concerning exposure to PM2.5, PM10,
and others. In addition, only approximate and indirect linkages can
be made between elements in maternal hair and cord blood with
PM mass was possible. In any future cohort, particulate matter
samples should be collected for component analysis, and more
representative data for pollution exposure with ICP-MS analysis of
atmospheric filter samples should be considered. Thirdly, all par-
ticipants in this study were recruited in Chongqing, China. There-
fore, caution should be applied when trying to extrapolate our
findings to other populations.
5. Conclusion

In conclusion, we identified associations between element
levels in maternal hair with the development of GDM and infant
neurodevelopment. Higher Ta, Re, and Se concentrations in
maternal hair were associated with a higher risk of GDM, and
higher Rb, Er, and Tm concentrations in maternal hair and cord
serum were associated with impaired infant neurodevelopment.
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We also found that maternal diet and air pollutant exposure were
associated with element concentrations linked to GDM and in-
fant neurodevelopment, providing potential avenues for risk
modification. Our study adds valuable insights to the current
knowledge of GDM and infant neurodevelopment. Maternal diet
and living environment should be considered early in pregnancy
to reduce the likelihood of GDM and impaired infant neuro-
development potentially. Future studies should be conducted in
cohorts outside of Chongqing, China, to determine if the findings
apply to other settings. Further work should also be undertaken
to investigate the exact physiological mechanisms underlying the
associations observed in this study.
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