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Abstract

Background: Gastroschisis prevalence more than doubled between 1995 and 2012. While there
are individual-level risk factors (e.g., young maternal age, low body mass index), the impact of
environmental exposures is not well understood.

Methods: We used the U.S. Environmental Protection Agency’s Environmental Quality Index
(EQI) as a county-level estimate of cumulative environmental exposures for five domains (air,
water, land, sociodemographic, and built) and overall from 2006 to 2010. Adjusted odds ratios
(aOR) and 95% confidence interval (Cl) were estimated from logistic regression models between
EQI tertiles (better environmental quality (reference); mid; poorer) and gastroschisis in the
National Birth Defects Prevention Study from births delivered between 2006 and 2011. Our
analysis included 594 cases with gastroschisis and 4105 infants without a birth defect (controls).

Results: Overall EQI was modestly associated with gastroschisis (aOR [95% Cl]: 1.29

[0.98, 1.71]) for maternal residence in counties with poorer environmental quality, compared

to the reference (better environmental quality). Within domain-specific indices, only the
sociodemographic domain (aOR: 1.51 [0.99, 2.29]) was modestly associated with gastroschisis,
when comparing poorer to better environmental quality.

Conclusions: Future work could elucidate pathway(s) by which components of the
sociodemographic domain or possibly related psychosocial factors like chronic stress potentially
contribute to risk of gastroschisis.

Keywords
gastroschisis; environmental quality index; EQI; sociodemographic; environmental quality

1| INTRODUCTION

Gastroschisis is a major abdominal birth defect resulting in the developing intestines and
sometimes other gastrointestinal organs forming outside the abdomen in the surrounding
amniotic fluid, requiring immediate surgical intervention after birth (Feldkamp et al.,

2007). Gastroschisis is generally not associated with genetic conditions, with fewer than

2% of cases having chromosomal abnormalities (Mastroiacovo et al., 2007). However,
familial occurrence is around 3% (Salinas-Torres et al., 2018), suggesting underlying
genetic susceptibility. While advances in prenatal diagnosis, surgical outcomes, and clinical
management have significantly improved survival rates to over 90%, many individuals living
with gastroschisis have long-term morbidity and substantial health care costs associated with
their condition (Harris et al., 2016; Skarsgard, 2016).

Recent population-based studies in the United States (U.S.) estimate that gastroschisis
affects approximately 4 to 5 infants per 10,000 births, meaning that nearly 2000 babies
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are born every year with this condition (Mai et al., 2019; Stallings et al., 2019). Prevalence
varies by race/ethnicity and is lower for non-Hispanic Black infants compared to non-
Hispanic White infants (Baldacci et al., 2020; Mac Bird et al., 2009; Mai et al., 2019).
Notably, the prevalence of gastroschisis has been steadily increasing over time, more than
doubling between 1995 and 2012 in the U.S. (Jones et al., 2016) and around the world
(Castilla et al., 2008; Egger et al., 2022; Kazaura et al., 2004). The reasons for this increase
are unknown but suspected to be related to concurrent shifts in non-genetic risk factors
and/or environmental exposures. Spatial clustering in the distribution of gastroschisis-
affected births (Bassil et al., 2016; Elliott et al., 2009; Liu et al., 2021; Root et al., 2009;
Yazdy et al., 2015) supports the hypothesis that environmental and sociodemographic factors
play a role in the etiology of gastroschisis, which otherwise remains largely unexplained.

Established risk factors for gastroschisis include young maternal age (<20 years), low
pre-pregnancy body mass index (BMI < 18.5 kg/m?2), smoking, medication use and to a
lesser degree, alcohol use during pregnancy (Baldacci et al., 2020; Fisher et al., 2022; Mac
Bird et al., 2009; Raitio et al., 2020; Rasmussen & Frias, 2008; Siega-Riz et al., 2009;
Werler et al., 1992). While various individual environmental factors such as pesticides,
solvents, polycyclic aromatic hydrocarbons, air pollution, and certain medications have been
investigated in relation to gastroschisis (Agopian et al., 2013; Huybrechts et al., 2023; Kielb
etal., 2014; Lupo et al., 2012; Padula et al., 2021; Torfs et al., 1996; Waller et al., 2010),
few studies have considered multiple co-occurring environmental exposures across different
domains, which could potentially have synergistic effects on embryogenesis (Rager et al.,
2020). Investigation of the relationship between gastroschisis and the contextual maternal
socio-environment during early pregnancy can potentially further our understanding of the
increasing prevalence, spatial variability, and etiology of gastroschisis.

In this study, we used the U.S. Environmental Protection Agency (EPA)’s Environmental
Quality Index (EQI) to investigate whether the environmental quality of the county

of residence during early pregnancy is associated with gastroschisis in the National

Birth Defects Prevention Study (NBDPS). The EQI is an aggregate environmental index
incorporating a wide spectrum of environmental data that can be used to generate
geographic-based estimates of cumulative environmental exposures across five domains: air,
water, land, sociodemographic, and built environment (Lobdell et al., 2011; Messer et al.,
2014; United States Environmental Protection Agency, 2020a, 2020b, 2020c), and has been
used in prior studies of health outcomes including birth defects, infant mortality, preterm
birth, asthma, mortality, and cancer (Gray et al., 2018; Jagai et al., 2017; Jian et al., 2017,
Krajewski et al., 2021; Patel et al., 2018; Rappazzo et al., 2015).

2| METHODS
2.1| Study population

The NBDPS is a population-based, multi-center case—control study designed to investigate
environmental and genetic risk factors for major structural birth defects in the U.S. (Reefhuis
et al., 2015). Cases of gastroschisis and other eligible birth defects diagnosed among

infants, stillbirths, and terminations with dates of delivery on or after October 1, 1997

and estimated dates of delivery on or before December 31, 2011 were identified by active,
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population-based birth defects surveillance programs in Arkansas (1998-2011; statewide),
California (1997-2011; selected counties), Georgia (1997-2011; selected counties), lowa
(1997-2011; statewide), Massachusetts (1997-2011; selected counties), New Jersey (1998—
2002; statewide), New York (1997-2002 & 2004-2011; selected counties), North Carolina
(2003-2011; selected counties), Texas (1997-2011; selected counties), and Utah (2003-
2011; statewide). Clinical geneticists reviewed abstracted information to confirm diagnoses
and exclude cases with known or strongly suspected single gene conditions or chromosomal
abnormalities (Rasmussen et al., 2003). Infants without a major birth defect were selected as
controls by sampling birth certificates or hospital discharge records in the same geographic
area and time period as cases. Mothers of eligible cases and controls were invited to
participate in the NBDPS and complete a 1-h telephone interview in English or Spanish
between 6 weeks and 24 months after delivery. The interview covered a comprehensive
range of topics including sociodemographic information, pregnancy history, maternal health
and health behavioral factors, medication use, and occupational and residential histories.
Overall, 65% of mothers of gastroschisis cases and 65% of mothers of controls participated
in the interview. On average, interviews were conducted within 12 months after delivery (10
months for cases; 9 months for controls). For this analysis, we restricted our study sample to
cases and controls conceived between 2006 and 2011 to match the period of time for which
EQI data were available. We used the maternal residence corresponding to the beginning of
pregnancy, based on the estimated date for conception, to better align our exposure period
with the critical time window of embryologic development during which gastroschisis likely
occurs (gestational weeks 4-8).

2.2 | Exposure data

The EQI is a county-level estimate of ambient environmental quality developed by the

U.S. EPA. Detailed information about how the EQI was constructed has been published
(United States Environmental Protection Agency, 2020a, 2020b, 2020c). In brief, national
data on various sources of environmental exposures between 2006 and 2010 were compiled
to represent cumulative environmental quality across five domains: air (43 variables),
representing the six criteria air pollutants (i.e., particulate matter, photochemical oxidants
including ozone, carbon monoxide, sulfur oxides, nitrogen oxides, and lead) and hazardous
air pollutants (e.g., perchloroethylene emitted from facilities); water (51 variables),
representing overall water quality, general water contamination, recreational water quality,
drinking water quality, atmospheric deposition, drought, and chemical contamination; /and
(18 variables), representing agriculture, pesticides, contaminants, facilities, and radon;
built (15 variables), representing roads, highway/road safety, public transit behavior,
business environment, and subsidized housing environment; and sociodemographic (12
variables), representing socioeconomics and crime. A summary of the data sources for
each domain can be found in Table S1. To construct the EQI, variables in each of the

five domains were reduced using principal components analysis (PCA), with the first
component retained as that domain’s index value. The domain-specific indices were valence-
corrected to ensure that directionality of the variables was consistent with higher values
reflecting poorer environmental quality and lower values reflecting better environmental
quality. Subsequently, the five domain-specific indices were further reduced in a second
PCA, in which the first component was retained as the value for the overall EQI. This
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analytic process ultimately yields for each individual U.S. county an aggregate measure of
environmental quality over time (2006-2010) that corresponds to the five specific domains
as well as overall (i.e., six measures per county). The EQI is publicly available from U.S.
EPA: https://www.epa.gov/healthresearch/environmental-quality-index-eqi.

2.3 | Exposure assignment

During the NBDPS interview, women were asked to provide their residential history,
including addresses and dates, for each place they lived from 3 months before they

became pregnant to the end of their pregnancy. Residential addresses reported by NBDPS
participants were centrally geocoded by the Agency for Toxic Substances and Disease
Registry’s Geospatial Research, Analysis, and Services Program using Centrus (Pitney
Bowes Software 2012, version 6.0). Data from New Jersey was not included in this analysis
because geocoded data were not available. Self-reported address(es) was successfully
geocoded for 97% of all NBDPS participants. The NBDPS participant’s residence
corresponding to the beginning of pregnancy (based on estimated date of conception) was
linked to the EQI using county Federal Information Processing Standard (FIPS) codes.

2.4 | Statistical analysis

We categorized the observed distribution of the overall EQI and domain-specific indices
within our study sample into tertiles based on the national distribution of the EQI across

all U.S. counties (United States Environmental Protection Agency, 2020b). The EQI is
structured such that higher values reflect poorer environmental quality, and lower values
reflect better environmental quality. Thus, in our analysis, our tertiles corresponded to better
environmental quality (tertile 1), mid-range environmental quality (tertile 2), and poorer
environmental quality (tertile 3).

Potential confounders selected a priori and ascertained from the NBDPS interview included:
maternal age at conception, race/ethnicity, completed years of education (as a proxy for
individual socioeconomic status, or SES), smoking during pregnancy, alcohol use during
pregnancy, pre-pregnancy BMI, and rural-urban continuum codes (RUCC). RUCC data was
obtained from the US Department of Agriculture (United States Department of Agriculture,
2019). Reducing from nine classification categories to four, we used the following RUCC
categories: metropolitan urbanized (RUCC1); non-metropolitan urbanized (RUCC2); less
urbanized (RUCC3); and thinly populated (RUCC4) (Krajewski et al., 2021; Luben et al.,
2009; Messer et al., 2010). The final minimally sufficient adjustment set was determined
using a Directed Acyclic Graph (DAG) and included: maternal age (<20 years; =20 years),
race/ethnicity (non-Hispanic White; non-Hispanic Black; Hispanic; other), education (<high
school; high school; >high school), and BMI (underweight <18 kg/m?; normal 18 to <25
kg/m?2; overweight/obese =25 kg/m?). We used logistic regression to estimate unadjusted and
adjusted odds ratios (aOR) and 95% confidence intervals (Cl) for the association between
gastroschisis and the overall EQI, as well as the associations between gastroschisis and

each of the five domain-specific indices, comparing poorer environmental quality and mid-
range environmental quality to a common reference category reflecting better environmental
quality. When domain-specific findings were of interest, the other domains were included

in the statistical models as covariates. Lastly, we used stratified analyses to explore
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whether maternal age (<20 vs. =20 years) might modify the association between EQI and
gastroschisis rather than operate as a confounder. Statistical analyses were performed by
AKK using SAS version 9.4 (Cary, NC) and independently replicated (CYK).

3| RESULTS

The total number of eligible gastroschisis cases and controls with dates of conception
between January 1, 2006 and December 31, 2011 was 629 and 4368, respectively. Of those
cases and controls, we successfully linked 94% to the EQI (298 participants were missing a
FIPS code), yielding exposure data for 4699 study participants across 369 unique residential
counties.

Our final sample for analysis consisted of 594 gastroschisis cases and 4105 controls (Table
1). Over 90% of cases were diagnosed with an isolated occurrence of gastroschisis, whereas
the remaining case infants had at least one additional co-occurring birth defect. Mothers of
case infants were more likely than mothers of control infants to be younger than 20 years at
conception (37.7% vs. 10.9%, respectively) and have a pre-pregnancy BMI 18 to <25 kg/m?
(60.4% vs. 47.7%, respectively). The largest proportion of mothers of both cases (47.5%)
and controls (56.6%) identifying as non-Hispanic White. Among cases, mothers were more
likely to have completed high school (36.7%) or more than high school (36.9%); however,
among controls, the largest proportion of mothers were likely to have completed more than
a high school education (60.2%). The majority of cases (84.3%) and controls (86.3%) were
born in metropolitan urbanized areas (RUCC 1).

The overall EQI was associated with an increased risk of gastroschisis (Figure 1; Table 2).
Compared to mothers who lived in counties with better environmental quality, mothers who
lived in counties with either poorer or mid-range environmental quality were approximately
30% more likely to have a pregnancy affected by gastroschisis (aOR: 1.31 [95% CI: 0.99,
1.73] for poorer quality; aOR: 1.29 [0.98, 1.71] for mid-range quality). The patterns of
association varied in the domain specific indices. Mothers who lived in counties with
poorer quality within the sociodemographic domain were nearly twice as likely to have an
infant with gastroschisis (OR: 1.86 [1.28, 2.73]), with some attenuation after multivariable
adjustment (aOR:1.51 [0.99, 2.29]). In the land domain, we observed elevated odds with
gastroschisis among mothers who lived in counties with poorer land quality (aOR: 1.17
[0.92, 1.49]). We also observed lower odds with gastroschisis in the mid-range quality of
the water domain (aOR: 0.72 [0.49, 1.03]) and built domain (aOR:0.74 [0.55, 0.99]). The
associations were similar when including RUCC as a covariate (Table S2).

Analyses stratified by maternal age (Table 3) revealed no meaningful differences by age in
the association between the overall EQI and gastroschisis, with aOR of 1.13 for mothers

<20 years and aOR of 1.33 for mothers =20. Within domain specific indices, the moderate
association observed in the primary analyses between gastroschisis and poorer quality in

the sociodemographic domain appeared to be driven by the strata of mothers =20 years

at conception (aOR: 1.88 [1.13, 3.14]) compared to mothers <20 years (aOR: 0.95 [0.47,
1.92]). Furthermore, there was increased odds of gastroschisis among mothers <20 years
living in counties with poorer quality in the water domain (aOR: 1.37 [0.66, 2.82]) and in the
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land domain (aOR:1.43 [0.91, 2.25]). The associations were similar when including RUCC
as a covariate (Table S3).

DISCUSSION

In this study using the EQI as a measure of the environmental quality of a mother’s county
of residence during pregnancy, we found that overall EQI was not strongly associated with
an increased risk of having an infant with gastroschisis in the NBDPS study population.
Within the specific domains that comprise the EQIl—air, water, land, sociodemographic,

and built environment—we observed varied patterns of association. There was an elevated
effect estimate for the sociodemographic domain, whereby mothers living in counties with
poorer quality sociodemographic environment having 50% increased odds of gastroschisis in
adjusted models (90% when restricted only to mothers =20 years at conception) compared to
mothers living in counties with better quality sociodemographic environment. Additionally,
the was an observed pattern of increased odds of gastroschisis among mothers who lived

in counties with poorer quality in the land domain, while there was decreased odds among
mothers who lived in counties with mid-range quality in the water and built domains.

Our study is among the first to explore associations between gastroschisis and cumulative
residential environmental quality across multiple domains. A previous study conducted in
Texas by Krajewski et al. (2021) investigated potential associations between the EQI and
various types of birth defects including gastroschisis. In that study, maternal residence at
delivery in counties with the poorest overall environmental quality was associated with a
higher prevalence of gastroschisis (prevalence ratio [PR] = 1.55 [95% CI = 1.30, 1.86]),
adjusting for maternal age, race/ethnicity, education, smoking, and RUCC. Within the
domain specific indices, the adjusted PRs (95% CI) comparing the poorest quality to the
best quality were: air 1.06 (0.76, 1.46); water 1.00 (0.69, 1.43); land 0.95 (0.74, 1.23);
sociodemographic 1.53 (1.02, 2.31); and built 0.67 (0.48, 0.92). While our study did not
observe as strong of an association with the EQI both overall and domain specific, our
results were generally consistent with their findings, particularly the sociodemographic
domain finding. Because Texas participated in the NBDPS and contributed cases of
gastroschisis from selected counties delivered between 2007 and 2010, there is a relatively
small overlap in the case series between our study and the Texas EQI study. However,

there are differences between the studies that make them unique and inform comparison of
results. The Texas EQI study was a cohort analysis that included over 1.6 million births
from across the state (not just from the geographically smaller NBDPS study area) and
used maternal address at delivery as documented on the birth certificate to link to the EQI.
Whereas we categorized exposure in our study based on the national distribution (in tertiles)
of the EQI across all U.S. counties, the Texas study categorized exposure based on their
within-sample distribution (in quartiles) among the baseline population of livebirths in their
study, precluding direct comparison of the EQI categories between studies. Results from our
study may be more generalizable and directly comparable to other studies that, like ours,
standardize their population to the national EQI distribution.

In our study the association with the sociodemographic domain persisted after adjustment
for individual-level sociodemographic risk factors for gastroschisis (maternal age, education,
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and race/ethnicity), suggesting that while individual-level factors might partially mediate or
confound the total observed effect of the sociodemographic domain estimated by the crude
ORs, the county-level sociodemographic environment during early pregnancy may also
have an independent role in the causal pathway(s) for gastroschisis (Robert, 1999). These
findings are consistent with a recent study that investigated the association between >1200
cases of gastroschisis in the NBDPS and neighborhood-level socioeconomic position using
two separate indices—the Neighborhood Deprivation Index (NDI), and the Neighborhood
Socioeconomic Position Index (nNSEPI) (Neo et al., 2023). In that study, women who lived
in low socioeconomic-position neighborhoods during early pregnancy were more likely

to deliver an infant with gastroschisis compared to women residing in high socioeconomic-
position neighborhoods (OR for NDI: 2.31 [95% CI: 1.98, 2.71]; OR for nSEPI: 2.42 [95%
Cl: 2.06, 2.83]). Adjustment for individual-level factors including maternal race/ethnicity,
household income, and education attenuated the observed associations, yet remained
modestly elevated (aOR for NDI: 1.28 [95% CI: 1.04, 1.49]; aOR for nSEPI: 1.32 [95%
Cl: 1.09, 1.61)).

The salient utility of the EQI is that it reflects cumulative, simultaneous exposures from
multiple components of the total environment in which people live, allowing for estimation
of ambient county-level environmental quality that are known to impact health and can

be actionable targets for intervention. The sociodemographic domain was constructed
using county-level data about household income and poverty, housing quality, education,
unemployment, and crime (United States Environmental Protection Agency, 2020b).
Previous studies have observed associations between adverse pregnancy outcomes and
these same neighborhood-level socioeconomic Census indicators (Carmichael et al., 2003;
Lupo et al., 2015; Neo et al., 2023; O’Campo et al., 2008; Vinikoor-Imler et al., 2011;
Wasserman et al., 1998). While our study design cannot elucidate the exact mechanisms
by which such features of the social environment might contribute to the occurrence

of gastroschisis, one reasonable hypothesis to be explored in future studies is whether
community-level measures of socio-economic position might serve as markers for individual
health behaviors (Vinikoor-Imler et al., 2011) and/or psychosocial stress, which has been
previously associated with gastroschisis (Carmichael, Ma, Tinker, Shaw, & National Birth
Defects Prevention Study, 2017; Ortega-Garcia et al., 2013; Werler et al., 2018).

The cornerstone of our study was the availability of self-reported residential histories for
NBDPS participants, which enabled direct linkage with the EQI to obtain a database-driven,
historically comprehensive estimate of exposure profiles across various environmental and
social domains within residential counties. A strength of the EQI is that specific domains are
constructed separately and take into account various components from multiple documented
sources, as well as across multiple routes of exposure. Analytically, this structure allowed

us to investigate the potential association between gastroschisis and each individual domain
while controlling for concurrent exposure profiles represented by the other domains. Despite
these advantages, the EQI has limitations in the context of our study. As an ecologic index of
cumulative exposures measured over 5 years (2006—-2010), the EQI does not capture annual
exposure variability, which may have introduced some degree of exposure misclassification.
Furthermore, the EQI is assessed at the county level, which is likely to have more
heterogenous composition than smaller geographic units such as Census tracts or blocks.
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Heterogeneity within the county scale may also have introduced non-differential exposure
misclassification, which could have diluted any underlying associations in our data between
individual environmental domains and gastroschisis. Previous research has demonstrated
that the association between area-level socioeconomic factors and gastroschisis varies
depending on the neighborhood scale used for analysis (Root et al., 2011). Another
potential source of exposure misclassification is that our analysis focused exclusively on
maternal residence at conception whereas it’s possible that an earlier time period could
have more relevance, such as maternal residence in the year(s) before conception (which
was not collected in the NBDPS). However, because the critical window of development
for gastroschisis is during early pregnancy, maternal residence at conception is a highly
plausible exposure window and the availability of residential data for early pregnancy (vs.
knowing only maternal residence at delivery, for example) is a strength of our study. The
NBDPS design has several other strengths that impart advantages to our study, including
a geographically and demographically diverse study population ascertained over multiple
years, as well as expert diagnosis and systematic classification of gastroschisis cases.

As the prevalence of gastroschisis more than doubled between 1995 and 2012 in the
U.S., so does the importance of identifying potential environmental factors that can be
mitigated to reduce the occurrence of this severe birth defect. The results of our study
suggest that overall, the socio-environmental quality of a mother’s residential county at
conception as measured by the EQI is not strongly associated with having an infant with
gastroschisis, but there is a modest increase in odds for mothers living in counties with the
lowest quality of the EQI’s sociodemographic domain, particularly for mothers 20 years
and older at conception. Research is needed to elucidate possible mechanisms underlying
the association between gastroschisis and residential sociodemographic factors, and to
understand the relative contributions to the etiology of gastroschisis of individual-level
versus neighborhood-level SES and other socio-environmental factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Adjusted odds ratios with 95% confidence intervals for the association between the
Environmental Quality Index (EQI) overall and gastroschisis (top panel), and between the
five domain-specific indices and gastroschisis (lower panels). Odds ratios are estimating
the relative risk of having a pregnancy with gastroschisis among women whose residential
county at conception was estimated to have poorer environmental quality or mid-range
environmental quality compared to better environmental quality (referent), as measured
by the EQI. All models were adjusted for maternal age, race/ethnicity, education, and
pre-pregnancy body mass index. Each domain-specific model was further adjusted for the

other EQI domains.
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Maternal characteristics for cases with gastroschisis and control infants without a birth defect, National Birth
Defects Prevention Study, 2006—-2011.

Age at conception
<20 years
220 years
Race/ethnicity
Non-Hispanic White
Non-Hispanic Black
Hispanic
Other
Completed years of education
< High school
High school
> High school
Missing
Pre-pregnancy BMI
Underweight (<18 kg/m?)
Normal weight (18- < 25 kg/m?)
Overweight or Obese (=25 kg/m?)
Missing
Residential RUCC
Metropolitan urbanized (RUCC1)
Non-metropolitan urbanized (RUCC2)
Less urbanized (RUCC3)
Thinly populated (RUCC4)

Cases (n =594) n (%)

224 (37.7)
370 (62.3)

282 (47.5)
63 (10.6)

198 (33.3)
51 (8.6)

114 (19.2)

218 (36.7)

219 (36.9)
43(7.2)

54 (9.1)
359 (60.4)
160 (26.9)

21 (35)

501 (84.3)
27 (4.6)
60 (10.1)
6 (1.0)

Controls (n = 4105) n (%)

446 (10.9)
3659 (89.1)

2322 (56.6)
403 (9.8)
1079 (26.3)
301 (7.3)

607 (14.8)
870 (21.2)

2473 (60.2)
155 (3.8)

193 (4.7)
1956 (47.7)
1777 (43.3)

179 (4.4)

3542 (86.3)
195 (4.8)
314 (7.7)
54 (1.3)

Abbreviations: BMI, body mass index; RUCC, rural-urban continuum code.
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