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Background: Previous studies have identified that exposure to heavy metals
increases the prevalence of congenital heart defects (CHDs); however, limited
information exists regarding the association between combined exposure
to barium (Ba) and arsenic (As), and CHDs. This study aims to investigate the
association between prenatal exposure to Ba and As (both independently and in
combination) and the risk of CHDs in offspring.

Methods: In a birth cohort study conducted in Lanzhou, China, a total of 97
mother-newborn pairs were designated as the case group, with an additional
194 pairs constituting the control group. The concentrations of Ba and As in
maternal blood were quantified utilizing an inductively coupled plasma mass
spectrometer. A multivariate logistic regression model was employed to examine
the association between Ba and As exposure levels and the risk of neonatal
CHDs and their subtypes. Interaction effects were further evaluated through the
application of both additive and multiplicative models.

Results: The concentration of As in the blood of pregnant women is positively
correlated with Ba levels. Higher concentrations of maternal blood Ba level
was associated with greater odds of CHDs (p = 0.008), including the isolated
CHDs (p = 0.013), the multiple CHDs (p = 0.032), PDA (p = 0.014), and ASDs
(p = 0.031); Similarly, higher concentrations of maternal blood As level was
associated with greater odds of CHDs (p = 0.013), including the isolated CHDs
(p = 0.016), the multiple CHDs (p = 0.003), PDA (p = 0.005), ASDs (p = 0.017),
and AVSDs (p = 0.034). Elevated levels of barium and arsenic in maternal blood
were significantly associated with increased odds of CHDs and their subtypes
in offspring (All p < 0.05). Furthermore, a significant multiplicative interaction
between Ba and As levels in maternal blood was identified in relation to total
CHDs (p = 0.04).
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Conclusion: Exposure to Ba or As individually, as well as combined exposure
to both, is significantly associated with an increased risk of CHDs in offspring.
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1 Introduction

Congenital heart defects (CHDs) refer to congenital abnormalities
involving the structure of the heart and large blood vessels and is the
most common congenital disease in newborns, the worldwide
prevalence of CHDs is 8 to 10%o (1). Over the past 40 years, the total
prevalence of CHD:s at birth in China has continued to rise to 4.9%o
(2). CHDs is caused by genetic factors, environmental factors alone or
both (3). The 3rd to 8th week of pregnancy is a critical period for the
formation of the heart and large blood vessels, during which
environmental factors have the greatest impact on the fetus, which is
easy to cause fetal malformation (4). Previous studies have shown that
many non-genetic factors such as maternal obesity, diabetes, systemic
lupus erythematosus, and smoking may increase the risk of CHDs
(5-8). Consequently, in contrast to genetic factors, environmental
factors are more amenable to control and identification. By
recognizing and mitigating environmental risk factors, the prevention
of CHDs can be effectively pursued. Among the most critical
environmental challenges globally is heavy metal pollution, which
represents a significant threat to both environmental integrity and
human health. Prolonged exposure to heavy metals has been
associated with an increased risk of breast cancer, endometriosis,
endometrial cancer, menstrual irregularities, spontaneous abortion,
preterm delivery, and stillbirth (9). In addition, previous studies have
found that exposure to heavy metals during pregnancy, including
cadmium, mercury, lead, cobalt, titanium and stannum, is also a risk
factor for CHDs (10-13).

Barium (Ba) is also a common heavy metal element, it occurs in
nature only as the divalent cation Ba?*, mainly in sulfate and
carbonates. In addition, Gansu Province’s ranking among the foremost
regions in China for barium resource reserves (14). Barium salts are
used in many products, such as plastics, ceramics, adhesives, drilling
fluids, paints and hair dyes (15, 16). High levels of barium exposure
can occur in some occupations, while environmental barium exposure
can be low-level and chronic, with non-occupational human exposure
primarily through water, food, and soil (17). Previous studies have
shown that barium can be detected in the aorta, brain, eyes, skeletal
muscle, spleen, pancreas, placenta, hair, blood, urine, and feces (17).
The most important toxic effects of chronic barium exposure through
oral or inhalation include pulmonary edema, gastrointestinal bleeding,
heart failure, kidney failure, and respiratory failure (16). Animal
studies on the reproductive and developmental effects of barium
exposure indicate that high levels may result in abnormal ovarian
morphology, spontaneous abortion, restricted fetal growth, and fetal
death (17, 18). The relationship between barium exposure and CHDs
remains inconclusive. A multi-center case—control study conducted
by Zhang in China revealed that the median concentration of barium
in the hair of pregnant women with CHDs-affected offspring was
significantly higher compared to that of the control group (19).
Conversely, a case—control study by Zierler in the United States found
no significant association between barium levels in drinking water
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consumed during pregnancy and the overall prevalence of CHDs in
offspring (20).

Arsenic (As) is a naturally occurring metalloid with toxic
properties that is widely distributed in the environment, including in
soil, water, and living organisms. It exists in various forms, such as
trivalent and pentavalent states, as well as inorganic and organic
compounds, with trivalent arsenic being the most toxic form (21).
Arsenic contamination represents a significant global public health
concern, predominantly attributed to anthropogenic activities
including the extraction and processing of arsenic-bearing minerals,
the widespread application of arsenic-based compounds, and the
combustion of coal (22, 23). The human body is primarily exposed to
arsenic through three main routes: ingestion via the digestive tract,
inhalation through the respiratory system, and dermal contact in
occupational settings (24, 25). Arsenic enters the body and primarily
accumulates in the liver, kidneys, lungs, bones, skin, hair, nails, and
other tissues and organs, posing significant risks to human health.
Numerous studies have confirmed that environmental arsenic
exposure is a significant risk factor for various cancers, including
those of the lung, bladder, liver, kidney, and non-melanoma skin (24,
26). In addition, arsenic is capable of crossing the placental barrier,
resulting in dual toxic effects on both the fetus and the mother (27).
A national cohort study conducted in Denmark demonstrated that
maternal exposure to low concentrations of arsenic in drinking water
(0.5-0.9 pg/L) is associated with an increased risk of CHDs in
offspring (28). In a similar vein, a study conducted in China revealed
that increased arsenic levels in the hair of pregnant women were
associated with a higher risk of coronary heart disease in their
offspring (29).

Currently, research on the association between barium exposure
during pregnancy and cardiac development in offspring remains
inconclusive. Furthermore, the potential effects of combined exposure
to barium and arsenic during pregnancy on CHDs in offspring have
not been investigated. To investigate the relationship between
maternal barium and arsenic exposure alone and combined exposure
to maternal CHDs risk, we conducted a prospective nested case—
control study in Lanzhou, China.

2 Methods
2.1 Study population

A birth cohort study was carried out between 2010 and 2012 at the
Gansu Provincial Maternity and Child Care Hospital in Lanzhou,
China (30). In our previous research, further details regarding the
recruitment procedure were provided (12). A total of 10,542 people in
this birth cohort completed baseline questionnaires and blood samples.
According to the exclusion criteria, the study excluded 310 cases of
multiple births, 53 cases of stillbirths, 88 cases involving non-CHDS
birth defects, and 1 case with incomplete information. Based on the
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diagnosis of CHDs in singleton births, a total of 97 mother-newborn
pairs were included as the case group; according to the assessment of
singleton births as healthy, full-term, and with normal birth weight, and
meeting the matching conditions of maternal age within 2 years of the
case group and residing in the same neighborhood, a total of 194
mother-newborn pairs were included as the control group at a 1: 2 ratio.
Ultimately, a total of 291 mother-newborn pairs were included as the
study subjects. This research project was conducted with the informed
consent of pregnant women and with the approval of the Medical Ethics
Committee of Gansu Provincial Maternal and Child Health Hospital.

2.2 Questionnaire interview and sample
collection

After pregnant women participating in the survey signed the
informed consent form, trained investigators completed the filling out
of the “China Birth Cohort Study - Maternal Health Survey
Questionnaire,” jointly designed by Gansu Provincial Maternal and
Child Health Hospital and the Yale School of Public Health, through
face-to-face interviews. Finally, we integrated the following variables
into our analysis of the study population: maternal age, maternal
education, age of menarche, pregnancy history, childbearing history,
health education before pregnancy, morning sickness, premature
birth, delivery mode, and newborn birth weight.

Blood samples were collected from pregnant women upon
hospital admission prior to delivery. In the morning, 3 mL of median
cubital venous blood was drawn from fasting participants, along with
7mL collected in specialized vacuum tubes containing EDTA
anticoagulant. After collection, the samples were gently inverted to
ensure proper mixing and stored at —80°C. All sample details were
recorded in an electronic biological sample database.

2.3 Diagnosis and classification of CHDs

Fetal echocardiography is a widely accessible and commonly
utilized diagnostic tool for detecting CHDs (31). Senior
with conducted the
examinations in accordance with the guidelines and standards set

sonographers extensive experience
by the American Society of Echocardiography and the International
Society of Ultrasound in Obstetrics and Gynecology (32, 33).
Diagnostic imaging was performed using multiple views, with
CHDs diagnoses based on grayscale imaging, color Doppler, and
pulsed-wave Doppler assessments.

Each type of CHDs is categorized based on its severity as
“isolated,” “multiple,” or “syndromic.” Additionally, we classified these
anomalies using clinical phenotypes and the International
Classification of Diseases, 10th Revision (ICD-10) codes (Q20-Q28).
Further details regarding the classification of CHDs are available in
our previous research (12).

2.4 Blood samples analyzed for barium and
arsenic

The frozen blood samples were thawed at ambient temperature,
and precisely 200 pL of each sample was transferred into a
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polytetrafluoroethylene digestion vessel. Subsequently, 1 mL of 68%
HNO; and 200 pL of 40% H,O, were added sequentially. After
ensuring that all bubbles had completely dissipated within the
digestion vessel, the lid and steel cap were securely sealed. The sealed
vessels were then placed in an oven and maintained at 175°C for 6 to
8 h. Upon cooling, the digestate was transferred to a 10 mL centrifuge
tube and diluted to a final volume of 10 mL with deionized water,
followed by thorough mixing prior to instrumental analysis. A blank
solution was prepared by treating 200 pL of deionized water using the
same procedure as the blood samples.

Subsequently, considering the widespread application of
inductively coupled plasma mass spectrometry (ICP-MS) in
environmental heavy metal detection (34), the concentrations of
barium and arsenic in the blood of pregnant women were analyzed
using ICP-MS (ICAP RQ; Thermo Fisher, United States). After tuning
the ICP-MS instrument to optimal conditions, Sc*, Ge”?, Rh'®®, and
Re'¥” were selected as internal standards to mitigate matrix effects
arising from non-spectrometric interferences. Calibration curves for
barium and arsenic were then established, yielding correlation
coefficients (R?) of 0.9999 and 1.0000, respectively. Both R* values
exceeded 0.9990, demonstrating excellent linearity within the tested
concentration ranges and confirming the suitability of the method for
sample analysis. Next, the blank solution was analyzed 11 consecutive
times. The standard deviation (SD) of the ratio of the barium and
arsenic counts per second (CPS) to the internal standard CPS was
determined. The limits of detection (LOD) were calculated as three
times the SD divided by the slope of the respective calibration curve
(35). The LOD for barium and arsenic in whole blood are 0.206 and
0.044 pg/L, respectively. Concentrations below the LOD are recorded
as zero.

2.5 Statistical analysis

Data were processed and analyzed using the SPSS 25.0 statistical
software (IBM, Chicago, United States), with categorical variables
expressed as percentages (%). Quantitative data that conform to a
normal distribution are represented as the mean + SD, while
quantitative data that do not conform to a normal distribution are
expressed using interquartile ranges. Univariate analysis between the
case and control groups involved the use of chi-square tests for
categorical variables, and for continuous variables that conform to a
normal distribution, t-tests were employed; for those that do not
conform to a normal distribution, rank sum tests were used.
We further examined the distribution patterns of barium and arsenic
concentrations in the study subjects and evaluated the inter-element
correlation between these two trace elements.

In the absence of established reference ranges for barium and
arsenic levels in the blood of pregnant women, this study utilized
methods from previous research to determine optimal cut-off values.
These values were calculated by constructing a receiver operating
characteristic (ROC) curve (36, 37). The optimal cut-off values for
barium and arsenic concentrations in maternal blood were determined
to be 213.84 and 7.28 pg/L, respectively. Based on these cut-off values,
the concentrations of barium and arsenic in the blood of pregnant
women were categorized into low exposure and high exposure groups.
To examine the relationship between prenatal exposure to barium and
arsenic and the risk of coronary heart disease in offspring, odds ratios
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(ORs) and 95% confidence intervals (CIs) were calculated. The
analysis used exposure concentrations below the optimal cut-off value
as the reference point. A p-value of less than 0.05 indicated statistically
significant differences, and factors with p-values less than 0.05 from
the univariate analysis were included in the multivariate analysis.
We employed both multiplicative and additive interaction models to
examine the modifying effects of barium and arsenic on CHDs.

3 Results
3.1 Characteristics of participants

The 97 cases of CHDs comprised isolated CHDs (43 cases),
multiple CHDs (48 cases), syndromic CHDs (6 cases), patent ductus
arteriosus (PDA, 70 cases), atrial septal defects (ASDs, 48 cases),
ventricular septal defects (VSDs, 7 cases), and atrioventricular septal
defects (AVSDs, 4 cases). Table 1 presents the baseline characteristics
of the study subjects. Notably, significant differences were observed
between the two groups in premature birth, delivery mode, newborn
birth weight, barium levels in maternal blood, and arsenic levels in
maternal blood (p < 0.05), while no significant differences were found
in other characteristics. The correlation analysis revealed a positive
association between the arsenic concentration in the blood of pregnant
women and the concentration of barium (r = 0.863, p < 0.001).

3.2 The association between maternal
blood barium concentrations and the
prevalence of CHDs in offspring

Maternal blood samples were stratified into categories of low and
high barium concentrations based on predetermined cut-off values to
facilitate a detailed analysis of the association between varying barium
levels and the odds of CHDs in offspring. As shown in Table 2, the
aOR? model reveals an increased odds of CHDs (aOR? = 2.750, 95%
CI [1.309-5.781]), including the isolated CHDs (aOR® = 3.191, 95%
CI [1.283-7.936]), the multiple CHDs (aOR? = 2.719, 95% CI [1.091—
6.777]), PDA (aOR? = 2.754, 95% CI [1.229-6.170]), and ASDs
(aOR*=12.723, 95% CI [1.096-6.768]), in the group with high
maternal blood barium concentrations. These findings suggest that
maternal blood barium exposure may elevate the odds of CHDs
in offspring.

3.3 The association between maternal
blood arsenic concentrations and the
prevalence of CHDs in offspring

Maternal blood samples were stratified into categories of low and
high arsenic concentrations based on predetermined cut-off values to
facilitate a detailed analysis of the association between varying arsenic
levels and the odds of CHDs in offspring. As shown in Table 3, the
aOR? model reveals an increased odds of CHDs (aOR? = 2.793, 95%
CI [1.247-6.254]), including the isolated CHDs (aOR* = 3.513, 95%
CI [1.263-9.775]), the multiple CHDs (aOR? = 3.830, 95% CI [1.600—
9.166]), PDA (aOR*=3.390, 95% CI [1.438-7.992]), ASDs
(aOR? = 2.983, 95% CI [1.220-7.294]), and AVSDs (aOR? = 27.805,

Frontiers in Public Health

10.3389/fpubh.2025.1597178

95% CI [1.287-600.889]), in the group with high maternal blood
arsenic concentrations. These findings suggest that maternal blood
arsenic exposure may elevate the odds of CHDs in offspring.

3.4 Interaction effects between barium and
arsenic

As shown in Table 4, the combined high levels of barium and
arsenic in maternal blood were significantly associated with an
increased odds of CHDs in offspring. The joint high levels of barium
and arsenic significantly elevated the odds of total CHDs (aOR = 12.35,
95% CI [4.39-34.74]), the isolated CHDs (aOR = 16.47, 95% CI [4.98—
54.46]), the multiple CHDs (aOR = 9.89, 95% CI [3.00-32.64]), and
the syndromic CHDs (aOR = 28.7, 95% CI [3.33-247.75]). We also
observed that the combined high levels of barium and arsenic were
significantly associated with an increased odds of PDA (aOR = 13.53,
95% CI [4.54-40.3]), ASDs (aOR = 8.85, 95% CI [2.61-29.99]), VSDs
(aOR = 29.29, 95% CI [4.45-192.71]), and AVSDs (aOR = 23.33, 95%
CI [1.31-415.89]). A multiplicative interaction between barium and
arsenic levels in maternal blood was observed in relation to total
CHDs (aOR = 6.04, 95% CI [1.07-34.11]). However, no significant
additive interaction was detected. Similarly, neither multiplicative nor
additive interactions were found in analyses of specific CHDs subtypes.

4 Discussion

The objective of this study was to examine the potential interaction
between maternal exposure to barium and arsenic during pregnancy
and the associated risk of CHDs in offspring. Utilizing multifactorial
logistic regression analysis, we identified a significant association
between individual exposures to barium and arsenic and an increased
risk of CHDs in offspring. Our findings indicate that pregnant women
with elevated blood concentrations of barium and arsenic are at a
significantly heightened risk of having offspring with CHDs compared
to those with lower levels of these substances. Additionally, a significant
multiplicative interaction between maternal blood levels of barium and
arsenic was observed concerning the overall incidence of CHDs.

While a consensus on the relationship between barium exposure
and CHDs has yet to be reached, our study’s findings align with those
of Zhang’s multi-center case—control study conducted in China (19).
Specifically, we observed that elevated barium levels in the blood of
pregnant women are associated with an increased risk of CHDs
(aOR? =2.750, 95% CI [1.309-5.781]; p = 0.008). Furthermore, our
study indicates that the degree of barium exposure in pregnant women's
blood correlates with the risk of some CHDs subtypes. Although the
mechanism underlying barium toxicity is not yet fully understood, it is
believed to involve barium’s role as a competitive antagonist of K*
channels, which disrupts the passive efflux of intracellular K.
Additionally, barium interferes with the metabolic regulation of K*
levels (38). In addition, an animal study found that barium causes heart
damage, disrupts REDOX balance, impairs cholinergic function, and
inhibits the activity of Na*-K* ATPase and Mg** ATPase. However, the
combination of selenium and vitamin C significantly enhanced the
antioxidant defense system in barium-treated rats. The mechanisms
underlying this effect include the scavenging of free radicals and the
improvement of antioxidant status (39).
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TABLE 1 Study sample characteristics.

Variable Total Cases Control
N =291 (%) N = 97 (%) N =194 (%)

Maternal age (years, 1) 0.082
<35 254 (87.3) 80 (82.5) 174 (89.7)
>35 37 (12.7) 17 (17.5) 20 (10.3)

Maternal education 0.658
Junior high or below 94 (32.3) 34(35.1) 60 (30.9)
Technical secondary school, high school 45 (15.5) 16 (16.5) 29 (14.9)
Undergraduate college or above 152 (52.2) 47 (48.4) 105 (54.2)

Age of menarche (years, n) 0.373
<14 199 (68.4) 63 (64.9) 136 (70.1)
>14 92 (31.6) 34 (35.1) 58(29.9)

Pregnancy history 0.863
Yes 106 (36.4) 36 (37.1) 70 (36.1)
No 185 (63.6) 61 (62.9) 124 (63.9)

Childbearing history 0.791
Yes 96 (33.0) 31 (32.0) 65 (33.5)
No 195 (67.0) 66 (68.0) 129 (66.5)

Health education before pregnancy 0.559
Yes 128 (44.0) 45 (46.4) 83 (42.8)
No 163 (56.0) 52 (53.6) 111 (57.2)

Morning sickness 0.618
Yes 156 (53.6) 50 (51.5) 106 (54.6)
No 135 (46.4) 47 (48.5) 88 (45.4)

Premature birth <0.001%*
Yes 29 (10.0) 29 (29.9) 0(0.0)
No 262 (90.0) 68 (70.1) 194 (100.0)

Delivery mode <0.001*
Vaginal delivery 169 (58.1) 41 (42.3) 128 (66.0)
Cesarean delivery 122 (41.9) 56 (57.7) 66 (34.0)

Newborn birth weight (g) <0.001*
<2,500 27 (9.3) 27 (27.8) 0 (0.0)
2,500~ 253 (86.9) 59 (60.8) 194 (100.0)
>4,000 11(3.8) 11(11.4) 0(0.0)

Barium levels in maternal blood <0.001*
Low concentration (<213.84 pg/L) 243 (83.5) 175 (90.2) 68 (70.1)
High concentration (>213.84 pg/L) 48 (16.5) 19 (9.8) 29 (29.9)

Arsenic levels in maternal blood <0.001*
Low concentration (<7.28 pg/L) 249 (85.6) 178 (91.8) 71(73.2)
High concentration (>7.28 pg/L) 42 (14.4) 16 (8.2) 26 (26.8)

#p-values were derived using the chi-square test.
*Significant results, p-value < 0.05.

Previous epidemiological studies have demonstrated an  arseniclevels in the blood of pregnant women also identified a similar
association between maternal arsenic exposure and an increased risk  association with CHDs in their offspring. Animal studies have also
of CHDs in offspring, primarily through the measurement of arsenic ~ shown that offspring of mice exposed to arsenic-contaminated
concentrations in maternal drinking water and hair (28, 29, 40, 41).  drinking water before and during pregnancy exhibit cardiovascular
Consistent with these findings, our case-control studies assessing  abnormalities, including significantly elevated rates of atrial septal
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TABLE 2 Risks for fetal CHDs in different barium in maternal blood concentrations.

Group Levels Cases Controls aOR! (95% CI) aOR? (95% Cl)
All CHDs Low 68 175 Reference Reference
High 29 19 4.261 (2.212-8.206) 2.750 (1.309-5.781)
The isolated CHDs Low 29 175 Reference Reference
High 14 19 5.027 (2.217-11.399) 3.191 (1.283-7.936)
The multiple CHDs Low 35 175 Reference Reference
High 13 19 3.825 (1.674-8.742) 2.719 (1.091-6.777)
The Syndrome CHDs Low 4 175 Reference Reference
High 2 19 6.366 (0.974-41.599) 2.761 (0.283-26.988)
PDA Low 49 175 Reference Reference
High 21 19 4.446 (2.169-9.113) 2.754 (1.229-6.170)
ASDs Low 36 175 Reference Reference
High 12 19 3.463 (1.503-7.977) 2.723 (1.096-6.768)
VSDs Low 4 175 Reference Reference
High 3 19 6.976 (1.392-34.957) 4.136 (0.706-24.220)
AVSDs Low 3 175 Reference Reference
High 1 19 3.262(0.318-33.418) 0.960 (0.058-15.833)

Logistic regression was used to calculate odds ratios and 95% CIs; Based on the optimal cut-off value derived from the ROC curve analysis, barium concentrations in the blood of pregnant

women can be categorized into high and low concentration groups. The aOR' models are calibrated for, premature birth, delivery mode, and newborn birth weight. The aOR* model further

corrects the arsenic concentration based on the aOR' model.

aOR, adjusted odds ratio; CHDs, congenital heart defects; PDA, patent ductus arteriosus; ASDs, atrial septal defects; VSDs, ventricular septal defects; AVSDs, atrioventricular septal defects.

TABLE 3 Risks for fetal CHDs in different arsenic in maternal blood concentrations.

Group Levels Cases Controls aOR! (95% Cl) aOR? (95% Cl)
All CHDs Low 71 178 Reference Reference

High 26 16 4.621 (2.272-9.402) 2.793 (1.247-6.254)
The isolated CHDs Low 31 178 Reference Reference

High 12 16 5.928 (2.363-14.873) 3.513 (1.263-9.775)
The multiple CHDs Low 36 178 Reference Reference

High 12 16 3.708 (1.617-8.502) 3.830 (1.600-9.166)
The Syndrome CHDs Low 4 178 Reference Reference

High 2 16 14.691 (1.644-131.321) 8.283 (0.683-100.505)
PDA Low 50 178 Reference Reference

High 20 16 5.339 (2.470-11.544) 3.390 (1.438-7.992)
ASDs Low 38 178 Reference Reference

High 10 16 2.928 (1.234-6.948) 2.983 (1.220-7.294)
VSDs Low 4 178 Reference Reference

High 3 16 8.269 (1.511-45.272) 4.902 (0.79-30.186)
AVSDs Low 2 178 Reference Reference

High 2 16 27.246 (1.782-416.484) 27.805 (1.287-600.889)

Logistic regression was used to calculate odds ratios and 95% CIs; Based on the optimal cut-off value derived from the ROC curve analysis, arsenic concentrations in the blood of pregnant

women can be categorized into high and low concentration groups. The aOR' models are calibrated for premature birth, delivery mode, and newborn birth weight. The aOR* model further

corrects the barium concentration based on the aOR' model.

aOR, adjusted odds ratio; CHDs, congenital heart defects; PDA, patent ductus arteriosus; ASDs, atrial septal defects; VSDs, ventricular septal defects; AVSDs, atrioventricular septal defects.

defects and other heart malformations (42). Arsenic exposure may
contribute to heart disease through several mechanisms during
cardiac development. Firstly, research has demonstrated that arsenic
has the potential to disrupt epithelial-mesenchymal transformation
during cardiac development by interfering with the TGF-f/Smad
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signaling pathway (43). Secondly, a study conducted on animals
indicates that folic acid supplementation during the periconception
period may mitigate the cardiotoxic effects of arsenic. This protective
mechanism is hypothesized to involve a reduction in the acetylation
levels of histone H3K9 within cardiac tissues, which subsequently
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TABLE 4 Analyzes the effect of barium and arsenic interaction in maternal blood on offspring CHDs using multivariate logistic regression.

Exposure

All CHDs

Case/control
(n)

aOR (95% CI)

The isolated CHDs

Case/control

(n)

aOR (95% Cl)

The multiple CHDs

Case/control

(n)

aOR (95% CI)

The Syndrome CHDs

Case/control

(@)

aOR (95% ClI)

Low Ba and low As 63/164 Reference 27/164 Reference 32/164 Reference 4/164 Reference
Low Ba and high As 5/11 1.29 (0.42-4.01) 2/11 1.42 (0.28-7.19) 3/11 1.31 (0.33-5.18) 0/11 -

High Ba and low As 8/14 1.58 (0.62-4.01) 4/14 1.70 (0.50-5.80) 4/14 1.62 (0.49-5.37) 0/14 -

High Ba and high As 21/5 12.35 (4.39-34.74) 10/5 16.47 (4.98-54.46) 9/5 9.89 (3.00-32.64) 2/5 28.7 (3.33-247.75)

Multiplicative interaction

6.04 (1.07-34.11)

6.84 (0.73-64.41)

4.65 (0.57-38.06)

RERI 10.48 (—2.19-23.15) 14.35 (=5.03-33.73) 7.95 (—3.77-19.67) 29.7 (—=32.16-91.57)
AP 0.85 (0.63-1.07) 0.87 (0.64-1.10) 0.80 (0.47-1.14) 1.03 (0.96-1.11)
SI 12.97 (0.98-172.22) 13.84 (0.72-266.19) 9.51 (0.44-206.8) -

Exposure

Case/control
(n)

PDA
aOR (95% ClI)

Case/control
(n)

ASDs
aOR (95% ClI)

Case/control
(n)

VSDs
aOR (95% CI)

AVSDs

Case/control
(n)

aOR (95% Cl)

Low Ba and low As 44/164 Reference 34/164 Reference 4/164 Reference 2/164 Reference

Low Ba and high As 5/11 1.92 (0.61-6.09) 2/11 0.80 (0.17-3.91) 0/11 - 1/11 17.43 (0.69-437.67)
High Ba and low As 6/14 1.76 (0.63-4.94) 4/14 1.51 (0.46-5.02) 0/14 - 0/14 -

High Ba and high As 15/5 13.53 (4.54-40.3) 8/5 8.85 (2.61-29.99) 3/5 29.29 (4.45-192.71) 1/5 23.33(1.31-415.89)

Multiplicative interaction

4.00 (0.65-24.54)

7.27 (0.75-70.36)

RERI 10.85 (—3.76-25.46) 7.53 (—3.22-18.28) 30.29 (—24.89-85.47) 6.91 (—59.11-72.93)
AP 0.80 (0.52-1.09) 0.85 (0.55-1.15) 1.03 (0.97-1.10) 0.30 (—2.07-2.67)
SI 7.46 (1.02-54.33) 24.61 (0.02-32950.47) - 1.45 (0.04-51.07)

Logistic regression was used to calculate odds ratios and 95% CIs; The aOR models are calibrated for premature birth, delivery mode, and newborn birth weight.

aOR, adjusted odds ratio; Ba, barium; As, arsenic; CHDs, congenital heart defects; PDA, patent ductus arteriosus; ASDs, atrial septal defects; VSDs, ventricular septal defects; AVSDs, atrioventricular septal defects.
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leads to decreased expression levels of Mef2C, a factor that may
contribute to heart development in fetal rats (44).

Previous research has not thoroughly investigated the interaction
between barium and arsenic in relation to CHDs. Our study
demonstrated that pregnant women with elevated blood levels of
barium and arsenic face a significantly higher risk of having offspring
with CHDs compared to those with lower levels of these substances.
Additionally, we identified a significant multiplicative interaction
between maternal blood levels of barium and arsenic and the
occurrence of total CHDs. The study found that exposure to barium or
arsenic in pregnant women elevated biomarkers of oxidative stress (45).
These metals may induce oxidative stress through various mechanisms,
such as binding to protein sulfides and directly disrupting the
antioxidant system by depleting glutathione (46, 47), ultimately
contributing to adverse pregnancy outcomes. However, the molecular
mechanisms underlying these interactions require further investigation.

This study employed a nested case—control design within a
prospective maternal and offspring birth cohort of 10,542 individuals
who completed baseline questionnaires and provided blood samples,
establishing a robust foundation for our research. However, there are
some limitations to consider. First, in the analysis of CHDs subtypes,
the sample size within each subgroup decreases as stratification levels
increase, potentially impacting statistical power. This may explain the
absence of multiplicative or additive interactions in the CHDs subtype
analysis. Second, we only measured the concentrations of arsenic and
barium during the third trimester prior to hospital delivery and could
not assess changes in arsenic and barium levels during pregnancy.
Third, while this study examined the association between barium and
arsenic exposure during pregnancy and CHDs in offspring from a
population-based perspective, further research is needed to investigate
the metabolic dynamics and pathogenesis of CHDs.

5 Conclusion

Overall, our study demonstrates that exposure to barium or
arsenic individually, as well as combined exposure to both, is
significantly associated with an increased risk of CHDs in offspring.
Additionally, a significant multiplicative interaction was observed
between maternal blood levels of barium and arsenic and the
occurrence of total CHDs. Further research is required to investigate
the mechanisms through which barium and arsenic exposure during
pregnancy contribute to the development of CHDs.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation. Inquiries
for access to the datasets should be directed to 1038817191@qq.com.

Ethics statement

The studies involving humans were approved by the Institutional
Ethics Committee of the Gansu Provincial Maternity and Child-Care
Hospital. The studies were conducted in accordance with the local
legislation and institutional requirements. The participants provided
their written informed consent to participate in this study. Written

Frontiers in Public Health

10.3389/fpubh.2025.1597178

informed consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in this article.

Author contributions

YD: Conceptualization, Formal analysis, Investigation, Software,
Writing - original draft, Writing - review & editing. JS:
Conceptualization, Data curation, Investigation, Software, Writing —
original draft, Writing - review & editing. ZW: Conceptualization,
Investigation, Methodology, Software, Writing - original draft,
Writing - review & editing. BM: Conceptualization, Data curation,
Formal analysis, Methodology, Writing - original draft, Writing —
review & editing. QH: Writing - original draft, Project administration.
JH: Methodology, Writing - original draft. XZ: Methodology, Writing -
original draft. JX: Writing - review & editing. CC: Writing - review &
editing. WY: Writing - review & editing. DL: Formal analysis,
Investigation, Project administration, Resources, Supervision,
Writing - review & editing. QL: Formal analysis, Funding acquisition,
Methodology, Resources, Supervision, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was supported
by the Natural Science Foundation of Gansu Province (Grant No.
22JR11RA179); the General Project of the Joint Scientific Research
Fund supported by the Science and Technology Department of Gansu
Province (Grant No. 24JRRA935); the Postgraduate Research &
Practice Innovation Program of Jiangsu Province; the Gansu Provincial
Health Commission Research Project (Grant Nos. GSWSKY2024-14
and GSWSKY2024-49); and the Science and Technology Department
Grant of Lanzhou City (Grant No. 2022-5-85).

Acknowledgments

We wish to extend our sincere gratitude to all participants of the
Lanzhou Birth Cohort and their families.
acknowledge the invaluable contributions of the medical staff and

The authors also

researchers involved in cohort recruitment and follow-up.
Additionally, we are thankful to every member of the subject team for
their assistance, including language support, writing assistance, and
proofreading of the article. Our appreciation also extends to the Gansu
Maternal and Child Health Hospital in China.

Conflict of interest

The authors declare that the research 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 authors declare that no Gen Al was used in the creation of
this manuscript.

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1597178
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
mailto:1038817191@qq.com

Dang et al.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Liu Y, Chen S, Ziihlke L, Black GC, Choy MK, Li N, et al. Global birth prevalence
of congenital heart defects 1970-2017: updated systematic review and meta-analysis of
260 studies. Int ] Epidemiol. (2019) 48:455-63. doi: 10.1093/ije/dyz009

2. Zhao L, Chen L, Yang T, Wang T, Zhang S, Chen L, et al. Birth prevalence of
congenital heart disease in China, 1980-2019: a systematic review and meta-analysis of
617 studies. Eur ] Epidemiol. (2020) 35:631-42. doi: 10.1007/s10654-020-00653-0

3. Joshi RO, Chellappan S, Kukshal P. Exploring the role of maternal nutritional
epigenetics in congenital heart disease. Curr Dev Nutr. (2020) 4:nzaal66. doi:
10.1093/cdn/nzaal66

4. Liu CB, Hong XR, Shi M, Chen XQ, Huang HJ, Chen JH, et al. Effects of prenatal
pm(10) exposure on fetal cardiovascular malformations in Fuzhou, China: a
retrospective case-control study. Environ Health Perspect. (2017) 125:057001. doi:
10.1289/ehp289

5. Persson M, Razaz N, Edstedt Bonamy AK, Villamor E, Cnattingius S. Maternal
overweight and obesity and risk of congenital heart defects. J Am Coll Cardiol. (2019)
73:44-53. doi: 10.1016/j.jacc.2018.10.050

6. Turunen R, Pulakka A, Metsild J, Vahlberg T, Ojala T, Gissler M, et al. Maternal
diabetes and overweight and congenital heart defects in offspring. JAMA Netw Open.
(2024) 7:€2350579. doi: 10.1001/jamanetworkopen.2023.50579

7. Sullivan PM, Dervan LA, Reiger S, Buddhe S, Schwartz SM. Risk of congenital heart
defects in the offspring of smoking mothers: a population-based study. J Pediatr. (2015)
166:978-84.€2. doi: 10.1016/j.jpeds.2014.11.042

8. Vinet E, Pineau CA, Scott S, Clarke AE, Platt RW, Bernatsky S. Increased congenital
heart defects in children born to women with systemic lupus erythematosus: results
from the offspring of systemic lupus erythematosus mothers registry study. Circulation.
(2015) 131:149-56. doi: 10.1161/circulationaha.114.010027

9. Dutta S, Gorain B, Choudhury H, Roychoudhury S, Sengupta P. Environmental and
occupational exposure of metals and female reproductive health. Environ Sci Pollut Res
Int. (2022) 29:62067-92. doi: 10.1007/s11356-021-16581-9

10.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

11. Zhang N, Yang S, Yang J, Deng Y, Li S, Li N, et al. Association between metal cobalt
exposure and the risk of congenital heart defect occurrence in offspring: a multi-hospital
case-control  study. Environ Health Prev Med. (2020) 25:38. doi:
10.1186/512199-020-00877-2

12. Sun J, Mao B, Wu Z, Jiao X, Wang Y, Lu Y, et al. Relationship between maternal
exposure to heavy metal titanium and offspring congenital heart defects in Lanzhou,
China: a nested case-control study. Front Public Health. (2022) 10:946439. doi:
10.3389/fpubh.2022.946439

13. Zhao X, Ma X, Song L, Sun J, Jiao X, Wang ], et al. Metal Stannum exposure
increases the risk of congenital heart defects occurence in offspring: a case-control study
in Lanzhou. Int ] Cardiol. (2024) 411:132270. doi: 10.1016/j.ijjcard.2024.132270

14. Gu H, Yang Y, Guo T, Xiao ], Gao Y, Wang N. Review on treatment and utilization
of barium slag in China. ] Environ Manag. (2023) 325:116461. doi:
10.1016/j.jenvman.2022.116461

15. Khalili E, Mahvi AH, Nasseri S, Yunesian M, Djahed B, M Y, et al. Risk assessment
of non-carcinogenic heavy metals (barium, cadmium, and Lead) in hair color in markets
of Tehran. Iran | Health Environ. (2016) 9:27-40.

16. Peana M, Medici S, Dadar M, Zoroddu MA, Pelucelli A, Chasapis CT, et al.
Environmental barium: potential exposure and health-hazards. Arch Toxicol. (2021)
95:2605-12. doi: 10.1007/s00204-021-03049-5

17. Kravchenko J, Darrah TH, Miller RK, Lyerly HK, Vengosh A. A review of the
health impacts of barium from natural and anthropogenic exposure. Environ Geochem
Health. (2014) 36:797-814. doi: 10.1007/s10653-014-9622-7

18. Wang DY, Wang Y. Phenotypic and behavioral defects caused by barium exposure
in nematode Caenorhabditis Elegans. Arch Environ Contam Toxicol. (2008) 54:447-53.
doi: 10.1007/500244-007-9050-0

19. Zhang N, Liu Z, Tian X, Chen M, Deng Y, Guo Y, et al. Barium exposure increases
the risk of congenital heart defects occurrence in offspring. Clin Toxicol (Phila). (2018)
56:132-9. doi: 10.1080/15563650.2017.1343479

20. Zierler S, Theodore M, Cohen A, Rothman KJ. Chemical quality of maternal
drinking water and congenital heart disease. Int ] Epidemiol. (1988) 17:589-94. doi:
10.1093/ije/17.3.589

Frontiers in Public Health

10.3389/fpubh.2025.1597178

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.

21. Orloft K, Mistry K, Metcalf S. Biomonitoring for environmental exposures to
arsenic. J Toxicol Environ Health B Crit Rev. (2009) 12:509-24. doi:
10.1080/10937400903358934

22. El-Ghiaty MA, El-Kadi AOS. The duality of arsenic metabolism: impact on human
health. Annu Rev  Pharmacol Toxicol. (2023) 63:341-58. doi:
10.1146/annurev-pharmtox-051921-020936

23.Yang Q, Li Z, Lu X, Duan Q, Huang L, Bi J. A review of soil heavy metal pollution
from industrial and agricultural regions in China: pollution and risk assessment. Sci
Total Environ. (2018) 642:690-700. doi: 10.1016/j.scitotenv.2018.06.068

24. Palma-Lara I, Martinez-Castillo M, Quintana-Pérez JC, Arellano-Mendoza MG,
Tamay-Cach F, Valenzuela-Lim6n OL, et al. Arsenic exposure: a public health problem
leading to several cancers. Regul Toxicol Pharmacol. (2020) 110:104539. doi:
10.1016/j.yrtph.2019.104539

25.Xi S, Zheng Q, Zhang Q, Sun G. Metabolic profile and assessment of occupational
arsenic exposure in copper- and steel-smelting Workers in China. Int Arch Occup
Environ Health. (2011) 84:347-53. doi: 10.1007/s00420-010-0574-7

26. Ren X, McHale CM, Skibola CF, Smith AH, Smith MT, Zhang L. An emerging role
for epigenetic dysregulation in arsenic toxicity and carcinogenesis. Environ Health
Perspect. (2011) 119:11-9. doi: 10.1289/ehp.1002114

27. Bjorklund G, Tippairote T, Rahaman MS, Aaseth J. Developmental toxicity of
arsenic: a drift from the classical dose-response relationship. Arch Toxicol. (2020)
94:67-75. doi: 10.1007/s00204-019-02628-x

28. Richter F, Kloster S, Wodschow K, Hansen B, Schullehner J, Kristiansen SM, et al.
Maternal exposure to arsenic in drinking water and risk of congenital heart disease in
the offspring. Environ Int. (2022) 160:107051. doi: 10.1016/j.envint.2021.107051

29.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

30. QiuJ, He X, Cui H, Zhang C, Zhang H, Dang Y, et al. Passive smoking and preterm
birth in urban China. Am ] Epidemiol. (2014) 180:94-102. doi: 10.1093/aje/kwu092

31. ZhangJ, Xiao S, Zhu Y, Zhang Z, Cao H, Xie M, et al. Advances in the application
of artificial intelligence in fetal echocardiography. ] Am Soc Echocardiogr. (2024)
37:550-61. doi: 10.1016/j.ech0.2023.12.013

32. Rychik J, Ayres N, Cuneo B, Gotteiner N, Hornberger L, Spevak PJ, et al. American
Society of Echocardiography guidelines and standards for performance of the fetal
echocardiogram. ] Am Soc Echocardiogr. (2004) 17:803-10. doi: 10.1016/j.ech0.2004.04.011

33.Lee W, Allan L, Carvalho JS, Chaoui R, Copel J, Devore G, et al. ISUOG consensus
statement: what constitutes a fetal echocardiogram? Ultrasound Obstet Gynecol. (2008)
32:239-42. doi: 10.1002/u0g.6115

34. Mittal M, Kumar K, Anghore D, Rawal RK. Icp-Ms: analytical method for
identification and detection of elemental impurities. Curr Drug Discov Technol. (2017)
14:106-20. doi: 10.2174/1570163813666161221141402

35. Rodriguez PF, Marchante-Gayo6n JM, Sanz-Medel A. Elemental analysis of silicon
based minerals by ultrasonic slurry sampling Electrothermal vaporisation Icp-Ms.
Talanta. (2006) 68:869-75. doi: 10.1016/j.talanta.2005.06.006

36.Ren B, Chen X, Lei P, Hou L, Wang H, Zhou Y, et al. The relationship between
preoperative systemic immune inflammation index and prognostic nutritional index
and the prognosis of patients with alveolar hydatid disease. Front Immunol. (2021)
12:691364. doi: 10.3389/fimmu.2021.691364

37. Mizuno H, Kitada K, Nakai K, Sarai A. Prognoscan: a new database for meta-
analysis of the prognostic value of genes. BMC Med Genet. (2009) 2:18. doi:
10.1186/1755-8794-2-18

38. Al Osman M, Yang F, Massey IY. Exposure routes and health effects of heavy
metals on children. Biometals. (2019) 32:563-73. doi: 10.1007/s10534-019-00193-5

39. Elwej A, Ghorbel I, Chaabane M, Soudani N, Marrekchi R, Jamoussi K, et al.
Protective effects of dietary selenium and vitamin C in barium-induced cardiotoxicity.
Hum Exp Toxicol. (2017) 36:1146-57. doi: 10.1177/0960327116681651

40. Rudnai T, Sandor J, Kadar M, Borsanyi M, Béres ], Métneki J, et al. Arsenic in
drinking water and congenital heart anomalies in Hungary. Int ] Hyg Environ Health.
(2014) 217:813-8. doi: 10.1016/j.ijheh.2014.05.002

41. Marie C, Léger S, Guttmann A, Marchiset N, Riviere O, Perthus I, et al. In utero
exposure to arsenic in tap water and congenital anomalies: a French semi-ecological
study. Int ] Hyg Environ Health. (2018) 221:1116-23. doi: 10.1016/j.ijheh.2018.07.012

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1597178
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1093/ije/dyz009
https://doi.org/10.1007/s10654-020-00653-0
https://doi.org/10.1093/cdn/nzaa166
https://doi.org/10.1289/ehp289
https://doi.org/10.1016/j.jacc.2018.10.050
https://doi.org/10.1001/jamanetworkopen.2023.50579
https://doi.org/10.1016/j.jpeds.2014.11.042
https://doi.org/10.1161/circulationaha.114.010027
https://doi.org/10.1007/s11356-021-16581-9
https://doi.org/10.1007/s11356-022-21071-7
https://doi.org/10.1186/s12199-020-00877-2
https://doi.org/10.3389/fpubh.2022.946439
https://doi.org/10.1016/j.ijcard.2024.132270
https://doi.org/10.1016/j.jenvman.2022.116461
https://doi.org/10.1007/s00204-021-03049-5
https://doi.org/10.1007/s10653-014-9622-7
https://doi.org/10.1007/s00244-007-9050-0
https://doi.org/10.1080/15563650.2017.1343479
https://doi.org/10.1093/ije/17.3.589
https://doi.org/10.1080/10937400903358934
https://doi.org/10.1146/annurev-pharmtox-051921-020936
https://doi.org/10.1016/j.scitotenv.2018.06.068
https://doi.org/10.1016/j.yrtph.2019.104539
https://doi.org/10.1007/s00420-010-0574-7
https://doi.org/10.1289/ehp.1002114
https://doi.org/10.1007/s00204-019-02628-x
https://doi.org/10.1016/j.envint.2021.107051
https://doi.org/10.1016/j.reprotox.2015.12.007
https://doi.org/10.1093/aje/kwu092
https://doi.org/10.1016/j.echo.2023.12.013
https://doi.org/10.1016/j.echo.2004.04.011
https://doi.org/10.1002/uog.6115
https://doi.org/10.2174/1570163813666161221141402
https://doi.org/10.1016/j.talanta.2005.06.006
https://doi.org/10.3389/fimmu.2021.691364
https://doi.org/10.1186/1755-8794-2-18
https://doi.org/10.1007/s10534-019-00193-5
https://doi.org/10.1177/0960327116681651
https://doi.org/10.1016/j.ijheh.2014.05.002
https://doi.org/10.1016/j.ijheh.2018.07.012

Dang et al.

42.Lin Y, Zhuang L, Ma H, Wu L, Huang H, Guo H. Study on congenital cardiac
anomalies induced by arsenic exposure before and during maternal pregnancy in fetal
rats. Wei Sheng Yan Jiu. (2016) 45:93-7.

43.Liang Y, Pan Z, Zhu M, Gao R, Wang Y, Cheng Y, et al. Exposure to essential and
non-essential trace elements and risks of congenital heart defects: a narrative review.
Front Nutr. (2023) 10:1121826. doi: 10.3389/fnut.2023.1121826

44. Na LQB, Xiumei Z, Lingzi Z, Deqin H, Xuanxuan Z, et al. Research into the intervention
effect of folic acid on arsenic-induced heart abnormalities in fetal rats during the Periconception
period. BMC Cardiovasc Disord. (2020) 20:139. doi: 10.1186/s12872-020-01418-z

Frontiers in Public Health

10

10.3389/fpubh.2025.1597178

45. Zhang M, Liu C, Li WD, Xu XD, Cui FP, Chen PP, et al. Individual and mixtures
of metal exposures in associations with biomarkers of oxidative stress and global DNA
methylation among pregnant women. Chemosphere. (2022) 293:133662. doi:
10.1016/j.chemosphere.2022.133662

46.Jomova K, Valko M. Advances in metal-induced oxidative
stress and human disease. Toxicology. (2011) 283:65-87. doi: 10.1016/j.tox.2011.
03.001

47. Valko M, Morris H, Cronin MT. Metals, toxicity and oxidative stress. Curr Med
Chem. (2005) 12:1161-208. doi: 10.2174/0929867053764635

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1597178
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.3389/fnut.2023.1121826
https://doi.org/10.1186/s12872-020-01418-z
https://doi.org/10.1016/j.chemosphere.2022.133662
https://doi.org/10.1016/j.tox.2011.03.001
https://doi.org/10.1016/j.tox.2011.03.001
https://doi.org/10.2174/0929867053764635

	Prenatal exposure to barium and arsenic and the odds of congenital heart defects in offspring: a nested case–control study within a birth cohort in Lanzhou, China
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Questionnaire interview and sample collection
	2.3 Diagnosis and classification of CHDs
	2.4 Blood samples analyzed for barium and arsenic
	2.5 Statistical analysis

	3 Results
	3.1 Characteristics of participants
	3.2 The association between maternal blood barium concentrations and the prevalence of CHDs in offspring
	3.3 The association between maternal blood arsenic concentrations and the prevalence of CHDs in offspring
	3.4 Interaction effects between barium and arsenic

	4 Discussion
	5 Conclusion

	References

