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Abstract

Background: Oil and gas extraction produces air pollutants that are associated with in-

creased risks of hypertension. To date, no study has examined residential proximity to

oil and gas extraction and hypertensive conditions during pregnancy. This study quanti-

fies associations between residential proximity to oil and gas development on gesta-

tional hypertension and eclampsia.

Methods: We utilized a population-based retrospective birth cohort in Texas (1996–2009),

where mothers reside <10 km from an active or future drilling site (n¼2 845 144.) Using full-

address data, we linked each maternal residence at delivery to assign exposure and evaluate

this exposure with respect to gestational hypertension and eclampsia. In a difference-in-

differences framework, we model the interaction between maternal health before (unex-

posed) or after (exposed) the start of drilling activity (exposed) and residential proximity

near (0–1, >1–2 or>2–3 km) or far (�3–10 km) from an active or future drilling site.

Results: Among pregnant women residing 0–1 km from an active oil or gas extraction

site, we estimate 5% increased odds of gestational hypertension [95% confidence inter-

val (CI): 1.00, 1.10] and 26% increased odds of eclampsia (95% CI: 1.05, 1.51) in adjusted

models. This association dissipates in the 1- to 3-km buffer zones. In restricted models,

we find elevated odds ratios among maternal ages �35 years at delivery, maternal non-

Hispanic White race, �30 lbs gained during pregnancy, nulliparous mothers and mater-

nal educational attainment beyond high school.

Conclusions: Living within 1 km of an oil or gas extraction site during pregnancy is asso-

ciated with increased odds of hypertensive conditions during pregnancy.

Key words: Gestational hypertension, eclampsia, oil drilling, gas drilling, resource extraction, difference-in-

differences
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Background

Gestational hypertension, pre-eclampsia and eclampsia are

hypertensive conditions in pregnancy that threaten mater-

nal health. Up to 8% of all pregnancies are impacted by

hypertensive conditions and 16% of maternal deaths are

attributed to complications arising from high blood pres-

sure.1 Gestational hypertension, which is defined as inci-

dent blood pressure of >140/90 at two time points after

20 weeks of pregnancy, is the most common condition.

Pre-eclampsia and eclampsia, though less common, are

more serious complications.2 These hypertensive condi-

tions have significant public health consequences and cost

the healthcare system over 1 billion dollars for mothers

within 12 months of delivery.3

Over the past 15 years, incidence of hypertensive condi-

tions during pregnancy have increased.4,5 Known risk fac-

tors such as obesity, nulliparity and history of hypertension

explain some of these cases,4–6 but the complex mechanisms

causing this increase are largely unknown.7 Environmental

contamination, particularly air pollution, is emerging as

a contributor towards high blood pressure during

pregnancy.8–12 A recent expert review by the National

Toxicology Program concludes that components of traffic-

related air pollution may be causally linked to gestational

hypertension, pre-eclampsia and eclampsia.13 However, few

other sources of air pollution have been assessed with re-

spect to maternal hypertensive conditions.

We hypothesized that air-pollution exposures from oil

and gas resource extraction may pose risks for hypertensive

conditions during pregnancy similarly to traffic-related air

pollution. Additional sources of pollution released from the

oil and gas industry such as water contamination and in-

creased noise and light pollution may also negatively impact

maternal-health conditions.14–17 Environmental monitoring

studies show higher concentrations of air pollution and

water contamination near oil and gas development sites

compared with background levels15,18–21 and a recent pair

of biomonitoring studies shows differences in exposures to

heavy metals and volatile organic compounds among preg-

nant women residing in close proximity to gas extraction

compared with people living in the general population.22,23

Therefore, we hypothesize that there may be an increased

odds of gestational hypertension and eclampsia associated

with increasing residential proximity to oil and gas drilling

sites.

Globally, estimates indicate that 300 million people

across six continents reside on viable oil and gas reservoirs

that may be drilled in the future.24 The oil and gas industry

has rapidly expanded over the last 20 years, with an esti-

mated 17.6 million Americans now living within 1.6 km

(1 mile) of an active oil or gas drilling site.25 Within this in-

dustry, there are many potential sources of air pollution

including site construction, borehole drilling, hydraulic

fracturing, industry traffic and gas flaring.15 Air pollution

from oil and gas drilling has some similar components to

traffic-related air pollution such as particulate matter [die-

sel particulate matter (PM), PM10 (particulate matter <10

micrometers)], volatile organic compounds (benzene, tolu-

ene, ethylbenzene and xylene) and polycyclic aromatic

hydrocarbons (naphthalene, chlorobenzene, phenol).15

These pollutants are expected to be concentrated within

1 km of drilling sites and mostly dissipating to background

levels beyond 3 km.25

Whereas oil and gas extraction increases air pollution,

this industry may also produce positive community

impacts, including increased employment and income, en-

hanced community resources and reduced oil and gas

costs.26–29 New employment prospects may also rapidly

shift the socio-demographic composition of a commu-

nity.30,31 These socio-demographic and economic changes

provide an important, but often overlooked, source of con-

founding that needs to be taken into account to determine

the population health impacts of pollution from this indus-

try. Despite extensive community concerns about the

Key Messages

• Among pregnant women who reside within 1 km of at least one oil or gas drilling site, we find 5% increased odds of

gestational hypertension and 26% increased odds of eclampsia.

• We find no evidence of this association for pregnant women who reside in within 1–2 km or 2–3 km of at least one oil

or gas drilling site.

• Restricted models show that women who were most sensitive to drilling exposures were under age 35 years, were

nulliparous, were non-Hispanic White mothers and had greater than a high-school education.

• However, we also find an unexpected reduced association among Hispanic women and women with less than a

high-school education.

• Given that hypertensive conditions during pregnancy carry serious risks for pregnant women and their infants, these

findings warrant further examination.
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public health implications of oil and gas development, the

population health implications of this industry are unclear.

Residing near oil and gas development has been associated

with a number of conditions such as asthma exacerba-

tions,32–34 anxiety or depression,35,36 sleep disturbances37

and adverse birth outcomes.38–47 A pilot study that exam-

ined markers of cardiovascular disease observed increased

systolic blood pressure for participants who lived closer to

drilling sites than those who lived farther away.48 To date,

no studies have specifically examined associations between

oil and gas development and hypertensive conditions dur-

ing pregnancy.

Locations of oil and gas drilling sites and who chooses

to live near them is not entirely random, so conventional

epidemiological approaches may not adequately account

for the socio-economic and structural factors that lead to

living near an oil and gas site, independently of pollution

effects. To overcome this problem, we implement a

difference-in-differences analysis to evaluate associations

between drilling exposures and hypertensive conditions

during pregnancy. This technique allows us to compare be-

fore and after drilling changes in hypertension outcome

risk to a nearby temporal control group where drilling has

not directly occurred49 and to disaggregate the socio-eco-

nomic impacts of an industrial boom from the simulta-

neous introduction of new environmental pollution. In this

study design, we aim to overcome the confounding that

may be induced from changes in maternal stress or anxiety

during pregnancy,35,50 variation in healthcare usage51,52 or

other external non-environmental factors that may be re-

lated to an industrial boom. Using geocoded vital-statistics

records from 1996 to 2009 in Texas, the state with the

highest oil and gas production during a period of rapid in-

dustry growth,53 we conduct a population-based retrospec-

tive cohort study in a difference-in-differences analytical

framework to assess associations between exposure to oil

and gas drilling and hypertensive conditions during

pregnancy.

Methods

Data sources

This cohort study evaluates birth-certificate data obtained

from the Vital Statistics Program in the Texas Department

of State Health Services for the period of 1 January 1996

to 31 December 2009. The restricted-access data contain

maternal residential location at delivery geocoded to the

full-address level. We received academic access to a propri-

ety database of oil and gas drilling sites from Enverus

Drillinginfo.54 This study has been approved by the

Institutional Review Boards at Oregon State University

(#6692) and the Texas Department of State Health

Services (#15–063). We used the Strengthening the

Reporting of Observational Studies in Epidemiology

(STROBE) reporting guidelines.55

Study population

We acquired birth-certificate data for all births in Texas

from 1 January 1996 to 31 December 2009, which con-

tain the residences at delivery geocoded to the full-address

level (N¼ 4 569 428). We exclude non-singleton births

(n¼ 131 880) and remove implausible observations

(n¼ 12 577) based on maternal age (�10 and �65 years

old), gestational age (<22 and �45 weeks) and birth-

weight (�500 and �5000 g). In addition, we remove

observations with missing continuous covariates

(n¼ 414 816), which is primarily due to the weight-gain-

during-pregnancy variable. To reduce potential for

community-level confounding, our study population fur-

ther excluded mothers living outside 10 km of an active

or permitted drilling site between 1 January 1985 and

30 June 2019 (n¼ 1 165 011). Our study population con-

tains mothers who gave birth at 22–44 weeks’ gestation

with a reported residence at delivery within 10 km of an

active or future drilling site (n¼2 845 144 mothers.)

Exposure assessment

We evaluate exposure to oil and gas extraction via mater-

nal residential proximity at delivery to at least one active

drilling site on the date of delivery. All drilling sites with

oil or gas as the primary resource with a first date of dril-

ling of between 1 January 1985 and 30 June 2019 were in-

cluded in our database. Including drilling-site activity prior

to our study period that were active during pregnancy

allows for better understanding of the full extent of oil and

gas extraction in a community, whereas drilling activity af-

ter our study period provides a reasonable counterfactual

for places where oil and gas extraction will eventually oc-

cur but has not started yet. Any drilling site with an end

date for its activity prior to the delivery date was excluded

from this exposure metric.

A recent review on environmental exposures from oil

and gas activity concludes that pollution directly from dril-

ling should dissipate to background levels at 3 km from the

drilling site, with the highest concentrations within 1 km.25

To examine potential exposure–response gradients, we

split our sample into four distinct zones: 0 to <1, 1 to <2,

2 to <3 and 3–10 km. The 3- to 10-km group represents

the sample that is unlikely to be exposed to air pollution

from oil and gas drilling, thus the participants in this zone
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act as the counterfactual in the difference-in-differences

framework.

Outcome assessment

Data in birth certificates were used to assign a hyperten-

sion condition during pregnancy. This certificate has

checkboxes for risk factors during pregnancy including

gestational hypertension and eclampsia (yes if indicated,

otherwise no). There was no question specific to pre-

eclampsia for the study period, thus we were unable to ex-

amine this outcome. We treated both outcomes as a binary

(reported diagnosis vs no reported diagnosis) in all models.

Statistical analysis

We compared trends in population demographics and

socio-economic status before and after drilling began in

our near and far groups using means in each subset of our

sample. Because our analysis was predicated on drilling-

related pollution as the potential cause of hypertension, we

then examined trends in maternal hypertensive conditions

before drilling began in our near and far groups. We also

examined distance gradients in risk by implementing unad-

justed local regressions of distance to the nearest active

drilling site and our outcomes.

We subsequently implemented logistic-regression models

with robust standard errors on our sample using a

difference-in-differences framework in which the coefficient

of interest was the interaction between an indicator for resi-

dential location within a buffer (0–1, 1–2 and 2–3 km) of

one or more drilling sites and an indicator for delivery date

after drilling began (Figure 1). In this model, we compared

pregnant people who reside near drilling before and after

drilling begins to a temporal control group in similar com-

munities.49 By leveraging a difference-in-differences design,

we were able to parse the impacts of drilling-related pollu-

tion on maternal health from secular trends in hypertension

treatment that may be changing over time. This study design

takes into account unmeasured confounding factors that

may influence the magnitude of our associations. Minimally

adjusted models are adjusted for birth year (categorical).

Fully adjusted models contained a priori selected covariates

via literature review that were potential confounders or risk

factors: birth year (categorical), infant sex (male, female),

gestational age (continuous), maternal age (continuous),

maternal race and ethnicity (White non-Hispanic, Black

non-Hispanic, Hispanic, other/unknown/missing),56 mater-

nal educational attainment (less than high school, high-

school graduate, some college education, bachelor’s degree,

postgraduate education, missing), nulliparous (yes, no),

prenatal care received (yes, no, missing), smoking during

pregnancy (yes, no, missing), maternal weight gain during

pregnancy (continuous) and distance to major roads (contin-

uous in metres). We implemented separate models for each

buffer zone of the residences. To test the sensitivity of our

Figure 1 Conceptual diagram of spatial and temporal components for the difference-in-differences study design to examine the association between

residential proximity to oil and gas drilling activity and hypertensive disorders during pregnancy. DiD, difference-in-differences.
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results, we present several variations on our adjusted model

as follows: (i) adding neighbourhood covariates at the cen-

sus tract level (unemployment percentage, White-population

percentage, median household income in US dollars); (ii)

adding a month covariate to account for seasonal variabil-

ity; (iii) removing the covariates related to race, ethnicity

and educational attainment to check for confounding by

socio-demographic variation; (iv) excluding any records

with missing data indicators to examine the role of missing

data (e.g. conduct a complete case analysis); and (v) exclud-

ing births in 2008–2009 to assess the impact of the Great

Recession.

Risks of gestational hypertension and eclampsia vary by

demographic characteristics, socio-economic conditions

and pregnancy attributes.4,7,57 We examined variations in

associations by key risk factors in restricted models: mater-

nal age (�35 years, >35 years), maternal weight gain dur-

ing pregnancy (<30 lbs, �30 lbs), parity (nulliparous,

multiparous), maternal race and ethnicity (White non-

Hispanic, Black non-Hispanic, Hispanic) and maternal ed-

ucational attainment (high-school diploma or less, more

education than high-school diploma). These cut-off points

were selected based on risk factors for both conditions, as

well as the study characteristics in this sample. Due to

concerns about incorporating an additional interaction

term into our difference-in-differences models, we imple-

ment restricted models for each subgroup by buffer zone of

the residences: 0–1, 1–2 and 2–3 km.

Results

The spatial distributions of drilling activity by resource

and type across the state are displayed in Figure 2. After

accounting for secular trends using the difference-in-

differences framework, descriptive statistics showed that

the percentage of women reporting a gestational hyperten-

sion diagnosis increases by 0.3% and the percentage of

women reporting an eclampsia diagnosis decreases by

�0.1% for women residing within 1 km vs women residing

3–10 km from at least one drilling site (Table 1). Maternal

characteristics were largely similar in the difference-in-

differences terms, except for proportions of Black non-

Hispanic women (�7.8%) and Hispanic women (7.9%).

Characteristics for the 1- to 2- and 2- to 3-km groups

showed similar patterns (Supplementary Tables S1 and S2,

available as Supplementary data at IJE online). Gestational

hypertension and eclampsia diagnoses over time appear to

be similar among our groups, though there is annual

Figure 2 Spatial distribution of oil and gas drilling in Texas, 1985–2019. Data displayed include all oil and gas drilling sites spudded in Texas between

1 January 1985 and 30 June 2019.
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variation (Supplementary Figure S1, available as

Supplementary data at IJE online).

Minimally adjusted and fully adjusted results show

largely similar results (Table 2). Our fully adjusted

difference-in-differences models for all women in our sam-

ple showed an increased odds of reporting gestational hy-

pertension [1.05; 95% confidence interval (CI): 1.00, 1.09)

and eclampsia (1.26; 95% CI: 1.05, 1.51) among women

who resided within 1 km of at least one active drilling site

at delivery compared with other women living within 1 km

of a drilling site before active drilling and women living

within 3–10 km of a drilling site before or after active dril-

ling. These effects dissipated for gestational hypertension

at 1–2 km (0.99; 95% CI: 0.95, 1.04) and 2–3 km (1.00;

95% CI: 0.94, 1.05). Although the point estimates were

still elevated at 1–2 km for eclampsia, the association

becomes statistically null at 1–2 km (1.10; 95% CI: 0.92,

1.32) and 2–3 km (0.97; 95% CI: 0.78, 1.21).

We then proceeded to examine restricted models

(Table 3). We found elevated odds of gestational hyperten-

sion at 1 km in restricted models among women <35 years

old at delivery (1.05; 95% CI: 1.00, 1.10), weight gain

during pregnancy of >30 lbs (1.08; 95% CI: 1.02, 1.15),

nulliparous women (1.13; 95% CI: 1.06, 1.20), White

non-Hispanic women (1.27; 95% CI: 1.19, 1.35) and

women with more education than a high-school diploma

Table 1 Demographic information for the Texas birth cohort (1996–2009) for maternal residences <1 and 3–10 km away before

and after drilling began

Characteristic Near, 0–1 km Far, 3–10 km Differences between groups

Pre-drilling

activity

Post-drilling

activity

Pre-drilling

activity

Post-drilling

activity

B–Aa D–Ca DiD termb

A B C D

Total births 86 893 158 644 438 370 1 746 922 — — —

Gestational hypertension (%) 4.2 4.4 4.2 4.1 0.2 �0.1 0.3

Eclampsia (%) 0.3 0.2 0.2 0.2 �0.1 0.0 �0.1

Female sex (%) 49.1 48.9 48.9 48.9 �0.2 0.0 �0.2

Gestational age (mean) 38.7 38.6 38.7 38.6 �0.1 �0.1 0.0

Maternal age (mean) 26.1 26.0 26.2 26.1 �0.1 �0.1 0.0

Maternal race and ethnicity

White non-Hispanic (%) 46.1 47.1 35.9 35.3 1.0 �0.6 1.6

Black non-Hispanic (%) 14.9 9.7 9.8 12.4 �5.2 2.6 �7.8

Hispanic (%) 34.2 40.2 50.2 48.3 6.0 �1.9 7.9

Other (%) 4.7 3.0 4.3 4.1 �1.7 �0.2 �1.5

Maternal educational attainment

Did not complete high school (%) 35.5 28.3 34.3 31.7 �7.2 �2.6 �4.6

Completed high school (%) 32.7 30.3 28.3 29.9 �2.4 1.6 �4.0

Some college (%) 18.7 23.6 17.5 20.3 4.9 2.8 2.1

Bachelor’s degree (%) 11.4 12.2 11.4 11.0 0.8 �0.4 1.2

Postgraduate (%) 6.1 5.2 7.3 6.4 �0.9 �0.9 0.0

Weight gain during pregnancy (lbs) 30.4 31.0 29.9 30.2 0.6 0.3 0.3

Nulliparous (%) 41.1 40.0 41.7 40.3 �1.1 �1.4 0.3

No prenatal care (%) 1.6 2.0 1.9 2.2 0.4 0.3 0.1

Smoking during pregnancy 8.4 10.3 6.6 7.6 1.9 1.0 0.9

Neighbourhood characteristicsc

Nearest highway (m)d 1482 1700 1247 1501 218 254 �36

Median household income (USD) 44 452 47 282 41 258 44 004 2830 2746 84

Unemployment (%) 4.0 6.1 5.3 6.0 2.1 0.7 1.4

White population (%) 64.9 72.8 66.5 66.3 7.9 �0.2 8.1

DiD, difference-in-differences.
aA vs B and C vs D columns are the result of the differences for binary and continuous characteristics to compare demographic characteristics before and after

drilling began, where categorical covariates are reassigned as dummy indicator variables.
bThe DiD term is the difference of the near (0–1 km) before and after to the far (3–10 km) groups between near and exposed on the demographic characteristic.
cDerived from the US Census at the tract level. Births before 2005 were joined to the 2000 Census data and births in 2005 and after were joined to the 2010

Census data.
dDerived from the 2010 Census road file for Texas.
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(1.29; 95% CI: 1.20, 1.40) (Table 2.) These effects per-

sisted to 1–2 km for nulliparous women, White non-

Hispanic women and women with more education than a

high-school diploma. Protective effects out to 2 km were

also noted for Hispanic women and women with less than

or equivalent to a high-school diploma.

We also observed evidence for elevated odds of eclamp-

sia in restricted models among women <35 years old at de-

livery (1.25; 95% CI: 1.04, 1.51), nulliparous women

(1.62; 95% CI: 1.28, 2.06) and women with more educa-

tion than a high-school diploma (1.58; 95% CI: 1.13,

2.22) (Table 3). Restricted models for weight gain yielded

odds ratios of similar magnitude for <30 lbs of weight gain

(1.32; 95% CI: 1.01, 1.72) and >30 lbs of weight gain

(1.21; 95% CI: 0.95, 1.55). These effects persisted out to

2 km for nulliparous women and weight gain during preg-

nancy of >30 lbs.

Sensitivity analyses of these results generally show con-

sistent elevated point estimates, but many of these results

contain less statistical precision than the primary adjusted

model (Supplementary Table S3, available as

Supplementary data at IJE online). The largest attenuation

of model estimates occurred when neighbourhood covari-

ates (census tract unemployment percentage, White-popu-

lation percentage and median household income) were

added to the model for gestational hypertension (1.03;

95% CI: 0.98, 1.07) and eclampsia (1.17; 95% CI: 0.97,

1.40). Adding a covariate for birth month yielded similar

results to the primary models. Removing socio-demo-

graphic variables and observations with missing data from

the model did not change model results, respectively.

Removing birth years for 2008–2009 (corresponding to

the Great Recession) increased model estimates for gesta-

tional hypertension (1.08; 95% CI: 1.03, 1.14) and

eclampsia (1.34; 95% CI: 1.11, 1.61) among women who

resided within 1 km of at least one active drilling site at de-

livery compared with other women living within 1 km of a

drilling site before active drilling.

Discussion

This study represents the first analysis to examine the impacts

of oil and gas drilling on hypertension conditions during preg-

nancy. By applying a difference-in-differences design, we

attempted to disaggregate the socio-economic changes associ-

ated with an industrial boom from the impacts of residing

near drilling-related pollution on maternal health.

Specifically, our study found that women who resided within

1 km of at least one active drilling site at delivery had a 5%

increased odds of reporting gestational hypertension and a

26% increased odds of reporting eclampsia. Women who

were most sensitive to oil and gas drilling exposures were

<35 years old, gained >30 lbs during pregnancy, were nullip-

arous, were non-Hispanic White mothers and had greater

than a high-school education. These findings indicate that

close residential proximity to oil and gas drilling may pose a

substantial hazard for pregnant women.

Our results contribute to the growing body of literature

on the population health impacts of the oil and gas extrac-

tion industry. Much of the focus to date has been on ad-

verse birth outcomes, including preterm birth, birthweight,

small for gestational age, congenital anomalies and infant

mortality.38–45 Existing analyses on drilling and infant

health generally find elevated risks that persist much fur-

ther than the 1 km that we see in our risk estimates for

pregnancy-related hypertensive conditions. This smaller

distance suggests that there may be distinct exposure path-

ways for drilling-related pollution to influence infant

Table 2 Difference-in-differences estimates (95% confidence intervals) between maternal residential distances of at least one ac-

tive drilling site and markers of hypertensive conditions during pregnancy by key risk factors

Minimally adjusted model n Gestational hypertension Eclampsia

0–1 km 2 430 829 1.04 (0.99, 1.08) 1.25 (1.04, 1.49)

1–2 km 2 429 660 0.97 (0.93, 1.02) 1.16 (0.97, 1.39)

2–3 km 2 355 239 0.98 (0.93, 1.04) 1.03 (0.83, 1.28)

Fully adjusted model n Gestational hypertension Eclampsia

0–1 km 2 430 829 1.05 (1.00, 1.10) 1.26 (1.05, 1.51)

1–2 km 2 429 660 0.99 (0.95, 1.04) 1.10 (0.92, 1.32)

2–3 km 2 355 239 1.00 (0.94, 1.05) 0.97 (0.78, 1.21)

Reported coefficient is the interaction term for residence in that distance bin of drilling and after drilling has started. Minimally adjusted model is a logistic re-

gression with adjustment for birth year (categorical for each year from 1996 to 2009). Fully adjusted model is a logistic regression with adjustment for birth year

(categorical), infant sex (male, female), gestational age (continuous), maternal age (continuous), maternal race and ethnicity (White non-Hispanic, Black non-

Hispanic, Hispanic, other/unknown/missing), maternal educational attainment (less than high school, high-school graduate, some college education, bachelor’s

degree, postgraduate education, missing), nulliparous (yes, no), prenatal care received (yes, no, missing), smoking during pregnancy (yes, no, missing), maternal

weight gain during pregnancy (continuous) and distance to major roads (continuous in metres). All models include robust standard errors.
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health outcomes compared with maternal hypertension

conditions. Components of pollution from oil and gas ex-

traction sites are estimated to dissipate to background

levels within 3 km of the extraction location, where the

bulk of the dispersion is within 1 km for air pollution25

and 2 km for water contamination.18 This combination of

Table 3 Difference-in-differences estimates (95% confidence intervals) between maternal residential distances of at least one ac-

tive drilling site and markers of hypertensive conditions during pregnancy by key maternal characteristics

Maternal characteristic n Gestational hypertension Eclampsia

Maternal age �35 years

0–1 km 2 243 504 1.05 (1.00, 1.10) 1.25 (1.04, 1.51)

1–2 km 2 240 795 1.00 (0.95, 1.05) 1.14 (0.95, 1.38)

2–3 km 2 172 076 0.99 (0.94, 1.05) 0.96 (0.76, 1.20)

Maternal age >35 years

0–1 km 187 325 1.01 (0.86, 1.18) 1.27 (0.65, 2.50)

1–2 km 188 819 0.96 (0.83, 1.12) 0.67 (0.35, 1.28)

2–3 km 183 122 1.02 (0.84, 1.22) 1.18 (0.50, 2.80)

Weight gain <30 lbs

0–1 km 1 177 727 1.00 (0.93, 1.07) 1.32 (1.01, 1.72)

1–2 km 1 179 012 0.93 (0.87, 1.00) 0.86 (0.64, 1.14)

2–3 km 1 145 161 0.98 (0.90, 1.06) 1.03 (0.73, 1.45)

Weight gain �30 lbs

0–1 km 1 253 102 1.08 (1.02, 1.15) 1.21 (0.95, 1.55)

1–2 km 1 250 648 1.04 (0.98, 1.10) 1.30 (1.02, 1.64)

2–3 km 1 210 078 1.01 (0.93, 1.08) 0.93 (0.70, 1.25)

Nulliparous

0–1 km 986 253 1.13 (1.06, 1.20) 1.62 (1.28, 2.06)

1–2 km 985 917 1.07 (1.00, 1.14) 1.45 (1.14, 1.86)

2–3 km 955 430 0.99 (0.92, 1.07) 0.93 (0.70, 1.23)

Multiparous

0–1 km 1 444 576 0.95 (0.89, 1.02) 0.87 (0.65, 1.15)

1–2 km 1 443 743 0.91 (0.85, 0.97) 0.74 (0.56, 0.98)

2–3 km 1 399 809 1.01 (0.93, 1.10) 1.03 (0.73, 1.47)

White non-Hispanic

0–1 km 888 367 1.27 (1.19, 1.35) 1.18 (0.89, 1.55)

1–2 km 880 919 1.17 (1.10, 1.26) 1.26 (0.96, 1.67)

2–3 km 840 026 1.08 (0.99, 1.17) 1.16 (0.81, 1.65)

Black non-Hispanic

0–1 km 287 093 0.90 (0.80, 1.01) 1.69 (1.06, 2.68)

1–2 km 287 801 0.86 (0.76, 0.98) 0.89 (0.61, 1.58)

2–3 km 278 214 0.87 (0.74, 1.03) 0.80 (0.43, 1.52)

Hispanic or Latina

0–1 km 1 156 530 0.80 (0.74, 0.87) 1.13 (0.84, 1.52)

1–2 km 1 161 190 0.79 (0.73, 0.86) 0.96 (0.72, 1.28)

2–3 km 1 140 524 0.95 (0.86, 1.03) 0.86 (0.62, 1.18)

�High school

0–1 km 1 499 065 0.92 (0.86, 0.97) 1.14 (0.92, 1.42)

1–2 km 1 493 873 0.91 (0.85, 0.96) 1.04 (0.83, 1.30)

2–3 km 1 451 265 0.96 (0.89, 1.04) 1.04 (0.80, 1.36)

>High school

0–1 km 913 573 1.29 (1.20, 1.40) 1.58 (1.13, 2.22)

1–2 km 917 335 1.11 (1.03, 1.20) 1.21 (0.89, 1.65)

2–3 km 885 749 1.04 (0.96, 1.14) 0.88 (0.59, 1.31)

Reported coefficient is the interaction term for residence in that distance bin of drilling and after drilling has started. Model is a logistic regression with adjust-

ment for birth year (categorical), infant sex (male, female), gestational age (continuous), maternal age (continuous), maternal race and ethnicity (White non-

Hispanic, Black non-Hispanic, Hispanic, other/unknown/missing), maternal educational attainment (less than high school, high-school graduate, some college ed-

ucation, bachelor’s degree, postgraduate education, missing), nulliparous (yes, no), prenatal care received (yes, no, missing), smoking during pregnancy (yes, no,

missing), maternal weight gain during pregnancy (continuous) and distance to major roads (continuous in metres). All models include robust standard errors.
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evidence provides additional support for our results indi-

cating that drilling activity is associated with hypertensive

conditions during pregnancy.

We observed different socio-demographic characteris-

tics of mothers that substantially altered the risk estimates

for residing near at least one active drilling site and

pregnancy-related hypertension. Surprisingly, these were

opposite to the factors typically observed in environmental

injustice cases in which higher exposure and risk are ob-

served among minority and lower socio-economic-status

populations.58–61 In our analysis restricted to Hispanic

women, we find a protective association between residen-

tial proximity to oil and gas drilling and odds of gesta-

tional hypertension. This result contrasts with some recent

work on drilling-related exposures and population health

outcomes.34,45 Existing work has documented that

Hispanic women show a decreased odds of a gestational

hypertension diagnosis relative to White non-Hispanic

women,62 but we do not expect that this difference could

explain our results. These protective results may be due to

dissimilar residential patterns among Hispanic women liv-

ing near oil and gas drilling sites or simply residual con-

founding in our analyses. Considering the severe health

consequences of gestational hypertension and eclampsia,

future research is necessary to fully understand which sub-

populations may be disproportionately burdened by health

impacts from exposure to oil and gas drilling.

This study has several strengths worth noting. First, we

used a large population-based retrospective birth cohort to

obtain our maternal-health information, yielding a sample

size (n¼ 2 845 144) that is much larger than existing work

on drilling activity and population health. This feature of

our data allows us to examine smaller distances between

drilling and residences without forfeiting the power to de-

tect associations. Second, our study setting is Texas, the

state with the most oil and gas production in the country,53

and our study period covers multiple oil and gas booms.63

Third, we apply a difference-in-differences analytical

framework to our study population.49 This feature of our

study design reduces the potential for residual confounding

by controlling for temporal trends at the population level.

Fourth, we include both oil and gas drilling as well as his-

torical drilling (active wells pre-1996) in our analysis to ac-

count for the range of exposures that may occur near a

residence. Despite their similar potential for air pollu-

tion,64 exposures beyond unconventional gas drilling have

rarely been included in health analyses to date.15 This set

of strengths in our analysis allows our results to consider-

ably expand on existing literature and provide new data on

key concerns for local communities.

Although our study has substantial strengths, there are

limitations to consider. First, our study is observational in

nature and, as such, we cannot interpret our present find-

ings as a causal relationship. Rather, this analysis contrib-

utes to the growing body of evidence which suggests that

exposures related to oil and gas drilling are associated with

adverse health outcomes. Second, our difference-in-

differences framework shows some signs of measured pop-

ulation changes that are occurring dissimilarly among our

groups such as the proportion of unemployed people and

the proportion of Hispanic mothers. This may be due to

unmeasured spatial confounding that we do not assess in

this study. Although this implementation is not perfect, the

difference-in-differences framework still shows that it re-

duced confounding by demographic changes and socio-

economic status compared with a pre vs post or near vs far

study design. Third, we obtained information on hyperten-

sive conditions during pregnancy from birth certificates

that are abstracted from the mother’s medical record at de-

livery. This method of outcome ascertainment likely yields

an under-reporting of the true incidence of these condi-

tions, particularly for gestational hypertension.65 We also

do not have access to data on pre-eclampsia and it is

unclear how those cases may be classified on birth certifi-

cates. In this data source, we anticipate that outcome mis-

classification trends towards under-reporting the

diagnoses, which would bias our results towards the null.

Fourth, birth-certificate data are unable to provide residen-

tial information beyond reported maternal address at deliv-

ery. Existing literature estimates that 9–32% of women

change residences during pregnancy,66 but the distances

moved may not meaningfully impact environmental expo-

sure assessment.67 Fifth, we did not account for external

sources of air pollution that could confound our analysis

such as industrial emissions. Whereas we account for prox-

imity to major roads, more refined co-exposure metrics

would improve this analysis. Sixth, drilling activity and in-

frastructure are inherently more complicated than the

coordinates of site locations. Additional components of

this infrastructure include pipelines, compressor stations

and retention ponds,25 and other activities that may be oc-

curring at a drilling site include gas flaring, hydraulic frac-

turing and fluid spills.15 Although these components could

produce local pollution that may increase the risks of hy-

pertension, evaluating each of these exposures is beyond

the scope of our present analysis. Seventh, we also note

that ancillary exposure sources such as diesel-truck traffic

and construction activities likely occur prior to the date

that drilling began on the site, which may create some ex-

posure misclassification in our analysis. Finally, we cannot

rule out the role that residual confounding may be playing

in our results, as with all observational research.

We overcome some concerns about residual confounding

via the difference-in-differences study design, but it is very
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possible that other sources of confounding could be infil-

trating our results. Our restricted analyses by population

characteristics are largely exploratory, thus they should be

interpreted with caution. With these limitations in mind,

our analysis still provides a novel contribution to the exist-

ing literature on how the oil and gas industry may affect

population health. Additional work is necessary to confirm

our findings in other populations, as this analysis is the

first one to our knowledge to specifically examine the asso-

ciation between oil and gas development exposures and hy-

pertensive conditions during pregnancy.

Conclusions

Using a population-based retrospective birth cohort with a

large sample size, our study provides the first evidence to

date that exposure to oil and gas drilling increases the risks

of gestational hypertension and eclampsia. These effects are

concentrated among maternal residences at delivery within

1 km of at least one drilling site. Given the substantial bur-

den of hypertension conditions on pregnant women, their

families and healthcare systems,2 associations between oil

and gas drilling and elevated risks of gestational hyperten-

sion and eclampsia require more research from the scientific

community and careful consideration by policymakers.
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