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Prenatal exposure to metal mixture and sex-
specific birth outcomes in the New Hampshire

Birth Cohort Study
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Emily Baker, Margaret R. Karagas

Background: In utero exposure to individual metals may impact fetal growth, though little is known about the effects of expo- \
sure to metal mixtures. Therefore, we investigated joint effects of in utero exposure to a mixture of As (arsenic), Mn (manganese),
and Pb (lead) on newborn outcomes in a United States population.

Methods: Concentrations of As, Mn, and Pb were determined in maternal postpartum toenail samples, a biomarker of in utero
exposure, from 989 maternal-infant pairs (492 females and 497 males). Newborns’ anthropometric characteristics, including head
circumference, length, and weight, were obtained from medical records. The joint effects of the three metals were modeled using
Bayesian kernel machine regression and linear regression. Both sex-combined and sex-stratified statistical analyses were performed.
Results: We observed an inverted-U-shape association between maternal toenail Mn concentrations and newborn head circum-
ference, particularly among female infants. Concentrations of Pb were related to reduced head circumference, weight, and length,
especially among females at lower concentrations of the other metals. Overall, toenail As concentrations were related to reduced
head circumference, especially among males, and an increase in birth length and weight among females. We found little evidence of
As interactions with other metals within the mixture.

Conclusions: Our findings suggest that in utero metal mixture exposures may influence birth outcomes, and that such relations may

differ by infant sex.
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Introduction

Humans are exposed simultaneously to a variety of toxic metals
and metalloids (referred to as “metals”) through food, water,
and airborne sources, as yet little is known about the health
effects of exposure to metal mixtures, and whether they differ
when assessed as single exposure.'~> Gestation is a particularly
vulnerable period of development, and exposures to environ-
mental pollutants during this period may impact infants’ lifelong
health.*$ Arsenic (As), manganese (Mn), and lead (Pb) are nat-
urally occurring metals prevalent in the environment including
food and drinking water systems, and their ability to cross the
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placenta has raised health concerns about their impact on the
developing fetus that may lead to health effects later on.**? In
addition to its normal physiologic function, the placenta can
help to protect the fetal from environmental contaminants and
that ability may differ by sex.!® Further, sex differences in pat-
terns of exposure, gastrointestinal absorption, metabolism, and
detoxification also supports the potential for sex-specific sus-
ceptibility to metals toxicity.'*'¢ Studies on sex-specific effects
of exposure to metals have not received sufficient attention.!>!*

Available evidence suggests that in utero exposure to As, Mn,
and Pb can affect fetal growth, an important predictor of neo-
natal mortality and determinant of infant and childhood mor-
bidity.”'”-* Inorganic arsenic, including arsenite and arsenate,
is classified as a group I human carcinogen, and exposure to
inorganic arsenic has also been associated with a wide array
of noncancer endpoints.?* Mn is an essential micronutrient and
sufficient intake of Mn is typically provided through the diet,
making Mn deficiency rare; however, Mn overexposure carries
potential toxicity for humans, and the central nervous system is
considered the most susceptible target.””?° Pb is considered po-
tentially carcinogenic and is a known neurotoxin.?*-34 Pb also has
been associated with a wide range of other adverse outcomes,
including reduced fetal growth.*¢ Despite the many studies of

What this study adds

Humans are exposed simultaneously to a variety of toxic metals
and metalloids from the environment such as As, Mn, and Pb,
which are capable of crossing the placenta, raising concerns re-
garding fetal growth and development that may impact infants’
lifelong health. Despite the many studies of As, Mn, and Pb as
single exposure, we currently lack information regarding the
effects of metal mixture exposure during pregnancy. Our find-
ings provide new evidence of the joint effects of in utero ex-
posure to a mixture of As, Mn, and Pb at relatively low levels
found in a United States population on newborns’ size.
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As, Mn, and Pb as single exposure, we currently lack informa-
tion regarding their effects as a metal mixture during pregnancy,
especially among populations exposed to relatively low levels.
Such effects can now be estimated by applying recently devel-
oped statistical approaches designed to accommodate multi-pol-
lutant correlated exposures with the ability to assess nonlinear
effects and interactions among mixture components.’”* Thus,
we investigated the joint effect of in utero exposure to a mixture
of As, Mn, and Pb on newborns’ anthropometric characteris-
tics including head circumference, length and weight, and exam-
ined these associations overall and according to infant sex in a
United States population drinking from private water systems
with unregulated contaminant concentrations.

Methods

Study population

Participants were part of the New Hampshire Birth Cohort
Study (NHBCS), an ongoing prospective study of over 2,000
participants to date, that was originally designed to examine how
pollutants such as metals exposure particularly through drink-
ing water and food affect the health of pregnant women and
their children. Beginning in 2009, the NHBCS recruited preg-
nant women of 18-45 years of age between 24 and 28 weeks of
gestation from prenatal clinics in the state of New Hampshire.
Eligibility criteria included English literacy, the use of a private,
unregulated water system at home (e.g., private well), not pla-
nning to move during pregnancy, and singleton births among
others described previously.”* The United States Environmental
Protection Agency identifies contaminants in drinking water to
protect public health; however, the Environmental Protection
Agency does not regulate private wells, and thus consuming
water from private wells is an important potential source of
exposure to environmental pollutants particularly metals in
the state of New Hampshire.** Participants provided written
informed consent in accordance with the guidelines from the
Committee for the Protection of Human Subjects at Dartmouth
College.

Arsenic, manganese, and lead exposure

Toenails are considered a long-term environmental exposure
biomarker owing to their slow growth rate and ability to ac-
cumulate metals.*»** We used As, Mn, and Pb concentrations
in maternal toenail samples collected at the mean (SD) of 5.9
(7.1) weeks postpartum as a biomarker of in utero exposure.
This measurement reflects exposures occurring several months
earlier since toenails grow an estimated 0.03-0.05 mm per day.*’
Paired toenail samples collected during pregnancy at ~24-28
gestational weeks were also collected to reflect exposure during
early pregnancy. Women were provided with detailed instruc-
tions to collect toenail clipping samples in paper envelopes after
bathing and removing any visible dirt. Five additional washes
were performed in an ultrasonic bath using Triton X-100
(LabChem, Pittsburgh, Pennsylvania) and acetone followed by
deionized water at the laboratory. Then, we weighed the sam-
ples and digested them in Optima nitric acid (Fisher Scientific,
St. Louis, Missouri) via low-pressure microwave digestion at the
Dartmouth College Trace Element Analysis Core Laboratory.
After digestion, final sample weight was recorded and samples
were analyzed for As, Mn, and Pb concentrations using in-
ductively coupled plasma mass spectrometry (ICP-MS) on an
Agilent 7700x (Agilent Technologies Headquarters, Santa Clara,
California).* In each analysis batch, we included duplicate anal-
ysis of digested toenail samples and spikes of digested samples,
along with blank and fortified blank digests, as quality control
measures. Although there is no available toenail As, Mn, and
Pb Certified Reference Material yet, the Core participates in a
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proficiency-testing program (QEMQAS, Center for Toxicology,
Quebec, Canada) where hair, which is formed of the same ke-
ratinous tissue as nails,* is one of the sample types. The Core
laboratory results for As, Mn, and Pb in hair range from 90%
to 100% relative to the consensus mean from all the partic-
ipants of the proficiency-testing program. The median limits
of detection (LOD) for toenail As, Mn, and Pb concentrations
across batches were 0.020, 0.050, and 0.001 pg/g, respectively.
The LOD/sqrt(2) value was assigned for statistical analyses and
plots when concentrations were below the LOD.*

Birth outcomes

We obtained infant’s head circumference (cm), length (cm), and
weight (g) at birth from their newborn medical records.

Covariates

A priori, we selected the following covariates often used to
assess the association between exposure to environmental
pollutants and birth-related outcomes as potential confound-
ers in our models: maternal age at enrollment (years, contin-
uous), smoked cigarette during pregnancy (yes vs. no), maternal
highest attained level of education (less than 11t grade or high
school graduate or equivalent, junior college graduate or some
college or technical school, college graduate, and any post-grad-
uate schooling), maternal body mass index (BMI in kg/m?, con-
tinuous), and infants’ sex (females vs. males).*’-° Adjusting for
potential intermediate factors that lie on the pathway from an
exposure to a perinatal outcome such as gestational age may
lead to biased and paradoxical results,’! therefore, we did not
include gestational age as a confounding factor in our models.
Mothers completed prepartum and postpartum questionnaires
about demographics and lifestyle characteristics. We calculated
maternal BMI using maternal pre-pregnancy weight combined
with height, obtained from medical records. We also identified
infant sex from medical records.

Statistical analysis

For all statistical analyses, we excluded observations with
missing values for the covariates. The correlation between
concentrations of each metal pair in postnatal toenail samples
was examined using Spearman’s correlation coefficients. The
Spearman’s correlation coefficients (p) were also calculated be-
tween pair prenatal and postnatal toenail samples metal concen-
trations to assess temporal stability of the exposure throughout
the pregnancy period. The histograms of toenails As, Mn, and
Pb concentrations displayed highly right-skewed distributions,
and thus we applied a natural-log transformation (In) for fur-
ther statistical analysis. Data on newborns” head circumference,
length, and weight each followed an approximately normal
distribution.

We performed Bayesian kernel machine regression (BKMR)
primarily as an exploratory method to investigate interactions
and joint effects of our metal mixture.”> Our BKMR models
were specified as Y, = h(As, Mn, Pb) + B* Z, + e, where Y is
the continuous infants’ birth outcomes of interest (head circum-
ference, length, or weight); h() is an exposure-response function
that accommodates nonlinearity and interactions among mixture
components; As, Mn, and Pb are the centered In concentrations
of As, Mn, and Pb in maternal postnatal toenails, respectively; Z
are the selected covariates and f are the corresponding regression
coefficients. We used the R package “bkmr” to perform the BKRMR
analysis.’> The models included 10,000 Markov chain Monte
Carlo iterations using the Gaussian kernel. Then, we performed
covariate-adjusted linear regression analyses to further evaluate
and quantify the effects of in utero exposure to metals and infant
birth outcomes. The linear models included centered In maternal
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Selected characteristics of the study population for the total sample and stratified by infant sex.

Total sample Female Male
Characteristics® (n=989) (n=492) (n=497)
Male/female infants 497 (50%)/492 (50%) 492 (100%) 497 (100%)

Head circumference (cm)

Length (cm)

Weight (g)

Gestational age at delivery (weeks)
Age at enrollment (years)

Maternal BMI

35.00 (28.00, 34.00-35.50, 41.43)
50.80 (40.1, 49.00-52.70, 62.23)
3,459 (1,380, 3,160-3,742, 5,400)
39.1(30.9, 38.4-40.0, 44.7)

31.4 (19.3,28.4-34.6, 44.8)
24.27 (16.88, 21.80-28.29, 48.18)

34.50 (30.25, 33.50-35.00, 41.43)
50.80 (43.00, 48.30-52.07, 60.96)
3,382 (2,040, 3,105-3,706, 4,710)
39.1 (33.0, 38.4-40.0, 44.7)
31.6 (19.5,28.9-31.7, 44.5)
24.33 (17.07,21.63-28.16, 45.72)

35.00 (28.00, 34.00-36.00, 40.00)
51.00 (40.01, 49.53-53.30, 62.23)
3,537 (1,380, 3,230-3,814, 5,400)
39.1(30.9, 38.4-40.0, 43.0)
31.3(19.3,28.2-34.7, 44.8)
2413 (16.88, 21.97-28.34, 48.18)

Smoke during pregnancy 54 (5%)
Maternal highest attained level of education:
Less than 11" grade or high school 97 (10%)
graduate or equivalent
Junior college graduate or some college 180 (18%)
or technical school
College graduate 405 (41%)
Any post-graduate schooling 307 (31%)
Postnatal toenails (ug/g)
As 0.05(0.01, 0.04-0.09, 0.74)
Mn 0.32(0.03, 0.18-0.62, 19.95)
Pb 0.11(0.00, 0.06-0.22, 23.12)

29 (6%) 25 (5%)

53 (11%) 44 (9%)

91 (18%) 89 (18%)
195 (40%) 210 (42%)
153 (31%) 154 (31%)

0.05(0.01,0.03-0.09, 0.70)
0.30 (0.04,0.18-0.58,16.12)
0.11(0.00, 0.06-0.22, 6.11)

0.05(0.01,0.04-0.09, 0.74)
0.33(0.03,0.18-0.69, 19.95)
0.11(0.01,0.06-0.22, 23.12)

Categorical variables = n (%).
Continuous variable = median (min., IQR, max.)

postnatal toenail As, Mn, and Pb concentrations normalized by
their interquartile range (IQR) as independent variables, and
newborns’ anthropometric characteristics as the dependent vari-
ables (head circumference and length in cm, and weight in g). We
first fitted models without interactions between the independent
variables adjusting for covariates. Then, we included two-way
and three-way interactions of metal In concentrations, also cen-
tered and normalized by their IQR. We performed both sex-com-
bined (adjusted for sex) and sex-stratified analyses of all models.

Results

Study population characteristics

Of 1,013 participants whose toenail samples were analyzed for
As, Mn, and Pb concentrations and for whom details of their
child’s size at birth were available, we ultimately included 989
(97.6%) mother-child pairs with complete covariate data. The
covariates with missing values were maternal highest attained
level of education (7 = 21), maternal BMI (n = 7), and smoking
during pregnancy (n = 7). Some of them had missing values in
multiple covariates; overall, 24 participants were excluded. Our
dataset was evenly distributed among female (7 = 492) and male
(7 = 497) infants.

Maternal postnatal toenail As, Mn, and Pb concentrations were
positively correlated (p from 0.27 to 0.46) (Figure S1; http://links.
Iww.com/EE/A59), with median (IQR) concentrations of 0.05
(0.04-0.09), 0.32 (0.18-0.62), and 0.11 (0.06-0.22) pg/g, respec-
tively (Table 1). In paired toenail samples collected during preg-
nancy and postpartum a positive correlation was found between
each metal concentration (p from 0.53 to 0.65) (Figure S2; http://
links.lww.com/EE/A59). Mothers were enrolled at the median age
of 31 years, and over 70% of them were college graduate or had
any post-graduate schooling. The selected characteristics of the
study population were similar between male and female infants,
including postnatal toenail metal concentrations. However, males
had higher head circumference, length, and weight than female
infants (Table 1) with a P-value < 0.001.

Bayesian kernel machine regression

In the BKMR analyses Mn was positively associated with
newborns’ head circumference at lower concentrations and

negatively associated at higher concentrations (Figure S3B;
http://links.lww.com/EE/AS59), especially among female infants
(Figure 1B); and the positive association appeared stronger at
higher percentiles of As and Pb for both sexes (Figure 1A and
Figure S3A; http:/links.lww.com/EE/AS9). In the sex-combined
analysis, there was some evidence of nonlinear effects of Pb
on newborns’ head circumference, length, and weight (Figure
S3B; http://links.lww.com/EE/A59); however, in the sex-strati-
fied analysis, the decrease in head circumference, length, and
weight associated to Pb exposure all appeared to be linear, espe-
cially at lower percentiles of As and Mn among female infants
(Figure 1A and B). Higher toenail As concentrations were associ-
ated with a decreased head circumference among males, and an
increased length and weight largely among female infants. These
associations appeared to follow a linear dose-response function
(Figure 1B and eFigure 3B; http:/links.lww.com/EE/AS9). The
effect estimate for an IQR increase in toenail As concentration
was consistent across the 25%, 50" and 75" percentiles of Mn
and Pb concentrations (Figure 1A), suggesting that the effects of
As were not modified by the other metals of the mixture.

Linear regression

Using multiple linear regression analyses, an IQR increase
per toenail Mn concentration was associated with a 0.27cm
(95% CI: 0.13, 0.41) increase in newborns’ head circumfer-
ence (Table 2). In the stratified analysis, an IQR increase per
toenail Mn concentration was associated with a 0.22 (95%
CI = 0.02, 0.43) and 0.34 (95% CI = 0.15, 0.54) increase
in head circumference among females and males, respectively.
Also, in the stratified analyses, an IQR increase in toenail As
concentration was associated with a -0.20cm (95% CI =
-0.38, -0.02) decrease in head circumference among males
(Table 2). Conversely, an IQR increase per toenail As concen-
tration was associated with a 0.31cm (95% CI = 0.02, 0.60)
increase in length, and to a lesser extent with a 47.94¢g (95%
CI = -5.46, 101.33) increase in weight among female infants.
In addition, among female infants, an IQR increase per toenail
Pb concentration was associated with a -0.20cm (95% CI =
-0.39, -0.01), and -62.17g (95% CI = -124.08, -0.25) de-
crease in head circumference and weight, respectively. We also
observed an attenuated decrease in female infants’ length of
-0.30 (95% CI = -0.64, 0.03) per IQR increase in toenail Pb
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Figure 1. BKMR dose-response functions and interactions within the metal mixture stratified by sex. Models adjusted for maternal age of enrollment (years,
continuous), smoked cigarette during pregnancy (yes vs. no), maternal highest attained level of education (less than 11" grade or high school graduate or equiv-
alent, junior college graduate or some college or technical school, college graduate, and any post-graduate schooling), and maternal BMI (kg/m?, continuous).
A, Single pollutant association (estimates and 95% credible intervals, gray dashed line at the null). This plot compares infants’ size at birth when a single pollutant
is at 75" versus 25" percentile, when all the other exposures are fixed at either the 25", 50™, or 75" percentile. B, Univariate exposure-response functions and
95% confidence bands for each metal with the other pollutants fixed at the median.

concentration. We detected statistically significant three-way
metal interactions for length and weight, especially among
male infants (Table 2). The main findings from our BKMR
and linear regression models stratified by sex are summarized
in Table S1 (http://links.lww.com/EE/AS59).

Discussion

Our findings, based on a United States population, suggest
that in utero exposure to a metal mixture of As, Mn, and

Pb may influence fetal growth with differences according to
the exposure level of each metal and infant sex. Pb concen-
trations were related to reduced head circumference, length,
and weight among female infants at lower concentrations of
the other metals, and the shape of the dose-response curve
appeared linear. We observed an inverted-U-shape associa-
tion between maternal toenail Mn concentrations and new-
borns’ head circumference, particularly among female infants.
Toenail As concentrations were related to reduced head cir-
cumference, especially among males, and an increase in birth
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length and weight largely among female infants, with little
evidence of nonlinearity.

We used postpartum maternal toenail metal concentrations
as a biomarker of in utero metal exposure. Fibrous proteins
(i.e., keratins) in nail tissue are capable of binding metals and
are considered a biomarker of long-term exposure to As due
to their slow growth.*>** In addition to As, a growing body
of evidence suggests that toenail Mn and Pb concentrations
may serve as a cumulative exposure biomarker.#!#3-4533-56
Toenail metal concentrations reflect exposures occurring sev-
eral months earlier; however, the exact timing of exposure may
vary depending on a variety of factors that may affect toenail
growth.* Nevertheless, in our study population, a relatively
strong positive correlation was found between each metal
concentration in paired toenail samples collected during preg-
nancy at enrollment and postpartum, suggesting temporal sta-
bility of metal exposures throughout the pregnancy period in
this cohort.

Prior studies of metal mixtures and birth outcomes have
investigated occupationally exposed individuals or those living
in contaminated areas.’”*° Previous studies also have typically
focused on single metal exposures, which do not reflect individ-
uals’ realistic exposure to a mixture of metals.”3>¢! Our study
examined metal mixture effects at relatively low levels of ex-
posure in association with infants’ size at birth using both a
traditional approach and a more recent statistical method to es-
timate the effects of exposure to a mixture of correlated metals
prevalent in the environment.

Applying the BKMR statistical approach enabled us to ex-
plore the effects of correlated metal mixtures and allowed for
estimations of nonlinear and nonadditive dose-response rela-
tionships.>*? Our results from the BKMR analyses suggest an
antagonistic effect of Mn and Pb on infant’s head circumfer-
ence. The BKMR single pollutant association plot indicated an
inverse association with Pb particularly at lower levels of the
other metals. For Mn a positive trend was observed, especially
at higher levels of the other metals. The effect estimates for As
did not appear to change with the level of exposure of the other
metals of the mixture; however, we found statistically significant
three-way metal interactions in the linear regression models,
largely among male infants.

Mn is an essential nutrient and as such, is necessary for
proper growth and development.®¢? Further, it has been sug-
gested that Mn may minimize free radical formation and pro-
tect against oxidative damage during pregnancy and thus fetal
growth.®? A positive association has been found between decid-
uous tooth Mn and birth weight.®®* However, evidence suggests
that Mn follows a U-shaped dose-response curve, and lower and
higher maternal urine and blood Mn levels during pregnancy
have been related to lower birth weight.®-¢4¢5 Still, the optimal
Mn levels have not been defined.®* Our findings from the BRMR
univariate exposure-response functions suggest that the associa-
tion between Mn and newborns’ head circumference follows an
inverted U-shaped dose-response mainly among female infants;
however, there were wide confidence bands at higher levels of
exposure due to the few participants at high exposure levels. In
contrast, the positive association between Mn and newborns’
head circumference at lower concentrations was more precise
and supported by our findings from the linear regression anal-
yses. Prior studies have reported that higher maternal blood
Pb concentrations were associated with decreased length and
weight at birth in a study in China®* and with a decrease in
birth weight in the United States.®® An inverse association has
also been reported between deciduous tooth Pb and newborns’
weight.®® Potential mechanisms linking prenatal Pb exposure
with impaired fetal growth include competition of Pb with cal-
cium for deposition into bone and impact on collagen synthesis,
which may be exacerbated at lower levels of essential nutrients
such as Mn.10-66
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A growing body of evidence suggests sex-related differences
in response to in utero exposure to environmental pollutants
associated with differences in the structure and function of
the placenta.'®*” In our analyses, we found evidence that the
effects of in utero exposure to As and Pb as part of a metal
mixture may be sex-specific. Indeed, our findings suggest that
exposure to As during pregnancy was related to an increase
in birth length and weight among females, but the later did
not reach statistical significance. Conversely, As exposure was
associated with a decrease in head circumference among male
infants. A prior study from the NHBCS reported a reduction
in newborns’ head circumference, and increased length largely
in males based on maternal urinary As during pregnancy.” In
multivariable regression models adjusted for Pb and Mn, ma-
ternal blood As at delivery was associated with a decrease in
newborns’ head circumference and weight in a study popula-
tion residing near a mining-related Superfund site in Northeast
Oklahoma.® Further, in a cohort in Bangladesh, maternal As
exposure during pregnancy assessed using urinary As concen-
trations was associated with reduced head circumference based
on ultrasounds taken before the third trimester of pregnancy.?!
Our findings indicate that females may be more susceptible to
the effects of Pb compared to male infants. Data regarding sex
differences in susceptibility to the effects of metal mixtures on
fetal development remains scarce and requires further investi-
gation in large-scale initiatives.

We observed temporal stability of As, Mn, and Pb exposure
throughout pregnancy. However, exposure misclassification
remains a potential source of bias. Further, we adjusted for
several potential confounding factors including maternal age
of enrollment, smoking during pregnancy, level of maternal
education, maternal BMI, and infant sex, but the effects of
unknown factors or residual confounding from other met-
als remains a possibility. The extent of metal exposure for
our study population was lower compared to that reported
in previous studies focused on populations occupationally
exposed or living in contaminated areas,’”*° which limits
our ability to detect the presumably more subtle effects of
lower dose exposures. Similarly, our sex-stratified findings
are based on modest sample sizes and thus could have been
due to chance.

In a United States cohort of mothers and infants, our findings
suggest that the effect of in utero exposure to metals may in-
fluence infant’s birth outcomes and may differ by the exposure
level of other metals of the mixture and infant sex.

References

1. Kordas K, Roy A, Vahter M, et al. Multiple-metal exposure, diet,
and oxidative stress in uruguayan school children. Environ Res.
2018;166:507-515.

2. Valeri, L, Mazumdar MM, Bobb JE et al. The joint effect of prenatal
exposure to metal mixtures on neurodevelopmental outcomes at
20-40 months of age: evidence from rural bangladesh. Environ Health
Perspect. 2017;125:067015.

3. Claus Henn B, Schnaas L, Ettinger AS, et al. Associations of early child-
hood manganese and lead coexposure with neurodevelopment. Environ
Health Perspect 2012;120:126-131.

4. Davis MA, Li Z, Gilbert-Diamond D, et al. Infant toenails as a bio-
marker of in utero arsenic exposure. | Expo Sci Environ Epidemiol.
2014;24:467-473.

5. Gluckman PD, Hanson MA, Cooper C, et al. Effect of in utero and
early-life conditions on adult health and disease. N Engl | Med.
2008;359:61-73.

6. Steinmaus C, Ferreccio C, Acevedo J, et al. Increased lung and bladder
cancer incidence in adults after in utero and early-life arsenic exposure.
Cancer Epidemiol Biomarkers Prev. 2014;23:1529-1538.

7. Gilbert-Diamond D, Emond JA, Baker ER, et al. Relation between
in utero arsenic exposure and birth outcomes in a cohort of mothers
and their newborns from New Hampshire. Environ Health Perspect.
2016;124:1299-1307.



Signes-Pastor et al. ® Environmental Epidemiology (2019) 3:e068

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Vahter M. Health effects of early life exposure to arsenic. Basic Clin
Pharmacol Toxicol. 2008;102:204-211.

Al-Saleh I, Shinwari N, Mashhour A, et al. Heavy metals (lead, cadmium
and mercury) in maternal, cord blood and placenta of healthy women.
Int | Hyg Environ Health.2011;214:79-101.

Ashley-Martin J, Dodds L, Arbuckle TE, et al. Maternal and cord blood
manganese (Mn) levels and birth weight: the MIREC birth cohort study.
Int ] Hyg Environ Health. 2018;221:876-882.

Tchounwou PB, Yedjou CG, Patlolla AK, et al. Heavy metal toxicity and
the environment. Exp Suppl. 2012;101:133-164.

Concha G, Vogler G, Lezcano D, et al. Exposure to inorganic ar-
senic metabolites during early human development. Toxicol Sci.
1998;44:185-190.

Rosenfeld CS. Sex-specific placental responses in fetal development.
Endocrinology. 2015;156:3422-3434.

Llop S, Lopez-Espinosa M]J, Rebagliato M, et al. Gender differences in
the neurotoxicity of metals in children. Toxicology. 2013;311:3-12.
Tseng CH. A review on environmental factors regulating arsenic meth-
ylation in humans. Toxicol Appl Pharmacol. 2009;235:338-350.
Eriksson JG, Kajantie E, Osmond C, et al. Boys live dangerously in the
womb. Am | Hum Biol. 2010;22:330-335.

Davis MA, Higgins J, Li Z, et al. Preliminary analysis of in utero
low-level arsenic exposure and fetal growth using biometric mea-
surements extracted from fetal ultrasound reports. Environ Health.
2015;14:12.

Freire C, Amaya E, Gil F, et al; INMA Project. Placental metal concen-
trations and birth outcomes: the environment and childhood (INMA)
project. Int | Hyg Environ Health. 2019;222:468-478.

Goodrich JM, Ingle ME, Domino SE, et al. First trimester maternal
exposures to endocrine disrupting chemicals and metals and fetal size
in the Michigan Mother-Infant Pairs study. | Dev Orig Health Dis.
2019;10:447-458.

Hu, J, Wu C, Zheng T, et al. Critical windows for associations be-
tween manganese exposure during pregnancy and size at birth: a lon-
gitudinal cohort study in Wuhan, China. Environ Health Perspect.
2018;126:127006.

Kippler M, Wagatsuma Y, Rahman A, et al. Environmental exposure to
arsenic and cadmium during pregnancy and fetal size: a longitudinal
study in rural Bangladesh. Reprod Toxicol. 2012;34:504-511.

Laine JE, Bailey KA, Rubio-Andrade M, et al. Maternal arsenic exposure,
arsenic methylation efficiency, and birth outcomes in the Biomarkers
of Exposure to ARsenic (BEAR) pregnancy cohort in Mexico. Environ
Health Perspect. 2015;123:186-192.

Rahman A, Vahter M, Smith AH, et al. Arsenic exposure during preg-
nancy and size at birth: a prospective cohort study in Bangladesh. Am |
Epidemiol. 2009;169:304-312.

Vahter M. Effects of arsenic on maternal and fetal health. Annu Rev
Nutr. 2009;29:381-399.

Wilcox AJ. On the importance-and the unimportance—of birthweight.
Int | Epidemiol. 2001;30:1233-1241.

IARC. Arsenic, metals, fibers and dusts. A review of human carcinogens.
IARC Monogr Eval Risks Hum. 2012;100:11-465.

Crossgrove J, Zheng W. Manganese toxicity upon overexposure. NMR
Biomed. 2004;17:544-553.

EFSA. Scientific opinion on dietary reference values for manganese.
EFSA J.2013;11:3419.

Takeda A. Manganese action in brain function. Brain Res Brain Res Rev.
2003;41:79-87.

Bruce PL. Prevention of
2016;138:1-15.

Needleman HL, Schell A, Bellinger D, et al. The long-term effects of ex-
posure to low doses of lead in childhood. An 11-year follow-up report.
N Engl ] Med. 1990;322:83-88.

World Health Organization. Chilhood Lead Poisoning. Geneva,
Switzerland: World Health Organization; 2010.

Zartarian V, Xue ], Tornero-Velez R, et al. Children’s lead exposure: a
multimedia modeling analysis to guide public health decision-making.
Environ Health Perspect. 2017;125:097009.

Mulware SJ. Trace elements and carcinogenicity: a subject in review. 3
Biotech. 2013;3:85-96.

Xie X, Ding G, Cui C, et al. The effects of low-level prenatal lead expo-
sure on birth outcomes. Environ Pollut. 2013;175:30-34.

Wani AL, Ara A, Usmani JA. Lead toxicity: a review. Interdiscip Toxicol.
2015;8:55-64.

Stafoggia M, Breitner S, Hampel R, et al. Statistical approaches to
address multi-pollutant mixtures and multiple exposures: the state of
the science. Curr Environ Health Rep. 2017;4:481-490.

childhood lead

toxicity. Pediatrics.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

www.environmentalepidemiology.com

Lazarevic N, Barnett AG, Sly PD, et al. Statistical methodology in stud-
ies of prenatal exposure to mixtures of endocrine-disrupting chemicals:
a review of existing approaches and new alternatives. Environ Health
Perspect. 2019;127:26001.

Punshon T, Davis MA, Marsit CJ, et al. Placental arsenic concen-
trations in relation to both maternal and infant biomarkers of ex-
posure in a US cohort. | Expo Sci Environ Epidemiol. 2015;25:
599-603.

Ayotte JD, Medalie L, Qi SL, et al. Estimating the high-arsenic domes-
tic-well population in the conterminous United States. Environ Sci
Technol. 2017;51:12443-12454.

Signes-Pastor AJ, Bouchard MF, Baker E, et al. Toenail manganese as
biomarker of drinking water exposure: a reliability study from a US
pregnancy cohort. | Expo Sci Environ Epidemiol. 2019;5:648-654.
Flanagan SM, Belaval M,Ayotte JD. Arsenic, iron, lead, manganese, and
uranium concentrations in private bedrock wells in Southeastern New
Hampshire, 2012-2013. 2014;3042.

Slotnick M]J. Toenails for biomonitoring of environmental exposures.
In: Reference Module in Earth Systems and Environmental Sciences.
Elsevier; 2018:1-7.

Wu AC, Allen JG, Coull B, et al. Correlation over time of toenail metals
among participants in the VA normative aging study from 1992 to 2014.
J Expo Sci&® Environl Epidemiol. 2019;5:663-673.

Ka H. Trace elements in nails as biomarkers in clinical research. Eur |
Clin Invest.2008;64:2391-2404.

Lubin JH, Colt JS, Camann D, et al. Epidemiologic evaluation of
measurement data in the presence of detection limits. Environ Health
Perspect. 2004;112:1691-1696.

Chiba M, Masironi R. Toxic and trace elements in tobacco and tobacco
smoke. Bull World Health Organ. 1992;70:269-275.

Caspersen IH, Thomsen C, Haug LS, et al. Patterns and dietary deter-
minants of essential and toxic elements in blood measured in mid-preg-
nancy: the Norwegian environmental biobank. Sci Total Environ.
2019;671:299-308.

Kramer MS, Olivier M, McLean FH, et al. Determinants of fetal growth
and body proportionality. Pediatrics. 1990;86:18-26.

Nieto A, Matorras R, Serra M, et al. Multivariate analysis of determi-
nants of fetal growth retardation. Eur | Obstet Gynecol Reprod Biol.
1994;53:107-113.

VanderWeele TJ, Mumford SL, Schisterman EF. Conditioning on inter-
mediates in perinatal epidemiology. Epidemiology. 2012;23:1-9.

Bobb JE Valeri L, Claus Henn B, et al. Bayesian kernel machine re-
gression for estimating the health effects of multi-pollutant mixtures.
Biostatistics. 2015;16:493-508.

Button M, Jenkin GR, Harrington CF, et al. Human toenails as a bio-
marker of exposure to elevated environmental arsenic. | Environ Monit.
2009;11:610-617.

Cigan SS, McGovern PM, Choudhary K, et al. Toenail manganese as a
potential biomarker for in utero and early childhood exposure studies.
Sci Rep.2018;8:17034.

Goullé JP, Saussereau E, Mahieu L, et al. Application of inductively
coupled plasma mass spectrometry multielement analysis in finger-
nail and toenail as a biomarker of metal exposure. | Anal Toxicol.
2009;33:92-98.

Marchiset-Ferlay N, Savanovitch C, Sauvant-Rochat MP. What is the
best biomarker to assess arsenic exposure via drinking water? Environ
Int.2012;39:150-171.

Coelho P, Costa S, Costa C, et al. Biomonitoring of several toxic
metal(loid)s in different biological matrices from environmentally
and occupationally exposed populations from Panasqueira mine area,
Portugal. Environ Geochem Health. 2014;36:255-269.

Rodrigues EG, Kile M, Dobson C, et al. Maternal-infant biomarkers
of prenatal exposure to arsenic and manganese. | Expo Sci Environ
Epidemiol. 2015;25:639-648.

Loh MM, Sugeng A, Lothrop N, et al. Multimedia exposures to arsenic
and lead for children near an inactive mine tailings and smelter site.
Environ Res. 2016;146:331-339.

Mordukhovich I, Wright RO, Hu H, et al. Associations of toe-
nail arsenic, cadmium, mercury, manganese, and lead with blood
pressure in the normative aging study. Environ Health Perspect.
2012;120:98-104.

Chen L, Ding G, Gao Y, et al. Manganese concentrations in mater-
nal-infant blood and birth weight. Environ Sci Pollut Res Int.
2014521:6170-6175.

Bocca B, Ciccarelli S, Agostino R, et al. Trace elements, oxidative status
and antioxidant capacity as biomarkers in very low birth weight infants.
Environ Res. 2017;156:705-713.



Signes-Pastor et al. ® Environmental Epidemiology (2019) 3:e068

63. Cassidy-Bushrow AE, Wu KH, Sitarik AR, et al. In utero metal expo-
sures measured in deciduous teeth and birth outcomes in a racially-di-
verse urban cohort. Environ Res. 2019;171:444-451.

64. Guan H, Wang M, Li X, et al. Manganese concentrations in maternal
and umbilical cord blood: related to birth size and environmental fac-
tors. Eur | Public Health. 2014;24:150-157.

65. Xia W, Zhou Y, Zheng T, et al. Maternal urinary manganese and
risk of low birth weight: a case-control study. BMC Public Health.
2016;16:142.

66.

67.

68.

Environmental Epidemiology

Zhu M, Fitzgerald EF, Gelberg KH, et al. Maternal low-level
lead exposure and fetal growth. Environ Health Perspect.
2010;118:1471-1475.

Gabory A, Roseboom TJ, Moore T, et al. Placental contribution to the
origins of sexual dimorphism in health and diseases: sex chromosomes
and epigenetics. Biol Sex Differ. 2013;4:5.

Claus Henn B, Ettinger AS, Hopkins MR, et al. Prenatal arsenic expo-
sure and birth outcomes among a population residing near a mining-re-
lated superfund site. Environ Health Perspect 2016;124:1308-1315.



