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Abstract

Background: Drinking water is a common source of exposure to inorganic arsenic. In the
US, the Safe Drinking Water Act (SDWA) was enacted to protect consumers from exposure
to contaminants, including arsenic, in public water systems (PWS). The reproductive effects
of preconception and prenatal arsenic exposure in regions with low to moderate arsenic
concentrations are not well understood.
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Objectives: This study examined associations between preconception and prenatal exposure to
arsenic violations in water, measured via residence in a county with an arsenic violation in a
regulated PWS during pregnancy, and five birth outcomes: birth weight, gestational age at birth,
preterm birth, small for gestational age (SGA), and large for gestational age (LGA).

Methods: Data for arsenic violations in PWS, defined as concentrations exceeding 10 parts
per billion, were obtained from the Safe Drinking Water Information System. Participants of
the Environmental influences on Child Health Outcomes Cohort Study were matched to arsenic
violations by time and location based on residential history data. Multivariable, mixed effects
regression models were used to assess the relationship between preconception and prenatal
exposure to arsenic violations in drinking water and birth outcomes.

Results: Compared to unexposed infants, continuous exposure to arsenic from three months
prior to conception through birth was associated with 88.8 grams higher mean birth weight
(95% CI: 8.2, 169.5), after adjusting for individual-level confounders. No statistically significant
associations were observed between any preconception or prenatal violations exposure and
gestational age at birth, preterm birth, SGA, or LGA.

Conclusions: Our study did not identify associations between preconception and prenatal
arsenic exposure, defined by drinking water exceedances, and adverse birth outcomes. Exposure to
arsenic violations in drinking water was associated with higher birth weight. Future studies would
benefit from more precise geodata of water system service areas, direct household drinking water
measurements, and exposure biomarkers.

Keywords
arsenic; drinking water; contamination; reproductive health; water violations; public water systems

1. Introduction

A growing body of literature has focused on associations between environmental chemical
exposures and birth outcomes. Arsenic, a non-essential metalloid, is one such exposure of
focus. Inorganic arsenic is a naturally occurring, ubiquitous toxicant that is released into

the environment from both natural and anthropogenic activities (Villaescusa & Bollinger,
2008). Inorganic arsenic compounds can dissolve in and contaminate drinking water (Chung
et al., 2014). Most arsenic in groundwater and surface water comes from natural erosion
and mineral deposition, making it expensive and challenging to regulate (Keshavarzi et

al., 2011; Villaescusa & Bollinger, 2008). Drinking water, as a result, is one of the most
prominent routes of exposure to arsenic in the US and globally (CDC, 2017; World Health
Organization, 2022).

The Safe Drinking Water Act (SDWA), enacted in 1974, gave the Environmental

Protection Agency (EPA) authorization to protect and regulate public water systems (PWS)
(Weinmeyer et al., 2017). An estimated 90% of the US population is served by PWS

(US EPA, 2015). As part of the SDWA, the EPA sets treatment techniques and maximum
contaminant levels (MCL) for more than 90 contaminants, including arsenic, in PWS. In
2001, the EPA passed the Final Arsenic Rule in response to the National Research Council’s
1999 report, Arsenic in Drinking Water, which classified inorganic arsenic as a human

Environ Res. Author manuscript; available in PMC 2024 November 01.
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carcinogen (National Research Council, 1999). The ruling reduced the MCL for arsenic in
drinking water from 50 parts per billion (ppb) to 10 ppb. The ruling was supported by three
independent, expert panels tasked by the EPA to review the science, financial implications,
and health benefits of lowering the arsenic MCL (US EPA, n.d.). Since the adoption of the
Final Arsenic Rule, the number of arsenic violations among PWS in the US has decreased
by more than 50% from its peak of 883 violations in 2008 to 348 violations in 2017
(Foster et al., 2019). Nevertheless, few studies have explored associations between arsenic
exceedances and birth outcomes in the US (Almberg et al., 2017; Young et al., 2023).

Heavy metals such as arsenic cross the placenta and accumulate in fetal tissue, creating

a potential for /n utero complications and adverse birth outcomes (Gundacker &
Hengstschlager, 2012; Punshon et al., 2015). Preterm birth, low birth weight, and other
adverse birth outcomes have significant impacts on child well-being and mortality (Raju et
al., 2017). The existing literature on the relationship between arsenic exposure in drinking
water and birth outcomes is limited and has yielded inconsistent findings (Bloom et al.,
2014; Milton et al., 2017). It is worth noting that most of the existing literature was
conducted in international settings with unregulated water systems, high average exposure
levels (>50 ppb), and small sample sizes (Bloom et al., 2014; Milton et al., 2017). Further
research is needed to explore the relationship between low- to moderate-levels of arsenic
exposure and birth outcomes in the US, where PWS are regulated.

This analysis aims to assess the relationship between preconception and prenatal arsenic
exposure, measured via proxy of residing in a county with an active arsenic violation in

a PWS between three months prior to conception and birth, and birth outcomes. We used
data from the geographically diverse Environmental influences on Child health Outcomes
(ECHO) Cohort Study. We tested the hypothesis that exposure to an arsenic violation in
drinking water is associated with birth weight, gestational age at birth, preterm birth, small
for gestational age (SGA), and large for gestational age (LGA).

2. Methods

2.1. Study Population

We used data from 51 cohorts contributing to the national ECHO-wide Cohort Study, a
consortium of 69 diverse cohorts in the US and Puerto Rico. The ECHO-wide cohort has
been previously described in detail (Knapp et al., 2023). Briefly, the aim of the ECHO-wide
cohort is to explore the intersection of early life environment and child health outcomes,
including perinatal outcomes. A rich collection of extant and new data collected under the
ECHO-wide Data Collection Protocol is available for analysis (ECHO Program Materials,
2022). All data collection and research methods were IRB approved. All participants provide
written informed consent at enrollment.

Study inclusion and exclusion criteria are summarized in Supplemental Figure 1. There
were 59,246 ECHO pregnancies as of the August 2022 data lock. For the present analysis,
we excluded mother-child dyads with no available prenatal residential history and birth
outcomes data. Over 35% of pregnancies from the contributing cohorts were not enrolled to
the full ECHO-wide protocol and therefore were ineligible to be included in the analysis.

Environ Res. Author manuscript; available in PMC 2024 November 01.
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We excluded mother-child dyads without residential history data beginning three months
prior to the date of conception (estimated from gestational age at birth and date of birth)

and continuing through delivery, as well as participants missing any outcome data (birth
weight, gestational age at birth, preterm birth, SGA, or LGA). We focused our analysis

on ECHO participants in the contiguous US, therefore excluding mother-child dyads with
prenatal residential addresses in Hawaii, Alaska, and Puerto Rico. We limited our analysis to
singleton births because multiple gestations are associated with the birth outcomes examined
in this study (Heino et al., 2016; Warner et al., 2000). We excluded children born before
2006, the year the EPA arsenic standard for drinking water was reduced to 10 ppb. Four
cohorts with fewer than 30 participants in the analytic sample were also removed to improve
model convergence. Our final analytic sample included 15,342 mother-child dyads.

Birth Outcomes

The primary outcomes of interest were birth weight (in grams), gestational age at birth

(in weeks), preterm birth (binary), SGA (binary), and LGA (binary). Birth weight was
ascertained from medical records (n=9,886; 64.4%), parent or caregiver report (n=5,300;
34.5%), or study staff measurements (n=156; 1.0%). Preterm birth was defined as infants
delivered less than 37 completed weeks of gestation. Gestational age at birth was ascertained
from obstetrical estimates based on the date of last menstrual period and ultrasound findings
(n=7,840; 51.1%), maternal self-report (n=6,014; 39.2%), or other means (n=1,488; 9.7%).
Age- and sex-specific birth weight percentiles were used to classify children as SGA

(<10t percentile) and LGA (>90™ percentile) based on INTERGROWTH-215t fetal growth
standards (Papageorghiou et al., 2018).

2.3. Preconception and Prenatal Arsenic Violation Exposure

Arsenic violations in drinking water were defined as occurrences of arsenic concentrations
in PWS exceeding 10 ppb. Data on arsenic violations and attributes of PWS were obtained
from the Safe Drinking Water Information System (SDWIS), a federal database monitored
by the EPA, following the 2022 Quarter 4 update (EPA, n.d.). This system contains drinking
water violations for all PWS in the US, as required by the SDWA.. By definition, PWS
regularly serve drinking water to at least 15 service connections or an average of 25 people
per day for 60 or more days each year (US EPA, 2015). PWS were categorized by system
type. Community water systems (CWS) supply water to a consistent population year-round.
Transient- and non-transient non-community water systems often do not serve consistent
populations or do not serve populations year-round. Additionally, transient non-community
water systems are not subject to Final Arsenic Rule regulations. Therefore, we only included
CWS in our analysis. Public water systems were further categorized by the number of
people served based on EPA guidelines: very small (<500 served), small (501 — 3,300
served), medium (3,301 — 10,000 served), large (10,001 — 100,000 served), and very large
(>100,000 served). There are concerns of inadequate reporting practices among very small
PWS (Rubin, 2013). Therefore, to ensure reliable data, very small systems were excluded
from the analysis.

Geographic areas served by PWS were obtained from SDWIS. The names of the counties
served by each system were matched to corresponding Federal Information Processing

Environ Res. Author manuscript; available in PMC 2024 November 01.
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Standards (FIPS) codes using the tigris package in RStudio. PWS with missing data
regarding the counties served by the system were excluded from the analysis. Water system
inclusion and exclusion criteria are summarized in Supplemental Figure 2.

Residential address history data were geocoded using ArcGIS, with more than 85%

of observations geocoded as high quality. Prenatal residential addresses were available

for ECHO participants for each month beginning three months prior to conception and
continuing until birth. We matched participants with arsenic violations by time and location.
Participants were classified as exposed to arsenic violations in public drinking water if

they resided in a county with an active violation between three months prior to conception
and birth. Four exposure windows were defined: (1) preconception (three months prior to
conception to estimated date of conception); (2) first trimester (15%-13t week of pregnancy);
(3) second trimester (14-26™ week of pregnancy); and (4) third trimester (271" week of
pregnancy to delivery). Participants could be exposed during multiple exposure windows.
Therefore, we had two exposure variables: a binary exposure variable (any exposure vs. no
exposure) and a count exposure variable, calculated as the number of exposure windows in
which a participant was exposed, ranging from zero to four.

2.4. Covariates

Covariate selection was completed a prioriand based on prior literature and data availability
(Almberg et al., 2017; Shih et al., 2020). Selected potential maternal confounders included:
age at delivery (in years), year of delivery (in years), infant sex (male, female), maternal
race (White, Black, other), maternal ethnicity (Hispanic, non-Hispanic), pre-pregnancy
body mass index (underweight, normal weight, overweight, obese), any nicotine use during
pregnancy (yes/no), education (less than high school, high school degree or equivalent, some
college, bachelor’s degree, master’s degree and above), gestational diabetes (yes/no), and
hypertensive disorders of pregnancy (yes/no). We controlled for year of delivery to account
for temporal trends in both arsenic violations and birth outcomes (Foster et al., 2019;
Freaney et al., 2022). Self-reported race and ethnicity were collected at baseline recognizing
that these social constructs are strong predictors of environmental exposures (Flanagin et
al., 2021; Geron et al., 2022). Hypertensive disorders of pregnancy included gestational
hypertension, preeclampsia, eclampsia, and chronic hypertension.

2.5. Statistical Analysis

We calculated the number of water systems with violations in each contiguous US county
and produced a choropleth map of these counts in relation to preconception and prenatal
residential histories. We computed and compared the differences in the incidence of

birth outcomes in exposed and unexposed mother-child dyads. We calculated intraclass
correlation coefficients (ICC) to evaluate clustering of participants by (1) county and (2)
original cohort site. The ICCs revealed non-ignorable cohort site clustering. Therefore,
multivariable, mixed effects regression models, with a random intercept for each cohort,
were applied to estimate associations between county-level arsenic violations in drinking
water and birth outcomes. Analyses were performed using linear regression for continuous
outcomes (birth weight and gestational age at birth) and logistic regression for dichotomous
outcomes (preterm birth, SGA, and LGA). Arsenic exposure was treated as a dichotomous

Environ Res. Author manuscript; available in PMC 2024 November 01.
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variable (exposed vs. unexposed) in the binary model and a categorical variable (unexposed
vs. 1-3 windows vs. 4 windows) in the count model. Multiple imputations by chained
equations (MICE), using 10 iterations and 10 imputations, were implemented to account for
missing data using the mice package in RStudio.

Several sensitivity analyses were conducted to test the robustness of our findings. First,

we implemented a leave-one-out analysis to evaluate any potential unexpected influence of
individual cohorts. In our main analysis, we only included PWS that served more than 500
persons. We repeated our analysis to compare our findings after modifying the cutoff size for
population served by CWS to assess the robustness of our results to this decision. We also
excluded cohorts with inclusion criteria that were related to our exposure or outcome. Five
cohorts in this analysis exclusively enrolled preterm infants. One cohort exclusively enrolled
participants who accessed drinking water from private wells. We re-ran analyses excluding
preterm cohorts, and further excluding the cohort that enrolled participants who accessed
drinking water from private wells. Since arsenic exposure is associated with diabetes, we
also ran analyses excluding participants who reported gestational diabetes (Kirkley et al.,
2018).

Statistical analyses were performed using R (Version 4.1.0, R Foundation for Statistical
Computing). Maps were created using ArcGIS Pro (Release 2.7.0, Environmental Systems
Research Institute). All statistical tests were two-sided, with a p-value of less than 0.05
indicating statistical significance.

3. Results

Among the 15,342 mother-child dyads in the analytic sample, 794 (5.2%) resided in a
county that had an active arsenic violation in a regulated PWS between three months prior to
conception and birth. The remaining 14,548 (94.8%) mother-child dyads were not exposed
to arsenic violations in drinking water during this time frame. Among the exposed mother-
child dyads, 667 (84.0%) were exposed during the preconception period, 668 (84.1%) during
the 15t trimester, 670 (84.4%) during the 2" trimester, and 599 (75.4%) during the 3
trimester (Supplemental Figure 3). More than half of the exposed mother-child dyads were
exposed during all four exposure windows (n=491; 61.8%). An additional 118 (14.9%),

101 (12.7%), and 84 (10.6%) mother-child dyads were exposed during three, two, and one
exposure windows, respectively.

Maternal socio-demographics and risk factors are presented in Table 1. Most mothers
reported White race (n=9,990; 68.2%), non-Hispanic ethnicity (n=12,256; 82.0%), and
attained a bachelor’s degree or higher (n=5,157; 51.2%). The average age of mothers at
birth was 30 years. Mothers with exposure to arsenic violations were more likely to be
Hispanic than unexposed mothers (49.2% vs. 16.3%). Additionally, mothers exposed to
arsenic violations were more likely to be diagnosed with gestational diabetes (18.1% vs.
8.2%) and hypertensive disorders of pregnancy (15.1% vs. 12.8%), and less likely to report
tobacco or cigarette use during pregnancy (4.4% vs. 9.2%).

Environ Res. Author manuscript; available in PMC 2024 November 01.
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Figure 1 shows the number of CWS per county, serving more than 500 persons, with
arsenic violations in the contiguous US from 2006 to 2022, and residential histories of
study participants. A majority of counties were served by only one or two water systems
with arsenic violations (n=227; 84.1%). There were 498 CWS with arsenic violations in the
contiguous US between 2006 and 2022, for a total of 7,037 violations, and a median of 6
violations per system (IQR: 1-16.8). ECHO participants were served by 91 (18.3%) of the
498 CWS with arsenic violations. In the contiguous US, there were 270 counties served by
at least one CWS, serving more than 500 persons, with an arsenic violation between 2006
and 2022.

The mean birth weight in the study population was 3,265.2 grams, and the mean gestational
age at birth was 38.4 weeks (Table 2). Overall, the incidence of preterm birth, SGA,

and LGA were 11.0% (n=1,684), 6.2% (n=947), and 16.7% (n=2,555), respectively. The
incidence of preterm birth was greater among exposed infants compared with unexposed
infants (15.0% vs. 10.8%). Incidences of SGA and LGA were similar between exposed and
unexposed infants (5.3% vs. 6.2%; 18.4% vs. 16.6%, respectively). When comparing infants
exposed during 1-3 exposure windows versus 4 exposure windows, the average birth weight
and gestational age at birth was lowest among children with 1-3 windows of exposure
(3,054.1 vs. 3,286.0 grams; 37.2 vs. 38.4 weeks, respectively). The incidence of preterm
birth was higher among infants exposed during 1-3 windows of exposure (19.8% vs. 12.0%).
The incidence of SGA and LGA were similar between infants exposed during 1-3 windows
of exposure and infants exposed during 4 windows of exposure (5.9% vs. 4.9%; 19.8% vs.
17.5%, respectively).

Detailed results from bivariate analyses of associations between exposure to arsenic
violations and birth outcomes are found in Table 3. Bivariate analyses identified negative
associations between preconception and prenatal exposure to arsenic violations in drinking
water and both birth weight (=71.4 grams; 95% CI: —120.3, —22.6) and gestational age at
birth (0.5 weeks; 95% CI: 0.7, —0.3), and increased odds of preterm birth (1.5; 95% CI:
1.2, 1.8). All individual-level confounders were significantly associated with multiple birth
outcomes. Hispanic ethnicity, for example, was significantly associated with decreased birth
weight (=36.7 grams; 95% CI: -65.2, —8.2 and decreased odds for LGA (0.9, 95% CI: 0.8,
1.0).

Multivariable adjusted estimates for the five perinatal outcomes are presented in Table 4.
When using a binary exposure variable, there was no evidence of an association between
any preconception or prenatal exposure to arsenic in drinking water and birth weight, after
adjusting for individual-level confounders (34.7 grams; 95% CI: —-18.9, 88.3). Similarly,
when using a count exposure variable, there was no evidence of a difference in birth
weight among infants with 1-3 windows of exposure compared with unexposed infants (5.4
grams; 95% CI: -57.4, 68.2). There was, however, a statistically significant increase in birth
weight among infants with continuous exposure (from three months prior to conception
through birth) compared with unexposed infants (88.8 grams; 95% CI: 8.2, 169.5). In
models using either a binary exposure variable or an ordinal exposure variable, there

were no statistically significant associations between preconception and prenatal arsenic
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exposure and gestational age at birth, preterm birth, SGA, or LGA. Fully adjusted models
are available in Supplemental Table 3 and Supplemental Table 4.

Sensitivity analyses revealed that findings differed when comparing models with different
cutoff criteria for the size of the populations served by the PWS (Supplemental Table 5).
When there was no cutoff criterion (i.e., when the water systems serving fewer than 500
persons are included), we found statistically significant associations between any arsenic
violations exposure and increased birth weight (51.1 grams; 95% ClI: 20.9, 81.2), lower
odds of SGA (OR=0.7; 95% ClI: 0.6, 0.9), and higher odds of LGA (OR=1.2; 95% ClI:
1.0, 1.4). Similarly, when we raised the cutoff criterion for water systems to 3,300 persons
served, there was a statistically significant association with higher birth weight among
exposed infants (77.8 grams; 95% ClI: 3.5, 152.0). When we only included large and

very large PWS (serving more than 10,000 persons), the odds ratio of SGA comparing
exposed with unexposed infants was 0.4 (95% CI: 0.1, 0.9). Findings were similar to

our main results when we excluded the five cohorts that exclusively enrolled preterm
infants (Supplemental Table 6). The observed trends in perinatal outcomes were similar
when we additionally excluded the cohort with well-water usage (Supplemental Table 7).
When excluding participants reporting gestational diabetes, effect estimates were slightly
attenuated towards the null (Supplemental Table 8). The leave-one-out analysis did not
reveal any cohorts that skewed effect estimates (Supplemental Figure 6).

4. Discussion

We evaluated associations of preconception and prenatal exposure to arsenic violations in
regulated PWS with five perinatal outcomes: birth weight, gestational age at birth, preterm
birth, SGA, and LGA, using a sample of mother-child dyads from the ECHO-wide Cohort
Study. Residence in a county served by a PWS serving more than 500 persons with an
arsenic violation during the three months prior to conception or any trimester of pregnancy
was not significantly associated with any of the five birth outcomes after adjusting for
individual-level confounders. However, living in a county served by a PWS with an arsenic
violation for the entire prenatal period (preconception through 3" trimester) was associated
with a higher birth weight compared with unexposed participants in our adjusted models.

The toxicokinetic mechanism by which arsenic affects birth outcomes is not well understood
(Vahter, 2009). It is hypothesized that exposure to arsenic during pregnancy triggers
inflammatory response via increased oxidative stress (Ahmed et al., 2011). Inflammation
may serve as a catalyst for preterm birth through the release of prostaglandin and

other inflammatory mediators which induce uterine contractions (Romero et al., 2006).
Studies have found that placental inflammatory response is associated with poor neonatal
growth (Mestan et al., 2010). One hypothesized pathway regarding this association is that
inflammation may alter the placenta’s capacity to transport essential nutrients that promote
fetal development (Gaccioli & Lager, 2016). Additionally, there is some evidence that
inflammation increases the risk of placental abruption, which can result in preterm births
(Nath et al., 2007).
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We observed higher birth weight among infants of mothers with prenatal arsenic exposure.
Arsenic exposure has been linked to both metabolic syndrome and diabetes (Kirkley et al.,
2018; Panico et al., 2022). Therefore, it is plausible that this association may have been
mediated by the high prevalence of gestational diabetes in the exposed ECHO population.
This is supported by our finding of attenuated estimates after excluding participants with
gestational diabetes from the study population, but the overall effect estimate for birth
weight remained positive. It is also possible that unmeasured confounders, such as maternal
diet, well water usage, and bottled water consumption, could have biased our results.
Nevertheless, higher term birth weight in association with arsenic exposure has been
observed in prior literature. One study in Inner Mongolia, China (N = 9,890) reported
higher birth weight (50.0 grams; 95% CI: 20.0, 80.0) among participants exposed to very
high levels of arsenic (>100 ppb) in well water (Myers et al., 2010). Another study in
Tenerife, Spain (N = 76) found elevated arsenic concentrations in meconium biomarkers to
be associated with birth weight (223.8 grams; p-value=0.043) (Vall et al., 2012). Still, there
are several studies indicating that infants born to mothers with prenatal arsenic exposure
have lower birth weight (Hopenhayn et al., 2003; Kile et al., 2015; Yang et al., 2003).
Further research is needed to understand these differences and the underlying mechanisms
by which arsenic may influence fetal growth.

We observed non-significant differences in gestational duration and odds of preterm birth
among the exposed infants in our study. Previous studies have also reported null findings
regarding associations between arsenic exposure and preterm birth, including the studies

in Inner Mongolia, China and Tenerife, Spain (Myers et al., 2010; Vall et al., 2012).

Other studies, including one conducted in Bangladesh, found that arsenic exposure was
associated with reductions in gestational age at birth (Kile et al., 2015). However, the study
in Bangladesh was conducted in a region with high elevated average exposures and almost
exclusively well water consumption.

We observed lower odds of SGA and higher odds of LGA among the infants exposed to
arsenic violations in our adjusted models, although these associations were not statistically
significant. SGA and LGA are not as frequently explored in the epidemiologic literature as
birth weight, gestational age at birth, and preterm birth. One study in Mexico City found
that maternal blood arsenic concentrations at delivery were associated with significantly
higher odds of both SGA and LGA; however, these associations were not statistically
significant when using 2" and 3" trimester blood arsenic concentrations (Mullin et al.,
2019). Nevertheless, our findings have important public health implications as both SGA
and LGA are linked to various health consequences for the mother and infant throughout the
life-course, including cardiovascular disease, obesity, and kidney health (Mishra et al., 2014;
Nam & Lee, 2018; Sjoholm et al., 2021).

To the best of our knowledge, this is the first epidemiologic study to explore the relation
between arsenic violations in regulated PWS and birth outcomes at a national level. There
have been smaller-scale US-based studies that have utilized SDWIS data, and they have
found similar results. One study based in Virginia examined associations between multiple
SDWA violations, including arsenic, and birth outcomes, including preterm birth and low
birth weight. Similar to our study, the authors found no associations between health-based
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arsenic violations and any birth outcomes (Young et al., 2023). Another study based in
Ohio investigated associations between arsenic violations in drinking water and five birth
outcomes, including preterm birth and SGA. While the authors did identify higher odds of
preterm birth, they found no association with SGA (Almberg et al., 2017). However, this
study was not able to track participants who moved during pregnancy, and did not exclude
very small PWS from the analysis.

Hispanic individuals had significantly higher rates of exposure to arsenic violations in
drinking water compared to non-Hispanic individuals. We also found statistically significant
differences in birth outcomes based on maternal race and ethnicity. Similar environmental
justice implications have been noted in previous literature (Balazs et al., 2012; McDonald
& Jones, 2018), with evidence that low levels of exposure to arsenic may have adverse

birth consequences on disparate populations (Howe et al., 2020). Of note, when we revised
the population served cutoff criteria for PWS to include very small systems, we found
significant differences in birth weight, odds of SGA, and odds of LGA. It is possible that
including smaller systems may capture more rural areas that are categorized by disparities
in socio-demographics and infrastructures, as well as additional marginalized populations
that are vulnerable to environmental contamination. Furthermore, the Southwest region of
the U.S. experienced a large number of arsenic violations, and the proportion of individuals
of Hispanic ethnicity in the population is higher in many Southwest counties. However, it
should be noted that the ECHO cohorts do not fully represent the geographic distribution of
racial and ethnic groups throughout the US (Knapp et al., 2023).

Our study results are subject to several limitations. First, arsenic exposure was measured
via a proxy of residing in a county with an arsenic water violation during preconception

or pregnancy. We recognize that most water systems do not serve all persons within a
county and that multiple systems may serve the same county. However, due to the nature of
SDWIS data, aggregating to a county-level was the finest granularity we could achieve. We
attempted to mitigate the degree of exposure misclassification by excluding very small water
systems from our analysis. However, differences in effect estimates when applying different
population served cutoff criteria for PWS revealed that our exposure classification was not
robust to this analytic decision, which may be attributable to the fact that a large majority
of arsenic MCL exceedances occur in very small water systems (Foster et al., 2019). Our
study would have benefited from more detailed water system service boundaries. However,
very few states have publicly available data on water system service areas. The structure

of ECHO data gives rise to the potential of measurement error in our classification of
exposure windows. Residential history data are collected monthly, and trimesters are based
on weeks of gestation instead of days. We also had limited knowledge on the external dose
of arsenic in drinking water. For systems with arsenic violations, we knew that the measured
concentration of source water used by the PWS surpassed the MCL of 10 ppb. However,
we had no continuous measures of the concentration of arsenic in water systems, so we
were unable to assess a dose-response relationship between arsenic concentrations and birth
outcomes. We also had no information on the true arsenic concentrations of the individual
households of our study participants and thus non-differential misclassification was likely.
Additionally, violations are assigned for a specified duration — often quarterly — and are
based on the running average of concentrations measured from each site. Therefore, it is
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possible that a PWS was in violation of the arsenic MCL before the violation was in effect,
and concentrations may have fallen below the MCL before the violation was considered
corrected. We had insufficient information on private well usage, bottled water usage, and
diet for our study participants. In many regions of the US, private drinking-water wells
frequently exceed the MCL of 10 ppb (Water Resources, 2019). Rural areas have a higher
proportion of private well users compared to urban areas. Therefore, it is possible that our
estimates of association may be biased and that rural areas may be underrepresented in
this study. Our results are conservative because participants are exposed to multiple water
sources, including in homes, schools, and workplaces, that may be in counties different
from their residential address. Furthermore, this study only looked at a single exposure —
arsenic in drinking water. Environmental exposures most often occur as complex mixtures.
Co-exposure to multiple contaminants can influence the toxicity of a single metal (Rechtman
et al., 2020). Future analyses could utilize SDWIS data to assess exposure mixtures, which
may uncover associations that were not present in this single-contaminate study.

Despite the aforementioned limitations, our study had several important strengths. First, our
study benefited from the quality and depth of our residential history data, which allowed

us to capture exposure to arsenic violations in PWS over different periods of preconception
and pregnancy. There are critical periods to fetal growth, and environmental influences
during these periods can disrupt fetal development (Colombo et al., 2019). Additionally, our
analysis was able to account for mothers who moved during pregnancy. Residential mobility
is common during pregnancy; an estimated 22% of mothers move during pregnancy, and
49% of those move between counties (Miller et al., 2010). In our sample, 1,403 (9.1%)
mothers moved at least once between preconception and birth. Failure to capture residential
mobility could lead to misclassification of the exposure, which would bias the association
between arsenic exposure and birth outcomes. Relatedly, our knowledge of participant
movement during the study period allowed us to more accurately define the timing of
exposures at various gestational milestones. Our ability to study the duration of exposures
to arsenic violations in drinking water is unique to our analysis and helps inform the need
for more stringent monitoring of PWS. Our study expands upon the existing research due

to its large sample size. We were able to study associations between arsenic exposure

and birth outcomes among a geographically, temporally, and sociodemographically diverse
population. Our large sample size allowed for greater statistical power to detect associations
between arsenic exposure in drinking water and perinatal outcomes, compared with previous
studies conducted in smaller samples.

5. Conclusion

To our knowledge, this is the first nationwide study of the association between arsenic
violations and perinatal outcomes in a region with regulated PWS and low- to moderate-
levels of arsenic exposure. Overall, arsenic violations in drinking water are uncommon in
the US. Residing in a county with a water system in violation of the arsenic MCL of

10 ppb during pregnancy did not appear to be associated with increased risk for select
birth outcomes. These findings may be partially attributable to protective effects of SDWA
regulations. However, this study and future studies of similar nature would benefit from
improved exposure characterization through more precise geodata of water system service
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areas, information on household drinking water sources, and exposure biomarkers. Further
epidemiologic research is needed to corroborate these findings using both continuous
measures of arsenic concentrations in drinking water and individual bioloads.
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. Arsenic violations in US public water systems were uncommon between 2006
and 2022

. Continuous exposure to arsenic violations was associated with increased birth
weight

. Exposure to arsenic violations was not associated with adverse birth outcomes

. Safe Drinking Water Act regulations may be protective of public health
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Figure 1: Number of violating public water systems, serving 500 or more persons, per county,
from 2006 to 2022, and ECHO-wide Cohort Study participant’s residential histories.

Abbreviations: PWS: public water systems.
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Table 1:

Distribution of demographic factors for ECHO-wide Cohort Study participants, by exposure status.

Overall Exposed Unexposed

Characteristic (N=15,342) (N=794) (N=14,548)
Maternal age at birth 30.25 (5.54) 30.24 (5.94) 30.25 (5.52)

Missing 97 1 96
Year of birth 2014 (3.72) 2014 (4.35) 2014 (3.68)
Infant sex

Male 7,968 (51.94%) 421 (53.02%) 7,547 (51.88%)

Female 7,374 (48.06%) 373 (46.98%) 7,001 (48.12%)

Maternal race
White
Black
Other
Missing

Maternal ethnicity
Hispanic
non-Hispanic
Missing

Pre-pregnancy BMI
Underweight
Normal weight
Overweight
Obese
Missing

Any tobacco or nicotine use
Missing

Maternal education
Less than high school
High school or equivalent
Some college; Trade school
Bachelor's
Master's or above
Missing

Gestational diabetes
Missing

Hypertensive disorder

Missing

9,990 (68.15%)

2,257 (15.40%)

2,411 (16.45%)
684

2,700 (18.05%)
12,256 (81.95%)
386

364 (2.79%)
5,933 (45.54%)
3,254 (24.98%)
3,477 (26.69%)

2,314
1,176 (8.98%)
2,250

839 (8.33%)
1,730 (17.18%)
2,341 (23.25%)
2,723 (27.05%)
2,434 (24.18%)

5,275
1,053 (8.77%)
3,337
1,824 (12.89%)
1,193

580 (74.74%)
67 (8.63%)
129 (16.62%)
18

387 (49.24%)
399 (50.76%)
8

19 (2.56%)
276 (37.25%)
214 (28.88%)
232 (31.31%)

53
31 (4.43%)
94

106 (19.27%)

123 (22.36%)

175 (31.82%)

82 (14.91%)

64 (11.64%)
244

128 (18.10%)
87

109 (15.08%)
71

9,410 (67.79%)

2,190 (15.78%)

2,282 (16.44%)
666

2,313 (16.32%)
11,857 (83.68%)
378

345 (2.81%)
5,657 (46.04%)
3,040 (24.74%)
3,245 (26.41%)

2,261
1,145 (9.24%)
2,156

733 (7.70%)
1,607 (16.89%)
2,166 (22.76%)
2,641 (27.75%)
2,370 (24.90%)

5,031
925 (8.19%)
3,250
1,715 (12.77%)
1,122

Environ Res. Author manuscript; available in PMC 2024 November 01.

Abbreviations: BMI: body mass index.
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