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BACKGROUND: Preterm birth (PTB) and term low birth weight (LBW) have been associated with pollution and other environmental
exposures, but the relationship between these adverse outcomes and specific characteristics of polluted sites is not well studied.
OBJECTIVES: We conducted a retrospective cohort study to examine relationships between residential proximity to polluted sites
in North Carolina (NC) and PTB and LBW. We further stratified exposure to polluted sites by route of contaminant emissions and
specific contaminants released at each site.
METHODS: We created an integrated exposure geodatabase of polluted sites in NC from 2002 to 2015 including all landfills,
Superfund sites, and industrial sites. Using birth certificates, we assembled a cohort of 1,494,651 singleton births in NC from 2003 to
2015. We geocoded the gestational parent residential address on the birth certificate, and defined exposure to polluted sites as
residence within one mile of a site. We used log-binomial regression models to estimate adjusted risk ratios (aRR) and 95%
confidence intervals (CI). Binomial models were used to estimate adjusted risk differences (aRD) per 10,000 births and 95% CIs for
associations between exposure to polluted sites and PTB or LBW.
RESULTS: We observed weak associations between residential proximity to polluted sites and PTB [aRR(95% CI): 1.07(1.06,1.09);
aRD(95% CI): 61(48,74)] and LBW [aRR(95% CI): 1.09(1.06,1.12); aRD(95% CI): 24(17,31)]. Secondary analyses showed increased risk of
both PTB and LBW among births exposed to sites characterized by water emissions, air emissions, and land impoundment. In
analyses of specific contaminants, increased risk of PTB was associated with proximity to sites containing arsenic, benzene,
cadmium, lead, mercury, and polycyclic aromatic hydrocarbons. LBW was associated with exposure to arsenic, benzene, cadmium,
lead, and mercury.
SIGNIFICANCE: This study provides evidence for potential reproductive health effects of polluted sites, and underscores the
importance of accounting for heterogeneity between polluted sites when considering these exposures.

IMPACT STATEMENT: We documented an overall increased risk of both PTB and LBW in births with gestational exposure to
polluted sites using a harmonized geodatabase of three site types, and further examined exposures stratified by site characteristics
(route of emission, specific contaminants present). We observed increased risk of both PTB and LBW among births exposed to sites
with water emissions or air emissions, across site types. Increased risk of PTB was associated with gestational proximity to sites
containing arsenic, benzene, cadmium, lead, mercury, and polycyclic aromatic hydrocarbons; increased risk of LBW was associated
with exposure to arsenic, benzene, cadmium, lead, and mercury.
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INTRODUCTION
Preterm birth (PTB) and low birth weight (LBW) are leading causes
of neonatal morbidity and mortality in the United States, and are
both associated with increased disability and increased medical
expenses across the life course [1, 2]. The rate of both PTB and
LBW has increased steadily in the United States each year from

2014 to 2019, reaching a PTB rate of 10.23% of births in 2019 and
a LBW rate of 8.31% of all births in 2019 [3].
Both PTB and LBW have been linked to various prenatal

environmental exposures including air pollution [4–9] and ground-
water contamination [10–12]. These outcomes have also been
examined in the context of gestational residential exposure to
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polluted sites [13], which can include landfills, hazardous waste sites,
industrial sites, incinerators, and other sites of point-source
contaminant emissions. Polluted sites include sites that have been
formally classified as hazardous waste sites by a government or a
regulatory mechanism, such as sites on the Superfund registry in the
United States, as well as other sites with known pollutants that do
not appear on official registries of hazardous waste sites but
nevertheless are the source of known environmental contamination.
Previous epidemiologic research regarding relationships between
adverse birth outcomes and polluted sites has largely focused on one
specific type of facility, such as landfills [14–17], active industrial sites
[18, 19], or hazardous waste sites [20, 21], and these studies provide
inconsistent evidence about the both the direction and magnitude of
the association between polluted sites and PTB and LBW. A recent
systematic review found that within each category of polluted sites
(landfills, industrial sites, and hazardous waste sites) there were
studies which documented no association, as well as studies that
identified positive associations, between proximity-based exposure
to those sites and adverse birth outcomes [13].
Polluted sites across categories and facility registries may have

shared characteristics that are relevant to their potential impact on
human health, such as the specific contaminants emitted at each
site; the route of emission into water, air, or land-based releases; and
the industrial sector with which the facility is associated [22]. By
integrating data on a variety of types of polluted sites, it is possible to
examine relationships between adverse health outcomes and the
specific characteristics of a site that could underpin exposure
pathways or health mechanisms. For example, by integrating data
about shared characteristics of polluted sites across multiple
registries, it is possible to examine the associations between PTB
and residence near any point source of a known harmful substance
like arsenic [23], regardless of whether that source is a landfill, a
Superfund site, or an industrial site, which increases statistical power
for examining specific environmental exposures.
In this study, we developed an exposure database that

harmonized spatial and tabular data between three different
types of polluted sites. We leveraged a large administrative cohort
of births in North Carolina with geocoded addresses to examine
relationships between PTB and LBW and residential proximity to
different types of sites, different routes of emission of point-source
pollutants, and different specific contaminants.

METHODS
Study population
We constructed a retrospective cohort of all singleton births in NC from
2003 to 2015 (N= 1,545,579) using birth certificate records provided for
this study by the NC Department of Health and Human Services’ Division of
Public Health. Observations with missing information for birth date (N= 1,

0.00%), birth weight (N= 628, 0.04%), or estimated gestational age
(N= 853, 0.05%) were excluded. To account for fixed cohort bias [24],
we censored the cohort to only include births that could have achieved
22 weeks gestation by January 1, 2003 (conceived after July 31, 2002) and
births that could have achieved 44 weeks gestation by December 31, 2015
(conceived before February 26, 2015).
Gestational parent address at delivery as recorded on the birth

certificate was geocoded using ArcGIS 10.8, and births with gestational
parent addresses that were missing or unable to be geocoded (N= 106) or
were located outside of North Carolina (N= 1587) were excluded. After
exclusions, the final analytical dataset contained 1,494,651 observations.

Outcome ascertainment
We defined preterm birth as delivery before the completion of 37 weeks
gestation, and defined term low birth weight as birth weight less than
2500 g for births with a gestational age of 37 weeks or greater [1, 2]. Birth
weight and clinical estimate of gestational age at delivery were obtained
from the birth certificate.

Exposure data
We created a spatial database of polluted sites in NC that included three
distinct categories of sites: toxic industrial sites, Superfund sites, and
landfills. For each category, a site was included if it was on a list or registry
in at least one of the study period years (2002–2015), along with the year(s)
it was present on the registry. (While outcome data encompassed births
from 2003 to 2015, polluted sites from 2002 were included to assess
gestational exposure for births in 2003.) The spatial distribution of all
polluted sites included in our exposure database is shown in Fig. 1. Of the
100 counties in North Carolina, 93 contained at least one polluted site and
71 contained 5 or more sites.

Industrial sites. Data about industrial sites were obtained from the United
States Environmental Protection Agency (EPA) Toxic Release Inventory (TRI)
program. The TRI program requires industrial facilities that manage,
manufacture, release, or use chemicals known to be toxic, carcinogenic, or
otherwise harmful to human health to submit annual reports about
chemical releases including the amount of each chemical released and the
route of emission; the EPA makes these reports publicly available including
the auxiliary information about quantity and type of chemical releases. We
obtained the TRI annual data for all facilities in the United States from 2002
to 2015 from the EPA website, and identified all facilities in NC or within 5
miles of NC for inclusion in our exposure database (N= 1454). We
summarized additional relevant information for each facility-year observa-
tion including total toxic chemical emissions for each site for each year,
whether or not there were toxic releases into the air and/or water for each
site for each year, and the specific chemicals that were reported at each
site for each year.

Superfund sites. Superfund sites are highly contaminated sites that
contain materials known to present significant harms to human health
[25]. Unlike TRI facilities, Superfund sites are usually no longer operational
or actively generating new toxic substances, but the concentration or type

Fig. 1 Map showing spatial location of all polluted sites (HWS) in NC or within 5 miles of NC. The map includes all sites that were present
on a public EPA registry of industrial facilities, a public EPA registry of Superfund sites, or a public NCDEQ registry of landfills, during at least
one year from 2002–2015.



of toxic material is of such public health concern that the site is prioritized
for federal cleanup funding and remediation management through the
Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) [22]. These federally recognized sites are documented on a
registry called the National Priority List (NPL). We obtained the spatial
location of all NPL Superfund sites located in NC or within five miles of NC
for inclusion in the exposure database (N= 49) from the EPA Envirofacts
database website. We retained information about the years each site was
on the NPL, cleanup activities at the site and (where relevant) removal
from the NPL, the specific contaminants that were documented at each
site, and the contaminated areas or media at each site. We recoded the
contaminated areas or media variable to represent route of contaminant
emission.

Landfills. We obtained spatial data about landfill locations from the NC
Department of Environmental Quality (NCDEQ). NCDEQ maintains a public
online database of all actively permitted landfills for each year, along with their
spatial location and the types of materials sequestered there (i.e., industrial
waste, residential waste, etc.). We identified landfills with active permits any
time from 2002 to 2015 (N= 175). Data were not available regarding the
specific chemicals, substances, or contaminants present at landfills.

Integration of ATSDR data. To identify specific contaminants for further
study, we used data from the Agency for Toxic Substances and Disease
Registry (ATSDR), a division of the United States Centers for Disease
Control (CDC). The ATSDR maintains a list of all substances present at
Superfund sites, and creates a biennial Substance Priority List (SPL) which
ranks nearly 300 substances according to the threat they pose to human
health [26]. We obtained the SPL rankings from the ATSDR for the entire
study period (2003–2015), and identified any substance that was in the top
ten of the SPL at any point during the study period for further analysis. The
same ten substances appeared in the top ten of the ranked SPL
throughout the entire study period: arsenic, benzene, benzo(a)pyrene,
benzo(b)fluoranthene, cadmium, lead, mercury, polychlorinated biphenyls,
polycyclic aromatic hydrocarbons (PAH), and vinyl chloride. Benzo(a)
pyrene and benzo(b)fluoranthene are both species of polycyclic aromatic
hydrocarbons, so these two substances were combined into the PAH
category [27]. We then identified each time that any of these SPL top ten
substances were documented at either the industrial facilities or Superfund
sites in our exposure database, using a matching algorithm combining the
substance name and/or its unique Chemical Abstract Service registry
number to flag the polluted sites in the database that contained each of
the identified chemicals.

Exposure assignment. For our primary analyses, each birth was categor-
ized as exposed to a polluted site(s) if the gestational parent residential
address on the birth certificate was located within 1 mile (1.6 km) of any
site on any polluted sites registry (TRI registry, Superfund NPL registry, or
landfill permitting registry) during the year corresponding to the start of
pregnancy (ie, year of conception). Date of conception were derived using
clinical estimate of gestational age on the birth certificate. The 1-mile
exposure threshold was selected due to the strong literature precedent for
measuring residential proximity to polluted sites based on a 1-mile buffer
[18, 28–30].
In sub-analyses, we evaluated potential exposure to polluted sites with

stratified exposure categories based on the specific characteristics of the
sites. We assigned exposure to industrial sites, Superfund sites, and landfills
individually; exposure to land-based pollutants, air-based pollutants, and
water-based pollutants individually; and exposure to sites containing
ATSDR priority substances individually. These separate exposure categories
were each defined according to the same criteria described above:
residential address within 1 mile of polluted sites within each category,
with matching between year of conception and presence of site on the
registry in that year’s reporting. To enable a sensitivity analysis examining
associations across a range of distance thresholds, we categorized
exposure using varying distance thresholds ranging from 0.5 miles to 3
miles: the main exposure of 1 mile (1.6 km), and other distance thresholds
of 0.5 miles (0.8 km), 1.5 miles (2.41 km), 2 miles (3.2 km), and 3 miles
(4.8 km). All exposure assignments were performed in R version 4.0.3.

Analytical approach
We calculated both relative and absolute measures of association between
potential exposures to polluted sites and risk of PTB and term LBW,
separately. We used log-binomial regression models to estimate crude and

adjusted risk ratios (RR) and 95% confidence intervals (CI). We used
binomial models with an identity link to estimate crude and adjusted risk
differences (RD) and 95% CIs; risk differences for each outcome were
expressed as the number of estimated additional cases per 10,000 live
births, and interpreted as positive or negative compared to 0 births on an
absolute scale. Relative and absolute models were estimated separately for
both outcomes and for each exposure category. The reference group for all
analyses was births with no exposure to any polluted site. For analyses of
LBW, the analytic sample was restricted to term births only (N= 1,362,980).
We selected covariates for adjustment as informed by a directed acyclic

graph (Supplementary Fig. 1). The adjustment set included gestational
parent education, gestational parent age, gestational parent Medicaid
status at delivery, and gestational parent smoking. Gestational parent
Medicaid status and education were the most suitable proxies for
socioeconomic status available from the birth certificate. We did not
adjust for gestational parent race-ethnicity, which was collected as a
combined 6-category variable on the birth certificate (White, Black,
Hispanic, Asian/Asian-American, American Indian, and Other) through
birthing person self-identification, because we wanted to avoid attenua-
tion of any true variation by race-ethnicity in the association between
residential proximity to polluted sites and adverse birth outcomes [31];
instead, we identified race-ethnicity as a possible effect measure modifier
and conducted analyses of effect measure modification by race-ethnicity
for both PTB and LBW and the primary exposure of residential address
within one mile of any polluted site.
Additional sensitivity analyses examined associations between each of

the exposure categories (site type: Superfund, industrial, or landfill; route of
emission: air, water, or land; specific ATSDR contaminants present at sites)
and PTB and LBW, across a range of distance thresholds (0.5–3.0 miles).
Finally, we conducted a sensitivity analysis of the associations between
specific contaminants and PTB and LBW by restricting the exposure
classification to sites which reported the presence of exactly one SPL top
ten contaminant throughout the entire study period, in order to account
for possible confounding by contaminant co-occurrence.
All statistical analyses were conducted in R version 4.0.3. This study

protocol was approved by the Institutional Review Boards of the University
of North Carolina at Chapel Hill UNC IRB Number: 09-0828) and the NC
Division of Public Health. The EPA’s Human Subjects Research Officer also
reviewed and approved this work (HSR-001254).

RESULTS
Study population
Among all singleton births in North Carolina from 2003 to 2015,
131,671 (8.8%) were classified as preterm. Among term births,
35,946 (2.6%) had a birth weight less than 2500 g. Based on a
1-mile threshold, 261,856 (17.5%) of births in the analytic dataset
were in proximity to at least one polluted site based on
gestational parent residential address. Both PTB and LBW were
observed more frequently among births with proximity to
polluted sites: 9.5% of births with exposure to polluted sites were
preterm compared to 8.7% of births without exposure to polluted
sites. Among term births, 3.0% of births with potential exposure to
polluted sites were LBW compared to 2.6% of non-exposed births
(Table 1). Table 1 describes the study population characteristics
and the distribution of the covariates among exposed and
unexposed births. Supplementary Table 1 presents the study
population characteristics and distribution of covariates further
stratified by type of polluted site.

Associations between residential proximity to polluted sites
and PTB
We observed an increased risk of PTB among births with
gestational parent residence within one mile of a polluted site
[adjusted RR [aRR] (95% CI): 1.07 (1.06,1.09)] (Table 2). In our
analyses of absolute risk, residential proximity to any polluted site
was associated with an adjusted risk difference of 61 cases of PTB
per 10,000 births (95% CI: 48, 74).
We conducted sub-analyses examining specific types and

characteristics of polluted sites (Table 2). We observed evidence
of greater risk of PTB associated with proximity to industrial sites



[aRR (95% CI): 1.07 (1.06, 1.09)] or landfills [aRR (95% CI): 1.06
(1.02,1.11)], while we did not observe site-specific associations
between PTB and Superfund sites [aRR (95% CI): 1.03 (0.98,1.08)].
In the analysis of route of contaminant emission, there were
positive associations between PTB and air emissions [aRR (95% CI):
1.07 (1.05,1.09)], water emissions [aRR (95% CI): 1.09 (1.05,1.12)],
and land emissions [aRR (95% CI): 1.07 (1.06,1.09)]. The greatest
risk difference we observed was for births with potential exposure
to polluted sites with water emissions [aRD ((95% CI): 77 cases of
PTB per 10,000 live births (51, 103)).

Associations between residential proximity to polluted sites
and LBW
Residential proximity to any polluted site was associated with a
crude risk ratio of 1.18 (95% CI: 1.15, 1.21) and an adjusted risk
ratio of 1.09 (95% CI: 1.06, 1.12) for LBW (Table 3). In our analyses
of absolute risk, residential proximity to any polluted site was
associated with an adjusted risk difference of 24 cases of LBW per
10, 000 term live births (95% CI: 17, 31).
In analyses stratified by exposure characteristics, we observed

increased risk of LBW associated with proximity to industrial
facilities [aRR (95% CI): 1.11 (1.08,1.14)], and all routes of
contaminant emission including air, water, and land emissions.
We did not observe an association between LBW and either

Superfund sites [aRR (95% CI): 1.07 (0.98,1.17)] or landfills [aRR
(95% CI): 0.96 (0.87,1.06)]. Full results for LBW and all exposure
categories are included in Table 3.

Associations between specific contaminants and PTB and LBW
We evaluated associations between both PTB and LBW and sites
containing contaminants in the top ten of the ranked ATSDR
Substance Priority List (SPL) (Table 4). Residential proximity to any
site containing, processing, or emitting any SPL top-ten con-
taminant was associated with both PTB [aRR (95% CI):
1.07(1.05,1.09)] and LBW [aRR (95% CI): 1.06 (1.02,1.11)]. Proximity
to any site containing a SPL top-ten substance was associated with
an increased absolute risk of 63 cases of PTB per 10,000 live births
(95% CI: 45,81) and an increased absolute risk of 18 cases of LBW
per 10,000 term live births (95% CI: 8,28).
In analyses of specific contaminants and PTB, we observed

particularly notable effects for proximity to sites containing PAH [aRR
(95% CI): 1.14 (1.09,1.18)], benzene [aRR (95% CI): 1.11 (1.06,1.16)],
cadmium [aRR (95% CI): 1.12 (1.05,1.19)], arsenic [aRR (95% CI): 1.10
(1.04,1.17)], and mercury [aRR (95% CI): 1.09 (1.03,1.15)] (Table 4).
Proximity to sites containing lead was also associated with increased
risk of PTB [aRR (95% CI): 1.05 (1.03,107)] (Table 4).
In analyses of specific contaminants and LBW, exposure to sites

containing cadmium was associated with increased risk of LBW

Table 1. Distribution of preterm births, term births classified as low birth weight, and selected characteristics from birth certificates among singleton
births in North Carolina (2003–2015), stratified by gestational parent (GP) residential proximity to polluted sites.

GP residence ≤ 1 mile from polluted site GP residence > 1 mile from polluted site Total

Total N 261,856 (17.5%) 1,232,795 (82.5%) 1,494,651

Term N 236,891 (17.4%) 1,126,089 (82.6%) 1,362,980

PTB (% of total N) 24,965 (9.5%) 106,706 (8.7%) 131,671 (8.8%)

Term LBW (% of term N) 7150 (3.0%) 28,796 (2.6%) 35,946 (2.6%)

GP educationa

Less than HS 67,764 (28.0%) 216,389 (19.1%) 284,153 (20.7%)

Completed HS 70,740 (29.2%) 290,268 (25.7%) 361,008 (26.3%)

More than HS 103,762 (42.8%) 623,562 (55.2%) 727,324 (53.0%)

GP age (years)a

10–19 32,904 (12.6%) 119,392 (9.7%) 152,296 (10.2%)

20–24 78,463 (30.0%) 314,956 (25.5%) 393,419 (26.3%)

25–29 71,906 (27.5%) 342,809 (27.8%) 414,715 (27.7%)

30–34 51,405 (19.6%) 291,023 (23.6%) 342,428 (22.9%)

35–39 22,395 (8.6%) 136,071 (11.0%) 158,466 (10.6%)

40–60 4776 (1.8%) 28,519 (2.3%) 33,295 (2.2%)

GP Medicaida

No 101,260 (38.7%) 629,323 (51.0%) 730,583 (48.9%)

Yes 160,596 (61.3%) 603,472 (49.0%) 764,068 (51.1%)

GP smokinga

No 213,874 (88.3%) 1,008,958 (89.3%) 1,222,832 (89.1%)

Yes 28,468 (11.7%) 121,116 (10.7%) 149,584 (10.9%)

GP racea

NH White 110,963 (42.4%) 726,754 (59.0%) 837,717 (56.0%)

NH Black 83,862 (32.0%) 266,517 (21.6%) 350,379 (23.4%)

Hispanic/Latinx 53,875 (20.6%) 179,879 (14.6%) 233,754 (15.6%)

NH Asian 9564 (3.7%) 40,122 (3.3%) 49,686 (3.3%)

NH American Indian 3066 (1.2%) 17,320 (1.4%) 20,386 (1.4%)

Other/unknown 526 (0.2%) 2203 (0.2%) 2729 (0.2%)

GP gestational parent, HS high school, LBW low birth weight, NH non-hispanic, PTB preterm birth.
aFor all covariates, counts and percentages are reported from the full analytic dataset (N= 1,494,651), which includes both preterm and term births.



[aRR (95% CI): 1.23(1.09,1.39)]; sites containing mercury, lead,
arsenic, and benzene showed slightly smaller effect estimates but
were also positively associated with increased risk of LBW
(Table 4).
There were 1502 polluted sites that reported information about

the presence of specific contaminants, allowing them to be
included in this sub-analysis. Of these, 788 reported the presence
of one or more of the ATSDR SPL top ten contaminants
(Supplementary Fig. 2); among those sites, 613 reported the
presence of exactly one of the selected contaminants across the
study period. We conducted a sensitivity analysis examining
associations between PTB and LBW and the eight contaminants
identified for this study, using this subset of 613 sites that did not
have co-occurrence of SPL top-ten contaminants (Supplementary
Table 2). Our main findings were consistent with this narrower
exposure definition; in the sensitivity analyses focused on sites
with only one contaminant, we observed positive associations
between the same six contaminants and PTB and the same five
contaminants and LBW.

Additional analyses
We conducted analyses of potential effect measure modification
by race-ethnicity (Supplementary Table 3). We observed positive
associations in stratified analyses of association between risk of
PTB and proximity to polluted sites for the NH Black and Hispanic/
Latinx strata, although the magnitude of the effects in relative
analyses was small and confidence intervals for these two groups
overlapped with other strata (NH Black aRR: 1.04 (1.02,1.07),
Hispanic/Latinx aRR: 1.05 (1.01,1.09); for full results see Supple-
mentary Table 3). In stratified analyses of absolute risk, residential
proximity to polluted sites was associated with an adjusted risk
difference of 52 cases of PTB per 10,000 live births (95% CI: 25,78)
within the NH Black strata and 40 cases of PTB per 10,000 live
births (95% CI: 13,66) within the Hispanic/Latinx strata. We did not
observe meaningful differences in the association between
exposure to polluted site and risk of LBW when stratifying aRRs
by race-ethnicity.
We examined sensitivity of our main findings to the distance

threshold used to define the residential address proximity
exposure (Supplementary Table 4). The findings presented in
Tables 2 and 3 were generally consistent across distance
thresholds, though small numbers at the smallest distance
threshold included in this analysis (0.5 miles/0.8 km) contributed

to larger uncertainty in the effect estimates across exposure
categories at that distance threshold.

DISCUSSION
We observed increased risk of PTB and LBW associated with
gestational parent residential proximity to polluted sites, among
singleton births in North Carolina from 2003 to 2015. We
conducted additional analyses to investigate whether specific
characteristics of polluted sites may be associated with both PTB
and LBW. In analyses categorizing contaminant emission into air,
water, and land across all site types, we found that air emissions,
water emissions, and land emissions are each associated with
increased absolute and relative risk of PTB and LBW. In analyses of
categories of polluted sites, we observed that increased risk of PTB
was associated with proximity to both industrial sites and landfills
but not with Superfund sites. Term LBW was associated with only
industrial sites. Finally, we examined relationships between both
outcomes and the presence of toxic substances ranked in the top
ten of the ATSDR SPL during the study period (regardless of site
type). We observed increased risk of both PTB and LBW associated
with each of these contaminants of increased public health
concern, especially arsenic, benzene, cadmium, and polycyclic
aromatic hydrocarbons.
We report increased risk of PTB and LBW in births with

residential proximity to industrial sites. These findings and the
magnitude of effect that we observed are consistent with other
studies that have identified increased rates of LBW and PTB
outcomes near industrial facilities [19, 32]. On the other hand, we
did not observe an association between exposure to Superfund
sites and either PTB or LBW (Tables 2, 3). Previous studies provide
some evidence of increased risk of LBW near Superfund sites in
New York State [21], and increased risk of PTB near a hazardous
waste site in Nova Scotia (which is in Canada and therefore not
part of the United States-based Superfund program) [20];
however, in general there is not a large body of evidence about
relationships between these birth outcomes and hazardous waste
sites. The sites on the Superfund registry are by definition highly
contaminated but many are currently inactive or no longer
operational; because the CERCLA legislation went into effect in
1980, many of these sites have been inactive since before 1980
[22]. One possible explanation for the different effects by site
category observed in this study is that many Superfund sites

Table 2. Associations between gestational parent residential address within 1 mile (1.6 km) of a polluted site, site characteristics, and PTB (preterm
birth) in North Carolina (2003–2015).

N exposed PTB/N
exposed term births

Risk ratio (RR) Risk difference (RD) per 10,000

Crude RR
(95% CI)

Adjusteda RR
(95% CI)

Crude RD
(95% CI)

Adjusteda RD
(95% CI)

Any polluted site 24965/236891 1.10 (1.09, 1.12) 1.07 (1.06, 1.09) 88 (76, 101) 61 (48, 74)

Type of site

Industrial facility 22338/210329 1.11 (1.09, 1.12) 1.07 (1.06, 1.09) 95 (82, 108) 64 (51, 77)

Superfund site 1878/19611 1.01 (0.97, 1.05) 1.03 (0.98, 1.08) 8 (−30, 47) 30 (−9, 70)

Landfill 1823/17985 1.06 (1.02, 1.11) 1.06 (1.02, 1.11) 55 (15, 96) 46 (5, 88)

Route of emission

Air 16701/158187 1.10 (1.09, 1.12) 1.07 (1.05, 1.09) 90 (75, 105) 61 (46, 77)

Water 5345/50676 1.10 (1.07, 1.13) 1.09 (1.05, 1.12) 89 (64, 114) 77 (51, 103)

Land 23241/220064 1.10 (1.09, 1.12) 1.07 (1.06, 1.09) 90 (77, 103) 62 (49, 75)

ATSDR SPL contaminantb 11204/106582 1.10 (1.08, 1.12) 1.07 (1.05, 1.09) 84 (68, 104) 63 (45, 81)
aCovariates for all adjusted models were gestational parent (GP) age, GP smoking, GP Medicaid status, and GP education.
bThis category contains all sites that reported the presence of any substance in the top 10 of the ranked Agency for Toxic Substances and Disease Registry
(ATSDR) Substance Priority List (SPL) at any point during the study period (2003–2015).



included in this exposure database are highly contaminated but
had been inactive for 30 or more years at the start of the study
period (2003), while industrial sites on the TRI registry are currently
active facilities that are therefore subject to the TRI reporting
standards. Further research could examine the role of time since
site activity in order to identify a possible decay or decrease in the
effect of exposure to a certain site and adverse birth outcomes;
another line of related research could examine birth outcomes
before and after site cleanup.
A strength of this study is the harmonized exposure database

that we developed to incorporate spatial, temporal, and tabular
information about polluted sites in NC. We combined data from an
EPA database of industrial sites, an EPA database of Superfund
sites, an NCDEQ database of landfills, and a CDC ATSDR database
of substance toxicity. The exposure database developed as part of
this project includes data for each facility for each year, allowing
for temporal matching between year of conception and exposure
to polluted sites that were operational or actively a site of concern
during that year, thereby mitigating some exposure misclassifica-
tion due to misspecification of timing of exposure relative to
pregnancy. Furthermore, we identified site characteristics such as
the route of pollutant emission and the presence of specific
contaminants that could be relevant to the potential mechanisms
of how exposure to polluted sites adversely affects human health,
and recoded these variables to be consistent between different
registries of polluted sites in the United States, allowing for
exposure categorization by relevant exposure characteristics
instead of simply relying on which registry a site appeared.
While the harmonized exposure database allowed us to

examine these dimensions of polluted site exposure, it also had
limitations. Spatial locations for polluted sites were determined
using latitude-longitude coordinates provided by each registry,
which we converted to spatial point locations for use in the
exposure assignment. Therefore, our exposure assignment does
not account for facility size, or use boundaries or parcel lines to
determine the spatial area covered by a specific polluted site. This
could lead to exposure misclassification around larger sites, if a
given site is large enough that the one-mile distance threshold
used for defining exposure to that site does not accurately capture
all the births with true residential address within a mile of the site
(births could have be missed if they were less than a mile from the
boundary of the site area, but more than a mile from the point

location identified by the spatial coordinates). However, this
exposure misclassification would likely undercount the exposed
births, leading to attenuated estimates of association. Additionally,
residential proximity to polluted sites during pregnancy is merely
a proxy for actual gestational exposure to a polluted site or a toxic
substance. We were not able to directly measure exposure or
account for how different people living in proximity to polluted
sites may have experienced different levels and types of
exposures based on their daily mobility and activity patterns,
which can affect an individual person’s exposure environment
[33, 34]. Finally, our data only included information on gestational
parent residential address at the time of delivery and we were
unable to account for possible residential relocation during
pregnancy, which could have affected an individual’s actual
gestational exposure due to residential proximity to polluted sites.
Our outcome dataset was a retrospective administrative birth

cohort developed from birth certificates, which offered both
strengths and limitations. This large cohort captured all births in
North Carolina from 2003 to 2015, providing sufficient geographic
coverage to examine risk of PTB and term LBW within 1 mile of a
polluted site. However, by virtue of this study design, we were
limited to information on the birth certificate for ascertaining
outcomes and covariates. We defined PTB in this study as less than
37 weeks completed gestation based on the clinical estimate of
gestational age recorded on the birth certificate, which may not
represent the true gestational age, particularly in lower birth
weight infants [35]. However, studies that have validated clinical
gestational age on the birth certificate against medical records
have found relatively high agreement between methods of
assessing gestational age [36, 37]. Additionally, we were unable
to distinguish between spontaneous preterm birth, which includes
both spontaneous preterm labor and premature rupture of
membranes, and planned preterm delivery occurring when the
mother or fetus meets indicating criteria, based on data available
on the birth certificate. One estimate suggests that 30–35% of
preterm deliveries are planned due to a medical indication [38], so
the inability to ascertain spontaneous preterm birth only could
lead to substantial misclassification of PTB in this study.
We leveraged the harmonized exposure database to examine

exposure to specific substances known to be harmful to human
health to better understand the relationships between these
specific contaminants and PTB and LBW. We identified

Table 3. Associations between gestational parent (GP) residential address within 1 mile (1.6 km) of a polluted site, site characteristics, and LBW (low
birth weight) among term births in North Carolina (2003–2015).

N exposed term LBW/N
exposed non-LBW among
term births

Risk ratio (RR) Risk difference (RD) per 10,000

Crude RR
(95% CI)

Adjusteda RR
(95% CI)

Crude RD
(95% CI)

Adjusteda RD
(95% CI)

Any polluted site 7150/229741 1.18 (1.15, 1.21) 1.09 (1.06, 1.12) 46 (39, 54) 24 (17, 31)

Type of site

Industrial facility 6496/203833 1.21 (1.18, 1.24) 1.11 (1.08, 1.14) 53 (45, 61) 28 (20, 35)

Superfund site 537/19074 1.07 (0.98, 1.16) 1.07 (0.98, 1.17) 18 (−5, 41) 19 (−3, 42)

Landfill 446/17539 0.97 (0.88, 1.06) 0.96 (0.87, 1.06) −7 (−30, 26) 0 (−22, 22)

Route of emission

Air 4880/153307 1.21 (1.17, 1.24) 1.11 (1.08, 1.15) 53 (44, 62) 30 (21, 38)

Water 1539/49137 1.19 (1.13, 1.25) 1.11 (1.06, 1.17) 48 (33, 63) 29 (14, 44)

Land 6746/213318 1.20 (1.17, 1.23) 1.10 (1.07, 1.13) 51 (43, 59) 27 (19, 34)

ATSDR SPL
contaminantb

3141/103441 1.15 (1.11, 1.20) 1.06 (1.02, 1.11) 39 (29, 50) 18 (8, 28)

aCovariates for all adjusted models were gestational parent (GP) age, GP smoking, GP Medicaid status, and GP education.
bThis category contains all sites that reported the presence of any substance in the top 10 of the ranked Agency for Toxic Substances and Disease Registry
(ATSDR) Substance Priority List (SPL) at any point during the study period (2003–2015).



contaminants for inclusion in our analysis based on their presence
in the top ten of the ranked ATSDR SPL. Among the substances
included in this analysis, increased risk of PTB was associated with
residential proximity to sites containing arsenic, benzene,
cadmium, lead, mercury, and PAH; similarly, increased risk of
term LBW was associated with gestational parent residence near
sites containing arsenic, benzene, cadmium, lead, and mercury.
This study is the first that we are aware of to report associations
between polluted sites containing many of these specific
contaminants and PTB or LBW. Other studies have documented
associations between metals, including lead and cadmium, and
congenital abnormalities [39], and a study examining contami-
nated drinking water found relationships between benzene and
PTB [12]. Our findings therefore add to the body of evidence
regarding the adverse effect of toxic substances on fetal
development and reproductive health, while suggesting that
gestational exposure to these substances through residential
proximity to polluted sites could be an under-explored source of
exposure.
In conclusion, the complex etiology of PTB and LBW makes is

difficult to design public health measures addressing these
conditions [38, 40]. Many established risk factors for PTB and
LBW are not intervenable: maternal age, maternal race, and
genetics [40–42]. Other known risk factors for these adverse
outcomes are individual behaviors during pregnancy that are
difficult to address on a policy level [42]. However, environ-
mental hazards such as air pollution, water contamination, and
residential proximity to point-source pollutants are associated
with PTB and LBW, and may be intervenable through environ-
mental cleanup, site remediation, and regulation of certain
contaminants. To that end, this study examined relationships
between proximity to polluted sites and PTB and LBW, with an
additional focus on specific characteristics of these sites that
may be associated with elevated risk of these adverse birth
outcomes. We incorporated industrial sites, Superfund sites, and
landfills in a single exposure assessment and documented
positive associations between both PTB and LBW and all
polluted sites. We also observed increased risk of PTB and
LBW due to exposure to different contaminant routes of
emission and due to residence near sites containing specific
substances in the top ten of the ranked ATSDR SPL. Given the
prevalence of both PTB and LBW among births in the United

States, and the fact that rates of these outcomes have been
increasing in recent years, understanding the possible contribu-
tions of environmental exposures to PTB and LBW has important
consequences for public health.

DISCLAIMER
The research described in this article has been reviewed by the
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