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Abstract

Background: Prenatal exposure to metals has been individually associated with birth outcomes. 

However, little is known about the effect of metal mixture, particularly at low exposure levels.

Objectives: To estimate individual and joint effects of metal mixture components on birth 

outcomes.
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Methods: We used data from 1,391 mother- pairs in Project Viva (1999–2002). We measured 

11 metals in maternal 1st trimester erythrocyte; abstracted birth weight from medical records; 

calculated gestational age from last menstrual period or ultrasound; and obtained birth length 

(n=729) and head circumference (n=791) from research measurements. We estimated individual 

and joint effects of metals using multivariable linear and Bayesian kernel machine regressions.

Results: In both single metal and metal mixture analyses, exposure to higher concentrations of 

arsenic was associated with lower birth weight in males, zinc with higher head circumference 

in females, and manganese with higher birth length in sex-combined analysis. We also observed 

sex-specific metal interactions with birth outcomes. Arsenic and manganese showed a synergistic 

association with birth weight in males, in whom an interquartile range (IQR) increase in 

arsenic was associated with 25.3g (95%CI:−79.9, 29.3), 47.9g (95%CI:−98.0, 2.1), and 72.2g 

(95%CI:−129.8, −14.7) lower birth weight when manganese concentrations were at 25th, 50th, 

and 75th percentiles, respectively. Lead and zinc showed an antagonistic association with head 

circumference in males, where an IQR increase in lead was associated with 0.18cm (95%CI:−0.35, 

−0.02), 0.10cm (95%CI:−0.25, 0.04), 0.03cm (95%CI:−0.2, 0.14) smaller head circumference 

when zinc concentrations were at 25th, 50th, and 75th percentiles, respectively. Exposure to 

higher concentrations of arsenic was also associated with lower gestational age in males when 

concentrations of manganese and lead were higher.

Discussion: Maternal erythrocyte concentrations of arsenic, manganese, lead, and zinc were 

individually and interactively associated with birth outcomes. The associations varied by infant sex 

and exposure level of other mixture components.
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1. INTRODUCTION

Size at birth is an important predictor of early childhood mortality and morbidity and 

a valuable indicator of adulthood risk for certain chronic diseases, including diabetes 

and cardiovascular diseases (1). Prenatal environmental exposure to certain metals and 

metalloids has been individually associated with body size at birth. However, fetal exposure 

to environmental chemicals rarely happens in isolation. Metals are ubiquitous in the 

environment, and many metals such as cadmium, mercury, and lead and some metalloids 

such as arsenic and selenium (for simplicity, we will refer all elements as metals) can easily 

cross the placenta (2–4). Metals can interact with each other and their overall effect can be 

different from their individual effect. Moreover, the growing fetus may be more susceptible 

to chemical mixture during the intrauterine period. Therefore, it is of paramount importance 

to assess the joint effect of metals on birth outcomes.

Epidemiological studies across the world have linked prenatal exposure to certain metals 

with birth parameters. For instance, exposure to arsenic (As), lead (Pb), cadmium (Cd), and 

manganese (Mn) have been associated with lower birth weight (5–9), shorter gestational 

age (5, 6, 10), higher risk of preterm birth (11–13), smaller head circumference (5, 7, 
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8, 14), and shorter birth length (7) in populations exposed to metals at various levels. 

Some other studies have reported inverted “U-shaped” associations for maternal blood 

manganese with birth measurements (15, 16) or, negative associations for prenatal zinc 

(Zn) supplementation with preterm birth (17–19). Most of these studies have assessed 

metals individually, although a few recent studies have examined the joint effect of certain 

metal mixture components on neonatal characteristics. These studies, however, did not yield 

consistent findings on the mixture effect (20–26), and were mostly focused on populations 

exposed to relatively high levels of metals (5, 6, 27, 28). Studies focusing on metal mixture 

in populations exposed to relatively lower levels, similar to the background population 

averages, with no apparent source of exposure are sparse (29, 30), yet they represent the 

most generalizable health effects of exposure. Furthermore, fewer studies have examined 

sex-specific effect of metal mixture on birth outcomes despite ample evidence suggesting 

sex-specific vulnerability to metal toxicity (7, 12, 23, 31, 32).

In the current study, we aimed to estimate the individual and joint effects of metal mixture 

components on weight, length, head circumference, and gestational age at delivery in infant 

sex-combined and sex-stratified analyses in Project Viva, a longitudinal pre-birth cohort of 

pregnant mothers and their children in Eastern Massachusetts. These individuals were not 

selected based on exposure and thus, are expected to have no history of metal exposure 

above the background population levels. We estimated these associations at levels relevant to 

the current U.S. population averages.

2. METHODS

2.1. Study population

Project Viva is a prospective pre-birth cohort (enrolled 1999–2002) that recruited women 

during their initial prenatal visit in the first trimester at the obstetrical offices of 

Atrius Harvard Vanguard Medical Associates, a multi-specialty group practice located 

in eastern Massachusetts. The details of recruitment procedures, inclusion and exclusion 

criteria have been previously published (33). Briefly, trained research staff obtained 

written informed consent immediately following the women’s initial clinical prenatal 

visit, administered a brief interview, provided self-administered questionnaires to obtain 

demographic and lifestyle information, and collected blood samples for biomarker analyses. 

Study participation and attrition flow chart is presented in Figure A1. Of the 2128 singleton 

liveborns, 1423 mothers (of which 15 mothers participated twice in two separate pregnancy 

periods) provided blood samples at the 1st trimester and were selected for erythrocyte metal 

measurements.

Mothers provided written informed consent and protocols were approved by the Institutional 

Review Boards at Harvard Pilgrim Health Care Institute.

2.2. Erythrocyte metal concentrations

Blood samples collected in early pregnancy (mean 11.3 ± 2.8 weeks gestation), were 

centrifuged at 2000 rpm for 10 minutes at 4°C to separate erythrocytes from plasma; 

a separate aliquot of erythrocytes was provided for mercury analysis. All aliquots were 
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stored at −70°C prior to metal analyses. For analyses, sample handling was performed 

in an ISO class 6 clean room with an ISO class 5 laminar flow clean hood. We used 

triple quadrupole Inductively Coupled Plasma-Mass Spectrometry (ICP-MS; Agilent 8800 

ICP-QQQ) to quantify 19 metal(oid)s on a single run in MS/MS mode, which provides 

higher sensitivity and lower background interference than traditional ICP-MS. We also 

quantified mercury (Hg) separately using a Direct Mercury Analyzer 80 (Milestone Inc.). 

For simplicity, we referred all elements as metals in this manuscript.

For quality control (QC), we included procedural blanks, conducted initial and continuous 

calibration verification, and repeated analysis of 2% of samples. We analyzed matrix-

appropriate certified reference materials once per study and Seronorm-Blood L3 (Trace 

Elements in whole blood Level 3, SERO, Billingstad, Norway) once daily to monitor 

measurement accuracy. Recoveries of QC standards were between 90% and 110% for most 

of the elements except Al, Sn and Sb for which measured values were below the detection 

limit out of the acceptable range. Intra-day coefficient of variation (CV) was calculated 

using analysis of in-house QC pools at three different concentration levels before and after 

every 10 samples (n=7). For most of the metals, intra-day CV was <5% except for Se and Sb 

where it was <10%. Inter-day CV for all elements was <15% except for concentrations near 

the limit of detection (LOD). Intra-class correlation coefficient (ICC), which is a composite 

measure of reliability, was estimated from a one-way random effects model measuring 

absolute agreement with multiple raters/measurements (34, 35), and used to assess both the 

degree of correlation and agreement between measurements. For this analysis, we included 

11 metals with ICC >0.50 and the percent above LOD >70% (Table A1). These metals 

included arsenic (As), barium (Ba), cadmium (Cd), cesium (Cs), copper (Cu), magnesium 

(Mg), manganese (Mn), lead (Pb), selenium (Se), zinc (Zn), and mercury (Hg).

The measurement of metals was funded by the Children’s Health Exposure Analysis 

Resource (CHEAR) award (2017–1740, NIH grant U2CES026561) and was carried out 

at the Mount Sinai CHEAR Network Laboratory.

2.3. Ascertainment of birth outcomes

Women’s first day of last menstrual period (LMP) was recorded at study enrollment. 

Research staff abstracted date of birth from medical records. We calculated gestational age 

by subtracting the date of the last menstrual period from the date of birth, or by ultrasound 

(9.6% of participants) where an ultrasound was available and differed from LMP by more 

than 10 days (33). We obtained birth weight (in grams) from medical records. Research 

staff measured birth length (n = 739) and head circumference (n = 802) in the hospital after 

delivery.

2.4. Covariates

We selected covariates that could potentially predict metal concentrations and birth 

outcomes based on a priori knowledge and causal diagram using a directed acyclic graph 

(Figure A1) (36). These included maternal age (continuous), education (college graduate; 

yes, no), pre-pregnancy BMI (continuous), household income ($70,000 per year; yes, no), 

smoking status (never-smoker, smoked during pregnancy, former smoker), race/ethnicity 
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(white race; yes, no), and parity (nulliparous; yes, no) (37–42). While infant sex can 

influence fetal concentrations of certain metals (43, 44), it is not clear if it also influences 

maternal blood metal concentrations in early pregnancy and acts as a confounder. However, 

there are ample evidence suggesting that infant sex can modify the effect of metals on birth 

outcomes (20, 28). Hence, we conducted both sex-combined and sex-stratified analysis. In 

sex-combined analysis, we additionally adjusted the models for infant sex. All continuous 

variables were transformed to z-scores prior to statistical analyses.

2.5. Statistical analysis

Complete covariate and metals data were available for 1406 participants (17 participants 

had missing data on erythrocyte Hg), of which we excluded 14 participants with extreme 

observation for one or more metals based on Rosner’s test for multiple outliers (45), and one 

participant with birth weight less than 500g, which leaves our final analytical sample to 1391 

(Figure A2). Instrument estimated concentrations for all metals, including concentrations 

below the LOD, were used in analysis (46). Before analysis, metal concentrations were 

right shifted by 1 ng/g and natural log-transformed to account for right-skewness and avoid 

negative values (20 for As, 4 for Ba) and subsequently centered to achieve a common scale. 

We examined descriptive statistics and distributional plots for all variables. We examined 

correlations between metals by calculating Spearman’s rank correlation coefficients. We 

performed both sex-combined (adjusted for infant sex) and sex-stratified analyses of all 

models. All statistical analyses were performed using R (version 3.6.1; R Foundation for 

Statistical Computing).

2.5.1. Single metal linear regression analysis—We first examined the associations 

of individual metals with birth measurements using multivariable linear regression models 

adjusting for maternal age, education, pre-pregnancy BMI, parity, smoking status, race/

ethnicity, household income, infant sex, and gestational age at delivery. We included 

individual metals, one at a time, as a continuous variable in all models. Point estimates 

were scaled to represent changes in outcome for each interquartile range (IQR) increase in 

natural log concentration of metals. We interpreted effect estimates based on the magnitude 

and precision instead of relying solely on their statistical significance. We reported estimates 

and 95% confidence intervals (95% CI) for all analyses.

2.5.2. Metal mixture analysis using Bayesian Kernel Machine Regression 
(BKMR)—To estimate the effect of mixture components, we implemented Bayesian Kernel 

Machine Regression (BKMR), a novel statistical approach (47) that has been previously 

implemented in environmental health studies related to metal mixtures (20, 25, 48). Our 

initial analysis using BKMR included six metals (As, Cd, Mn, Pb, Zn, and Hg) that were 

selected a priori based on prior studies on individual metals and birth measurements (5–7, 

15, 20, 23, 25, 27, 28). One important advantage of BKMR is that it allows for estimation of 

potential non-linear and interactive effects of correlated mixture components accounting for 

uncertainty. In BKMR, the exposure-response function can be flexibly modeled, and does 

not required to be specified a priori. The BKMR model is given by -
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Yi = ℎ xi + ziTβ, + ei

where Yi is a continuous birth outcome (weight, length, gestational age, or head 

circumference), xi = (Asi, Cdi, Mni, Pbi, Zni, Hgi) denotes the mixture exposure composed 

by respectively arsenic, cadmium, manganese, lead, zinc, and mercury erythrocyte log-

transformed and centered concentrations. zi = (zi1,…,ziP)T contains a set of potential 

confounders, and ei ~ N(0, σ2). The h() denotes an exposure-response function that 

accommodates nonlinearity or interaction among mixture components. We applied 

hierarchical variable selection approach in BKMR by grouping metals into toxic (As, Cd, 

Pb, Hg, Ba) and non-toxic or trace metals (Mn, Zn, Se, Cu, Cs, Mg) to rank the importance 

of exposure groups in association with respective birth outcomes. We used the R package 

“bkmr” (version 0.2.0) to perform the analysis (47).We specified our models to include 

100,000 Markov chain Monte Carlo (MCMC) iterations using the Gaussian kernel.

2.5.3. Metal mixture analysis using multivariable linear regression models—
To assess the reproducibility of the BKMR results and to test for potential interactions 

between mixture components, we modeled six metals (As, Cd, Mn, Pb, Zn, and Hg) 

simultaneously in the same linear regression models for respective birth outcomes, adjusting 

for covariates. To test for potential nonlinear associations suggested by BKMR, we included 

a quadratic term in the model. Quadratic terms with a p-value <0.05 were retained in the 

final model. We tested for metal interactions suggested by BKMR by including two- and 

three-way interaction terms in the model. A three-way interaction term was considered when 

BKMR suggested three two-way interactions involving three metals. Models with a three-

way interaction also included all lower-level two-way interactions. Significant interaction 

between metals were defined as p-for-interaction <0.10. To interpret interaction effects, we 

estimated marginal effects for an IQR increase in one metal at 25th, 50th, and 75th percentiles 

of the other metal(s) using the R package “margins” (version 0.3.26). We used the delta 

method to estimate 95% confidence intervals of marginal effects (49).

2.5.4. Sensitivity analyses—We performed additional sensitivity analyses 1) fitting the 

same models for birth weight, length, and head circumference, adjusting for same covariates 

except gestational age, because prior studies have indicated that gestational age could be 

within the causal pathways between metals and birth measurements (6). Therefore, adjusting 

for gestational age could under- or overestimate the true effect (50); and 2) testing all eleven 

metals in BKMR analysis.

3. RESULTS

3.1. Study population characteristics

Demographic characteristics of participating mother-infant pairs from Project Viva are 

presented in Table 1. Mothers were enrolled at a mean age of 32 years. Over 12.2% 

of the mothers reported smoking during pregnancy. Our analytical sample was similar in 

demographic and outcome distributions to the study cohort except that the proportion of 
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women self-identifying as “Whites” was little lower in the analytical sample (data not 

shown) than the overall study cohort.

The distribution of erythrocyte metal concentrations and data quality-control parameters are 

presented in Table A1. Metals showed a weak to moderate (r= 0.03 to 0.67) correlations. The 

highest correlations were observed between Cu and Zn (r = 0.53 to 0.61) and As and Hg (r= 
0.56 to 0.67) (Figure A3).

3.2. Single metal linear regression models

3.2.1. Associations with birth weight—Multivariable linear regression models 

adjusting for gestational age and other covariates revealed that exposure to higher 

concentrations of As, Cd, and Pb was associated with lower birth weight (Figure 1, Table 

A2). Specifically, each IQR increase in As (1.1 ng/g) was associated with 29.3 g (95% CI: 

−59.5, 1.0), Cd (IQR= 0.28 ng/g) with 26.6 g (95% CI: −51.8, −1.4), and Pb (IQR= 10.1 

ng/g) with 33.9 g (95% CI: −65.3, −2.5) lower birth weight. The effect of As was stronger 

in males (β= −54.2 g; 95% CI: −98.9, −9.4 per IQR increase) than females (β= −2.6 g; 

95% CI: −42.6, 37.4 per IQR increase) (p-for-interaction = 0.107). The associations were 

weaker in models not adjusted for gestational age (β= −36.11g; 95% CI: −74.31, 2.09 per 

IQR increase in males and β = 0.26; 95% CI: −49.32, 49.84 per IQR increase in females) 

but the As*infant sex interaction term was statistically significant (p-for-interaction = 0.04) 

(Table A3).

3.2.2. Associations with birth length—Exposure to higher concentrations of Mn was 

associated with longer birth length (Figure 1, Table A2). Specifically, in gestational age 

adjusted models, an IQR increase in Mn (7.3 ng/g) was associated with 0.22 cm (95% CI: 

0.05, 0.40) longer birth length in sex-combined analysis; the associations did not differ in 

stratified analysis by infant sex. Similar but stronger associations (β= 0.31 cm; 95% CI: 

0.11, 0.51 per IQR increase) were observed in model without adjusting for gestational age 

(Table A3).

3.2.3. Associations with head circumference—Exposure to higher erythrocyte 

concentrations of Zn was associated with larger head circumference (Figure 1, Table A2). 

Specifically, an IQR increase in Zn (2330 ng/g) was associated with 0.12 cm (95% CI: 0.02, 

0.21) larger head circumference. The association appeared stronger in females (β= 0.18 cm; 

95% CI: 0.05, 0.31 per IQR increase) compared to males (β= 0.05 cm; 95% CI: −0.08, 

0.19 per IQR increase). Similar association patterns were observed in models not adjusted 

for gestational age (Table A3). In addition, we observed marginally significant positive 

associations for Mn and Cu with head circumference in females.

In contrast, we observed marginally significant negative associations for As and Pb with 

head circumference, especially in males (Figure 1, Table A2). For instance, an IQR increase 

in As was associated with 0.13 cm (95% CI: −0.28, 0.02) smaller head circumference in 

males compared to a small and opposite association in females (β= 0.09 cm; 95% CI: 

−0.05, 0.24) in gestational age adjusted models (p-for-interaction = 0.037). Similarly, an 

IQR increase in Pb was associated with 0.14 cm (95% CI: −0.29, 0.01) smaller head 
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circumference in males compared to null association in females (β= 0.00 cm; 95% CI: 

−0.15, 0.15).

3.2.4. Associations with gestational age—Single metal linear regression models 

showed no associations between erythrocyte metals and gestational age (Figure 1, Table A2, 

A3).

3.3. Metal mixture analyses using BKMR

3.3.1. Associations with birth weight—Mixture analysis using BKMR revealed a 

negative and linear association for As with birth weight, especially in males (Figure A4), 

with the association being stronger at higher concentration of other mixture components 

(Figure 2, Table A4). For instance, an IQR increase in As was associated with a lower 

birth weight of −0.08 (95% CI: −0.19, 0.03), −0.13 (95% CI: −0.20, −0.0004), and −0.13 

(95% CI: −0.24, −0.01) SDs (1 SD = 567.0 g) when the concentrations of Cd, Mn, Pb, 

Zn, and Hg were fixed at 25th, 50th, and 75th percentiles, respectively in males. A similar 

pattern was observed when the models were not adjusted for gestational age (Table A5) or 

when all 11 metals were included in the BKMR analysis (Table A6). BKMR also suggested 

potential interaction between As and Mn with birth weight, especially in males (Figure 

A5). Additionally, we observed non-significant negative associations for Pb and positive 

associations for Mn with birth weight, particularly in females (Figure 2, Tables A4 – A6).

3.3.2. Associations with birth length—Exposure to Mn was positively and linearly 

associated with birth length (Figure A4); the associations appeared stronger at higher 

concentrations of other mixture components (Figure 2, Table A4). For instance, an IQR 

increase in Mn was associated with 0.08 (95% CI: −0.01, 0.18), 0.10 (95% CI: 0.01, 

0.18), and 0.12 (95% CI: 0.02, 0.21) SDs longer birth length (1 SD = 2.1 cm) when 

the concentrations of As, Cd, Pb, Zn, and Hg were fixed at 25th, 50th, and 75th 

percentiles, respectively. Similar pattern was observed in sex-stratified analyses, although 

the associations lacked statistical significance. In models not adjusted for gestational age 

(Table A5) or, when all 11 metals were included in BKMR analyses (Table A6), the 

association patterns remained consistent. BKMR also suggested potential interactions for Hg 

with Mn and Zn in relation to birth length in females. For instance, the positive association 

of Mn was stronger at higher concentrations of Hg, whereas the positive association of Zn 

was stronger at lower concentration of Hg (Figure A6).

3.3.3. Associations with head circumference—Erythrocyte concentrations of Zn 

showed a nonlinear “J-shaped” association with head circumference (Figure A4). At a 

higher exposure range (>25th percentile), exposure to higher concentrations of Zn was 

associated with larger head circumference; the associations appeared stronger at higher 

concentrations of other mixture components (Figure 2). Specifically, an IQR increase in Zn 

was associated with 0.11 (95% CI: −0.01, 0.23), 0.14 (95% CI: −0.04, 0.24), and 0.16 (95% 

CI: −0.04, 0.28) SDs larger head circumference (1 SD = 1.3 cm) when the concentrations 

of As, Cd, Mn, Pb, and Hg were fixed at 25th, 50th, and 75th percentiles, respectively 

(Table A4). In sex stratified analysis, the associations appeared stronger in females than 

males. Similar patterns were observed in models not adjusted for gestational age (Table A5) 
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or when all 11 metals were included in BKMR analysis (Table A6). In addition, BKMR 

suggested a negative association for As in males and a similar direction of association for 

Pb in sex-combined analysis, especially at lower concentrations of other metals (Figure 

2, Tables A4 – A6). Our results also suggested potential interaction between Pb and Zn 

with head circumference such that the negative association of Pb was stronger at lower 

concentrations of Zn in males (Figure A7).

3.3.4. Associations with gestational age—BKMR suggested an “inverted U-

shaped” association for Cd with gestational age, particularly in males and a similar 

association pattern for Zn in females (Figure A4); none of the associations were statistically 

significant (Figure 2, Tables A4 – A6). BKMR also suggested potential sex-specific 

interactions between mixture components with gestational age. For instance, As showed 

a negative exposure-response relationship with gestational age in males, which appeared to 

be stronger at higher concentrations of Mn. On the contrary, Cd showed a positive exposure-

response relationship in females, which appeared to be stronger at lower concentrations of 

Zn (Figure A8).

3.4. Metal Mixture analyses using Multivariable Linear Regression Models

3.4.1. Associations with birth weight—Multivariable linear regression models 

simultaneously including all six metals (As, Cd, Mn, Pb, Hg, Zn) in the same model 

confirmed synergistic effect between As and Mn with birth weight in males. Specifically, 

the negative association between As and birth weight was stronger at higher concentrations 

of Mn (Figure 3A, Tables 2, A7). Specifically, each IQR increase in As was associated 

with 25.3g (95% CI: −79.9, 29.3), 47.9g (95% CI: −98.0, 2.1), and 72.2g (95% CI: −129.8, 

−14.7) lower birth weight when the concentrations of Mn were at 25th, 50th, and 75th 

percentiles, respectively in males (p-for-interaction = 0.067).

3.4.2. Associations with birth length—Mn and Hg showed a synergistic effect on 

birth length such that the positive association of Mn was stronger at higher concentrations 

of Hg (Figure 3B, Tables 2, A7). Specifically, an IQR increase in Mn was associated with 

0.12 cm (95% CI: −0.10, 0.34), 0.25 cm (95% CI: 0.06, 0.44), and 0.40 cm (95% CI: 0.15, 

0.65) larger birth length in sex-combined analysis when the concentrations of Hg were at 

25th, 50th, and 75th percentiles, respectively (p-for-interaction = 0.045). Similar pattern was 

observed in sex-stratified analysis, although the Mn*Hg interaction term was not statistically 

significant in males.

In contrast, Zn and Hg showed an antagonistic association with birth length. Specifically, Zn 

showed a non-significant positive association with birth length in females, which reversed 

at higher concentrations of Hg (Figure 3C, Tables 2, A7). For example, an IQR increase in 

Zn was associated with 0.24 cm (95% CI: −0.05, 0.53), 0.06 cm (95% CI: −0.19, 0.31), and 

−0.14 cm (95% CI: −0.47, 0.19) differences in birth length when the concentrations of Hg 

were at 25th, 50th, and 75th percentiles, respectively (p-for-interaction = 0.043).

3.4.3. Associations with head circumference—Higher erythrocyte concentrations 

of Pb was associated with lower head circumference with potential interactions with 
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Zn. Specifically, the head circumference lowering effect of Pb was attenuated at higher 

concentrations of Zn (Figure 3D, Tables 2, A7). For example, an IQR increase in Pb was 

associated with 0.16 cm (95% CI: −0.29, −0.03), 0.08 cm (95% CI: −0.20, 0.03), and 0.01 

cm (95% CI: −0.14, 0.12) smaller head circumference when the concentrations of Zn were at 

25th, 50th, and 75th percentiles, respectively (p-for-interaction = 0.024). Similar pattern was 

observed in males (p-for-interaction = 0.066). Our results also suggested potential non-linear 

association for Zn with head circumference in sex-combined analysis, as the quadratic term 

for Zn was marginally significant (p-value = 0.096).

3.4.4. Associations with gestational age—Antagonistic interaction between Zn and 

Pb was also suggested for gestational age in males (Figure 3E, Tables 2, A7) such that 

the negative association of Pb on gestational age was attenuated at higher concentrations 

of Zn (p-for-interaction = 0.032). In addition, our results suggested a three-way interaction 

between As, Mn, and Pb with gestational age in males. Specifically, exposure to higher 

concentrations of As was associated with shorter gestational age when the concentrations of 

both Mn and Pb were also higher (Figure 3F, Tables 2, A7). For example, an IQR increase 

in As was associated with −0.05 weeks (95% CI: −0.14, 0.25), 0.11 weeks (95% CI: −0.33, 

0.11), 0.25 weeks (95% CI: −0.49, −0.01), and 0.39 weeks (95% CI: −0.65, −0.13) changes 

in gestational age when the concentrations of both Mn and Pb were at 25th percentiles, both 

Mn and Pb were at 50th percentiles, Mn was at 50th percentile and Pb at 75th percentile, and 

both Mn and Pb were at 75th percentiles, respectively in males (p-for three-way interaction = 

0.08). Multi-pollutant models also suggested a nonlinear association for Cd with gestational 

age in sex-combined analysis (p-for quadratic term = 0.046) and in males (p-for quadratic 

term = 0.034) (Table A7).

4. DISCUSSION

In this prospective study of 1,391 mother-infant pairs from Eastern Massachusetts, maternal 

erythrocyte concentrations of As, Mn, Pb, and Zn in early pregnancy were associated 

with birth measurements; the associations varied by infant sex and exposure level of 

other metal mixture components. Specifically, As showed a significant negative and linear 

association with birth weight, especially in males; the association appeared stronger at 

higher concentrations of Mn. Mn showed a significant positive and linear association with 

birth length; the association was stronger at higher concentrations of Hg. Zn showed a 

“J-shaped” association with head circumference such that at a higher exposure levels (>25th 

percentile), higher concentration of Zn was associated with larger head circumference. 

We also observed an antagonistic effect between Pb and Zn with head circumference 

such that the negative association of Pb on head circumference was attenuated at higher 

concentrations of Zn. Similarly, As was associated with lower gestational age in males when 

the concentrations of Mn and Pb were higher. Note that these associations were observed at 

background exposure level in a population with no apparent source of exposure.

Few studies have examined metal mixture with birth outcomes. A direct comparison of 

studies is hindered by the differences in exposure distribution, population characteristics, 

biological matrices wherein metals were quantified, and the mixture modeling approaches 

used by the studies. Despite these limitations, our observed findings on As and birth 
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measurements were corroborated by a prospective study in Oklahoma where maternal 

blood As was associated with lower birth weight, shorter gestational age, and smaller head 

circumference in a population where co-exposure to Mn and Pb were also recorded (5). In 

the New Hampshire Birth Cohort study, maternal toenail As showed an inverted “U-shaped” 

relation with head circumference (20), but a positive association with birth weight (20). 

Other prospective studies using a mixture approach reported null associations for As with 

birth measurements (24, 26, 51). On the contrary, prospective studies on individual metals, 

overwhelmingly reported negative associations for As with birth weight (6, 10, 14, 28, 

52, 53), gestational age (6, 37, 53), preterm birth (13, 54), and head circumference (20, 

27, 28, 55). It is important to note that a majority of these later studies were conducted 

in populations exposed to higher levels of As, although a handful of recent studies were 

conducted in populations with relatively low levels of exposure (5, 28, 52, 56).

Our study suggested sex-specific positive and linear associations for Mn with birth length 

and weight, while no associations with head circumference and gestational age. Prior 

studies have reported an inverted U-shaped association for maternal blood Mn with birth 

weight (15, 16, 57) and postpartum toenail Mn with head circumference (20), while null 

associations for birth length {Guan, 2014 #2728;Yamamoto, 2019 #2725}. Although, Mn 

is considered an essential trace element, it is toxic over an ultra-trace amount, which could 

potentially explain the observed inverted “U-shaped” association for Mn with some birth 

measurements. Interpolation of maternal blood Mn level (median (25th – 75th percentile) 

= 24.76 (24.32 – 25.20) μg/L) from erythrocyte Mn (erythrocyte reflects about 66% of 

blood Mn (58)) indicated that the average concentration of Mn in this population was lower 

than that in most other populations (58). Therefore, it is possible that we have captured 

the ascending segment of the otherwise inverted U-shaped exposure-response relationship 

for Mn with birth measurements. Other potential explanations behind inconsistent findings 

include different exposure biomarkers and statistical models (single metal vs metal mixture 

analysis) used across studies.

Erythrocyte Zn showed a “J-shaped” association with head circumference. Zn is an essential 

metal that plays an important role in cellular growth, specifically in the production of 

enzymes necessary for nucleic acid synthesis and metabolism, gene expression, cell division, 

and tubulin growth in the brain (59). Lack of zinc has been implicated in impaired DNA, 

RNA, and protein synthesis during brain development (60). Zinc insufficiency during 

pregnancy and lactation has been associated with nervous system abnormalities of the 

offspring (60). Reports on prenatal exposure to Zn and head circumference are sparse. 

However, Zn supplementation at 5 to 44 mg per day during pregnancy was associated with 

reduced risk of preterm birth, with no effect on birth measurements (19).

Certain heavy metals such as As, Cd, Hg, and Pb are known to generate free radicals, 

leading to oxidative stress and cellular damage (61). Oxidative stress during the prenatal 

period can disrupt placental development, function, and remodeling (62), leading to 

impaired fetal growth (62, 63). On the contrary, trace metals such as Zn, Mn, Se, and Cu are 

important constituents of antioxidant enzymes that play a role in cellular protection against 

oxidative stress (64–66). Interestingly, our results indicated potential antagonism between 

Zn and Pb with head circumference with the negative effect of Pb on head circumference 
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was attenuated at higher concentration of Zn. Similar antagonism between Pb and Zn was 

also observed for gestational age in males. Pb is a known developmental neurotoxicant 

(67), with no safe level of exposure (68). Experimental studies showed that Pb-induced 

neurotoxicity can be attenuated by Zn. For example, in young rats administered Pb from 

birth, Zn prevented selective depletion of oligodendrocyte without diminishing blood Pb 

level (69). In cultured neuronal cells, intracellular Zn was reported to offset Pb-induced 

reduction in astroglia cell number in a dose dependent manner, although not enough to 

completely mask Pb-induced neurotoxicity (70). Whether prenatal Zn supplementation can 

offset the neurotoxic effect of Pb in newborn and children remains to be studied.

Zn also showed antagonism with Hg in relation to birth length among females. Specifically, 

the positive effect of Zn on birth length was attenuated at higher concentrations of Hg. 

Similar antagonism between Zn and Cd was suggested for gestational age in males by 

BKMR, which was not confirmed by multi-pollutant linear regression models. Our observed 

non-linear positive association for Cd with gestational age also merit further investigation, 

as prior studies have reported that maternal blood Cd was associated with higher risk 

of preterm birth (71). Surprisingly, we did not find an antagonism for metals known to 

induce oxidative stress (As, Cd, Hg, or Pb) with Se despite the fact that Se is an important 

constituent of several antioxidant enzymes, including glutathione peroxidase, thioredoxin 

reductase, and iodothyronine deiodinases (72). Prior studies have reported a dose-dependent 

interaction for Se with As such that at low concentrations, Se decreased the toxicity of As 

via formation and excretion of As-Se complex (73), while at a higher concentration, Se 

enhanced the toxicity of As by reacting with S-adenosylmethionine and glutathione, and 

modifying the structure and activity of arsenite methyltransferase (73). Further research 

using a mixture approach is needed to assess the role of Se as an antioxidant, especially at a 

low exposure level.

Our results showed super-additivity between As and Mn with birth weight in males, 

suggesting that prenatal exposure to As and Mn may have a synergistic effect, i.e. the 

toxicity of one metal may exacerbate in presence of the other metal. Similar sex-specific 

super-additivity among As, Mn, and Pb was observed with gestational age in males, where 

the negative effect of As on gestational age was exacerbated at higher concentrations of 

Mn and Pb. Prior studies have reported two-way synergisms between As*Mn, As*Pb, 

and Pb*Mn with neurodevelopmental outcomes in populations exposed to higher levels of 

metals (48, 74–76), although a three-way interaction was not assessed. Overall, our results 

suggested that co-exposure to As, Mn, Pb may have sex-specific synergistic effect on certain 

birth parameters (e.g., weight, gestational age), which may be absent or minimal with 

exposure to a single metal at a similar dose.

Sex difference in associations between metals and birth outcomes was also reported in prior 

studies (20, 28), although findings for specific metal or birth parameter were not always 

consistent. It has been suggested that male fetuses may be more susceptible to As toxicity 

and females to Pb and Mn (20, 28). Possible explanations underlying such differences 

include heterogeneity in the structure and function of the placenta (77, 78) and differences in 

the uptake and excretion rates of certain metals between male and female fetuses (43, 44).
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Our results may be relevant to other US birth cohorts where exposure to metals are 

minimum. Our study participants were not selected based on exposure and thus, are 

expected to have no history of metal exposure above the background population averages. 

However, it is possible that exposure to certain metals rich in seafood and shellfish (e.g. 

Hg, As) were higher in this coastal community than average U.S. population. Indeed, 

interpolation of maternal blood Hg from erythrocyte Hg (70–95% of blood Hg are found in 

the erythrocyte (79, 80)) suggested that the average concentration of Hg in this population 

was little higher than that of pregnant mothers from NHANES, 1999–2016 (81).

In this study, metals were measured in the erythrocyte, which could be an ideal biological 

matrix for some but not all metals. For instance, erythrocyte Cu is more reflective of 

long-term exposure (82), whereas erythrocyte Cd can reflect both recent and cumulative 

exposure (83). Erythrocyte Mn accounts for about 66% of Mn level in the whole blood (58), 

and is 10–20 times the level in the serum (84). The level of Zn in the erythrocyte is higher 

and more stable than that in the plasma (85, 86). Unlike toenail or hair As, erythrocyte As 

may not be a suitable biomarker for cumulative exposure (87). As in blood represents total 

As, which rapidly gets excreted in the urine, with 50% to 90% cleared in 2–4 days (88). 

Another limitation of blood As is that it does not differentiate between more toxic inorganic 

As from less toxic organic form (89). However, blood As has been strongly correlated with 

urinary (r= 0.85) and drinking water As (r= 0.75), and suggested to be a useful biomarker for 

chronic exposure when the source of exposure remains consistent (87).

Erythrocyte Pb serves as a reliable biomarker for recent exposure, as the majority of Pb in 

the blood remains attached to the hemoglobin (90). Blood Pb level is reported to be higher 

in pregnant than non-pregnant women (90). Pregnancy is associated with increased bone 

remodeling, a process that endogenously release stored Pb from bones (constitutes 95% 

of the total body burden of Pb) to the circulation (90, 91). Pregnancy is also associated 

with a physiological increase in body fluid, leading to low hematocrit levels (92), which 

in turn, could potentially influence blood level of certain metals. In NHANES (1999–

2016), lower blood levels of Pb, Cd, and Hg were reported in pregnant than non-pregnant 

women (81). However, pregnancy-related hemodynamic changes are less pronounced in 

early pregnancy (92), a time window when metals were measured in this cohort (11.3 ± 2.8 

weeks of gestation). Therefore, we argue that potential misclassification of exposure due to 

physiological changes in pregnancy were likely minimum in this study.

Our study has several strengths. We implemented a novel flexible statistical method, BKMR, 

to quantify and visualize the joint effect of the mixture components with potential nonlinear 

and nonadditive effects (48). While we obtained similar main effect associations for metals 

by using traditional linear regression models, by adopting BKMR we overcame important 

limitations of traditional analyses such as single metal effect estimation and increased 

false discovery when fitting many regression models. Our results were also fairly robust 

to sensitivity analysis without adjusting for gestational age; yet, we presented results 

from gestational age adjusted models as primary findings to be more conservative in our 

estimates.
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Potential limitations include relatively small sample size for head circumference and birth 

length, for which complete data were not collected from all participants. However, this 

disadvantage might be at least partially offset by the research quality of these measurements, 

for which clinical measures are notoriously inaccurate. Additionally, our study has one of 

the largest sample sizes in birth cohorts with multiple metal biomarkers, although stratified 

analyses by infant sex might be underpowered to detect small effect sizes or interactions 

between mixture components. We did not adjust for multiple testing, as our objective in 

this study was to interpret effect estimates based on the magnitude and precision instead of 

relying solely on their statistical significance. Hence, we cannot rule out the possibility of 

false positive findings. In addition, we did not include all measured elements in the final 

analysis because of low detection rates for some elements. Hence, the power to detect an 

association for some metals may have been undermined by the poor reliability of data.

While our results could have been potentially confounded by nutritional factors, the 

objective of this study was to estimate the effect of metal mixture using biomarkers, 

incorporating all possible sources of exposure, including diet. The moderate positive 

correlation between As and Hg (Spearman’s ρ = 0.56) in this coastal U.S. population 

suggest that erythrocyte concentrations of non-speciated As may be more reflective of 

exposure to organic As from seafood consumption than more toxic inorganic As. As such, 

we cannot rule out the possibility that our observed associations for As were driven by 

seafood-associated co-pollutants, other than Hg, which may also impact fetal growth (e.g., 

PCBs, etc.) (93). Our study included 30 paired pregnancies (15 mothers participated twice 

in separate pregnancies), which were treated as independent events during the analysis. 

While duplicate pregnancies could potentially introduce correlations and bias our estimates, 

we kept them in the analysis to preserve sample size. We also argue that the number of 

paired pregnancies was too small to bias our estimates in a meaningful way. Our observed 

non-linear associations for certain metals with birth outcomes could potentially be driven by 

a limited number of participants with extreme concentrations; hence, should be interpreted 

with caution. Finally, our observed associations between metals and birth outcomes are 

merely associational and does not indicate a causal relation.

5. CONCLUSIONS

In this prospective U.S. birth cohort of mother-infant pairs with low prenatal exposure 

profiles, maternal 1st trimester erythrocyte concentrations of arsenic, manganese, lead, and 

zinc were individually and interactively associated with birth measurements, where the 

associations varied by infant sex and exposure level of other metals.
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HIGHLIGHTS

• As, Mn, Pb and Zn in maternal RBC were associated with birth outcomes

• Associations varied by infant sex and exposure level of other mixture 

components

• Birth weight lowering effect of As was stronger at higher levels of Mn in 

males

• Head circumference lowering effect of Pb was attenuated at higher levels of 

Zn

• As was associated with lower gestational age at higher levels of Mn and Pb in 

males
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Figure 1. 
Adjusted associations of an IQR increase in erythrocyte concentrations of individual metal 

on birth outcomes in Project Viva in infant sex-combined and sex stratified analyses. Models 

were adjusted for gestational age at delivery (except when gestational age was an outcome) 

and potential confounders. The sex-combined analysis was also adjusted for infant sex.
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Figure 2. 
Mixture analyses with BKMR illustrating the effect of metal mixture components on birth 

outcomes (estimates and 95% confidence intervals, gray dashed line at the null) in Project 

viva in sex-combined and sex-stratified analyses. This plot compares birth measurements 

when a mixture component is at the 75th percentile vs. 25th percentile, when all the other 

mixture components are fixed at the 25th, 50th, and 75th percentiles. Models were adjusted 

for gestational age (except when gestational age is an outcome) and potential confounders. 

The sex-combined analysis was also adjusted for infant sex.
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Figure 3. 
Multiple metal linear regression analyses illustrating interactions between metal mixture 

components with respective birth measurements (estimates and 95% confidence intervals, 

gray dashed line at the null) in Project viva in sex-combined and sex-stratified analyses. The 

plot illustrates the marginal effect for an IQR increase in A) As on birth weight at quartiles 

of Mn; B-C) Mn and Zn on birth length at quartiles of Hg, respectively; D) Pb on head 

circumference at quartiles of Zn; E) Pb on gestational age at quartiles of Zn; and F) As 

on gestational age at quartiles of Pb and Mn. All six metals (As, Cd, Mn, Pb, Zn, and Hg) 

were included in the same model along with their two- or three-way interactions. Models 
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were adjusted for gestational age (except when gestational age is an outcome) and potential 

confounders. The sex-combined analysis was also adjusted for infant sex.
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Table 1:

Selected characteristics of mother-infant pairs from Project Viva included in this analysis

Characteristics Full cohort
(n =1391)

mean ± SD or n (%)

Male
(n = 718)

mean ± SD or n (%)

Female
(n = 673)

mean ± SD or n (%)

Age, years, 32.3 ± 4.7 32.2 ± 4.7 32.4 ± 4.6

Maternal Race/ethnicity

 White 1014 (72.9) 522 (72.7) 492 (73.1)

 Black 175 (12.6) 91 (12.7) 84 (12.5)

 Hispanic 95 (6.8) 52 (7.2) 43 (6.4)

 Other 107 (7.7) 53 (7.4) 54 (8.0)

Parity

 Nulliparous 667 (48.0) 333 (46.4) 334 (49.6)

 Multiparous 724 (52.0) 385 (53.6) 339 (50.4)

Education

 <College graduate 428 (30.8) 244 (44.0) 184 (27.3)

 ≥College graduate 963 (69.2) 474 (66.0) 489 (72.7)

Household oncome

 <$70,000/year 547 (39.3) 286 (39.8) 261 (38.8)

 ≥$70,000/year 844 (60.7) 432 (60.2) 412 (61.2)

Pre-pregnancy BMI, kg/m2

 <25 862 (62.0) 443 (61.7) 419 (62.3)

 25– <30 309 (22.2) 167 (23.3) 142 (21.1)

 >=30 220 (15.8) 108 (15.0) 112 (16.6)

Smoking

 Never smoker 949 (68.2) 481 (67.0) 468 (69.5)

 Former smoker 272 (19.6) 142 (19.8) 130 (19.3)

 Smoking in pregnancy 170 (12.2) 95 (13.2) 75 (11.1)

Birth Outcomes

 Gestational age at delivery, weeks 39.5 ± 1.8 39.5 ± 1.8 39.5 ± 1.9

 Birth weight, g 3492.8 ± 567.0 3574.7 ± 593.1 3405.8 ± 524.4

 Head circumference, cm 
a 34.2 ± 1.3 34.5 ± 1.3 33.8 ± 1.2

 Birth length, cm 
a 49.9 ± 2.1 50.4 ± 2.1 49.5 ± 2.0

a
Sample size for head circumference was 791 (male = 394, female = 397) and for birth length was 729 (male = 363, female = 366)
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