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Abstract

Background: Prenatal exposure to metals may play an important role in fetal growth. However,
the epidemiologic evidence for certain metals is sparse, and most of the existing research has
focused on evaluating single metals in highly exposed target populations.

Objectives: We evaluated associations of cadmium, lead, manganese, selenium, and total
mercury exposures during pregnancy with fetal growth using data from mother-infant pairs
participating in the National Children’s Study.

Methods: Prenatal metal exposures were measured using maternal blood collected from 6 to 32
weeks of gestation. Birth outcomes, including gestational age, birthweight, birth length, head
circumference, and ponderal index, were ascertained through physical measurement at birth or
abstraction from medical records. Regression coefficients and their 95% confidence intervals were
estimated from multivariable linear regression models in the overall study population as well as
among male and female infants. We further evaluated pairwise metal-metal interactions.

Results: Sex-specific associations were observed for lead, with inverse associations for
birthweight, birth length, head circumference, and gestational age observed only among female
infants. Sex-specific associations were also observed for selenium, with a positive association for
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birthweight observed among male infants; selenium was also positively associated with ponderal
index and inversely associated with birth length among female infants. Overall, total mercury was
inversely associated with birthweight and ponderal index, and the association with birthweight was
stronger among female infants. No significant associations were observed with cadmium and
manganese. In the metal-metal interaction analyses, we found evidence of a synergistic interaction
between lead and total mercury and antagonistic interaction between selenium and total mercury
with selected birth outcomes.

Conclusions: Our findings suggest that prenatal exposure to metals may be related to birth

outcomes, and infant sex may modify these associations.

Keywords
Metal mixtures; prenatal exposure; birth outcomes; fetal growth; sex

Introduction

Growth in fetal and early infant life may influence disease outcomes later in life (1, 2).
Specifically, low birthweight, an indicator of poor fetal growth, has been associated with
cardiovascular disease (3-8), high blood pressure (9-11), impaired glucose tolerance (12),
and diabetes mellitus (10, 13) in adult life. Additionally, intrauterine growth restriction and
infants born small for gestational age are more susceptible to several adverse health
outcomes such as cardiovascular disease and neurodevelopmental dysfunction (14-16).
Significant risk factors for growth restriction in infants include maternal malnutrition (17),
older maternal age (18, 19), socioeconomic factors (e.g., lower levels of educational
attainment and unmarried marital status) (20, 21), maternal smoking (20, 22, 23), maternal
alcohol use (24, 25), short interpregnancy interval (26, 27), inadequate gestational weight
gain (28, 29), and placental or umbilical cord abnormalities (18, 30, 31). Notably, an
increasing number of studies have suggested that prenatal exposures to metals may play an
important role in fetal growth (32—-44).

Pregnancy, gestation, and early development are unique health states, and previous work
suggests they may be critical periods for susceptibility to the effects of metals due to
hemodynamics, hormone changes, and immature immune systems (45, 46). Moreover,
metals such as lead, mercury, and manganese readily pass the placental barrier and thus may
affect fetal development (47, 48). Previous epidemiologic studies have provided suggestive
evidence for the associations between toxic metal exposures and fetal growth. Cadmium,
lead, and mercury are inversely associated with birthweight, birth length, and head
circumference in observational studies (32—40). Epidemiologic research evaluating essential
metals is limited but suggests positive associations of selenium with birthweight and birth
length (41, 42). Additionally, there seems to be an optimal range of exposure to some
essential metals; for instance, both low and high levels of manganese are associated with
lower birthweight and smaller head circumference (43, 44). However, the existing
epidemiologic literature is sparse, and the associations of metals with birth outcomes are still
equivocal. Furthermore, prior epidemiologic research has focused on evaluating exposures to
metals singly (rather than assessing joint effects) and in predominately highly exposed target
populations.
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There are known sex differences in metal exposure patterns, gastrointestinal absorption, and
fetal growth (49, 50). Additionally, previous epidemiologic studies suggest the sex-specific
effects of metals on fetal growth (40, 51). In this study, we evaluated the association between
prenatal exposure to five metals (cadmium, lead, mercury, manganese, and selenium) and
fetal growth overall and by infant sex in a cohort of mother-infant pairs from the National
Children’s Study (NCS). We aimed to identify metals that may affect fetal growth and
potential joint effects of metals in a general population sample with relatively low-level
exposure. This study could help inform environmental health policies and provide insight
into clinical blood metal screening during pregnancy.

Study Population

Women enrolled in the Initial Vanguard Study (1\VVS) of the NCS were included in the current
analysis. The IVS was conducted between January 2009-September 2010 in seven primary
sampling units using a geographically-based probability sample design. Recruitment
information is detailed elsewhere (52). The following eligibility criteria were required for
participation in the study: 1) household screening performed during or before the woman’s
pregnancy; 2) current pregnancy or high probability of pregnancy; and, 3) ability to grant
informed consent. A total of 618 mother-infant pairs were enrolled in the study. Two
pregnancy visits were conducted for women enrolled during the first trimester: one during
the first trimester (T1-first) and the other during the third trimester (T3-prior). For women
enrolled during the third trimester, only one visit was conducted (T3-first). Each pregnancy
visit consisted of a comprehensive interview, self-administered questionnaires, a physical
examination, and biospecimen and environmental sample collections.

Since the purpose of the 1VVS was to test study procedures and feasibility, many changes
were made throughout the 2-year study period. Specifically, changes in the data collection
protocols led to only a subset of participants with all the needed variables for the current
analysis. Among the 618 mother-infant pairs, 125 dyads that were singleton births without
missing data were included in the present study to evaluate the associations between birth
outcomes and maternal blood metal concentrations (Figure 1).

Assessment of Exposures

Among the 125 dyads, venous blood collected between 6 and 32 weeks of gestation in
ethylenediaminetetraacetic acid (EDTA) vacutainer tubes was used to measure whole blood
metal concentrations. Blood cadmium, lead, manganese, selenium, and total mercury were
measured using high-performance liquid chromatography coupled to inductively-coupled-
plasma dynamic-reaction-cell mass spectrometry (ICP-DRC-MS). The EDTA tubes were
prescreened for trace amounts of these metals before blood collection. The limit of detection
(LOD) for each blood metal is as follows: cadmium (0.16 pg/L), lead (0.25 pg/dL),
manganese (1.06 pg/L), selenium (30 pg/L), and total mercury (0.16 pg/L) (53). Blood
manganese and selenium were >LOD in all participant samples; however, blood total
mercury, cadmium, and lead were not detected in 3.2%, 18.4%, and 28.0% of samples,
respectively. For values <LOD, we imputed the LOD divided by the square root of two. The
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substitution method of LOD//2 has been demonstrated to perform well when the censoring
levels are below 50% (54).

Assessment of Birth Outcomes

The NCS protocol included a physical examination of infants at birth. Birth length (cm) and
head circumference (cm) were measured twice, and the average of the two readings was
used. For offspring without measures of birth length and head circumference (n=6), we used
values available from medical records abstracted by the NCS using Community Health
Information Architecture (CHITA) instruments. The Pearson correlation coefficients
comparing measures between the physical examinations and medical records were 0.47 and
0.65 for birth length (n=118) and head circumference (n=118), respectively. Birthweight and
gestational age were abstracted from medical records by the NCS using the same
instruments. Gestational age was determined based on ultrasound (n=35), last menstrual
period (n=46), and postnatal examination (n=9); other sources used to define gestational age
included progress notes and gestational age by dates (n=9). There were 26 infants missing
the information on the source used to define gestational age. Ponderal index, an indicator of
infant adiposity as well as a measure of /in utero growth restriction (55, 56), was derived by
dividing birthweight in kilograms by cubed birth length in meters (kg/m3).

Assessment of Covariates

Self-reported maternal characteristics, including age, race/ethnicity, educational attainment,
family income, smoking status during pregnancy, alcohol use during pregnancy, and the
number of previous live births, were obtained from the first pregnancy interview (T1-first
and T3-first). Self-reported weight and height before pregnancy were also recorded, and pre-
pregnancy body mass index (BMI) was calculated as weight (kg)/[height (m)]2. Infant sex
was ascertained from medical records.

Statistical Analyses

Selected demographic, maternal, and infant characteristics were summarized among the 125
mother-infant dyads. The median, interquartile range (IQR), minimum, and maximum of
each blood metal concentration were presented overall and by infant sex. Mann-Whitney U
test statistics were used to assess whether the distributions of blood metals differed between
male and female infants. Correlations among metals were assessed using Spearman’s rank
correlation coefficients. To compare blood metal concentrations between pregnant women in
the NCS and the U.S. general population, we examined data from the 2003-2012 survey
cycles of the National Health and Nutrition Examination Survey (NHANES). A urine-based
pregnancy test determined pregnancy status for NHANES participants.

Linear regression models were used to assess the effect of prenatal metal exposures on birth
outcomes. Given the small sample size and weak correlations among the blood metals, we
considered linear regression models to be a rigorous and parsimonious analytical approach
for these data, over newer mixture methods such as Bayesian kernel machine regression
models (BKMR) or weighted quantile sum regression. We first performed separate
multivariable linear regression models (single-metal models) to estimate a regression
coefficient and 95% confidence interval (Cl) for each metal-outcome association of interest.
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Since linear association trends were generally suggested from preliminary analyses with
BKMR (Supplemental Figure 1), blood metals were log2-transformed and modeled as
continuous variables. The regression coefficients were interpreted as the change in birth
outcomes per doubling of blood metal concentrations. Additionally, a cross-product term
was included in the model to assess interaction by infant sex, and the corresponding Wald
test statistic was interpreted as the P for interaction.

Subsequently, a single multivariable linear regression model was performed, including all
five metals simultaneously in the model (mutually-adjusted model). Multicollinearity
between metals was not detected based on the variance inflation factor.

Pairwise metal-metal interactions were also evaluated by including a cross-product term
between the two log2-transformed metals in the model. Analyses were conducted in the
overall study sample as well as by infant sex.

Potential confounders were selected based on a priori knowledge for associations with both
metal exposures and birth outcomes (41, 45, 57-59). All models included the following
covariates: maternal age (<20, 20-25, 26-30, 30-35, 35+ years), race/ethnicity (white,
African American, other race), maternal educational attainment (<high school, high school
graduate, >high school), family income (£$29999, $30000-$74999, >$75000), smoking
status during pregnancy (yes, no), number of previous livebirths, continuous pre-pregnancy
BMI (kg/m?2), and infant sex (male, female). Infant sex was considered as a confounder in
the overall analyses since there are potential sex differences in placental immune response
and metabolic function that may result in sex-specific placental transfer efficiency of metals
(59-61). Since the prevalence of reported alcohol consumption during pregnancy was low
(4%) and its inclusion as a covariate did not appreciably change the effect estimates, it was
omitted from multivariable models. Gestational age was not included as a covariate a priori
due to its potential role as a mediator of the associations of interest (62). All analyses were
performed using SAS software version 9.4 (SAS Institute Inc., Cary, NC). P values <0.05
were considered statistically significant.

Five sensitivity analyses were conducted. For the first sensitivity analysis, we additionally
included gestational age as a covariate in our models for comparative purposes since
gestational age may play a role as a mediator or a confounder for the hypothesized
associations between metals and infant birth outcomes. Second, we included gestational age
at the time of blood sampling in the models to evaluate the potential impact on our effect
estimates (n=121) since blood metal assessment may be influenced by a change in
metabolism and blood volume increases throughout pregnancy. Third, given the potential
differences in etiologies of preterm births and small size at birth, a sensitivity analysis was
conducted by restricting the analytical sample to mother-infant pairs with gestational age =
37 weeks (62). Fourth, since infant growth might not be linear, a sensitivity analysis was
performed using gestational age- and sex-standardized z-scores for birth outcomes (i.e.,
birthweight, birth length, and head circumference) based on Fenton’s growth chart of 2013
(63). For the last sensitivity analysis, we evaluated potential residual confounding effects
from gestational diabetes and preeclampsia on the associations of prenatal metal exposures
with birth outcomes (N=122).
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Table 1 summarizes the selected characteristics of the 125 mother-infant dyads included in
the present study. Per the disclosure policies of the NCS, cells with <10 participants have
been suppressed. The majority of women included in the analyses were white, aged > 26
years, and had more than high school education. Supplemental Table 1 shows the selected
maternal and infant characteristics among the 132 mother-infant pairs without missing data
on birth outcomes and covariates who were not part of the analytical sample and the 125
pairs included in the current analyses. Although women included in the present analyses had
higher educational attainment, the distributions of other covariates and infant birth outcomes
between these two samples are not appreciably different from each other.

The distributions of the blood metals overall and by infant sex are summarized in Table 2.
Maternal blood metal concentrations were not appreciably different for male and female
infants; however, male infants had slightly higher prenatal exposure to manganese than
female infants (Table 2). Spearman’s rank correlation coefficients are summarized in
Supplemental Table 2; generally, weak correlations were observed between the blood metal
concentrations (rs: —0.18-0.21). The only significant negative correlation coefficients were
observed between selenium and lead (rs: —0.18). Maternal blood concentrations of the five
metals in the current study are comparable to those of pregnant women who participated in
the NHANES (Supplemental Table 3), although pregnant participants in the NCS had
slightly lower blood concentrations of lead. When restricting NHANES participants to only
the 2009-2010 survey cycle, blood lead levels were comparable between NCS and
NHANES.

Results from the single-metal models are summarized in Table 3 (see Supplemental Table 4
for unadjusted results). Maternal blood lead concentration was inversely associated with
gestational age (p = —0.98; 95% CI = -1.67, —0.30; P-value for interaction <0.01),
birthweight (B = —381; 95% CI = -583, —178; P-value for interaction <0.01), birth length (B
= -1.44; 95% CI| = -2.45, —0.42; P-value for interaction <0.01), and head circumference (8
=-1.10; 95% CI = -1.70, —0.50; P-value for interaction <0.01), with effects limited to
female infants. Maternal blood selenium concentration was positively associated with
birthweight among male infants (B = 786; 95% CI = 26, 1545; P-value for interaction =
0.13). Maternal blood selenium concentration was also inversely associated with birth length
(p = —4.86; 95% CI = -9.36, —0.36; P-value for interaction = 0.04) and positively related to
ponderal index (f = -7.29; 95% CI = —-1.06, —13.53; P-value for interaction = 0.38) among
female infants. Although the confidence intervals marginally crossed zero (null hypothesis
of no difference), suggestive inverse associations were observed for maternal blood total
mercury concentration with birthweight (B = —88; 95% CI = —1.77, 0) and ponderal index (B
=-0.53; 95% CI = -1.14, 0.09) in the overall study sample; the association with birthweight
was stronger among female infants (f = —127; 95% CI = —247, -9; P-value for interaction =
0.33). Maternal blood cadmium and manganese concentrations were not associated with
birth outcomes.

In mutually-adjusted models that included all five metals, findings were not appreciably
different from those observed in the single-metal models, suggesting the observed
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associations from the single-metal models were not likely the result of confounding effects
of other correlated metals (Supplemental Table 5).

In the analyses exploring metal-metal interactions, we detected significant synergistic
interactions between selenium and lead for birth length in the overall study sample
(Interaction p = 5.57; P-value for interaction = 0.03) and among male infants (Interaction
[=8.95; P-value for interaction=0.01). A significant synergistic interaction between
selenium and total mercury for birth length was also observed among male infants
(Interaction B = 10.08; P-value for interaction <0.01). Further, a significant synergistic
interaction between selenium and manganese for ponderal index was observed among
female infants (Interaction p = 24.01; P-value for interaction <0.01), while an antagonistic
interaction was observed among male infants (Interaction p = —17.04; P-value for interaction
<0.01). Additionally, we detected a significant synergistic interaction between lead and total
mercury for head circumference in the overall study sample (Interaction § = 0.37; P-value
for interaction = 0.03) and, significant antagonistic interactions between selenium and total
mercury for ponderal index in the overall study sample (Interaction p = —4.25; P-value for
interaction = 0.02) and among female infants (Interaction p = —6.31; P-value for interaction
=0.02). Lastly, a significant antagonistic interaction between manganese and cadmium for
ponderal index was observed in the overall study sample (Interaction p = —1.98; P-value for
interaction = 0.02), and a significant antagonistic interaction between manganese and lead
for gestational age was observed among female infants (Interaction p = —2.09; P-value for
interaction = 0.04). No additional significant metal-metal interactions were observed (data
not shown).

In sensitivity analyses where gestational age was included as a covariate, the associations
between maternal blood lead and birth outcomes among female infants were attenuated, and
the associations of selenium with birthweight among male infants and with ponderal index
in the overall study sample were also weaker. In contrast, the magnitude of the associations
observed for total mercury in the overall study sample and among male infants became
stronger (Supplemental Table 6). Still, it is important to consider gestational age as a
potential mediator for the relationships between metal exposures and birth outcomes. In
sensitivity analyses adjusting for gestational age at the time of blood sampling, the effect
estimates of blood metals on birth outcomes were of a similar direction and magnitude
(Supplemental Table 7). Additionally, in the sensitivity analysis restricted to mother-infant
pairs with gestational age = 37 weeks (N=117), findings were not appreciably different from
the overall analyses presented (Supplemental Table 8); however, we observed an inverse
association between maternal blood manganese concentration and gestational age among
male infants which was not observed in the main analyses. In the sensitivity analysis using
z-scores of birth outcomes (i.e., birthweight, birth length, and head circumference), we
observed similar results with consistent directionality and significance to the analyses using
the original measures (data not shown). The sensitivity analysis, including gestational
diabetes and preeclampsia as covariates, were also consistent, suggesting no important
confounding by these variables (data not shown).
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Discussion

We assessed the effects of five metal exposures (i.e., cadmium, lead, manganese, selenium,
and total mercury) measured in maternal blood collected during pregnancy on birth
outcomes among a sample of 125 mother-infant pairs in the NCS. Sex-specific associations
were observed for lead and selenium, with inverse associations generally seen with selected
birth outcomes among female infants. Additionally, inverse associations of total mercury
with selected birth outcomes were found in the overall study sample. Metal-metal interaction
analyses revealed synergistic interactions between selenium and lead, selenium and total
mercury, selenium and manganese, as well as lead and total mercury with selected birth
outcomes. We also detected antagonistic interaction between lead and total mercury,
selenium and manganese, manganese and cadmium, as well as manganese and lead for
selected birth outcomes.

Evidence of sex-specific associations of lead with adverse birth outcomes was observed,
with effects generally limited to female infants. The observed inverse associations suggest
that female infants may be more susceptible to lead toxicity prenatally. The existing
literature generally supports inverse associations between prenatal lead exposure and
decreased birthweight (38, 64—71), birth length (69, 70, 72, 73), and head circumference (65,
70, 72, 73). At the same time, studies on gestational age are relatively limited and report null
associations (36, 71, 74, 75). Existing epidemiologic research evaluating sex differences in
susceptibility to lead exposure is scarce. In a cohort study conducted in New Hampshire of
989 mother-infant pairs, postpartum toenail lead concentrations were inversely associated
with birthweight and head circumference only among female infants (51). In contrast, a
study of 1,009 mother-infant pairs in Shanghai found a positive association between cord
blood lead concentration and birthweight among male infants and an inverse association
with ponderal index among female infants (40). A study of 138 mother-infant dyads in
Michigan reported neither significant associations in the overall study population nor sex-
specific relationships between maternal tooth lead concentration measured during second
and third trimesters and z-scores of birthweight (74). Furthermore, given that studies have
demonstrated sex-specific effects of perinatal lead exposure on DNA methylation (76-78),
future research investigating the sex-differential effects of lead toxicity on adverse birth
outcomes is needed.

In this study, we observed a positive association between selenium and birthweight among
male infants. Selenium was also inversely associated with birth length and positively related
to ponderal index among female infants. Most previous studies evaluating the effect of
selenium on birthweight showed a positive association with selenium measured in maternal
serum (79), maternal blood (41), and cord blood (37, 80). To our knowledge, only two
studies, one among 271 newborns in Baltimore and the other among 250 Saudi Arabian
infants, evaluated the cross-sectional association of cord serum and placenta selenium with
ponderal index, and null results were reported (37, 81). Previous research on birth length has
been mixed, with one study reporting a borderline significant decrease in birth length with
higher placenta selenium levels (81), one study demonstrating a positive association with
cord blood selenium levels (41), and the others finding null results (32, 82-85). Inconsistent
findings may be due to different study populations, timing and type of exposure biomarkers
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evaluated, exposure levels, or masking of interaction effects due to other environmental
exposures. To our knowledge, no prior work evaluated the heterogeneity of the associations
between selenium and birth outcomes by infant sex.

Our result linking higher mercury exposure with decreased birthweight is consistent with
several prior studies. Inverse associations have been observed with mercury levels measured
in maternal blood during pregnancy (35), cord blood (86, 87), placenta (88), and diet (89).
Specifically, a study of 334 Japanese mother-infant pairs showed significant inverse
associations between birthweight and both first trimester and second trimester blood
mercury levels (35). To date, only three studies explored the association between mercury
exposure and ponderal index; one observed an inverse association with cord blood levels of
mercury (37), while two found no significant associations (85, 90). Although ponderal index
was correlated with birthweight in our study population (Pearson’s r=0.51), infants with
higher ponderal index may still have lower birthweight when they also have shorter birth
length. Given the limited evidence, more studies on ponderal index and mercury are
warranted to confirm our findings and ultimately make meaningful clinical conclusions.

In the current study, no association was observed for cadmium on birth outcomes. Previous
studies on cadmium have generally reported inverse associations with birthweight, birth
length, and head circumference (e.qg., (65, 84, 86, 90-93)). The observed null findings for
cadmium may be due to the small sample size and low cadmium exposure levels in the
present study. For example, a study of 319 mother-infant pairs in North Carolina found that
elevated maternal blood cadmium concentrations were associated with decreased
birthweight (93); blood cadmium concentrations were higher (mean = 4.54 ng/g) compared
to our study sample.

A statistically significant synergistic interaction between lead and total mercury with head
circumference was observed in the analyses evaluating metal-metal interactions. The
interaction between lead and mercury with infant growth is not well investigated, and the
biologic mechanisms underlying this interaction are uncertain. To date, no studies evaluated
the combined effect of lead and mercury on head circumference, and only two studies
reported the combined effect on decreased birthweight (94, 95). In a study of 248 mother-
infant pairs in Flanders, Belgium, an association of co-exposure to lead, mercury, thallium,
cadmium, manganese, and perfluorooctane sulfonate with decreased birthweight was
reported among female infants (95). Another study of 542 mother-infant pairs in Korea
found that combined prenatal exposure to lead and mercury was associated with decreased
birth weight (94). However, a principal component analysis was utilized by both studies;
therefore, interaction effects cannot be directly ascertained from these analyses.

We also observed antagonistic interaction between selenium and total mercury with ponderal
index that was consistent with findings from a study conducted in Baltimore of 271 infants
(37). That study reported an inverse association between cord blood methylmercury
concentrations and ponderal index only among infants with lower levels of cord blood
selenium concentrations. It has been suggested that selenium may provide protective effects
against mercury-mediated cell apoptosis that can further affect birth size (96). However, our
metal-metal interaction analyses also suggested significant synergistic interactions between
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selenium and two toxic metals (i.e., total mercury and lead) with birth length, and opposite
interaction effects between selenium and manganese with ponderal index were observed
among male and female infants. Future large prospective cohort studies are needed to
consider potential effect modification of selenium on the relationship between metals and
infant growth.

Although manganese showed no significant effects on birth outcomes in this study,
antagonistic interactions between manganese and two toxic metals (i.e., lead and cadmium)
were observed. This finding contrasts with an experimental study that suggested synergistic
toxicity between manganese and lead or cadmium (97). However, a recent study in Northern
Puerto Rico found no interaction between manganese and lead with birth outcomes based on
BKMR (98), and a study of 275 U.S. mother-infant pairs reported an antagonistic interaction
between a mixture of essential metals (i.e., manganese, zinc, copper, and magnesium) and
cadmium with birthweight in male infants (38).

The potential biological mechanism underlying metal exposures with birth outcomes
generally involves oxidative stress, a factor that has been linked to growth restriction (99—
101). Previous studies have shown that toxic metals such as lead, cadmium, and mercury are
associated with increased oxidative stress (102, 103). In contrast, selenium serves as a
component of antioxidative enzymes that can further protect the organism from oxidative
stress (104). Toxic metals are also potent endocrine disruptors that disturb the mechanism
involved in energy storage or adipogenesis (105). Furthermore, in vitro experiments and
human studies have shown that toxic metals such as mercury, lead, and cadmium could
disturb placental enzyme activity, oxygen consumption, and interfere with placental
transport of essential elements, including calcium and zinc, that are needed for fetal growth
(106). Our analyses suggest that effects of lead and selenium on selected birth outcomes
differed by sex. Although the biological mechanisms underlying the observed sex-specific
associations are still unclear, previous studies have suggested that sex-specific structural and
functional differences in the placenta may impact how a fetus responds to environmental
chemical exposures (107, 108). Further, given the sexual dimorphism of growth hormone
and insulin-like growth factor (IGF) (109), environmental chemicals may trigger sex-specific
interference of the IGF-axis.

This study contributes to a burgeoning body of evidence linking prenatal metal exposures
with birth outcomes. However, we acknowledge several limitations of the present study.
First, the statistical power to detect associations may be insufficient, particularly for sex-
specific effects, potentially explaining some results with large effect sizes that were not
statistically significant. Second, while our hypotheses were pre-specified, our results may be
subject to multiple hypothesis testing considerations, resulting in the possibility of an
increased type | error. Third, although an average of two measurements of birth length and
head circumference was used for the analyses, we cannot rule out the possibility of
misclassification given the moderate correlations between measurements obtained from
physical examination versus medical records. Misclassification of birth outcomes in this
study could have biased the results either towards or away from the null. Fourth, the majority
of participants were white; thus, the results of this study may not be generalizable to the
general population of the United States. However, while the NCS participants were not
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recruited to be a representative sample, the exposure levels are comparable to those observed
from a more diverse and nationally representative sample in the NHANES. Fifth, blood
metal concentrations were measured between 6 and 32 weeks of gestation; it is unknown to
what extent exposure levels were similar across trimesters in the current study population,
and the potential misclassification of blood metal concentrations might obscure trimester-
specific associations. A previous study reported high correlations between first trimester and
third trimester blood metal concentrations of cadmium, lead, and mercury but not
manganese (110). Finally, this study may be limited by uncontrolled confounding, such as
dietary behaviors and supplement intake during pregnancy, genetic factors, other
socioeconomic status-related variables, or co-exposure to other environmental chemicals.
For instance, iron is similar to manganese with respect to their chemical properties, and
previous studies have shown high correlations and potential metabolic interaction between
iron and manganese (111, 112). Thus, positive confounding may be present if iron is
positively associated with birth outcomes and vice versa.

In summary, findings from the current study support associations between prenatal
exposures to lead, total mercury, and selenium with birth outcomes. Associations for lead
and selenium appear to be sex-specific and more apparent in female infants. The data also
suggest a synergistic interaction between lead and total mercury on head circumference and
an antagonistic interaction between selenium and total mercury on ponderal index. Future
prospective studies are needed to confirm our findings and further investigate the impact of
prenatal or early life exposure to metal mixtures on children’s growth and health effects later
in life. These efforts can ultimately inform health policy decision making addressing metal
contamination in the environment and blood metal concentrations in pregnancy.
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Highlights

. Prenatal exposure to metals may play an important role in fetal growth.
. Lead was inversely related to birthweight, birth length, head circumference,

and gestational age among female infants.
. Selenium was positively associated with ponderal index and inversely

associated with birth length among female infants.
. Selenium was positively related to birthweight among male infants.
. Infant sex may modify associations between prenatal metal exposures and

birth outcomes.
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Figure 1.
Inclusion of National Children’s Study participants for analytical sample size.
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Table 1.

Selected characteristics of 125 mother-infant dyads in the National Children’s Study.

Characteristics Overall N (%)

Race/ethnicity [N (%)]

White 101 (80.8)

African American or Black 7(5.6)

Other 17 (13.6)
Maternal age [N (%)]

<20 years 11 (8.8)

20-25 years 32 (25.6)

26-30 years 35 (28.0)

30-35 years 36 (28.8)

36+ years 11 (8.8)
Education level [N (%)]

< High school 8(6.4)

High school graduate 53 (42.4)

> High school 64 (51.2)
Family income [N (%)]

<$29,999 29 (23.2)

$30,000 — $74,999 50 (40.0)

> $75,000 46 (36.8)
Number of previous livebirths [N (%6)]

0 43 (34.4)

1 48 (38.4)

22 34 (27.2)
Smoking status during pregnancy [n (%)]

Yes 9(7.2)

No 116 (92.8)

Pre-pregnancy BMI? [N (%)]

Normal/Underweight 74 (59.2)

Overweight 51 (40.8)
Infant sex [N (%)]

Male 68 (54.4)

Female 57 (45.6)
Infant birth outcomes (mean + SD)

Gestational age, weeks 38.58 +1.81

Birthweight, kg 3340 £ 574

Birth length, cm 49.87 +2.88

Head circumference, cm 34.61+1.81

Ponderal index, kg/m3 26.89 +3.92

a . .
IQR: interquartile range.
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Table 2.

Maternal blood metal concentrations
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Median  IQR Min Max
Cadmium (ug/L)
Overall 0.24 0.17 0.11 1.80
Male infants 0.26 0.17 0.11 1.80
Female infants 0.22 0.24 0.11 1.40
P-value® 025
Lead (ug/dL)
Overall 0.34 0.32 0.18 2.86
Male infants 0.35 0.33 0.18 2.86
Female infants 0.33 0.31 0.18 0.85
P-value® 0.54
Manganese (ug/L)
Overall 10.54 3.80 4.79 20.72
Male infants 10.64 3.45 4.84 20.72
Female infants 9.67 4.62 4.79 18.23
P-valué® 0.0z
Selenium (ug/L)
Overall 187.76  27.69 137.75 264.74
Male infants 188.12 27.88 137.75 243.71
Female infants 187.43  27.74 14746 264.74
P-valué® 0.69
Total Mercury (ug/L)
Overall 0.58 0.66 0.11 5.32
Male infants 0.64 0.61 0.11 5.32
Female infants 0.50 0.65 0.11 4.17
021

P-value®

a . . .
Mann-Whitney U test comparing male and female infants.
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