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Background: Birth defects have become the leading cause of death among chil-
dren, placing a heavy burden on society and families. Various elements from the
environment may be associated with birth defects in the fetus, but few prospec-
tive studies have investigated the relationship between multiple-element expo-
sure in the first trimester and birth defects.

Methods: In this study, 271 cases were matched to 542 controls for age (+2 years)
and gestational age (+2 weeks). We measured the concentrations of 17 elements
in urine samples collected from pregnant women during the first trimester and
used conditional logistic regression models to estimate odds ratios (ORs) and
95% confidence intervals (95% Cls). The BKMR model was used to evaluate the
correlation between element mixed exposure and birth defects.

Results: In the single-metal multivariate model, aluminum (Al), chromium (Cr),
manganese (Mn), iron (Fe), nickel (Ni), and zinc (Zn) were negatively associated
with total birth defects. Restricted cubic splines revealed linear or nonlinear dose-
responsive relationships between either Ni or Zn and the risk of birth defects.
BKMR results showed that birth defects showed a trend of first slightly rising and
then declining; when the element mixture was above the 50th percentile, it was
significantly negatively associated with total birth defects. Ni and Zn showed an
obvious trend of slight increase and then rapid decrease, indicating that there was
a dose—response relationship between these elements and birth defects. There
were interactions between Ni and the other five elements.

Conclusion: The mixture of high levels of Al, Cr, Mn, Fe, Ni, and Zn in urine during
the first trimester of pregnancy was related to a reduction in total birth defects. In
particular, the influence of Ni and Zn on total birth defects should be considered.
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Introduction

Generally, abnormal structural or functional metabolism during
embryonic or fetal development is considered a birth defect (1).
According to the World Health Organization (WHO), the common
types of birth defects include congenital heart disease (CHD), neural
tube malformation, Down syndrome, and congenital limb abnormali-
ties WHO (2). Birth defects are the main causes of fetal death, early
abortion, perinatal death and infant death. Among surviving children,
most birth defects cause disability, which seriously affects quality of
life, places serious disease and economic burdens on families and soci-
ety and is a global public health problem (3, 4). Approximately 3% to
4% of infants aged 0 to 1 have serious birth defects, and birth defects
have become the leading cause of infant death in some countries and
the fifth leading cause of shortened life expectancy (5). According to
WHO estimates, approximately 10% of neonatal deaths occur every
year, which is significantly higher than that in 2004 (7%) (6, 7). The
current incidence rate of birth defects in China is approximately 2.5%,
and the three leading birth defects are congenital heart defects, uri-
nary system and genital organ malformations, and chromosomal
abnormalities (8). It was estimated that 250,000 newborns would
suffer from birth defects in approximately 10 million newborns every
year in China, according to the China Birth Cohort Study (CBCS)
results (8).

Environmental and genetic factors are the most common causes
of birth defects (9, 10). A meta-analysis of congenital heart defects
suggested that metals as well as smoking, vehicle exhaust components,
pesticides, organic solvents and proximity to landfills were associated
with the incidence of CHDs (11). Among all environmental factors,
element exposure is one of the most important because element expo-
sure could have multiple effects on birth defects via multiple exposure
pathways. On the one hand, some elements, such as iron (Fe) and zinc
(Zn), are essential elements for human health. Several previous studies
have suggested that Zn was negatively correlated with various birth
defects, such as neural tube defects (NTDs), gastrointestinal malfor-
mations and cleft lip and palate (12-14). Several studies also indicated
that the intake of high-level Fe could significantly reduce the risk of
diaphragmatic hernia and CHDs in offspring (15, 16). A systematic
review showed that there was insufficient evidence for the protective
effects of elements (Zn and Fe) against fetal CHDs (17). On the other
hand, toxic metals, as the main environmental pollutants, such as lead
(Pb) and cadmium (Cd), are also harmful to human health. Some
previous studies showed that high levels of blood Pb in pregnant
women were associated with increased risks of NTDs (18, 19). A
meta-analysis study suggested that exposure to arsenic (As) and Pb
was significantly associated with an increased risk of CHDs (20). In
recent years, there has been increasing evidence that exposure to inor-
ganic elements is associated with the risk of birth defects. However,
most epidemiological studies focus on the effect of single-element
exposure on birth defects, ignoring the effect of coexposure to mul-
tiple elements and the importance of the degree of exposure (21, 22).

As common components of and pollutants in the natural environ-
ment, a variety of elements coexist in the ecosystem and enter the
body through air, drinking water, food, and medicines. Therefore,
pregnant women can be exposed to all kinds of elements, including
essential elements and toxic elements, by multiple pathways. To date,
most of the previous studies on inorganic elements and birth defects
have been retrospective (23). For the particularity of the nutritional
and physiological status of pregnant women, the accuracy of
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retrospective studies was not good enough, which resulted in incon-
sistencies in several studies. In addition, previous studies have mainly
focused on several single birth defects, such as coronary heart disease
and neural tube defects (24-26). In fact, approximately 20%-30% of
cases of birth defects are multiple congenital anomalies (MCAs) with
more than one organ abnormality clinically. It was suggested that the
commonality of environmental influences on birth defects should be
considered (27-30). Therefore, this study employed a prospective
nested case—control design, systematically collecting bio-specimens
during early pregnancy to quantify co-exposure levels of multiple ele-
ments. By focusing on multi-element exposure scenarios that more
closely reflect the complexly real exposure patterns, this approach
addressed the limitations predominantly restricted to single-element
analyses. It was expected that this study could provide new evidence
for understanding the etiology of birth defects and lay a scientific
foundation for establishing primary prevention strategies based on
multi-element exposure assessment.

Methods
Study population

This population-based prospective nested case-control study was
based on the Shenzhen subcenter of the CBCS. The CBCS was a pro-
spective longitudinal, large cohort study and the first nationally based
birth cohort study to establish birth cohorts covering a nationally rep-
resentative geographic area to investigate risk factors for birth defects
and formulate a reduction strategy (8). In this study, a total of 20,170
subjects were from the Shenzhen population in the CBCS from 2018
to 2021. All participants had urine samples in the first trimester
(6 — 13 + 6 weeks of gestation) and received questionnaires so that
relevant data could be collected (8). The questionnaire data mainly
included age, date of the last menstrual period, educational level,
household income, lifestyle habits, height and weight before preg-
nancy, birth defects of pregnant women and their spouses, conception
methods, first pregnancy, prepregnancy disease status, and folic
acid use.

Among the 20,170 subjects, 254 participants did not meet the
inclusion criteria, and 128 participants could not be followed up.
During this period, 408 cases of birth defects were found, which were
detected from the time of investigation to the time of birth. In this
study, birth defects are defined as structural, functional, or metabolic
abnormalities that occur before the birth of an infant. All cases of birth
defects were determined by experienced obstetricians, sonographers,
and pediatricians after joint diagnosis in strict accordance with the
International Classification of Diseases (ICD-10). For the subjects in
the case group, after the exclusion of pregnant women without urine
samples (n = 137), we included 271 cases in the birth defect group. In
detail, there were 49 cases of craniofacial abnormalities, 44 cases of
limb abnormalities, 61 cases of congenital heart disease, 53 cases of
chromosomal abnormalities, 41 cases of urogenital system abnormali-
ties and 23 cases of other abnormalities. The control group was ran-
domly selected from live births and nonteratogenic infants in the
cohort and matched 1:2 according to maternal age (+2 years) and
gestational age at survey (+2 weeks) (Figure 1). The study complied
with the Declaration of Helsinki and was approved by the Shenzhen
Maternal and Child Health Hospital Ethics Committee.
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20,170subjects of this study were from four monitoring hospitals in Shenzhen of
the China birth cohort from 2017 to 2022+
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FIGURE 1
Flow chart of the study population.

Urine sample preparation and elemental
analysis

Fresh spot urine samples were collected from pregnant women in
the first trimester in polypropylene bottles washed with 5% nitric acid
and stored in a -80 °C freezer. Urine samples were thawed at room
temperature during measurement, and after mixing, 200 pL of the
urine sample was obtained and diluted 1:10 with a solution containing
0.05% tetramethylammonium hydroxide, 4% isopropanol and 0.01%
ethylenediaminetetraacetic acid. Urine samples were analyzed by a
NexION 2000 inductively coupled plasma mass spectrometer
(PerkinElmer). Magnesium (Mg), aluminum (Al), calcium (Ca), chro-
mium (Cr), manganese (Mn), Fe, nickel (Ni), copper (Cu), Zn, As,
selenium (Se), strontium (Sr), Cd, iodine (I), barium (Ba), mercury
(Hg), and Pb in the urine of pregnant women were analyzed in this
study. Bismuth (Bi), scandium (Sc), germanium (Ge), rhodium (Rh),
and indium (In) were mixed with the sample to be tested by online
addition before being introduced into the atomizer as the internal
standard solution. The test results were displayed in ng/mL. The limit
of detection (LOD) of 17 elements ranged from 0.005 ng/mL to
0.458 ng/mL, as shown in Supplementary Table S1. Among them, Mg
(0.5%), Al (6.5%), Cr (1.7%), Mn (0.4%), Ni (2.0%), Cd (0.1%), I
(0.1%), and Hg (21.4%) have cases below the LOD. The concentrations
of elements below the LOD were set to 1/2LOD. Urine creatinine
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concentrations were measured using a Hitachi Autoanalyzer 7,600
(Tokyo, Japan). All laboratory tests were performed at the Beijing
Center for Disease Control and Prevention laboratory.

Quality control

To ensure the accuracy and reliability of urine sample testing, we
took the following measures during the urinalysis process. We evalu-
ated the quality control samples every 20 samples to ensure the stabil-
ity of the instrument. We chose Bi, Sc, Ge, Rh, and In as the internal
standards to improve the detection accuracy. For the instrument
analysis of the urine sample, the sample was injected blindly, and the
operator who analyzed the urine elements was blinded to whether the
sample belonged to the case group or the control group to avoid the
influence of subjective factors on the analysis results. In addition, to
avoid the influence of participants’ behaviors, such as drinking water,
on the urine concentration, we also corrected the element concentra-
tion in the response samples by detecting the concentration of creati-
nine in the urine. For external quality assurance and control, the
laboratory was accredited by the China National Accreditation Service
for Conformity Assessment and mandatory approval of Chinese
inspection agencies and laboratories and met all requirements. The
laboratory had also been externally inspected by the National Center
for Clinical Laboratories through proficiency testing.
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Covariates

The following variables obtained through the questionnaire were
considered potential confounders: the basic information of pregnant
women, lifestyle habits and pregnancy-related information. Basic
information included maternal age, gestational age at the time of the
survey, educational level, household income, and the height and
weight of the pregnant woman. We assumed that the date of concep-
tion occurred on the first day of the last menstrual period and calcu-
lated gestational age based on the date and date of the survey.
Educational level was divided into junior high school and below, high
school, and university and above. Yearly average household income
was divided into below 50,000 Chinese Yuan (CNY), 50,000-200,000
CNY and above 200,000 CNY. Prepregnancy body mass index (BMI)
was calculated as weight (kg) divided by height (meters) squared.
Lifestyle habits included mainly smoking and drinking. Smoking
status was divided into never smoking and smoking (including
former smoking and current smoking). Drinking status referred to
whether or not you are currently drinking. Pregnancy-related infor-
mation included family history of birth defects, conception method,
first pregnancy, prepregnancy disease status, and folic acid use. Family
history of birth defects referred to whether the baby’s parents and
their parents and siblings had a birth defect disorder. Conception
methods were divided into natural conception and other methods
(test tube baby and artificial insemination, etc.). First pregnancy
referred to whether the current pregnancy was the first time.
Prepregnancy disease status referred to whether pregnant women suf-
fered from diabetes, hypertension, periodontal disease, and reproduc-
tive tract inflammation in the first 3 months of pregnancy. Folic acid
use referred to whether pregnant women took folic acid
supplements.

Statistical analysis

The basic characteristics of the case group and control group of
birth defects were described, the mean + standard deviation was used
for continuous variables with normal distribution, and the ¢-test was
used for comparison between groups. The median (interquartile
range) was used for element concentration, and the comparison
between groups was performed using the Mann-Whitney U test.
Spearman’s rank correlation coefficient was used to evaluate the cor-
relation between the urinary elemental concentrations. Odds ratios
(ORs) and 95% confidence intervals (95% Cls) of urinary element
concentrations and risk of birth defects were calculated by logistic
regression. Model 1 was a simple logistic regression without adjust-
ment for any confounders. Model 2 was a logistic regression adjusted
for age, gestational age, educational level, household income, BMI,
family history of birth defects, first pregnancy, conception method,
prepregnancy disease status, and folic acid use.

For the statistically significant elements in Model 2, we conducted
a series of sensitivity analyses to test the robustness of our estimates
by excluding participants with a family history of birth defects, pre-
pregnancy disease status or other conception methods and repeating
the regression analysis. To overcome the inherent limitations of ele-
ment-level analysis as a rank variable, a restricted cubic spline was
used to analyze the elemental dose-response in a multielement model.
Each elemental model used restricted cubic spline with nodes distrib-
uted at the 20th, 40th, 60th, and 80th percentiles of its distribution,
and reference values (OR = 1) were set at the 10th percentile.
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To estimate the joint effect and regress exposure-response rela-
tionships of multiple element exposure, Bayesian kernel machine
regression (BKMR) was used to evaluate the correlation between mul-
tiple element concentrations and birth defects (31-34). Elements that
were significantly associated with birth defects in the single element
model were included in BKMR. BKMR models were fit using the
Markov Chain Monte Carlo algorithm with 25,000 iterations using the
Gaussian kernel. By comparing the estimated effect of all exposure
factors at a specific percentile with the estimated effect of all exposure
factors at their 50th percentile, we can fit the overall impact of mixed
element exposure on birth defects. The exposure-response function
was used to explore the relationship between a single element and
birth defects while keeping the concentration of other elements at the
median. Finally, the interaction between the effects of two metals on
birth defects was studied, and the influence of one element at different
quantile concentrations on the correlation between another element
and birth defects was discussed by establishing a bivariate pairwise
exposure-response function (the remaining elements were fixed at the
median). The model calculated the conditional posterior inclusion
probability (condPIP), which represented the probability of elements
being included in the model. 0.5 was usually used as the threshold of
condPIP to determine whether the exposure was important (35, 36).

All statistical analyses were performed using SPSS 21.0 and R
4.1.1. All statistical tests were two-sided, and p < 0.05 was considered
statistically significant.

Results

Characteristics of the study population and
urinary elements

This study included a total of 271 cases and 542 controls. The aver-
age age of the case group was 30.91 + 4.17 years with the average ges-
tational age of 10.30 £ 1.96 weeks, while the average age of the control
group was 30.85 + 4.04 years with the average gestational age of
10.30 £ 1.91 weeks. In the comparison of the two groups, it was found
that the proportion of natural conception in the case group was lower
(89.7%) than that in the control group (96.1%), and the proportion of
prepregnancy disease in the case group was higher (25.5%) than that
in the control group (17.9%) (p < 0.005). The other variables were not
significantly different (Table 1).

In terms of element concentration in urine, the concentration
of each element was normalized by creatinine. As shown in Table 2,
the concentration of Al in the urine of the case group was 7.87
(4.10-18.010) pg/g, while that in the control group was 12.14 (5.08-
30.99) pg/g (p < 0.001); the concentration of Fe in the urine of the
case group was 19.13 (12.47-33.70) pg/g, while that in the control
group was 25.97 (14.16-45.72) pg/g (p < 0.001). The concentrations
of Cr, Ni, and Zn in the urine of the control group were also signifi-
cantly higher than those in the urine of the case group (p < 0.05).
Therefore, it was documented that the urine levels of Al, Cr, Fe, Ni,
and Zn in the healthy control group were significantly higher than
those in the case group (p < 0.05), while other elements were not
significantly different between the case group and the control group.
In addition, most of the elements in urine had significant but mod-
erate correlations (Spearman correlation coefficients ranged from
—0.091 to 0.677) (Supplementary Figure S1).
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TABLE 1 Basic characteristics of the study participants.

Characteristics

Case (n = 271)

10.3389/fnut.2026.1722672

Control (n = 542)

Age (years) 3091 +£4.17 30.85 + 4.04 0.832
Gestational age (weeks) 10.30 + 1.96 10.30 + 1.91 0.980
Educational level, n (%) 0.703
Junior high school and below 11 (4.0) 27 (5.0)
High school 40 (14.8) 71 (13.1)
University and above 220 (81.2) 444 (81.9)
Household income, n (%) 0.229
Below 50,000 CNY" 13 (4.8) 14 (2.6)
50,000-200,000 CN'Y® 96 (35.4) 188 (34.7)
Above 200,000 CNY® 162 (59.8) 340 (62.7)
Smoking status, n (%) 0.830
Smoking 4(1.5) 7 (1.3)
Never smoking 267 (98.5) 535 (98.7)
Drinking status, n (%) 0.566
Drinking 7 (2.6) 18 (3.3)
No drinking 264 (97.4) 524 (96.7)
BMI(kg/m?) 21.32 +£2.99 21.36 + 3.06 0.863
First pregnancy, n (%) 0.190
Yes 102 (37.6) 230 (42.4)
No 169 (62.4) 312 (57.6)
Conception method, n (%) <0.001
Natural conception 243 (89.7) 521 (96.1)
Others 28 (10.3) 21(3.9)
Prepregnancy disease status¢, n (%) 0.012
Yes 69 (25.5) 97 (17.9)
No 202 (74.5) 445 (82.1)
Family history of birth defects, n (%) 0.804
Yes 12 (4.4) 22 (4.1)
No 259 (95.6) 520 (95.9)
Folic acid use, n (%) 0.895
Using 225 (83.0) 448 (82.7)
No using 46 (17.0) 94 (17.3)

“p-values were derived from Student’s t-tests for continuous variables according to the data distribution and the chi-square test for the categorical variables.

"CNY was Chinese yuan.

“Prepregnancy disease including diabetes, hypertension, periodontal disease, and reproductive tract inflammation in the first 3 months of pregnancy.

Urinary elements and risk of birth defects

The results of the association between urinary element exposure
concentrations and birth defects are shown in Table 3. In unadjusted
model (Model 1), Al, Cr, Mn, Fe, Ni, Zn, and Hg in urine were nega-
tively associated with total birth defects (p < 0.05). In Model 2, after
adjusting for age, gestational age, educational level, household
income, BMI, smoking status, drinking status, family history of birth
defects, first pregnancy, conception method, prepregnancy disease
status, and folic acid use, the urine concentrations of Al, Cr, Mn, Fe,
Ni, and Zn were negatively associated with total birth defects
(p <0.05). In detail, for each 1 pg/g increase in Ni, 10 pg/g increase
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in Fe, and 100 pg/g increase in Zn, the risk of total birth defects
decreased by 13% (OR = 0.87, 95% CI: 0.82-0.93), 12% (OR = 0.88,
95% CI: 0.82-0.94) and 14% (OR = 0.86, 95% CI: 0.79-0.93), respec-
tively. The concentrations of urine Al (OR =0.90, 95% CI: 0.85-
0.95), Cr (OR = 0.95, 95% CI: 0.91-0.99) and Mn (OR = 0.97, 95%
CI: 0.96-0.99) were slightly negatively associated with total birth
defects.

Sensitivity analysis

The results of sensitivity analysis showed that the results of Al, Cr,
Mn, Fe, Ni, and Zn were basically consistent with the general population
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TABLE 2 Concentrations of urinary elements corrected by creatinine among study participants.

Elements Control
(n = 542)
Mg (mg/g) 25.24 (13.45- 27.02 (13.42- 0.218
41.67) 44.16)
Al (pg/g) 12.14 (5.08- <0.001
7.87 (4.10-18.01)
30.99)
Ca (mg/g) 34.70 (15.75- 35.32 (17.43- 0.804
61.29) 63.25)
Cr (ug/g) 0.31(0.18-0.48) | 0.39 (0.19-0.62) 0.002
Mn (pg/g) 0.57 (0.37-0.99) | 0.68 (0.39-1.15) 0.060
Fe (pg/g) 19.13 (12.47- 25.97 (14.16- <0.001
33.70) 45.72)
Ni (ng/g) 1.50 (0.92-2.37) | 1.74(0.93-3.44) 0.002
Cu (pg/g) 087 (7311371 10.34 (7.94- 0.068
15.76)
Zn (nglg) 280.55 (189.02- | 297.59 (203.46~ 0.018
380.02) 443.54)
As (ng/g) 24.94 (16.81- 26.79 (16.56- 0.211
38.03) 47.67)
Se (ug/g) 27.18 (20.57- 28.17 (22.15- 0.113
34.49) 34.80)
Sr (ng/g) 91.25 (46.68- 92.68 (44.22- 0.369
140.91) 164.52)
Cd (pglg) 0.75 (0.45-1.13) | 0.74 (0.45-1.14) 0.932
I(pg/g) 90.68 (61.78- 95.62 (64.65- 0.299
146.68) 160.12)
Ba (pg/g) 36.52 (17.01- 41.66 (15.34- 0.164
64.69) 93.17)
Hg (ng/g) 0.09 (0.05-0.16) | 0.10 (0.04-0.23) 0.243
Pb (ng/g) 0.77 (0.46-1.16) | 0.71 (0.45-1.12) 0.583

*Mann-Whitney U test.

after excluding participants with a family history of birth defects, pre-
pregnancy disease status or other conception methods. This shows that
the results are relatively stable (Supplementary Table S2).

Dose-response relationship

The results of restricted cubic spline function analysis showed that
there was a significant nonlinear dose-response relationship between
urinary Ni and birth defects (P.yeran = 0.0015, P.yopinearicy = 0.0861), and
the risk of birth defects increased with urinary Ni concentration over-
all. On a downward trend, there was a significant nonlinear dose-
response relationship between urinary Zn and birth defects
(P.overat = 0.0025, P pptincarity = 0.0283), and the risk of birth defects and
urinary Zn concentration showed an approximately inverted “U”
trend (Figure 2).

BKMR analysis

The condPIPs
Supplementary Table S3. The condPIPs of Ni, Zn, and Fe were above

of the six elements are shown in
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0.5, while those of the other three elements were less than 0.5. It was
suggested that the coexposure of six elements to total birth defects was
mainly contributed by Ni, Zn, and Fe. Ni had the highest condPIP
(1.00000), which suggested that Ni had the greatest contribution to
total birth defects.

The overall relationship between mixed element exposure and
total birth defects is shown in Figure 3. Compared with the 50th per-
centile, the total birth defects showed a trend of first weakly rising and
then declining. When the mixed exposure concentration of six ele-
ments was above the 50th percentile, the total birth defects decreased.
When the mixed exposure concentration was higher than the 60th
percentile, the total birth defects significantly decreased. At the low
concentration of mix exposure (<25th percentile), the total birth
defects slightly increased with increasing mix exposure, and this trend
of increase was not significant.

The change trend of the exposure-response function of the six
elements is shown in Figure 4. Overall, when all the other chemicals
were at their median levels, Ni and Zn showed decreasing trends asso-
ciated with the total birth defects with weak increases in the lowest
concentrations. Fe showed a weak negative relationship with total
birth defects. It was suggested that there was a dose-response relation-
ship between these elements and total birth defects, which was con-
sistent with the overall effect of element mixtures on birth defects.
However, Al, Cr, and Mn showed an almost flat relationship, which
suggested that Al, Cr, and Mn were not significantly associated with
total birth defects.

The bivariate pairwise exposure-response function showed that
when Al, Fe, and Mn were fixed at the median, the slope of Ni changed
as the concentration of Zn increased from the 25th percentile to the
75th percentile. Similar results also existed between other elements
and Ni. The results suggested that there were interactions between Ni
and the other five elements (Figure 5).

Discussion

Our study assessed the prospective association between maternal
urinary multiple-element exposure concentrations in the first trimes-
ter and offspring birth defects. On the one hand, the logistic regression
indicated that urinary Al, Cr, Mn, Fe, Ni, and Zn were inversely asso-
ciated with total birth defects. On the other hand, considering the
joint effect of elements, the BKMR results showed that birth defects
showed an in apparent trend of first rising at low mix exposure (<25th
percentile) and then significantly declining above the 50th percentile
of mix exposure. When the element mixture was in the 70th percentile
or above, it was significantly negatively correlated with birth defects.

Generally, current studies are mainly focused on the multiple
adverse effects of Ni on human health, such as cancer and allergies
(37, 38). Additionally, several studies have suggested that Ni is
teratogenic in embryonic development using animal models (39,
40). However, there was a double face of Ni to humans and other
organisms. Several studies have suggested that Ni could be benefi-
cial for humans and animals as a “possibly essential element,” such
as a positive regulatory effect on animal reproduction, growth and
development, and intestinal flora (41, 42). To date, studies on the
effects of Ni on birth defects have not attracted widespread atten-
tion. Several previous studies suggested that Ni exposure in the
mother was not associated with adverse pregnancy outcomes or
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TABLE 3 Adjusted ORs and 95% Cls for the association between urinary element concentrations and birth defects.

Case/control Model 1°
Mg (mg/g) 271/542 0.96 (0.91-1.01) 0.115 0.97 (0.92-1.03) 0.296
Al (ng/g) 271/542 0.89 (0.85-0.94) <0.001 0.90 (0.85-0.95) <0.001
Ca (mg/g) 271/542 0.98 (0.95-1.01) 0.216 0.98 (0.95-1.01) 0.300
Cr (pg/g) 271/542 0.94 (0.90-0.98) 0.003 0.95 (0.91-0.99) 0.025
Mn (pg/g) 271/542 0.98 (0.96-1.00) 0.012 0.97 (0.96-0.99) 0.008
Fe (pg/g) 271/542 0.87 (0.81-0.93) <0.001 0.88 (0.82-0.94) <0.001
Ni (ng/g) 271/542 0.87 (0.81-0.93) <0.001 0.87 (0.82-0.93) <0.001
Cu (pg/g) 271/542 0.91 (0.83-1.00) 0.058 0.91 (0.83-1.01) 0.081
Zn (ng/g) 271/542 0.86 (0.80-0.94) <0.001 0.86 (0.79-0.93) <0.001
As (ng/g) 271/542 0.97 (0.94-1.00) 0.064 0.96 (0.93-1.00) 0.052
Se (ng/g) 271/542 0.88 (0.76-1.00) 0.056 0.90 (0.78-1.04) 0.139
Sr (ng/g) 271/542 0.99 (0.98-1.01) 0.329 1.00 (0.98-1.01) 0.484
Cd (ng/g) 271/542 0.99 (0.97-1.01) 0.322 0.99 (0.97-1.01) 0.380
I (nglg) 271/542 1.00 (0.99-1.01) 0.769 1.00 (0.99-1.01) 0.940
Ba (pg/g) 271/542 1.00 (0.98-1.01) 0.375 1.00 (0.99-1.01) 0.671
Hg (ng/g) 271/542 0.99 (0.98-1.00) 0.039 1.00 (0.99-1.00) 0.073
Pb (ng/g) 271/542 0.99 (0.98-1.01) 0.425 1.00 (0.99-1.01) 0.554

*Model 1: unadjusted model.

*Model 2: adjusted for age, gestational age, educational level, household income, BMI, family history of birth defects, first pregnancy, conception method, prepregnancy disease status, and folic

acid use.

‘Mg, Ca per 10 mg/g increment, Zn per 100 pg/g increment, Al, Fe, Cu, As, Se, Sr, I, and Ba per 10 pg/g increment, Ni per 1 pug/g increment, Cr, Mn, Cd, and Pb per 0.1 pg/g increment, Hg per

0.01 pg/g increment.
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The restricted cubic spline for the association between urinary elements and birth defects. The lines represent adjusted odds ratios based on restricted
cubic splines for urinary Niand Zn in the regression model. Knots were placed at the 20th, 40th, 60th, and 80th percentiles of the urinary element
distribution, and the reference value was set at the 10th percentile. Adjusted for age, gestational age, educational level, household income, BMI, family
history of birth defects, first pregnancy, conception method, prepregnancy disease status, folic acid use, and statistically significant urine elements.

birth defects such as musculoskeletal defects and genital malfor-
mation (43-46). Liu et al. (47) found that the concentration of Ni
in the umbilical cord tissue of children with NTDs was higher
than that in healthy infants. Additionally, one study indicated that
Ni exposure was positively associated with the risk of CHDs (48).
On the other hand, two independent studies, based on 21 cases
and 103 cases, respectively, both suggested that the concentrations
of Ni in the maternal birth defect group were lower than those in
the control group, but this difference was not significant (18, 49).
Another study suggested that the concentration of Ni in maternal
hair was significantly negatively associated with NTDs in off-
spring (50). However, one study showed that both deficiencies and
excessive exposure to Ni were associated with an increased risk of
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NTDs using an external exposure study from soil (51). BKMR
analysis suggested that the joint effect and individual effect of Ni
on birth defects both slightly increased and then rapidly decreased
after considering the interaction between Ni and other elements.
This result was similar to a previous report, in which it was indi-
cated that the concentration of Ni in the air and the risk of hypo-
spadias showed an inverted U shape (52). The reason for this
might be that low-dose exposure and high-dose exposure to ele-
ments have different effects on human health (53). Our analysis
revealed an inverse association between Ni exposure and the risk
of birth defects. Although this observation was worth noting, it
must be interpreted with considerable caution. The apparent
effect lacked a biological plausibility based on current evidence,
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and may reflect methodological limitations such as residual con-
founding, complex interactions with other nutritional or environ-
mental factors, or exposure misclassification. Furthermore, the
non-linear dose-response relationships typical of essential and
toxic elements, or timing-specific effects during gestation, could
contribute to associations. Therefore, we explicitly avoid attribut-
ing any beneficial effects to Ni solely based on the results of these
epidemiological studies. Instead, we emphasized the need for rig-
orous mechanistic studies and replication in independent cohorts
to clarify whether this association represented a causal relation-
ship, an artifact of study design, or a context-dependent interac-
tion. Future research should aim to characterize Ni exposure with
greater temporal and chemical specificity, and to explore potential
effect modifiers.

As an essential trace element, Zn participates in the composition
of 2,800 kinds of proteins in the body and is of great significance to
the growth and development of the human body, the immune system,
and the synthesis of protein and DNA (54, 55). In our study, it was
found that increased urinary Zn concentrations in the first trimester
of pregnancy significantly reduced the risk of birth defects in offspring
(OR =0.86, 95% CI: 0.79-0.93). This result demonstrated that the
high concentration of Zn in the urine of pregnant women was associ-
ated with a decrease in total birth defects. To date, there have been few
studies on the association between urinary Zn concentrations and
birth defects. However, the results of several previous studies using the
concentration of Zn in serum, placenta and other tissues were
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consistent with this study. Several studies have found that mothers of
healthy babies have higher concentrations of Zn than those with birth
defects in serum and plasma (24, 56, 57). In a case—control study, com-
pared with mothers with normal serum Zn, serum Zn-deficient moth-
ers had more than 7 times the risk of fetal malformation (OR = 7.01,
95% CI: 2.72-18.11) (13). On the other hand, similar effects of Zn
were found for multiple subtypes of birth defects. Tindula et al. (58)
found that a one-unit increase in the natural logarithm of maternal
toenail Zn concentrations was associated with an 89% reduction in the
odds of a child developing spina bifida in the adjusted model
(OR =0.11, 95% CI: 0.03-0.42). Ni et al. found that exposure to higher
concentrations of Zn in utero was associated with a reduced risk of
cleft lip and palate based on a birth defect surveillance system in five
rural counties in Shanxi Province, China (OR = 0.35, 95% CI: 0.14—
0.86) (59). In addition, this effect of Zn against birth defects and its
multiple mechanisms have been confirmed by cell and animal experi-
ments (60). Zn deficiency in female mice led to an increased incidence
of fetal cardiac malformations, which was associated with a significant
reduction in placental metallothionein 1 and Zn transporter 1 mRNA
expression below the threshold (61). Several previous studies sug-
gested that a low concentration of Zn could promote the occurrence
of oxidative stress and induce damage to proteins, lipids and
DNA. However, oxidative stress and DNA damage are important
causes of fetal development (62-65). Zn deficiency during pregnancy
may also lead to abnormal folic acid metabolism, which in turn may
lead to NTDs and other embryonic developmental disorders (66).
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However, excessive Zn exposure would also be harmful. A recent
study on metal mining of parents and birth defects found that the
doubling of cord blood Zn was associated with an increased risk of
birth defects (OR = 5.3, 95% CI: 1.6-16.6) (67).

Our study found that increased urinary Fe concentrations in the first
trimester of pregnancy were significantly associated with a decrease in
total birth defects in offspring (OR = 0.88, 95% CI: 0.82-0.94). However,
this negative correlation between Fe and birth defects was not significant
by BKMR. One study analyzed the Fe content in the placenta, but there
was no difference in the Fe concentration between the placenta of the
case group and that of the control group (19). Regarding Fe, most studies
have focused primarily on the preventive effect of Fe supplementation
during pregnancy on birth defects. Hong et al. found that Fe supplemen-
tation, particularly during pregnancy, helped reduce the risk of cleft lip
and palate (OR = 0.27, 95% CI: 0.08-0.90) (68) and that increasing Fe
intake in the first month was more helpful in preventing birth defects
(26). Similar results have also been reported in animal experiments.
Kalisch-Smith et al. demonstrated in mice that maternal Fe deficiency
increased the severity of cardiac and craniofacial defects in a mouse
model (43).

According to logistic regression analysis, the urine concentrations of
Al, Cr, and Mn were significantly associated with a decrease in total birth
defects. However, according to the coexposure analysis, the influence of
Al, Cr, and Mn on birth defects was quite limited (condPIP < 0.5). Al Cr,
and Mn were not significantly associated with total birth defects due to
the flat relationship of exposure-response by BKMR, and they interacted
with Ni. In previous population studies, there were few studies about the
influence of Al on birth defects. A study showed that although 88 preg-
nant women had excess Al sulfate in their drinking water, no birth
defects were found in their offspring (69). Another study found that
regions with high birth defect rates were characterized by lower Al con-
tent, which seemed to be consistent with our results (70). In addition, the
effects of Al on offspring animals often involve reduced fetal weight and
delayed ossification rather than structural abnormalities (71). In expo-
sure experiments involving administration of oral Al salts to female rats,
Wang et al. found inhibition of reproductive function to be the more
obvious effect (72). Cr is a microelement for humans. Marouani et al.
(73) administered hexavalent Cr by intraperitoneal injection during
organogenesis in rats and observed fetal growth retardation, facial
defects, and missing tails. However, in population studies, the teratoge-
nicity of Cr in the fetus was not clear. In their hospital-based case-control
study, maternal blood Cr was not correlated with fetal CHDs (74).
Another study found that there were no significant differences in the
levels of Cr in amniotic fluid between the control group and case group
(pregnant women with NTDs in offspring) (75). The neurotoxicity of Mn
is well known (76). Most of the effects of Mn on birth defects involve
mostly the neurodevelopment of the fetus but are limited only to placen-
tal tissue. It was found that the risk of fetal NTDs increased with increas-
ing Mn concentration in the placenta (OR = 3.17, 95% CI: 2.35-4.28)
(77). However, no similar association was found in other tissues, such as
umbilical cord tissue and amniotic fluid (59, 75). It appeared that the
effects of Mn on birth defects were limited to certain subtypes (25). In
addition, both Mn deficiency and Mn excess may affect fetal develop-
ment (78). Several studies have found an inverted U-shaped relationship
between blood Mn concentrations and birth weight (79) or neurodevel-
opment (80), suggesting a dual role for Mn.

Some limitations of this study need to be addressed. First, we did not
measure other maternal biological samples, such as blood, placenta, and
amniotic fluid, which may make the assessment of maternal elemental
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exposure incomplete. Generally, urine samples, especially spot urine
samples, were more convenient for sample collection than other biologi-
cal samples in the assessment of elemental exposure. This advantage of
urine samples could increase the compliance in participants. However,
there were some shortcomings for spot urine samples in exposure assess-
ment. The instability of the concentration of some elements in urine may
bias the results of the influence of element exposure on total birth defects.
This disadvantage was present in both toxic elements and trace elements.
The intraclass correlation coefficient (ICC) was an important indicator
for the stability of the concentration of elements in urine. Usually, ele-
ments with fast turnover rates have low ICCs. The ICCs of some elements
(such as As, Cd, Pb, Ni, and Mn) in spot urine were above 0.5, which
suggested that the concentrations of these elements were at least fair to
good reliability. The ICCs of Zn and Al in spot urine were 0.37 and 0.39,
respectively, which suggested that the concentrations of Zn and Al had
poor reliability. Additionally, the concordance coefficients of Zn and Al
between spot urine and 24-h urine were both higher than 0.5, which
indicated that there was moderate agreement between spot and 24-h
metal concentrations for Zn and Al (81). While urinary measurement
was well-validated and commonly used for biomonitoring of many ele-
ments with relatively short biological half-lives, it may not be the optimal
biomarker for all elements studied. For certain metals, urinary excretion
primarily reflected recent exposure or circulating levels rather than the
long-term body burden accumulated in tissues. This could lead to poten-
tial misclassification of the true long-term exposure status. Our study
attempted to mitigate this by standardizing creatinine and adjusting for
specific gravity. Nonetheless, we cannot rule out the possibility that for
some elements, urinary levels may either overestimate or underestimate
the biologically relevant dose at the target tissue. Future studies incorpo-
rating multiple matrices or repeated sampling would provide a more
robust assessment of exposure profiles. Therefore, with comprehensive
consideration of reliability and convenience, spot urine samples could be
used to investigate the relationship between multiple element exposure
and birth defects despite the insufficient reliability of some elements (82).
Second, the element concentrations observed in our study cannot be
contextualized with environmental exposure background, but the ele-
ment concentrations in our study population fall within the range
reported in previous studies for the general population in China (83).
This suggested that our findings likely reflect variations at environmental
background levels rather than extreme deficiency or overt toxicity.
However, the absence of universally established ‘normal’ or “deficient”
ranges for many elements in maternal biological matrices posed a sig-
nificant challenge. It remained difficult to definitively ascertain whether
the observed associations were driven by a response to suboptimal nutri-
tional status, low-level environmental exposure, or a complex interplay
of both. Future studies would benefit from concurrently assessing dietary
intake, environmental sources, and established clinical biomarkers to
better contextualize elemental concentrations and distinguish between
deficiency-driven and exposure-driven effects. Third, we have attempted
an exploratory analysis of different subtypes of birth defects, in which
zinc still showed significance for craniofacial abnormalities and genito-
urinary abnormalities. Due to the small number of cases in individual
subtypes, it was not possible to conduct a statistically reliable and formal
subtype-specific analysis (Supplementary Table S4). However, in this
study, the number of cases with multiple congenital diseases at the same
time exceeded 20%. The association between element exposure and total
birth defects was more concerning due to the limited number of cases.
In addition, regarding the basic characteristics of the study population,
due to the exclusion of some participants who lacked urine samples,
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there was a certain bias in the representativeness of the study population
included in the analysis. However, we also conducted an additional
analysis of the basic characteristics of the excluded study population, and
the results were not significantly different from the population included
in the analysis. Therefore, the current population still had good represen-
tativeness (Supplementary Table S5). Furthermore, although a 1:1 ratio
was typically the initial design choice, increasing the number of controls
per case can enhance the statistical power of the analysis, especially when
the number of available cases was limited. Although a 1:4 study design
yielded more significant results, considering the higher difficulty and
cost of epidemiological investigations when the study subjects were preg-
nant women, and taking into account the matching criteria (maternal
age and gestational age), a 1:2 ratio was a traditional and widely accepted
compromise, which aimed to ensure comparability between groups
while maintaining a feasible pool of eligible controls from the source
population. However, this study still had several advantages. This was a
study to assess the association between multiple-element exposures and
total birth defects in the first trimester based on a Chinese population.
All surveys and sample collections were conducted in the first trimester,
which minimized recall bias and ensured that the samples accurately
represented exposure to maternal elements during fetal organ
development.

Conclusion

The current results show that the above 50th percentile concentra-
tion of a mixture of Al, Cr, Mn, Fe, Ni, and Zn in urine during the first
trimester of pregnancy was significantly negatively associated with total
birth defects. In the future, the results of this study need to be further
replicated, and the underlying mechanisms should be explored to better
elucidate the effects of maternal element exposure on birth defects.

Data availability statement

The original contributions presented in the study are included in the
article/Supplementary material, further inquiries can be directed to the
corresponding authors.

Ethics statement

The studies involving humans were approved by Shenzhen Maternal
and Child Health Hospital Ethics Committee (SFYLS [2017] No 86). The
studies were conducted in accordance with the local legislation and insti-
tutional requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

WZ: Writing - original draft, Writing - review & editing,
Investigation, Formal analysis. JZ: Writing - original draft,
Investigation, Data curation. JD: Writing — review & editing, Formal

Frontiers in Nutrition

11

10.3389/fnut.2026.1722672

analysis. QM: Investigation, Writing — review & editing. TS: Data
curation, Writing - review & editing. SS: Investigation, Writing —
review & editing. YuY: Writing — review & editing, Investigation. HL:
Investigation, Writing — review & editing. GL: Formal analysis,
Writing - review & editing. YS: Project administration, Writing -
review & editing, Conceptualization, Funding acquisition, Resources.
JY: Project administration, Resources, Methodology, Writing —
review & editing, Conceptualization. YiY: Funding acquisition,
Resources, Conceptualization, Project administration, Methodology,
Writing - review & editing.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This study was supported by High-level
TalentTeam Construction Project of China National Center for Food
Safety Risk Assessment and The National Key Research and
Development Program of China (2016YFC1000103).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2026.1722672/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnut.2026.1722672
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2026.1722672/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2026.1722672/full#supplementary-material

Zhang et al.

References

1. DeSilva M, Munoz FM, Mcmillan M, Kawai AT, Marshall H, Macartney KK, et al.
Congenital anomalies: case definition and guidelines for data collection, analysis, and
presentation of immunization safety data. Vaccine. (2016) 34:6015-26. doi: 10.1016/j.
vaccine.2016.03.047

2. WHO. Birth Defects. Geneva: WHO (2022).

3. Detrait ER, George TM, Etchevers HC, Gilbert JR, Vekemans M, Speer MC. Human
neural tube defects: developmental biology, epidemiology, and genetics. Neurotoxicol
Teratol. (2005) 27:515-24. doi: 10.1016/j.ntt.2004.12.007

4. Feldkamp ML, Carey JC, Byrne J, Krikov S, Botto LD. Etiology and clinical presentation
of birth defects: population based study. BMJ. (2017) 357:j2249. doi: 10.1136/bmj.j2249

5. Dolk H, Loane M, Garne E. The prevalence of congenital anomalies in Europe. Adv
Exp Med Biol. (2010) 686:349-64. doi: 10.1007/978-90-481-9485-8_20

6. WHO. The Global Burden of Disease: 2004 Update. Geneva: WHO (2008).
7. WHO. World Health Statistics 2022. Geneva: WHO (2022).

8. Yue W, Zhang E, Liu R, Zhang Y, Wang C, Gao S, et al. The China Birth Cohort Study
(CBCS). Eur ] Epidemiol. (2022) 37:295-304. doi: 10.1007/s10654-021-00831-8

9. Lewicka I, Kocylowski R, Grzesiak M, Gaj Z, Oszukowski P, Suliburska J. Selected trace
elements concentrations in pregnancy and their possible role - literature review. Ginekol
Pol. (2017) 88:509-14. doi: 10.5603/GP.a2017.0093

10. Lupo PJ, Mitchell LE, Jenkins MM. Genome-wide association studies of structural
birth defects: a review and commentary. Birth Defects Res. (2019) 111:1329-42. doi:
10.1002/bdr2.1606

11. Nicoll R. Environmental contaminants and congenital heart defects: a re-evaluation
of the evidence. Int J Environ Res Public Health. (2018) 15:2096:15. doi: 10.3390/
ijerph15102096

12. Dey AC, Shahidullah M, Mannan MA, Noor MK, Saha L, Rahman SA. Maternal and
neonatal serum zinc level and its relationship with neural tube defects. ] Health Popul
Nutr. (2010) 28:343-50. doi: 10.3329/jhpn.v28i4.6040

13. Moghimi M, Ashrafzadeh S, Rassi S, Naseh A. Maternal zinc deficiency and congeni-
tal anomalies in newborns. Pediatr Int. (2017) 59:443-6. doi: 10.1111/ped.13176

14. Hozyasz KK, Kaczmarczyk M, Dudzik ], Bulska E, Dudkiewicz Z, Szymanski M.
Relation between the concentration of zinc in maternal whole blood and the risk of an
infant being born with an orofacial cleft. Br ] Oral Maxillofac Surg. (2009) 47:466-9. doi:
10.1016/j.bjoms.2009.06.005

15. Yang W, Shaw GM, Carmichael SL, Rasmussen SA, Waller DK, Pober BR, et al.
Nutrient intakes in women and congenital diaphragmatic hernia in their offspring. Birth
Defects Res A Clin Mol Teratol. (2008) 82:131-8. doi: 10.1002/bdra.20436

16. Yang J, Kang Y, Cheng Y, Zeng L, Shen Y, Shi G, et al. Iron intake and iron status
during pregnancy and risk of congenital heart defects: a case-control study. Int J Cardiol.
(2020) 301:74-9. doi: 10.1016/j.ijjcard.2019.11.115

17. Mires S, Caputo M, Overton T, Skerritt C. Maternal micronutrient deficiency and
congenital heart disease risk: a systematic review of observational studies. Birth Defects
Res. (2022) 114:1079-91. doi: 10.1002/bdr2.2072

18. Ozel S, Ozyer S, Aykut O, Cinar M, Yilmaz OH, Caglar A, et al. Maternal second
trimester blood levels of selected heavy metals in pregnancies complicated with neural
tube defects. ] Matern Fetal Neonatal Med. (2019) 32:29471703:2547-53. doi:
10.1080/14767058.2018.1441280

19. LiuJ, Jin L, Zhang L, Li Z, Wang L, Ye R, et al. Placental concentrations of manganese
and the risk of fetal neural tube defects. J Trace Elem Med Biol. (2013) 27:322-5. doi:
10.1016/j.jtemb.2013.04.001

20. Li S, Wang Q, Luo W, Jia S, Liu D, Ma W, et al. Relationship between maternal heavy
metal exposure and congenital heart defects: a systematic review and meta-analysis.
Environ Sci Pollut Res Int. (2022) 29:55348-66. doi: 10.1007/s11356-022-21071-7

21. Boyd R, McMullen H, Beqaj H, Kalfa D. Environmental exposures and congenital
heart disease. Pediatrics. (2022) 149:¢2021052151. doi: 10.1542/peds.2021-052151

22. Jin X, Tian X, Liu Z, Hu H, Li X, Deng Y, et al. Maternal exposure to arsenic and
cadmium and the risk of congenital heart defects in offspring. Reprod Toxicol. (2016)
59:109-16. doi: 10.1016/j.reprotox.2015.12.007

23. Saper RB, Phillips RS, Sehgal A, Khouri N, Davis RB, Paquin J, et al. Lead, mercury,
and arsenic in us- and Indian-manufactured Ayurvedic medicines sold via the internet.
JAMA. (2008) 300:915-23. doi: 10.1001/jama.300.8.915

24. Demir N, Basaranoglu M, Huyut Z, Deger I, Karaman K, Sekeroglu MR, et al. The
relationship between mother and infant plasma trace element and heavy metal levels and
the risk of neural tube defect in infants. ] Matern Fetal Neonatal Med. (2019)
32:29199526:1433-40. doi: 10.1080/14767058.2017.1408064

25. Sanders AP, Desrosiers TA, Warren JL, Herring AH, Enright D, Olshan AF et al.
Association between arsenic, cadmium, manganese, and lead levels in private wells and
birth defects prevalence in North Carolina: a semi-ecologic study. BMC Public Health.
(2014) 14:955. doi: 10.1186/1471-2458-14-955

26. Weber KA, Yang W, Carmichael SL, Padula AM, Shaw GM. A machine learning
approach to investigate potential risk factors for gastroschisis in California. Birth Defects
Res. (2019) 111:212-21. doi: 10.1002/bdr2.1441

Frontiers in Nutrition

12

10.3389/fnut.2026.1722672

27. Agopian AJ, Evans JA, Lupo PJ. Analytic methods for evaluating patterns of multiple
congenital anomalies in birth defect registries. Birth Defects Res. (2018) 110:5-11. doi:
10.1002/bdr2.1115

28. Calzolari E, Barisic I, Loane M, Morris ], Wellesley D, Dolk H, et al. Epidemiology of
multiple congenital anomalies in Europe: a EUROCAT population-based registry study.
Birth Defects Res A Clin Mol Teratol. (2014) 100:270-6. doi: 10.1002/bdra.23240

29. Garne E, Dolk H, Loane M, Wellesley D, Barisic I, Calzolari E, et al. Paper 5: surveil-
lance of multiple congenital anomalies: implementation of a computer algorithm in
European registers for classification of cases. Birth Defects Res A Clin Mol Teratol. (2011)
91:544-50. doi: 10.1002/bdra.20777

30. Howley MM, Williford E, Agopian AJ, Lin AE, Botto LD, Cunniff CM, et al. Patterns
of multiple congenital anomalies in the national birth defect prevention study: challenges
and insights. Birth Defects Res. (2022) 115:43-55. doi: 10.1002/bdr2.2003

31. Bobb JE Claus HB, Valeri L, Coull BA. Statistical software for analyzing the health
effects of multiple concurrent exposures via Bayesian kernel machine regression. Environ
Health Perspect. (2018) 17:67. doi: 10.1186/s12940-018-0413-y

32. Bobb JE Valeri L, Claus HB, Christiani DC, Wright RO, Mazumdar M, et al. Bayesian
kernel machine regression for estimating the health effects of multi-pollutant mixtures.
Biostatistics. (2015) 16:493-508. doi: 10.1093/biostatistics/kxu058

33. Desai G, Niu Z, Luo W, Frndak S, Shaver AL, Kordas K. Low-level exposure to lead,
mercury, arsenic, and cadmium, and blood pressure among 8-17-year-old participants
of the 2009-2016 national health and nutrition examination survey. Environ Res. (2021)
197:111086. doi: 10.1016/j.envres.2021.111086

34. Signes-Pastor AJ, Desai G, Garcia-Villarino M, Karagas MR, Kordas K. Exposure to
a mixture of metals and growth indicators in 6-11-year-old children from the 2013-16
NHANES. Expo Health. (2021) 13:173-84. doi: 10.1007/s12403-020-00371-8

35. Barbieri MM, Berger JO. Optimal predictive model selection. Ann Stat. (2004)
32:870-97. doi: 10.1214/009053604000000238

36. Coker E, Chevrier J, Rauch S, Bradman A, Obida M, Crause M, et al. Association
between prenatal exposure to multiple insecticides and child body weight and body com-
position in the Vhembe South African birth cohort. Environ Int. (2018) 113:122-32. doi:
10.1016/j.envint.2018.01.016

37. Sivulka DJ. Assessment of respiratory carcinogenicity associated with exposure to
metallic nickel: a review. Regul Toxicol Pharmacol. (2005) 43:117-33. doi: 10.1016/j.
yrtph.2005.06.014

38. Darsow U, Fedorov M, Schwegler U, Twardella D, Schaller KH, Habernegg R, et al.
Influence of dietary factors, age and nickel contact dermatitis on nickel excretion. Contact
Derm. (2012) 67:351-8. doi: 10.1111/j.1600-0536.2012.02153.x

39. Lu CC, Matsumoto N, Iijima S. Teratogenic effects of nickel chloride on embryonic
mice and its transfer to embryonic mice. Teratology. (1979) 19:137-42. doi: 10.1002/
tera.1420190202

40. Sunderman FJ, Shen SK, Reid MC, Allpass PR. Teratogenicity and embryotoxicity of
nickel carbonyl in Syrian hamsters. Teratog Carcinog Mutagen. (1980) 1:223-33. doi:
10.1002/tcm.1770010210

41. Zambelli B, Ciurli S. Nickel and human health. Met Ions Life Sci. (2013) 13:321-57.
doi: 10.1007/978-94-007-7500-8_10

42. Zambelli B, Uversky VN, Ciurli S. Nickel impact on human health: an intrinsic dis-
order perspective. Biochim Biophys Acta. (2016) 1864:1714-31. doi: 10.1016/j.
bbapap.2016.09.008

43. Karakis I, Landau D, Gat R, Shemesh N, Tirosh O, Yitshak-Sade M, et al. Maternal
metal concentration during gestation and pediatric morbidity in children: an exploratory
analysis. Environ Health Prev Med. (2021) 26:40. doi: 10.1186/s12199-021-00963-z

44. Manduca P, Naim A, Signoriello S. Specific association of teratogen and toxicant
metals in hair of newborns with congenital birth defects or developmentally premature
birth in a cohort of couples with documented parental exposure to military attacks: obser-
vational study at al Shifa hospital, Gaza, Palestine. Int ] Environ Res Public Health. (2014)
11:5208-23. doi: 10.3390/ijerph110505208

45. Vaktskjold A, Talykova LV, Chashchin VP, Odland JO, Nieboer E. Maternal nickel
exposure and congenital musculoskeletal defects. Am ] Ind Med. (2008) 51:825-33. doi:
10.1002/2jim.20609

46. Zheng G, Zhong H, Guo Z, Wu Z, Zhang H, Wang C, et al. Levels of heavy metals and
trace elements in umbilical cord blood and the risk of adverse pregnancy outcomes: a
population-based study. Biol Trace Elem Res. (2014) 160:437-44. doi: 10.1007/
512011-014-0057-x

47. LiuM, Jin L, YuJ, Su Z, Sun Y, Liu Y, et al. Essential trace elements in umbilical cord
tissue and risk for neural tube defects. Reprod Toxicol. (2020) 98:149-56. doi: 10.1016/j.
reprotox.2020.09.007

48. Zhang N, Chen M, Li J, Deng Y, Li SL, Guo YX, et al. Metal nickel exposure
increase the risk of congenital heart defects occurrence in offspring: a case-control
study in China. Medicine (Baltimore). (2019) 98:e15352. doi: 10.1097/
MD.0000000000015352

49. PiX, Wei Y, Li Z, Jin L, Liu J, Zhang Y, et al. Higher concentration of selenium in
placental tissues is associated with reduced risk for orofacial clefts. Clin Nutr. (2019)
38:2442-8. doi: 10.1016/j.cInu.2018.11.002

frontiersin.org


https://doi.org/10.3389/fnut.2026.1722672
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.vaccine.2016.03.047
https://doi.org/10.1016/j.vaccine.2016.03.047
https://doi.org/10.1016/j.ntt.2004.12.007
https://doi.org/10.1136/bmj.j2249
https://doi.org/10.1007/978-90-481-9485-8_20
https://doi.org/10.1007/s10654-021-00831-8
https://doi.org/10.5603/GP.a2017.0093
https://doi.org/10.1002/bdr2.1606
https://doi.org/10.3390/ijerph15102096
https://doi.org/10.3390/ijerph15102096
https://doi.org/10.3329/jhpn.v28i4.6040
https://doi.org/10.1111/ped.13176
https://doi.org/10.1016/j.bjoms.2009.06.005
https://doi.org/10.1002/bdra.20436
https://doi.org/10.1016/j.ijcard.2019.11.115
https://doi.org/10.1002/bdr2.2072
https://doi.org/10.1080/14767058.2018.1441280
https://doi.org/10.1016/j.jtemb.2013.04.001
https://doi.org/10.1007/s11356-022-21071-7
https://doi.org/10.1542/peds.2021-052151
https://doi.org/10.1016/j.reprotox.2015.12.007
https://doi.org/10.1001/jama.300.8.915
https://doi.org/10.1080/14767058.2017.1408064
https://doi.org/10.1186/1471-2458-14-955
https://doi.org/10.1002/bdr2.1441
https://doi.org/10.1002/bdr2.1115
https://doi.org/10.1002/bdra.23240
https://doi.org/10.1002/bdra.20777
https://doi.org/10.1002/bdr2.2003
https://doi.org/10.1186/s12940-018-0413-y
https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.1016/j.envres.2021.111086
https://doi.org/10.1007/s12403-020-00371-8
https://doi.org/10.1214/009053604000000238
https://doi.org/10.1016/j.envint.2018.01.016
https://doi.org/10.1016/j.yrtph.2005.06.014
https://doi.org/10.1016/j.yrtph.2005.06.014
https://doi.org/10.1111/j.1600-0536.2012.02153.x
https://doi.org/10.1002/tera.1420190202
https://doi.org/10.1002/tera.1420190202
https://doi.org/10.1002/tcm.1770010210
https://doi.org/10.1007/978-94-007-7500-8_10
https://doi.org/10.1016/j.bbapap.2016.09.008
https://doi.org/10.1016/j.bbapap.2016.09.008
https://doi.org/10.1186/s12199-021-00963-z
https://doi.org/10.3390/ijerph110505208
https://doi.org/10.1002/ajim.20609
https://doi.org/10.1007/s12011-014-0057-x
https://doi.org/10.1007/s12011-014-0057-x
https://doi.org/10.1016/j.reprotox.2020.09.007
https://doi.org/10.1016/j.reprotox.2020.09.007
https://doi.org/10.1097/MD.0000000000015352
https://doi.org/10.1097/MD.0000000000015352
https://doi.org/10.1016/j.clnu.2018.11.002

Zhang et al.

50. Yan L, Wang B, Li Z, Liu Y, Huo W, Wang J, et al. Association of essential trace metals
in maternal hair with the risk of neural tube defects in offspring. Birth Defects Res. (2017)
109:234-43. doi: 10.1002/bdra.23594

51. Huang J, Wu ], Li T, Song X, Zhang B, Zhang P, et al. Effect of exposure to trace ele-
ments in the soil on the prevalence of neural tube defects in a high-risk area of China.
Biomed Environ Sci. (2011) 24:94-101. doi: 10.3967/0895-3988.2011.02.002

52. White JT, Kovar E, Chambers TM, Sheth KR, Peckham-Gregory EC, O’Neill M, et al.
Hypospadias risk from maternal residential exposure to heavy metal hazardous air pol-
lutants. Int ] Environ Res Public Health. (2019) 16:930. doi: 10.3390/ijerph16060930

53. Zhang W, Du ], Li H, Yang Y, Cai C, Gao Q, et al. Multiple-element exposure and
metabolic syndrome in Chinese adults: a case-control study based on the Beijing popula-
tion health cohort. Environ Int. (2020) 143:105959. doi: 10.1016/j.envint.2020.105959

54. Haase H, Mocchegiani E, Rink L. Correlation between zinc status and immune func-
tion in the elderly. Biogerontology. (2006) 7:421-8. doi: 10.1007/s10522-006-9057-3

55. Plum LM, Rink L, Haase H. The essential toxin: impact of zinc on human health. Int
] Environ Res Public Health. (2010) 7:1342-65. doi: 10.3390/ijerph7041342

56. Zeyrek D, Soran M, Cakmak A, Kocyigit A, Iscan A. Serum copper and zinc levels in
mothers and cord blood of their newborn infants with neural tube defects: a case-control
study. Indian Pediatr. (2009) 46:675-80.

57. Cheng Q, Gao L. Maternal serum zinc concentration and neural tube defects in off-
spring: a meta-analysis. ] Matern Fetal Neonatal Med. (2020) 35:4644-52. doi:
10.1080/14767058.2020.1860930

58. Tindula G, Mukherjee SK, Ekramullah SM, Arman DM, Biswas SK, Islam J, et al.
Parental metal exposures as potential risk factors for spina bifida in Bangladesh. Environ
Int. (2021) 157:106800. doi: 10.1016/j.envint.2021.106800

59. Ni W, Yang W, YuJ, Li Z, Jin L, Liu J, et al. Association between selected essential trace
element concentrations in umbilical cord and risk for cleft lip with or without cleft palate:
a case—control study. Sci Total Environ. (2019) 661:196-202. doi: 10.1016/j.
scitotenv.2019.01.171

60. Uriu-Adams JY, Keen CL. Zinc and reproduction: effects of zinc deficiency on prena-
tal and early postnatal development. Birth Defects Res B Dev Reprod Toxicol. (2010)
89:313-25. doi: 10.1002/bdrb.20264

61. Liu C, He X, Hong X, Kang E, Chen S, Wang Q, et al. Suppression of placental metallo-
thionein 1 and zinc transporter 1 mrna expressions contributes to fetal heart malforma-
tions caused by maternal zinc deficiency. Cardiovasc Toxicol. (2014) 14:329-38. doi:
10.1007/s12012-014-9256-0

62. Aimo L, Cherr GN, Oteiza PI. Low extracellular zinc increases neuronal oxidant
production through nadph oxidase and nitric oxide synthase activation. Free Radic Biol
Med. (2010) 48:1577-87. doi: 10.1016/j.freeradbiomed.2010.02.040

63. Gelder MMvan, Rooij IA, Miller RK, Zielhuis GA, de Jong-van DBL, Roeleveld N
Teratogenic mechanisms of medical drugs. Hum Reprod Update (2010) 16: 378-394 doi:
10.1093/humupd/dmp052

64. Wells PG, McCallum GP, Chen CS, Henderson JT, Lee CJ, Perstin J, et al. Oxidative
stress in developmental origins of disease: teratogenesis, neurodevelopmental deficits, and
cancer. Toxicol Sci. (2009) 108:4-18. doi: 10.1093/toxsci/kfn263

65. Zhou Z, Wang L, Song Z, Saari JT, McClain CJ, Kang Y]J. Zinc supplementation pre-
vents alcoholic liver injury in mice through attenuation of oxidative stress. Am J Pathol.
(2005) 166:1681-90. doi: 10.1016/S0002-9440(10)62478-9

66. Singla M, Sahai V, Grewal DS. Neural tube defects and herbal medicines containing
lead: a possible relationship. Med Hypotheses. (2009) 72:285-7. doi: 10.1016/j.
mehy.2008.10.010

Frontiers in Nutrition

13

10.3389/fnut.2026.1722672

67. Van Brusselen D, Kayembe-Kitenge T, Mbuyi-Musanzayi S, Lubala KT, Kabamba NL,
Musa OP, et al. Metal mining and birth defects: a case-control study in Lubumbashi,
Democratic Republic of the Congo. Lancet Planet Health. (2020) 4:e158-67. doi: 10.1016/
$2542-5196(20)30059-0

68. Hong Y, Xu X, Lian F, Chen R. Environmental risk factors for nonsyndromic cleft lip
and/or cleft palate in Xinjiang province, China: a multiethnic study. Cleft Palate Craniofac
J. (2021) 58:489-96. doi: 10.1177/1055665620956869

69. Golding ], Rowland A, Greenwood R, Lunt P. Aluminium sulphate in water in North
Cornwall and outcome of pregnancy. BMJ. (1991) 302:1175-7. doi: 10.1136/
bmj.302.6786.1175

70. Yu HY, Zhang KL. Links between environmental geochemistry and rate of birth
defects: Shanxi province, China. Sci Total Environ. (2011) 409:447-51. doi: 10.1016/j.
scitotenv.2010.10.019

71. Gomez M, Domingo JL, Llobet JM. Developmental toxicity evaluation of oral alumi-
num in rats: influence of citrate. Neurotoxicol Teratol. (1991) 13:323-8. doi:
10.1016/0892-0362(91)90078-b

72. Wang N, She Y, Zhu Y, Zhao H, Shao B, Sun H, et al. Effects of subchronic aluminum
exposure on the reproductive function in female rats. Biol Trace Elem Res. (2012)
145:382-7. doi: 10.1007/s12011-011-9200-0

73. Marouani N, Tebourbi O, Mokni M, Yacoubi MT, Sakly M, Benkhalifa M, et al.
Embryotoxicity and fetotoxicity following intraperitoneal administrations of hexavalent
chromium to pregnant rats. Zygote. (2011) 19:229-35. doi: 10.1017/50967199410000274

74. OuY, Bloom MS, Nie Z, Han E, Mai J, Chen J, et al. Associations between toxic and
essential trace elements in maternal blood and fetal congenital heart defects. Environ Int.
(2017) 106:127-34. doi: 10.1016/j.envint.2017.05.017

75. Ovayolu A, Ovayolu G, Karaman E, Yuce T, Ozek MA, Turksoy VA. Amniotic fluid
levels of selected trace elements and heavy metals in pregnancies complicated with neural
tube defects. Congenit Anom (Kyoto). (2020) 60:136-41. doi: 10.1111/cga.12363

76. Balachandran RC, Mukhopadhyay S, McBride D, Veevers J, Harrison FE, Aschner M,
et al. Brain manganese and the balance between essential roles and neurotoxicity. J Biol
Chem. (2020) 295:6312-29. doi: 10.1074/jbc.REV119.009453

77. Yin S, Wang C, Wei J, Wang D, Jin L, Liu J, et al. Essential trace elements in placental
tissue and risk for fetal neural tube defects. Environ Int. (2020) 139:105688. doi: 10.1016/j.
envint.2020.105688

78. Erikson KM, Aschner M. Manganese: its role in disease and health. Met Tons Life Sci.
(2019) 19. doi: 10.1515/9783110527872-016

79. Vigeh M, Yokoyama K, Ramezanzadeh F, Dahaghin M, Fakhriazad E, Seyedaghamiri
Z, et al. Blood manganese concentrations and intrauterine growth restriction. Reprod
Toxicol. (2008) 25:219-23. doi: 10.1016/j.reprotox.2007.11.011

80. Munoz-Rocha TV, Tamayo YOM, Romero M, Pantic I, Schnaas L, Bellinger D, et al.
Prenatal co-exposure to manganese and depression and 24-months neurodevelopment.
Neurotoxicology. (2018) 64:134-41. doi: 10.1016/j.neuro.2017.07.007

81. Gaitens JM, Brown CH, Strathmann FG, Xu H, Lewin-Smith MR, Velez-Quinones
MA, et al. The utility of spot vs 24-hour urine samples for metal determination in veterans
with retained fragments. Am J Clin Pathol. (2021) 155:428-34. doi: 10.1093/ajcp/aqaal44

82. Domingo-Relloso A, Grau-Perez M, Briongos-Figuero L, Gomez-Ariza JL, Garcia-
Barrera T, Duenas-Laita A, et al. The association of urine metals and metal mixtures with
cardiovascular incidence in an adult population from Spain: the Hortega follow-up study.
Int ] Epidemiol. (2019) 48:1839-49. doi: 10.1093/ije/dyz061 31329884

83. XuL, Liu Y, Zhao Q Du H, Gao Y, Bai M, et al. Urinary element profiles and associa-
tions with cardiometabolic diseases: a cross-sectional study across ten areas in China.
Environ Res. (2022) 205:112535. doi: 10.1016/j.envres.2021.112535

frontiersin.org


https://doi.org/10.3389/fnut.2026.1722672
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1002/bdra.23594
https://doi.org/10.3967/0895-3988.2011.02.002
https://doi.org/10.3390/ijerph16060930
https://doi.org/10.1016/j.envint.2020.105959
https://doi.org/10.1007/s10522-006-9057-3
https://doi.org/10.3390/ijerph7041342
https://doi.org/10.1080/14767058.2020.1860930
https://doi.org/10.1016/j.envint.2021.106800
https://doi.org/10.1016/j.scitotenv.2019.01.171
https://doi.org/10.1016/j.scitotenv.2019.01.171
https://doi.org/10.1002/bdrb.20264
https://doi.org/10.1007/s12012-014-9256-0
https://doi.org/10.1016/j.freeradbiomed.2010.02.040
https://doi.org/10.1093/humupd/dmp052
https://doi.org/10.1093/toxsci/kfn263
https://doi.org/10.1016/S0002-9440(10)62478-9
https://doi.org/10.1016/j.mehy.2008.10.010
https://doi.org/10.1016/j.mehy.2008.10.010
https://doi.org/10.1016/S2542-5196(20)30059-0
https://doi.org/10.1016/S2542-5196(20)30059-0
https://doi.org/10.1177/1055665620956869
https://doi.org/10.1136/bmj.302.6786.1175
https://doi.org/10.1136/bmj.302.6786.1175
https://doi.org/10.1016/j.scitotenv.2010.10.019
https://doi.org/10.1016/j.scitotenv.2010.10.019
https://doi.org/10.1016/0892-0362(91)90078-b
https://doi.org/10.1007/s12011-011-9200-0
https://doi.org/10.1017/S0967199410000274
https://doi.org/10.1016/j.envint.2017.05.017
https://doi.org/10.1111/cga.12363
https://doi.org/10.1074/jbc.REV119.009453
https://doi.org/10.1016/j.envint.2020.105688
https://doi.org/10.1016/j.envint.2020.105688
https://doi.org/10.1515/9783110527872-016
https://doi.org/10.1016/j.reprotox.2007.11.011
https://doi.org/10.1016/j.neuro.2017.07.007
https://doi.org/10.1093/ajcp/aqaa144
https://doi.org/10.1093/ije/dyz061
https://doi.org/10.1016/j.envres.2021.112535

	Multiple-element exposure in early pregnancy and birth defects: a nested case–control study based on the China birth cohort study
	Introduction
	Methods
	Study population
	Urine sample preparation and elemental analysis
	Quality control
	Covariates
	Statistical analysis

	Results
	Characteristics of the study population and urinary elements
	Urinary elements and risk of birth defects
	Sensitivity analysis
	Dose–response relationship
	BKMR analysis

	Discussion
	Conclusion

	References

