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Background: In previous studies, exposures to heavy metals such as Pb and Cd have been
associated with adverse birth outcomes; however, knowledge on effects at low levels of exposure
and of other elements remain limited.
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Method: We examined individual and mixture effects of metals and metalloids on birth outcomes
among 812 pregnant women in the Puerto Rico Testsite for Exploring Contamination Threats
(PROTECT) cohort. We measured 16 essential and non-essential metal(loid)s in maternal blood
collected at 16-20 and 24-28 weeks gestation. We used linear and logistic regression to
independently examine associations between geometric mean (GM) concentrations of each metal
across visits and gestational age, birthweight z-scores, preterm birth, small for gestational age
(SGA), and large for gestational age (LGA). We evaluated effect modification with infant
sex*metal interaction terms. To identify critical windows of susceptibility, birth outcomes were
regressed on visit-specific metal concentrations. Furthermore, average metal concentrations were
divided into tertiles to examine the potential for non-linear relationships. We used elastic net
(ENET) regularization to construct Environmental Risk Score (ERS) as a metal risk score and
Bayesian Kernel Machine Regression (BKMR) to identify individual metals most critical to each
outcome, accounting for correlated exposures.

Results: In adjusted models, an interquartile range (IQR) increase in GM lead (Pb) was
associated with 1.63 higher odds of preterm birth (95%CI=1.17, 2.28) and 2 days shorter
gestational age (95% Cl=-3.1, —0.5). Manganese (Mn) and zinc (Zn) were also associated with
higher odds of preterm birth and shorter gestational age; the associations were strongest among the
highest tertile for Mn and among females for Zn. Mercury (Hg) was associated with higher risk of
preterm birth at the later window of pregnancy. Ni measured later in pregnancy was associated
with lower odds of SGA. ENET and BKMR models selected similar metals as “important”
predictors of birth outcomes. The association between ERS and preterm birth was assessed and the
third tertile of ERS was significantly associated with an elevated odds ratio of 2.13 (95% Cl=1.12,
5.49) for preterm birth compared to the first tertile.

Conclusion: As the PROTECT cohort has lower Pb concentrations (GM=0.33 ug/dL) compared
to the mainland US, our findings suggest that low-level prenatal lead exposure, as well as elevated
Mn and Zn exposure, may adversely affect birth outcomes. Improved understanding on
environmental factors contributing to preterm birth, together with sustainable technologies to
remove contamination, will have a direct impact in Puerto Rico and elsewhere.

Keywords
Metals; Birth outcomes; Biomarkers; Mixtures; Puerto Rico

INTRODUCTION

Preterm birth (<37 completed weeks of gestation) is a significant public health concern as it
is the leading cause of infant mortality (Blencowe et al. 2013; Liu et al. 2012; Luu et al.
2016; Marlow et al. 2005). Other important adverse birth outcomes including low
birthweight (<2500g) and being small for gestational age (SGA), which may result directly
from preterm labor and/or growth restriction due to detrimental factors occurring during
pregnancy, also contribute substantially to childhood and adult morbidity (Barker et al.
1989; Wigle et al. 2007; Yajnik et al. 1995).

Puerto Rico has one of the highest incidences of adverse birth outcomes among all US
jurisdictions. In 2016, there were 3,248 preterm births in Puerto Rico, representing 11.5% of
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live births, compared to the national US average of 9.8% (Center for Disease Control and
Prevention 2018). In addition, Puerto Rico has higher rates of childhood obesity and asthma
(Garza et al. 2011; Otero-Gonzalez and Garcia-Fragoso 2008; Rivera-Soto et al. 2010) as
well as obesity, metabolic syndrome, and diabetes in adults (Centers for Disease Control and
Prevention 2012; Perez et al. 2008) compared to the rest of the U.S., all of which have been
associated with higher rates of preterm birth and/or low birthweight. Moreover, traditional
risk factors do not explain this high rate of adverse birth outcomes and associated
consequences in Puerto Rico. Even though there is growing epidemiological (Amira M Aker
et al. 2019; Ferguson et al. 2013; Ferguson et al. 2014; Murphy 2007) and toxicological
(Berkowitz et al. 1996; Macones et al. 2004; Tardiff et al. 2006; Windham and Fenster 2008)
evidence that environmental factors may play a key role, these factors remain understudied
and underappreciated. Therefore, it is important to understand the role of environmental
chemicals in adverse health outcomes and to develop new methods for reducing harmful
exposures in Puerto Rico and beyond.

Ubiquitous in the environment, metals and metalloids have been widely detected among the
U.S. population (Centers for Disease Control and Prevention (CDC) 2019), including
pregnant women and their fetuses because of the trans-placental metal transfer (Caserta et al.
2013; Chen et al. 2014; Punshon et al. 2016). While many human and animal studies have
focused on elucidating the effects associated with heavy metals cadmium (Cd), mercury
(Hg), arsenic (As), and lead (Pb), less attention has been given to the other metals. However,
a growing body of evidence suggests that certain essential or trace metals, including copper
(Cu) (Kim et al. 2018) and Nickel (Ni) (Chen et al. 2018), may be associated with an
increased risk of preterm delivery. A few other studies also reported inverted U-shaped dose-
response curves for the associations between birth weight and maternal metal exposures,
including cobalt (Co) (Mikelson et al. 2018) and manganese (Mn) (Ashley-Martin et al.
2018; Zota et al. 2009). Therefore, there is a pressing need to study the effects of excessive
exposure to essential trace elements on adverse pregnancy outcomes. In addition, most
previous reports on the effects of metals on pregnancy are from studies usually involving
high doses (e.g., studies on Pd before the elimination in paint and gas), not commonly
encountered by pregnant women and fetus (Andrews et al. 1994; Ferguson et al. 2016). Due
to the widespread exposure of humans and known toxicity of these metals, concern is
growing that low-level exposure may also adversely affect birth outcomes and several birth
cohorts have evaluated the health effects of low-level exposure to metals during pregnancy
(Anderson et al. 2016; Ashley-Martin et al. 2018; Eum et al. 2014; Silver et al. 2016;
Thomas et al. 2015; Wu et al. 2017).

As humans are continuously exposed to a mixture of environmental toxicants, there is a
pressing need to study the relationship of exposures both individually and as mixtures
(Centers for Disease Control and Prevention 2009). While most studies on metals have
assessed metal exposures individually rather than in combination, a few have explored metal
mixtures in relation to adverse birth outcomes (Govarts et al. 2016; Kim et al. 2018; Lee et
al. 2019; Luo et al. 2017; Signes-Pastor et al. 2019). Compared to these earlier studies, our
study has one of the largest numbers of toxic and trace metal analytes. Therefore, we
investigated the effects of metal(loid)s on adverse birth outcomes both individually and as
mixtures. Identifying modifiable environmental risk factors for adverse birth outcomes could
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have a positive public health impact if future exposures can be reduced through contaminant
remediation or other exposure reduction strategies in an effort to reduce rates of preterm
birth and other adverse health effects.

METHODS
2.1. Study Population

This study used data collected from 812 pregnant women participating in the ongoing
prospective cohort project “the Puerto Rico Testsite for Exploring Contamination Threats
(PROTECT)” (Ashrap et al. 2018; Cantonwine et al. 2014; Meeker et al. 2013; Watkins et al.
2015). The PROTECT study launched in 2010 with funding from the NIEHS Superfund
Research Program and conducted in Puerto Rico because of its high preterm birth rate and
the extent of hazardous waste contamination on the island. PROTECT aims to explore
environmental toxicants and other factors contributing to preterm birth risk and other
adverse birth outcomes in Puerto Rico.

Study participants were recruited at approximately 14 + 2 weeks of gestation at seven
prenatal clinics and hospitals throughout Northern Puerto Rico and followed until birth.
(Cantonwine et al. 2014; Meeker et al. 2013). Inclusion criteria for this study were: maternal
age between 18 to 40 years; residence inside of the Northern Karst aquifer region; disuse of
oral contraceptives within the three months prior to pregnancy; disuse of /n vitro fertilization
to become pregnant; and free of any major medical or obstetrical complications, including
pre-existing diabetes. Each woman participated in a total of up to three study visits (18 + 2
weeks, 22 + 2 weeks, and 26 + 2 weeks of gestation). Detailed information on medical and
pregnancy history were collected at the initial visit. During an in-home visit (second visit),
nurse-administered questionnaires were used to gather information on housing
characteristics, employment status, and family situation. Blood samples were collected from
women at the first and third visits. The present analysis reflects 812 women who delivered
live singleton births in PROTECT and had metal biomarker measurements available.

The research protocol was approved by the Ethics and Research Committees of the
University of Puerto Rico and participating clinics, the University of Michigan, Northeastern
University, and the University of Georgia. The study was described in detail to all
participants, and informed consent was obtained prior to study enrollment.

2.2. Measurement of Metals

Blood samples were collected in metal-free whole blood tubes and frozen at -80°C, and
shipped on dry ice to NSF International (Ann Arbor, MI, USA) for analysis. Concentrations
of 16 metals and metalloids: As, barium (Ba), beryllium (Be), Cd, Co, chromium (Cr),
cesium (Cs), Cu, Hg, Mn, Ni, Pb, titanium (Ti), uranium (U), vanadium (V), and zinc (Zn)
were measured in blood samples, using a Thermo Fisher (Waltham, MA, USA) ICAPRQ
inductively coupled plasma mass spectrometry (ICPMS) and CETAC ASX-520 autosampler,
as described previously (Kim et al. 2018). Standards of known purity and identity were used
during the preparation of the calibration, quality control, and internal standards. The ICPMS
was calibrated with a blank and a minimum of 4 standards for each element of interest. The
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calibration curve response versus concentration was evaluated for goodness of fit. All
validated analyte correlation coefficients (R) were = 0.995.

2.3. Gestational Age and Preterm Birth Calculation

All the birth outcome data were extracted from medical records. The American Congress of
Gynecologists (ACOG) recommendations for best obstetrical estimate to calculate the
gestational age for complete pregnancies (Committee on Obstetric Practice and Medicine;
2017) were used in our study to as previously described (A. M. Aker et al. 2019; Ferguson et
al. 2019). Per common practice, preterm birth (premature labor) was defined as delivery <
37 completed weeks of gestation. Based on the presentation of preterm delivery, preterm
birth was further classified as spontaneous preterm birth (presentation of premature rupture
of the membranes, spontaneous preterm labor, or both) and non-spontaneous preterm birth
(preterm births with preeclampsia or with both artificial membrane rupture and induced
labor). We included overall and spontaneous preterm birth as two of the birth outcomes in
our analysis.

2.4. Birthweight calculations

Birthweight z-scores (defined as the number of standard deviations by which a birthweight is
above or below the mean) are commonly used to compare individual birthweights with the
cohort (Griffin 2014; Kramer et al. 2001). Gestational age- and sex- specific birthweight z-
score were constructed according to the INTERGROWTH-21st standards (Villar et al.
2014). Small for gestational age (SGA) births were defined as below the 10th percentile of
birthweight z-scores. Large for gestational age (LGA) births were defined as above the 90th
percentile of birthweight z-scores.

2.4. Statistical Methods

Biomarker concentrations below the limit of detection (LOD) were replaced by LOD/V2
(LOD). For statistical analysis, we included metal(loid)s with at least 70% of samples
having concentrations above the LOD as continuous variables, and metal(loid)s with less
than 70% of samples above the LOD (As and Cd) as binary variables (above vs below
LOD). Metals with low detection rate (<30%) were excluded from the analyses. Descriptive
statistics were calculated for all exposure and outcome variables. Log-transformed t-test was
performed to compare the maternal metal concentrations between preterm and term births.

2.4.1. Single-Pollutant Models—Logistic regression models were used to examine the
associations between metal exposure and binary adverse birth outcomes, including preterm
birth (overall and spontaneous preterm birth), SGA, and LGA. As SGA and LGA may have
similar complications, SGA models excluded LGA births, and LGA models excluded SGA
births. Multiple linear regression was used to model metal exposures with continuous
outcomes, gestational age and birthweight z-score. All outcomes are regressed on the
geometric averages of participant concentrations across the two visits (when missing
concentrations at one visit, the “average” concentration was equal to the single available
concentration), with separate models for each exposure biomarker. Metal concentrations
were natural log-transformed as they had right skewed distributions.
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The crude models only included the geometric average blood metal concentration. The final
set of covariates were selected in a stepwise procedure if they altered the beta coefficient of
metal exposure by 10% or more. The covariates considered were maternal age, insurance
type, maternal education level (an indicator of socioeconomic status), marital status,
employment status, gravidity, pre-pregnancy BMI, smoking, exposure to second-hand
smoking and alcohol consumption. The final models were controlled for maternal age,
maternal education level, pre-pregnancy BMI, and exposure to second-hand smoking.

To assess potential windows of vulnerability in pregnancy, we fit separate multiple linear
regression models for each visit using visit-specific metal concentrations. In another
analysis, we divided average metal concentrations into tertiles to examine the potential for
non-linear relationships. For non-essential metals, effect estimates were calculated for each
of the top two tertiles in comparison to the lowest tertiles of exposure. For essential metals,
effect estimates were calculated for the highest and lowest tertiles in comparison to the
middle tertile of exposure (Kim et al. 2018).

Finally, to understand whether the effect estimates for metals on birth outcomes differed
according to infant sex, all previously mentioned single-pollutant models were refitted with
the addition of an interaction term between infant sex and metal concentration, and the
interaction term coefficient was tested for significance.

The results were presented as change in days of gestational age and birthweight z-score
(95% confidence intervals), and odds ratio of preterm birth, SGA and LGA (95% confidence
intervals), per interquartile range (IQR) increase in metal concentrations. The alpha level
was set at 0.05. We also considered significance after adjusting for multiple testing using the
Benjamini-Hochberg method (Benjamini and Hochberg 1995). Since birth outcomes were
correlated, we calculated g values (adjusted p values) treating each outcome as a family of
tests (10 tests per outcome). A cutoff of 0.1 for g value was used to further interpret main
results with greater confidence.

2.4.2. Mixture Analysis—In addition to analyzing each metal separately, we explored
the effect of the metal mixture on birth outcomes with two approaches.

Elastic Net (ENET) and Metal Risk Score: In the first method, we constructed a metal risk
score --Environmental Risk Score (ERS). An ERS is conceptualized as a weighted summary
measure of the effects of multiple exposures where the weights are regression coefficients
derived from a model of the association between chemical mixtures and the outcome of
interest. We utilized elastic net (ENET) to identify the important metals that were driving the
association with birth outcomes and to construct the ERS (Park et al. 2017). ENET is a
regularized regression method that combines the penalties of the least absolute shrinkage
and selection operator (LASSO) and ridge regression (Zou 2006). The objective function for
a continuous outcome can be expressed as:

~ . 1 n 2 1-
PENET=  argmin - 3 (v1-fo—x] ) +1(%Ilﬂll%+allﬁlll
(o.p) eRPH1ITi=1
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where 7= 1, ..., nindexes the subjects, x/ € R? is the vector of p covariates for the /-th

subject, and y;is the continuous health outcome for the ~th subject. ENET utilizes two
tuning parameters (A, a). Intuitively, A € [0, 00) controls the overall strength of the
shrinkage while a € [0,1] controls the tradeoff between automatic variable selection (L1
penalty) and stabilization of the solution path in the presence of collinear exposures (L2
penalty) (Zou and Zhang 2009). Therefore, ENET is generally considered a useful penalized
regression approach for variable selection in the presence of highly collinear predictor
variables (Park et al. 2017).

We fit ENET on all the metals (IQR standardized) in relation to each birth outcome of
interest adjusted for the same covariates from the single-pollutant analysis (retained in the
model, not subject to shrinkage). Tuning parameters were selected using 10-fold cross-
validation. ERS was computed as a weighted sum of the selected non-zero predictor
coefficients from each model. We further categorized ERS by tertiles and refit the regression
models to examine the associations between categorical ERS and birth outcomes and
compared results to those from individual tertile models.

Bayesian kernel machine regression (BKMR): The second approach for conducting
mixture analysis was Bayesian kernel machine regression (BKMR) (Bobb et al. 2015),
which enabled us to evaluate the joint effect of multiple metals, interactions between metals,
and potential non-linear relationships between metals and outcomes of interest (Bobb et al.
2018). Because exposures in our study are correlated, we implemented BKMR with
hierarchical variable selection (10,000 iterations by a Markov Chain Monte Carlo (MCMC)
algorithm). This approach requires grouping of exposures based on correlations between
exposures (Sl Figure S1) and similar potential mechanisms of action (e.g. toxic metals vs
essential metals). Therefore, we grouped As, Cd, Hg, and Pb into group 1 (toxic metals), Co
and Mn into group 2 (correlated essential metals), and Cs, Cu, Ni, and Zn (essential metals)
into group 3. Posterior inclusion probabilities (PIP) were extracted from each BKMR model,
which provides a measure of variable importance for each exposure group (groupPIP) and
how each exposure in that group is driving that group-outcome association (condPIP). To
determine the importance of each group/exposure for each study outcome a threshold of
PIP>0.5 was used (Coker et al. 2018; Zhang et al. 2019).

Data were analyzed using R version 3.6.2 and SAS 9.4 (SAS Institute Inc., Cary, NC)

Demographic characteristics of 812 women in our analysis were described previously (A. M.
Aker et al. 2019; Ashrap et al. 2018) and summarized in Table S1. The mean age of
participants was 26.7 and nearly half of the women had a BMI less than 25kg/m? prior to
pregnhancy. Approximately two-thirds of the women in our study had private insurance
providers and were employed. 30% had reported graduating from college or higher. Nearly
half of them had annual household incomes less than $30,000. 80% of the women never
smoked while very few (6.8%) reported consumption of alcohol within the last few months.
Mean gestational age was 38.8 (SD=2.1) weeks for 812 singleton births included in this
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analysis, among which 80 (10%) were preterm and 48 (6%) were spontaneous preterm; the
rates of SGA and LGA were both 9%.

Descriptive statistics and Spearman correlations between different metals were previously
reported elsewhere (Ashrap et al. 2020). Briefly, 1) all metals were detected in the majority
of samples, with the exception of As (49% > LOD) and Cd (61% > LOD) and Ba, Be, Cr, Ti,
U, and V, which were detected in very few samples (<30%) (Sl Table S2); 2) mean
concentrations of Cu, Mn, Pb, and Zn were higher for preterm birth cases compared to other
births. 3) there were weak to moderate correlations between different blood metal
concentrations (Mn and Co, r=0.36; As and Hg, r=0.32; Cd and Co, r=0.33, Sl Figure S1);
4) the first visit had lower concentrations of Cd, Co, Cu, Mn, and Zn, and higher
concentrations for Cs, when comparing to the third visit; and 5) Cu, Zn, Pb, Mn, and Hg
presented good to excellent reliability in repeated blood samples with intraclass correlation
coefficients (ICCs) ranging from 0.54-0.78.

3.1. Single-pollutant Metal Analyses

The full models included 731 women who had complete data on the four demographic
covariates (age, maternal education, pre-pregnancy BMI, and second-hand smoking). Table
1 presents the associations between average metal concentrations and birth outcomes, while
Figure 1 and Sl Table S3 show the visit specific associations.

GA and birthweight—Average Pb concentration was strongly associated with gestational
age, for which an IQR increase was associated with 2 days (95% CI=-3.1, -0.5; ¢
value=0.09) shorter gestational age; the effect estimates did not differ by study visit. Average
Zn was also suggestively associated with decreased gestational age (A/IQR=-0.7, 95% Cl=
-1.5, 0.2) and the association with third visit Zn remained significant, after stratification of
the results by study visit (Figure 1 and Sl Table S3).

No significant relationships were observed between birthweight z-score and average metal
concentrations (data not shown). However, as shown in Figure 1, when stratified on study
visit, third visit Co, Cs, Ni concentrations were significantly positively associated with
birthweight z-score, with an increase of 0.14 (95% CI1=0.03, 0.25), 0.14 (95% CI= 0.00,
0.28), and 0.11 (95% CI=0.01, 0.21) in birthweight z-score per IQR increase in the metal
concentrations, respectively (Sl Table S3).

Preterm birth, SGA, LGA—In line with results from gestational age analysis, average Pb,
Mn, and Zn concentrations were associated with elevated odds of preterm birth (both overall
and spontaneous), with OR ranging from 1.32 to 1.83 per IQR increase in metal
concentration (Table 1). In the stratified analysis, Pb and Zn were associated with increased
odds of spontaneous preterm birth at only visit 1 (Pb: OR/IQR= 1.75, 95% ClI: 1.12, 2.73,;
Zn: OR/IQR=2.04, 95% CIl= 1.23, 3.39). In a sensitivity analysis where metal
concentrations were entered in models as tertiles, the change in gestational age and odds of
having a preterm birth was only significant among the highest tertile for Pb and Mn (Figure
2 and Sl Table S4).
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Though geometric mean average models for Hg did not find any association with birth
outcomes, Hg was associated with 1.5- and 2.3-fold increased odds of overall and
spontaneous preterm birth at visit 3 (overall: OR/IQR= 1.46, 95% CI=0.97, 2.19;
spontaneous: OR/IQR= 2.30, 95% Cl= 1.32, 4.02), respectively (Figure 1); interestingly, this
association appeared stronger when comparing women in lower two tertiles of exposure
rather than higher two tertiles (Figure 2 and Sl Table S4). For SGA, Ni concentration was
associated with decreased OR, although only significant when comparing the highest tertile
to the middle tertile (OR/IQR= 0. 33, 95% CIl=0.16, 0.66). Visit specific analysis also
revealed that higher Mn concentration at the third visit was associated with decreased odds
of SGA (OR/IQR=0.62, 95% Cl=0.42, 0.93). No metal concentrations were associated
with LGA in average and visit stratified models (SI Table S3).

After correcting for multiple testing, the associations of both average and first visit Pb and
Zn with overall preterm birth, third visit Hg with spontaneous preterm birth, as well as the
association of average Ni with SGA had g¢-values < 0.1 (Table 1, Figure 1), providing greater
confidence in these associations.

3.2. Mixture analyses

Table S5 shows the variable selection results from ENET models. The estimated weights
(regression coefficients) presented in Table S5 are from models where metal concentrations
were log transformed and IQR standardized. Preterm birth (overall) models had more than
one metal with non-zero weights; Pb (f = 0.057, OR=1.06) and Zn (B = 0.011, OR=1.01)
were selected as important predictors and all other metals were shrunk to zero. Therefore,
we constructed ERS using estimated weights for Pb and Zn and regressed preterm birth by
this score. The OR for preterm birth comparing the highest vs. the lowest tertiles of ERS was
2.13 (95% Cl=1.12, 5.49, p=0.02) (Figure 2). In the BKMR hierarchical variable selection
models for preterm birth, all three metal groups had posterior inclusion probabilities higher
than 0.5 and the important metals selected from the groups included Zn (condP1P=0.83), Pb
(condP1P=0.68), and Mn (condPI1P=0.60). In a secondary analysis, we ran BKMR models
regressing preterm birth while only including Mn, Zn, Pb to explore the potential non-
linearity and interaction between the predictors. The single metal-response curves in Figure
3 show that 1) Pb and Zn had a positive linear relationship with preterm birth at higher levels
(the confidence intervals at lower distributions are wide due to sparse data); 2) the overall
trend for Mn was also positive and generally linear. Further, the associations between each
metal and preterm birth did not differ by varying quantiles of the other two metals,
indicating a lack of interaction between different metals (Figure 3B).

3.3 Sex interaction

When interactions between infant sex and metal concentrations were added to single-
pollutant models, the interaction terms were not statistically significant, except for the
associations between Zn and gestational age (p value=0.01), and Cu and LGA (p
value=0.03). Stratified analysis by infant sex showed that the effect of Zn on gestational age
was only significant among female infants (p value=0.006) but not male infants (o
value=0.62); one IQR increase in Zn was associated with 3 days (95% Cl=-5.2, —0.9)
shorter gestational age among women who delivered female infants. Figure 4 shows the
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interaction effect of infant sex on the association between the average Zn concentration and
gestational age. The impact of Cu on LGA also varied by infant sex, where odds of LGA
were reduced among female infants (OR/IQR=0.62, 95% CI= 0.39, 0.99, pvalue=0.04).
However, differences in associations between metals and birth outcomes by sex were not
observed when we conducted the mixture analyses stratified by infant sex. Only Pb was
identified as the important predictor of preterm birth/gestational age from ENET and BKMR
models, among both female and male infants.

The results from tertile analyses stratified by infant sex and study visit were similar to the
main tertile analyses results we reported; sex-specific interactions were not observed.

DISCUSSION

In this study, we evaluated the individual effects of prenatal essential and non-essential
metal(loid) exposure on adverse birth outcomes among a Puerto Rico population. Our
analyses demonstrated that maternal blood concentrations of Pb, Zn, Mn, and Hg were
associated with shorter gestational age and higher odds of preterm birth, while Ni was
associated with higher birthweight and lower odds of SGA. Some associations were
observed only when considering exposure at specific prenatal timepoints, which may reflect
windows of exposure vulnerability. Additionally, we estimated the cumulative effect of
metal mixtures using ENET and BKMR. ENET identified Pb and Zn as the most important
predictors of preterm birth, while BMKR selected Pb, Zn, and Mn as most predictive of
preterm birth. Findings from our study highlight that several metals are associated with
adverse birth outcomes and stress the importance of assessing the effects of chemical
mixtures on health outcomes, using multiple statistical methods and in comparison with
single-pollutant models.

A few studies previously reported associations between prenatal metal mixtures and birth
outcomes. Signes-Pastor et al. reported that Pb, Mn, and As combined were associated with
reduced head circumference, weight, and length of newborns (Signes-Pastor et al. 2019),
Lee et al. found that the joint effects of Pb and Hg were related to birthweight reduction (Lee
etal. 2019), and Luo et al. confirmed a negative association between Cd and As and
birthweight (Luo et al. 2017). In our study, negative effects were consistently observed for
Pb in combination with other metals. Pregnant women in this Puerto Rico cohort had
particularly low blood Pb concentrations (GM=0.33 pg/dL) when comparing across other
studies of pregnant women, including studies conducted in Australia (median= 0.37 pg/dL)
(Hinwood et al. 2013), Japan (GM=0.64 pg/dL) (Nakayama et al. 2019), Ohio, US (GM=0.7
ug/dL) (Kalloo et al. 2018), Norway (two studies: median=2.5 pg/dL and GM=0.75 pg/dL)
(Birgisdottir et al. 2013; Hansen et al. 2011), South Africa (two studies: median=1.4 ug/dL
and median= 2.3 pg/dL) (Mathee et al. 2014; Rudge et al. 2009) and China (median=3.2
ug/dL) (Xie et al. 2013). In addition, all blood samples in our study had Pb concentration
lower than the level of concern set by CDC for pregnant women (5 pg/dL) (Ettinger and
Wengrovitz 2010). However, our analysis revealed that maternal blood Pb, even at very low-
levels, was the most strongly associated with increased risk of preterm birth and shorter
gestational age of all the metals assessed. In recent years, concerns have also been raised
that even at low levels, prenatal Pb exposure may pose toxic effects on fetal development
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(Anderson et al. 2016; Mushak et al. 1989; Perkins et al. 2014; Polanska et al. 2018; Silver
et al. 2016; Takser et al. 2005; Taylor et al. 2017; Wu et al. 2017). Our results are consistent
with these studies and provide further evidence that blood Pb at low levels, and potentially
below current reference levels, may be associated with preterm birth. However, we did not
find an association between Pb and birthweight, whereas several previous studies reported
an inverse association with Pb and infant size when explored individually and in
combination with other metals (Govarts et al. 2016; Lee et al. 2019; Luo et al. 2017).

Zn was also a key exposure associated with birth outcomes in this study. Blood
concentrations of Zn (GM=4682.4 ng/mL) were similar to levels reported in previous studies
of pregnant women (Callan et al. 2013; Hansen et al. 2011; Rudge et al. 2009). We found
that associations between Zn and birth outcomes varied by infant sex, such that blood Zn
was negatively associated with gestational age among female infants, whereas the
association was not significant for male infants. It is unclear whether the infant sex-specific
association we observed with Zn and gestational age could be indicative of vulnerability for
women carrying a female fetus. The comparatively rapid growth of male fetuses may require
more Zn compared to females, thus increased Zn may be less likely to produce adverse
effects among males. Elevated blood Zn levels may also reflect the state of various processes
in the body, including inflammation, oxidative stress and other key functions (Bonaventura
et al. 2015; Galloway et al. 2000; Guo et al. 2011) that can play a role in gestation length.

Our negative findings with increased Zn are contrary to animal studies, observational and
randomized trials on humans where maternal Zn deficiency is often associated with adverse
birth outcomes, including preterm birth (Jamilian et al. 2019; Osendarp et al. 2003). Because
one of many important biological functions of Zn is in the development and function of cells
involved in the immune system, it is hypothesized that Zn deficiency may contribute to
maternal or intrauterine infection and therefore affect premature birth (Chaffee and King
2012). Some reviews on the topic have suggested that the association observed between Zn
deficiency and adverse birth outcomes could result from poor nutrition (Chaffee and King
2012; Gebreselassie and Gashe 2011; Ota et al. 2015; Wilson et al. 2016).

Mn is also an essential nutrient that plays a vital role in the body but can be toxic at
excessive levels. In this population, Mn concentrations in blood (GM=11.3 ng/mL) were
higher than those seen in Australian (GM=6.5 ng/mL) (Callan et al. 2013) and Norwegian
pregnant women (GM=10.7ng/mL) (Hansen et al. 2011). We found that average Mn
concentrations across pregnancy were associated with elevated odds of preterm birth and
shorter gestational age; the association was significant for higher levels of blood Mn in the
tertile analysis, indicating a potential threshold effect. BKMR graphs (Figure 3A) also
showed a generally linear relationship between Mn and preterm birth at higher levels. These
findings are supported by reports on high dose Mn-related maternal and fetal toxicities
(Bakouei et al. 2015; Colomina et al. 1996; Sanchez et al. 1993; Vigeh et al. 2008) and the
U-shaped Mn dose-response curve (Eum et al. 2014; Zota et al. 2009) observed in animal
studies and epidemiologic studies.

Mechanistically, the group of metals explored in our study likely impact various biological
pathways associated with preterm delivery and fetal development. One leading hypothesis of

Environ Int. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ashrap et al.

Page 12

the mechanism of action is through inducing oxidative stress, defined as the homeostatic
imbalance between reactive oxygen species (ROS) formation and antioxidants (Betteridge
2000). Several in vivo and in vitro studies have linked metal toxicity to the formation of
ROS (Alfanie et al. 2015; Valko et al. 2005). The excessive free radical species can induce
oxidative stress and cause damage to lipids, proteins and DNA in the placental tissue that
eventually lead to pregnancy complications (Betteridge 2000; Martin et al. 2018; Sultana et
al. 2017). Reproductive hormones also play an important role in maintaining pregnancy; in
turn, disruption of the complex interplay between hormones may lead to adverse effects
during gestation. A number of metals are reproductive toxicants and suspected endocrine
disruptors (Bloom et al. 2010; De Coster and van Larebeke 2012; Diamanti-Kandarakis et
al. 2009; Mendiola et al. 2011). Evidence suggests that metals can influence reproductive
hormone levels through several pathways, including hormone synthesis, regulation, transport
and metabolism, and/or interference with receptors (Garcia-Morales et al. 1994; Jurasovic et
al. 2004; Meeker et al. 2010; Menke et al. 2008; Nagata et al. 2005; Telisman et al. 2007,
Zeng et al. 2002; Zeng et al. 2004), with potential implications for pregnancy outcomes.

Our approaches for analyzing the effects of combined metal exposures provide evidence that
Pb, Zn, and Mn are likely key exposures during pregnancy contributing to adverse birth
outcomes. The weak correlations between the three metals are not likely to reflect common
sources of exposure. Although BKMR analysis did not suggest interaction between the three
metals, future studies constructing mechanistically based exposure mixtures are needed.

Strengths and Limitations

Our study is the first to assess the impact of metals on birth outcomes among pregnant
women in Puerto Rico. The PROTECT study, a large prospective longitudinal cohort study
in Puerto Rico, provided an opportunity to study the relationships between environmental
pollutants and adverse birth outcomes in an at-risk population. The innovative study design
allows for repeated capture of biological samples to account for the varying levels of
exposures during pregnancy. Few epidemiology studies have evaluated metal exposures
collectively in relation to birth outcomes, giving the proposed study a unique opportunity to
test the impact of more realistic exposure profiles on birth outcomes.

The present study does have some limitations. The metal levels measured in blood depict
circulating levels, which may not reflect levels in the uterine and fetal compartments that
may be more biologically relevant. However, blood biomarkers may be indicative at least in
part of the activity at the maternal-fetal interface, and collection of blood is much more
feasible than placenta tissue or fluid samples from the uterus during pregnancy. We used the
same data to calculate ERS and then to fit ERS models which has the potential for
overfitting. Metal risk score needs to be validated in an independent cohort before being
used as a prognostic tool by other studies. Another challenge with constructing ERS is that
the ENET models assume a linear relationship between metals and the birth outcomes, and
does not capture potential non-linear relationships and interactions between metals which
maybe important when considering essential metals that may be toxic at high levels of
exposure. However, BKMR analysis does allow for the possibility of nonlinearity and
interactions between metals. There are also other statistical strategies for incorporating
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nonlinearity and interactions into constructing ERS that should be explored in future
applications of this method (Bobb et al. 2014; Boss et al. 2018; Chipman et al. 2010; Park et
al. 2017).

CONCLUSION

We considered different statistical methods to examine the effect of 10 toxic and essential
trace metal(loid)s and metal risk score on various birth outcomes among pregnant women in
Northern Puerto Rico. Although the PROTECT cohort has lower Pb concentrations
(GM=0.33 pg/dL) compared to the mainland US and other studies of pregnant women in
different countries, our findings suggest that low-level prenatal Pb exposure, as well as
elevated Mn and Zn exposure, may adversely affect birth outcomes. These findings provide
further support for the need to reduce Pb exposure as much as possible among pregnant
women. Improved understanding of environmental and other factors that contribute to
preterm birth, together with developing sustainable technologies to remove contamination,
will have a direct public health impact in Puerto Rico.
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Highlights

First study to assess maternal metals in relation to birth outcomes in Puerto
Rico

Highlights the importance of assessing the effects of mixtures on health
outcomes

Pb, even at low-levels, was the most strongly associated with risk of preterm
birth

Elevated Mn and Zn exposure may adversely affect birth outcomes
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Change in birth outcomes associated with visit specific exposure biomarker concentration.

Effect estimates presented as changes or odds ratio (OR) for IQR increase in exposure

biomarker concentration?. Models were adjusted for maternal age, maternal education, pre-
pregnancy BMI, and exposure to secondhand smoking.
& As, Cd were compared between two categories of above LOD and below LOD
*g value (false discovery rate) <0.1
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Figure 2.

Preterm birth (overall) odds ratio (95% confidence interval) associated with tertiles of
geometric average exposure2® Models were adjusted for maternal age, maternal education,
pre-pregnancy BMI, and exposure to secondhand smoking.

@ Referent levels were set at tertile 2 for essential metals (Cu, Mn, Zn).

b Referent levels were set at tertile 1 for non-essential metals (Hg, Pb), and environmental
risk score (ERS). A Individual metals that were selected from elastic net models to compose
ERS.
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Figure 3.
Univariate and bivariate predictor-response function for the effect of metal mixture (Mn, Pb,

Zn) on preterm birth estimated by Bayesian Kernal Machine Regression (BKMR)2. Models
were adjusted for maternal age, maternal education, pre-pregnancy BMI, and exposure to
secondhand smoking.

a estimate® may be interpreted as a latent continuous marker of the binary outcome-overall
preterm birth A Univariate exposure—response functions and 95%confidence for each metal
with the other pollutants fixed at the median B Bivariate exposure—response functions for:
Mn when Pb is fixed at either the 101, 50t or 90t percentile and Zn is fixed at the median
(middle left panel); Mn when Zn is fixed at either the 10t 50t or 90t percentile and Pb is
fixed at the median (bottom left panel); Pb when Mn is fixed at either the 10t, 50t, or 90t
percentile and Zn is fixed at the median (top middle panel); Pb when Zn is fixed at either the
10th, 50t or 90t percentile and Mn is fixed at the median (bottom middle panel); Zn when
Mn is fixed at either the 10, 50™, or 90t percentile and Pb is fixed at the median (top right
panel); Zn when Pb is fixed at either the 101, 50t or 90t percentile and Mn is fixed at the
median (middle right panel);
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Figure 4.
Interaction effect of infant sex on the association between the average Zn blood

concentration and gestational age. Models were adjusted for maternal age, maternal
education, pre-pregnancy BMI, and exposure to secondhand smoking.
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Change in gestational age, preterm birth, and SGA associated with average exposure biomarker concentration
across two time points during pregnancy. Effect estimates presented as changes or odds ratio (OR) for IQR
increase in exposure biomarker concentration. Models were adjusted for maternal age, maternal education,
pre-pregnancy BMI, and exposure to secondhand smoking.

Metals

Co
Cs
Cu
Mn
Ni
Zn

As?

cd?

Hg
Pb

Gestational age (N=731)

-1.1(-2.3,0.1)
-0.3 (1.6, 11)
-0.4(-1.2,0.4)
-1.1(-2.4,0.3)
0.8 (-0.3, 1.9)
-0.7 (-15,0.2)
1.8 (0.4, 3.9)
-1.3(-3.5,0.9)
0.8 (-0.6,2.2)

-1.8(-3.1, -0.5)

0.06
0.69
0.36
0.12
0.15
0.11
0.10

0.26
0.27

0.009 *

Preterm Birth (overall, N=731)

1.21 (0.93, 1.56)
1.19 (0.84, 1.68)
1.32 (0.98, 1.78)
1.32 (0.96, 1.8)

0.85 (0.65, 1.11)
1.83 (1.28, 2.6)

0.72 (0.4, 1.18)

1 (0.6, 1.65)
1.05 (0.75, 1.48)
1.63 (1.17, 2.28)

0.16
0.33
0.07
0.08
0.24

0.001*

0.004*

Preterm Birth (spontaneous,

N=700)

1.33 (0.96, 1.84)
1.1(0.72, 1.69)
1.2 (0.82, 1.76)
1.45 (0.98, 2.15)
0.85 (0.6, 1.21)
1.53 (0.99, 2.38)
0.65 (0.34, 1.24)

1.24 (0.63, 2.43)
1.27 (0.82, 1.95)
1.53 (1, 2.35)

0.09
0.66
0.34
0.07
0.36

0.06

0.19

0.53

0.28
0.05

SGA (N=637)

0.9 (0.68, 1.21)
0.82 (0.62, 1.08)
0.99 (0.83, 1.19)
0.85 (0.62, 1.16)
0.67 (0.49, 0.9)
1(0.82,1.21)
0.75 (0.45, 1.25)

0.76 (0.45, 1.27)
0.86 (0.62, 1.21)
0.91 (0.69, 1.2)

0.49
0.15
0.94
0.30
001"
1.00
0.28

0.29
0.40
0.51

aAs, Cd were compared between two categories of above LOD and below LOD

*
g value (false discovery rate) <0.1
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