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A B S T R A C T

Increasing evidence demonstrates an association between health symptoms and exposure to unconventional
natural gas development (UNGD). The purpose of this study is to describe the health of adults in communities
with intense UNGD who presented for evaluation of symptoms. Records of 135 structured health assessments
conducted between February 2012 and October 2015 were reviewed retrospectively. Publicly available data
were used to determine proximity to gas wells. Analysis was restricted to records of adults who lived within 1 km
of a well in Pennsylvania and denied employment in the gas industry (n = 51). Symptoms in each record were
reviewed by a physician. Symptoms that could be explained by pre-existing or concurrent conditions or social
history and those that began or worsened prior to exposure were excluded. Exposure was calculated using date of
well drilling within 1 km. The number of symptoms/participant ranged from 0 to 19 (mean = 6.2; SD = 5.1).
Symptoms most commonly reported were: sleep disruption, headache, throat irritation, stress or anxiety, cough,
shortness of breath, sinus problems, fatigue, nausea, and wheezing. These results are consistent with findings of
prior studies using self-report without physician review. In comparison, our results are strengthened by the
collection of health data by a health care provider, critical review of symptoms for possible alternative causes,
and confirmation of timing of exposure to unconventional natural gas well relative to symptom onset or ex-
acerbation. Our findings confirm earlier studies and add to the growing body of evidence of the association
between symptoms and exposure to UNGD.

1. Background

The public's health should be a consideration when there is wide-
spread adoption of new industrial activity such as extraction of natural
gas through hydraulic fracturing, commonly referred to as “fracking”.
Hydraulic fracturing, the injection of pressurized water, chemicals and
sand into a well bore to increase production of oil or gas, was first used
in conventional vertical wells drilled into discrete oil or gas reservoirs.
In recent years, the development of high volume, high pressure hy-
draulic fracturing, combined with directional drilling, has facilitated
the extraction of oil and gas from unconventional reservoirs, such as
shale and other “tight” geologic formations, where the oil and gas is
distributed throughout the formation rather than in defined reservoirs.
Proponents of hydraulic fracturing cite benefits such as reduced de-
pendence on foreign oil and job creation in local communities. Public
health professionals and others have raised concerns about short- and
long-term health and environmental impacts.

Hydraulic fracturing is part of a larger process of extracting, pro-
cessing and transporting natural gas. Taken together, it is referred to as
unconventional natural gas development (UNGD). UNGD sites include
well pads, where the hydraulic fracturing occurs, compressor stations,
metering stations, and processing plants, all of which release emissions.

Air and water monitoring near well pads have documented the
presence of multiple compounds with known human health effects,
both short- and long-term. Compounds of concern are volatile organic
compounds including benzene, associated with short-term effects of
headache and dizziness and long-term effects of aplastic anemia and
leukemia (ATSDR, 2015); toluene, associated with headaches, sleepi-
ness, confusion, and possible permanent neurological damage (ATSDR,
2011a) ethylbenzene, associated with symptoms of eye and throat ir-
ritation and a possible carcinogen (ATSDR, 2011b) and xylene, asso-
ciated with eye, nose, throat, and skin irritation and possible long-term
neurologic effects (CCOHS, 2017).

Other compounds with documented adverse health outcomes
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include particulate matter, associated with asthma attacks, acute
bronchitis, and reduced lung function (OSHA, 2013), methylene
chloride, associated with cancer (ATSDR, 2011c), and hydrogen sulfide,
associated with eye, nose, and throat irritation and asthma (ATSDR,
2011d). Our understanding of the human health impacts of exposure,
however, is hampered by the absence of human toxicity information on
75–80% of the chemicals used in this process (Elliott et al., 2016). In
addition to chemical emissions, UNGD produces noise and light ex-
posures at levels that may increase the risk of adverse health outcomes,
including annoyance, sleep disturbance, and cardiovascular symptoms
(Hays et al., 2017).

Self-report studies have consistently documented skin irritation and
rash; respiratory symptoms including difficulty breathing; nose, throat,
and sinus problems; gastrointestinal disturbances; headache; sleep dis-
ruption; and psychological symptoms including stress (Saberi, 2013;
Ferrar et al., 2013; Rabinowitz et al., 2015; Steinzor et al., 2013). These
studies relied on self-report of symptoms, obtained either through a
survey “check-list” that was self-administered (Saberi, 2013; Steinzor
et al., 2013) or administered by a research assistant (Rabinowitz et al.,
2015). In one study a semi-structured interview was used (Ferrar et al.,
2013). With the exception of the study conducted by Rabinowitz and
colleagues (Rabinowitz et al., 2015), these studies used convenience
samples that ranged in size from 33 to 108. Rabinowitz et al. used
randomized subject selection and did not refer explicitly to UNGD in
the survey process. Two studies included an estimate of exposure.
Steinzor et al. demonstrated compounds with known human health
effects in air and water samples; symptoms reported by participants
were consistent with these effects. Rabinowitz et al. found increased
prevalence of skin and respiratory symptoms was associated with in-
creased proximity to natural gas wells.

Limitations of the self-report studies include the use of convenience
samples and possible recall bias on the part of the participant. Onset
and/or exacerbation of self-reported symptoms may be subject to recall
bias on the part of the participant, particularly if the participants have a
high level of awareness of the risks associated with exposure and/or
understand the purpose of the study. None of the self-report studies
incorporated review of data by a health care provider.

More recently, several population-based studies using publicly
available or health system data have documented an association with
poor birth outcomes (Casey et al., 2015; McKenzie et al., 2014; Stacy
et al., 2015) asthma exacerbation (Rasmussen et al., 2016), infant
mortality (Busby and Mangano, 2017), and childhood acute lympho-
cytic leukemia.(McKenzie et al., 2017) One other study demonstrated
an association with migraine, chronic rhinosinusitis, and fatigue,
symptoms previously documented in the other self-report studies.
(Tustin et al., 2016)

The purpose of the present study is to describe the symptoms re-
ported in a sample of Pennsylvania residents who lived in close proxi-
mity to unconventional gas wells. We conducted a retrospective review
of 135 health assessment records of individuals who live in the
Marcellus Shale region of the United States. The health assessments had
been conducted by family nurse practitioners in collaboration with an
occupational medicine physician. Because available evidence suggests
that health impacts are related to proximity to wells, with symptoms
more likely in individuals who live in closer proximity to gas wells
(Rabinowitz et al., 2015; Casey et al., 2015; McKenzie et al., 2014;
Stacy et al., 2015; Rasmussen et al., 2016; McKenzie et al., 2017; Tustin
et al., 2016), this review was restricted to the records of individuals
who lived within 1 km of at least one gas well. The study was reviewed
and approved by the Duquesne University Institutional Review Board.

2. Method

Family nurse practitioners at the Southwest Pennsylvania
Environmental Health Project (EHP) have been systematically col-
lecting health data from residents of communities located near UNGD

sites since 2012. This service was developed to meet the needs of re-
sidents who were concerned about health impacts and who sought
evaluation by a health care professional. Services are advertised on the
EHP website, local media, community meetings, and word-of-mouth
and are offered at no charge. The health records of these clients provide
a dataset of health symptoms reported by those living in proximity to
UNGD sites.

Between February 1, 2012 and October 31, 2015, 135 children and
adults completed the standardized health assessment, typically con-
ducted face-to-face by a family nurse practitioner. The health assess-
ments were conducted according to standard clinical practice for col-
lecting a medical history and included current problems, review of
systems, past medical history, family history, and social history. When
indicated by the interview, a targeted physical examination was con-
ducted. Individuals who completed this health assessment did so for
their own personal health information.

All 135 records were reviewed by a team of health care providers
that included a physician who is board certified occupational medicine
(LW) and at least one nurse practitioner. Records were excluded if they
were incomplete at the time of the review (n = 2); the client was<
18 years of age (n = 21); the client reported employment in the gas
industry (n= 7); client resided in a state other than Pennsylvania
(n = 28); client did not report any symptoms at the time of the health
assessment (n = 3). After these exclusion criteria were applied, 74 re-
cords remained.

2.1. Proximity to unconventional natural gas wells

One author (BW) used publicly available data to determine the
number of unconventional natural gas wells located within 1 km of
each residence for the 74 records. Publicly available data includes lo-
cation and “SPUD” date, or date drilling began. Using ArcGIS, the home
address was used to calculate the distance from the home to the nearest
well(s). Records were excluded if it was not possible to verify at least
one gas well within 1 km of the residence (n = 23). After this criterion
was applied, 51 records remained.

2.2. Symptom inclusion criteria

Prior to review of the records, the physician (LW) and nurse prac-
titioner developed and implemented the symptom inclusion criteria.
Each symptom recorded in the health assessment was reviewed in the
context of past medical and surgical history, concurrent medical con-
ditions, family and social history, and environmental exposures un-
related to UNGD. If a plausible cause for the symptom was identified,
the symptom was not included in the analysis. For example, if the social
history indicated a ½ pack/day smoking history, the symptom of “dif-
ficulty breathing” was not included. Symptoms were included only
when there was no possible cause evident in the health assessment
record. The records were not reviewed with the intent of establishing or
confirming a diagnosis, but to determine if a plausible explanation for
the symptom could be identified.

Independently, BW determined timing of the exposure for each
symptom that met the inclusion criteria, using the SPUD date for each
unconventional natural gas well within 1 km. The earliest SPUD date
for wells within 1 km of the residence was considered the beginning of
exposure to UNGD. The date of onset/exacerbation of each symptom
was available in the health assessment record. If the date of onset/ex-
acerbation of a symptom occurred prior to the earliest SPUD date for
wells within 1 km, that symptom was not included in the analysis.
Symptoms were included only if the onset/exacerbation occurred after
the date of first exposure, estimated by the earliest SPUD date.

Descriptive statistics were used to determine frequency, distribu-
tion, and variance.
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3. Results

The 51 adults included in this record review had reported at least
one symptom on their health assessment, denied occupation exposure
related to natural gas extraction and lived in Pennsylvania within 1 km
of an unconventional natural gas well. The average age of this sample
was 57 (SD = 12.3), with a range of 24–85. More than half (56.8%)
were female and the majority (83%) were married. Each individual
lived within 1 km of a gas well; the number of wells ranged from 1 to
16, (mean 5.7, SD 3.6). A total of three counties in Pennsylvania are
represented in this sample: Washington (n = 47), Butler (n= 3), and
Bedford (n = 1) counties.

In this sample, all individuals reported at least one symptom at the
time of the health assessment. The number of symptoms reported
ranged from 1 to 19, with an average of 7.2 (SD = 4.9). Not all of the
symptoms reported met the inclusion criteria (i.e., symptoms began or
worsened after exposure to UNGD and could not be explained by a pre-
existing or concurrent health condition). Some symptoms reported by
19 individuals (37%) did not meet inclusion criteria and were excluded,
although the individuals remained in the analysis. The number of
symptoms excluded/individual ranged from 1 to 7, with an average of
2.4 symptoms. For five of the 19 individuals, all reported symptoms
were excluded.

The number of symptoms meeting inclusion criteria ranged from 0
to 19 with a mean of 6.2 (SD = 5.1) symptoms/individual. The most
frequently reported symptoms that met inclusion criteria were sleep
disturbance, headache, throat irritation, stress/anxiety, cough, short-
ness of breath, sinus, fatigue, wheezing, nausea (> 20% of sample).

Symptoms shown in Table 1 were reported by at least 10% of the
sample. Symptoms not shown on Table 1, reported by< 10% of the
sample were: weight change, hearing loss, vomiting, burning skin, and
depression.

4. Discussion

The symptoms reported by residents of southwestern Pennsylvania
who live within 1 km of an unconventional natural gas well are con-
sistent with those reported in other self-report studies. The most com-
monly reported symptoms in this sample of adults were sleep disrup-
tion, headache, throat irritation, stress/anxiety, cough, shortness of
breath, sinus problems, fatigue, nausea, and wheezing.

Limitations of this study include use of self-report data and a con-
venience sample. However, our methodology mitigates some of the
limitations typically associated with this type of data and strengthens
our results. Reported symptoms were abstracted from health records
obtained by a nurse practitioner in consultation with a physician. Each
symptom was evaluated using criteria to establish onset or exacerbation
of the symptom relative to exposure to UNGD and to rule out other
plausible explanations for the symptom. Only those symptoms that
could not be explained by evidence in the health record (i.e., medical,
surgical, or social history) and had a date of onset or exacerbation after
exposure to UNGD began were included in the analysis.

Both the collection of symptom data, and the inclusion criteria used,
distinguish this study from others that rely only on self-report. In
comparison to such studies, our results are strengthened by the col-
lection of health assessment data by a health care provider, critical
review of symptoms for possible alternative causes, and confirmation of
timing of exposure relative to symptom onset or exacerbation.

Health care providers whose clients live or work in communities
where unconventional techniques are used to extract natural gas and/or
oil should be alert to the possibility of environmental exposures.
Symptoms, particularly those that are unexplained by concurrent
medical conditions, may be related to environmental exposures.
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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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Introduction
Unconventional natural gas development 
(UNGD), which includes the process of 
hydraulic fracturing, represents an expanding 
share of energy production worldwide. Shale 
gas extraction now comprises 40% of U.S. 
domestic natural gas production [Energy 
Information Administration (EIA 2015)]. In 
the past decade, particularly rapid increases in 
UNGD have occurred in Pennsylvania, where 
> 8,800 unconventional wells have been drilled.

There are concerns that UNGD could 
affect the environment via chemical pollut-
ants such as diesel exhaust, volatile organic 
compounds, combustion products, fugitive 
emissions, and fracking chemicals (Werner 
et  al. 2015). UNGD has been linked to 
contamination of air (Macey et  al. 2014; 
Paulik et  al. 2015), soil (Maloney and 
Yoxtheimer 2012), ground water (Jackson 
et al. 2013; Drollette et al. 2015), and surface 
water (Kassotis et  al. 2014). UNGD also 
creates contextual and psychosocial stressors 
including noise, truck traffic, influxes of 
nonlocal workers, and perceived negative 
impacts on quality of life and on the built and 

social environments (Saberi et al. 2014; Powers 
et al. 2015; Adgate et al. 2014).

There have been few studies of the health 
effects of UNGD, despite increasing concerns 
(Mitka 2012; Kovats et al. 2014). Previous 
studies have been limited by factors including 
small sample size and imprecise exposure 
assessment (Adgate et al. 2014). Because the 
expansion of UNGD has outpaced scientific 
understanding of its potential health impacts, 
studies of self-reported outcomes have been 
advocated as a rapid means of generating 
hypotheses that could influence public policy. 
Furthermore, some illnesses with plausible 
links to UNGD, such as pain syndromes 
and fatigue, are defined solely by symptoms. 
Yet, to date there have been only two epide-
miologic studies of symptoms in relation 
to UNGD, each with <  500 participants 
(Steinzor et al. 2013; Rabinowitz et al. 2015).

We used data from a large population-
based cross-sectional survey of Pennsylvania 
adults to identify patients with nasal and 
sinus symptoms, migraine headache, and 
higher levels of fatigue. We selected these 
outcomes because of their high prevalence, 

large economic costs, and possible links to 
environmental risk factors through chemical 
toxicity, irritation, odors, or stress (Hastan 
et al. 2011; Bhattacharyya 2009; Shashy et al. 
2004; Tan et al. 2013; Friedman and De ver 
Dye 2009; Sjöstrand et al. 2010; Bell et al. 
1998; Griffith and Zarrouf 2008; Ranjith 
2005; Ricci et al. 2007). The purpose of this 
study was to test the null hypothesis that 
UNGD is not associated with these three 
outcomes. To do so, we performed a case–
control analysis in which we compared indi-
viduals having one or more of these health 
outcomes with selected participants having 
no or minimal evidence of these diseases.

Methods

Study Overview

In early 2014, we performed a cross-
sectional survey of primary care patients 
of the Geisinger Clinic. Information was 
gathered via a questionnaire designed to 
study general chronic rhinosinusitis (CRS) 

Address correspondence to B.S. Schwartz, Johns 
Hopkins Bloomberg School of Public Health, 
615 N. Wolfe St., Room W7041, Baltimore, MD 
21205 USA. Telephone: (410) 955-4158. E-mail: 
bschwar1@jhu.edu

Supplemental Material is available online (http://
dx.doi.org/10.1289/EHP281).

This research was funded by National Institutes 
of Health grants U19 AI106683 (PI R. Schleimer; 
A.G.H., B.S.S.), R21 ES023675 (B.S.S.), and train-
ing grant ES07141 (S.G.R.); the Robert Wood 
Johnson Foundation (J.A.C.); the Degenstein 
Foundation; and the National Science Foundation 
Integrative Graduate Education and Research 
Traineeship (S.G.R.).

B.S.S. is a Fellow of the Post Carbon Institute 
(PCI), serving as an informal advisor on climate, 
energy, and health issues. He receives no payment for 
this role. His research is entirely independent of PCI, 
and is not motivated, reviewed, or funded by PCI. 

The other authors declare they have no actual or 
potential competing financial interests.

Received: 22 December 2015; Revised: 29 July 2016; 
Accepted: 31 July 2016; Published: 25 August 2016.

Note to readers with disabilities: EHP strives 
to ensure that all journal content is accessible to all 
readers. However, some figures and Supplemental 
Material published in EHP articles may not conform to 
508 standards due to the complexity of the information 
being presented. If you need assistance accessing journal 
content, please contact ehponline@niehs.nih.gov. 
Our staff will work with you to assess and meet your 
accessibility needs within 3 working days.

Associations between Unconventional Natural Gas Development and Nasal 
and Sinus, Migraine Headache, and Fatigue Symptoms in Pennsylvania
Aaron W. Tustin,1 Annemarie G. Hirsch,2 Sara G. Rasmussen,1 Joan A. Casey,3 Karen Bandeen-Roche,4 and 
Brian S. Schwartz1,2,5

1Department of Environmental Health Sciences, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland, USA; 2Center 
for Health Research, Geisinger Health System, Danville, Pennsylvania, USA; 3Robert Wood Johnson Health and Society Scholars 
Program, University of California, San Francisco, San Francisco and University of California, Berkeley, Berkeley, California, USA; 
4Department of Biostatistics, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland, USA; 5Department of Medicine, 
Johns Hopkins School of Medicine, Baltimore, Maryland, USA

Background: Unconventional natural gas development (UNGD) produces environmental 
contaminants and psychosocial stressors. Despite these concerns, few studies have evaluated the 
health effects of UNGD.

Objectives: We investigated associations between UNGD activity and symptoms in a cross-
sectional study in Pennsylvania.

Methods: We mailed a self-administered questionnaire to 23,700 adult patients of the Geisinger 
Clinic. Using standardized and validated questionnaire items, we identified respondents with 
chronic rhinosinusitis (CRS), migraine headache, and fatigue symptoms. We created a summary 
UNGD activity metric that incorporated well phase, location, total depth, daily gas production and 
inverse distance–squared to patient residences. We used logistic regression, weighted for sampling 
and response rates, to assess associations between quartiles of UNGD activity and outcomes, both 
alone and in combination.
Results: The response rate was 33%. Of 7,785 study participants, 1,850 (24%) had current CRS 
symptoms, 1,765 (23%) had migraine headache, and 1,930 (25%) had higher levels of fatigue. 
Among individuals who met criteria for two or more outcomes, adjusted odds ratios for the highest 
quartile of UNGD activity compared with the lowest were [OR (95% CI)] 1.49 (0.78, 2.85) for 
CRS plus migraine, 1.88 (1.08, 3.25) for CRS plus fatigue, 1.95 (1.18, 3.21) for migraine plus 
fatigue, and 1.84 (1.08, 3.14) for all three outcomes together. Significant associations were also 
present in some models of single outcomes.
Conclusions: This study provides evidence that UNGD is associated with nasal and sinus, 
migraine headache, and fatigue symptoms in a general population representative sample.
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epidemiology (for the questionnaire, see 
Supplemental Material, “Population Study 
of Nasal and Sinus Symptoms”). The ques-
tionnaire did not mention UNGD because 
that was not its primary purpose. We used 
residential addresses and information about 
Pennsylvania unconventional gas wells to 
create UNGD activity metrics for four 
time-varying well development phases. We 
evaluated the associations between UNGD 
activity and CRS, migraine headache, and 
fatigue symptoms. The study protocol was 
approved by the Institutional Review Board 
(IRB) of the Geisinger Health System with an 
IRB Authorization Agreement with the Johns 
Hopkins Bloomberg School of Public Health. 
Waivers of Health Insurance Portability 
and Accountability Act of 1996 (HIPAA) 
authorization and written informed consent 
were approved by the IRB; implied consent 
was considered to have been provided if the 
patient returned the mailed questionnaire.

Study Population
The Geisinger Clinic provides primary care 
services to > 400,000 patients, predominantly 
in central and northeastern Pennsylvania. 
Our source population consisted of 200,769 
adult (age ≥ 18 years) Geisinger primary care 
patients for whom we had electronic health 
record (EHR) data and information on race/
ethnicity. From this source population, we 
selected 23,700 survey recipients using a 
stratified sampling design that is described in 
“Rationale and Description of the Stratified 
Sampling Method.” We mailed the baseline 
questionnaire in April 2014. A total of 7,847 
(33.1%) individuals returned the question-
naire after three mailings. Questionnaires were 
returned between 13 April and 13 October 
2014. After excluding respondents who lived 
outside Pennsylvania (n  =  62), the study 
sample consisted of 7,785 participants.

Rationale and Description of the 
Stratified Sampling Method
We oversampled racial/ethnic minorities 
because a primary interest of the parent grant 
was to understand racial/ethnic differences 
in CRS epidemiology. Geisinger’s catchment 
area only has ~8% racial/ethnic minorities. 
Oversampling was necessary to ensure a suffi-
cient number of racial/ethnic minorities in the 
parent study.

Similarly, to ensure an adequate number 
of CRS patients in the parent CRS study, we 
oversampled individuals with higher likeli-
hood of having CRS. To do so, we used 
EHR data to identify Geisinger primary 
care patients with higher, intermediate, and 
lower likelihood of CRS. These assessments 
were based on International Classification of 
Diseases, Ninth Revision (ICD-9) codes and 
Current Procedural Terminology (CPT) 

codes from the medical record. Patients with 
a “higher” likelihood of CRS (n = 13,494) 
had at least two ICD-9 codes for CRS (ICD-9 
codes 473.x or 471.x) associated with an 
outpatient, inpatient, or emergency depart-
ment encounter, or they had at least one CPT 
code for sinus computerized tomography, 
sinus endoscopy, or sinus surgery. Patients 
with “intermediate” likelihood of CRS 
(n = 49,918) had at least one ICD-9 code for 
asthma (493.x) or allergic rhinitis (477.x) or 
a single ICD-9 code for CRS associated with 
an outpatient, inpatient, or emergency depart-
ment encounter. The 137,357 patients who 
did not meet criteria for the higher and inter-
mediate likelihood groups were designated as 
having a “lower” likelihood of CRS.

We divided our source population into six 
strata based on race/ethnicity and likelihood 
of CRS. We mailed the baseline CRS survey 
to a larger percentage of individuals in the 
strata of interest (see Table S1).

Covariates
We obtained the following covariates from 
the EHR: sex, current age (years), race/
ethnicity (white non-Hispanic, other), 
smoking status (never, current, former), 
body mass index (BMI; kg/m2), residential 
address, and history of receiving Medical 
Assistance, a means-tested health insurance 
program that we used as a surrogate for family 
socioeconomic status (Casey et al. 2013). We 
used information in the EHR to derive each 
individual’s residential place type (township, 
borough, or census tract in cities) and 
Charlson comorbidity index. We computed 
the Charlson index, which incorporates the 
number and severity of comorbid illnesses, 
in a manner consistent with previously 
published criteria (Charlson et al. 1987). We 
dichotomized race/ethnicity because only 
10% of participants were nonwhite, which is 
reflective of the general population in these 
communities (Casey et al. 2016). Our ques-
tionnaire ascertained additional information 
on educational status, marital status, house-
hold income, hay fever, nasal polyps, age at 
onset of nasal/sinus symptoms (in 5-year cate-
gories), history of sinus surgery, and current 
use of sinusitis medications (antibiotics and 
oral, inhaled, and nasal corticosteroids). We 
used U.S. Census data (Liu et al. 2012) to 
derive community socioeconomic deprivation 
(CSD) in townships, boroughs, and cities 
using a modified version of the Townsend 
index (Townsend 1987) as previously 
reported (Liu et al. 2012).

Outcome Ascertainment
The cardinal symptoms of CRS are nasal 
congestion/obstruction, nasal discharge 
(anterior or posterior nasal drip), smell loss, 
and facial pain or pressure. Our questionnaire 

ascertained the frequency (“never,” “once 
in a while,” “some of the time,” “most 
of the time,” or “all the time”), in the past 
3 months, of the aforementioned symptoms 
(questions  10–15 of the questionnaire, 
which is included in the Supplemental 
Material, “Population Study of Nasal and 
Sinus Symptoms”). Following European 
Position Paper on Rhinosinusitis and Nasal 
Polyps (EPOS) diagnostic criteria for CRS 
in epidemiologic studies (Fokkens et  al. 
2012), we determined participants to have 
current CRS if they experienced two or more 
cardinal symptoms [one of which must be 
nasal congestion/obstruction (question 10) 
or discharge (question 11 and/or 12)] at least 
“most of the time” in the past 3 months.

We ascertained migraine headache via 
questions from the ID Migraine™ question-
naire (Lipton et al. 2003) covering the past 
12 months. Those with headaches at least 
“some of the time” (question 80) were asked 
the frequency (“never,” “rarely,” “less than 
half the time,” “half the time or more”) of 
headache-associated disability, nausea, and 
photophobia (questions 81–83). Using a vali-
dated scoring method (Lipton et al. 2003), we 
dichotomized the three responses. Responses 
of “never” or “rarely” were scored as no and 
responses of “less than half the time” or 
“half the time or more” were scored as yes. 
Participants who answered yes to at least 
two of three questions were considered to 
have migraines.

We ascertained fatigue with eight ques-
tions from the Patient-Reported Outcomes 
M e a s u r e m e n t  I n f o r m a t i o n  S y s t e m 
(PROMIS®) fatigue short form 8a (http://
www.assessmentcenter.net). These items 
assessed the frequency (“not at all,” “a little 
bit,” “somewhat,” “quite a bit,” “very much”) 
of fatigue and fatigue-related disability in the 
past week (questions 84–91). We used the 
instrument’s standardized scoring instruc-
tions to code responses from 1 (“not at all”) 
to 5 (“very much”) and summed the eight 
values to produce a score ranging from 8 to 
40. We excluded individuals who answered 
fewer than four questions (n = 76). Individuals 
who answered between 4 and 7 questions 
were assigned a prorated score using the 
following formula: score =  (raw sum × 8)/
(number of items answered). Fractional scores 
were rounded up to the nearest integer. Our 
“higher levels of fatigue” outcome consisted of 
individuals in the highest quartile (score ≥ 28).

Some respondents met criteria for more 
than one outcome. In the analysis, we 
evaluated associations of UNGD with single 
outcomes (i.e., CRS only, migraine only, or 
fatigue only) and with multiple outcomes 
(i.e., participants with CRS and migraine, 
CRS and fatigue, migraine and fatigue, or all 
three outcomes).



Fracking and sinusitis, migraine, and fatigue

Environmental Health Perspectives  •  volume 125 | number 2 | February 2017	 191

Reference Group
We performed an unmatched case–control 
analysis in which we compared individuals 
having one or more of the three primary 
outcomes (“cases”) with a subset of partici-
pants having no or minimal evidence of these 
outcomes (hereafter referred to as “controls” 
or the “reference group”). The reference group 
comprised study participants who a) did not 
meet diagnostic criteria for past or current 
CRS, b) reported no migraine headache 
symptoms, and c) reported lower levels of 
fatigue (i.e., first quartile of fatigue score). 
Individuals with past CRS, intermediate like-
lihood of migraine, and/or moderate levels 
of fatigue were excluded from the reference 
group. These exclusion criteria were intended 
to produce a reference group free of indi-
viduals with a moderate likelihood of having 
the outcome (in the case of migraine and 
fatigue) or whose disease had been aggressively 
managed and treated (in the case of past CRS).

We created the reference group as follows. 
First, we excluded all study participants with 
one or more of the outcomes of interest. 
Next, individuals who met criteria for lifetime 
CRS [i.e., responses of “yes” to at least two 
cardinal symptoms on questions 1–6, one of 
which had to be nasal blockage (question 1) 
or discharge (question 2 and/or 3)] but not 
current CRS were deemed to have “past 
CRS” and were excluded from the reference 
group. We then excluded participants from 
the reference group if they endorsed any of 
the three ID Migraine™ criteria. In other 
words, members of the reference group either 
skipped the ID Migraine™ questions (e.g., 
because they reported a headache frequency 
of “never” or “once in a while” on question 80 
and were instructed to skip the following three 
questions) or responded to questions 81–83 
with no migraine symptom occurring more 
frequently than “never” or “rarely.” Finally, we 
excluded individuals from the reference group 
if their fatigue score was higher than the 25th 
percentile (i.e., those with fatigue score > 13) 
or if they did not answer at least four of eight 
PROMIS® fatigue items (questions 84–91). 
No other inclusion or exclusion criteria were 
applied to the reference group.

UNGD Activity Assessment
We used published descriptions, and our own 
data, to estimate the duration of each UNGD 
phase (Gaines and Ziegler 2013; New 
York State Department of Environmental 
Conservation 2015; Casey et al. 2016). Pad 
preparation, which involves clearing of the 
well site, lasts ~30 days. Drilling the well then 
takes 1–30 days, proportionate to the total 
(vertical plus horizontal) depth. After drilling, 
hydraulic fracturing (fracking) occurs during 
a stimulation phase that lasts an average of 
7 days. Finally, the well produces natural 

gas during a production phase that lasts 
months to years.

To capture these complexities of well 
development, we compiled data on UNGD 
in Pennsylvania from 1 January 2005 through 
31 December 2014 from the Pennsylvania 
Department of Environmental Protection, the 
Pennsylvania Department of Conservation 
and Natural Resources, and SkyTruth (http://
skytruth.org). We obtained the following 
information for each well: geographic coor-
dinates; start dates of drilling, stimulation, 
and production; total depth; and volume of 
natural gas produced during 6- or 12-month 
reporting windows.

Using methods described previously 
(Casey et al. 2016), we created UNGD activity 
metrics for each phase of well development. 
Briefly, these metrics incorporated all uncon-
ventional gas wells in Pennsylvania and were 
defined as follows:
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where T is an averaging period in days 
(in our primary analysis, T  =  90 because 
CRS diagnostic criteria require 3 months of 
symptoms); t is a temporal summation index 
whose negative sign represents past dates (e.g., 
summing from t = –1 to –90 indicates that 
the metric was averaged over 90 consecutive 
days immediately before the survey); n is the 
number of wells; wj(t) is the weight assigned 
to the jth well on day t; and d 2

ij is the squared 
distance between well j and the residential 
address of participant i. We set wj(t) = 0 for 
wells that were inactive in the given phase 
on day t. Active wells were assigned weights 
during the duration of the relevant phase 
as follows: for pad preparation and drilling 
metrics, wj(t) was 1; for the stimulation metric, 
wj(t) was the total depth in feet (a surrogate 
for hydraulic fracturing chemical volumes 
and the number of truck trips required to 
transport stimulation materials); and for the 
production metric, wj(t) was the average daily 
volume in Mcf (1 Mcf = 1,000 cubic feet) of 
natural gas produced during the corresponding 
reporting period.

Because the four UNGD phase metrics 
were highly correlated when averaged over 
90 days (Spearman coefficient > 0.90 for each 
pairwise comparison), we z-transformed the 
metrics and summed the resulting z-scores. 
For analysis, we divided this continuous 
composite UNGD activity metric into quar-
tiles for ease of interpretation and because of 
its skewed distribution.

Statistical Analysis
We used descriptive statistics to compare 
characteristics of participants with and 

without each outcome. To evaluate selection 
bias with respect to UNGD, we compared 
distributions of the UNGD activity metric in 
study participants and questionnaire nonre-
sponders. To assess the potential for noncon-
servative errors due to selection bias with 
respect to health status, we analyzed distribu-
tions of the Charlson comorbidity index in 
study participants and survey nonresponders, 
stratified by UNGD quartile. Categorical and 
continuous variables were compared using 
χ2 tests and t-tests, respectively. For hypoth-
esis testing, p-values < 0.05 were considered 
statistically significant.

We used weighted logistic regression 
to evaluate associations between UNGD 
activity and symptoms while adjusting for 
confounding variables. All models compared 
individuals with the outcome(s) of interest 
(“cases”) to the reference group described 
above (“controls”). The use of sampling 
weights allowed us to account for the 
differential patient selection and participa-
tion rates in our stratified design while 
targeting unbiased measures of association 
and obtaining robust standard errors. We 
assigned each participant a sampling weight 
equal to the inverse probability of inclusion in 
the study (see Table S1). Because the weight 
in one stratum (150.8) was substantially 
larger than the other weights, we truncated 
this weight by reducing it to the value of the 
second-highest weight (32.3).

We adjusted all models for these potential 
confounders that we identified a priori: sex, 
race/ethnicity (non-Hispanic white vs. other), 
age [linear and quadratic terms; to avoid 
collinearity, we centered the age variable by 
subtracting its mean (i.e., Ac = Ai – Amean)], 
receipt of Medical Assistance (never vs. ever), 
and smoking status (never vs. former and 
current). We tested for additional confounding 
by adding linear and quadratic terms for BMI 
and CSD. We retained these covariates in the 
models if they changed associations between 
UNGD and the outcome by ≥ 10%. Analyses 
were performed in R (version 3.0.2, R Project 
for Statistical Computing) and Stata 13.1 
(StataCorp) using the svy command.

We reasoned that UNGD might be 
associated with current CRS only for onset 
of symptoms after 2006, when UNGD 
commenced in Pennsylvania. To test the 
associated hypothesis, we stratified the CRS 
group by date of symptom onset (before/after 
1 January 2006) and reran models within each 
stratum. Although associations of UNGD 
activity with our other outcomes could also 
differ by onset date, our questionnaire did 
not ascertain the onset date of migraine and 
fatigue symptoms.

We performed several sensitivity analyses. 
To explore the impact of sampling weight 
choices, we reran models with full (i.e., 



Tustin et al.

192	 volume 125 | number 2 | February 2017  •  Environmental Health Perspectives

not truncated) weights and again with no 
weights. To determine whether associations 
differed by the length of the UNGD assess-
ment period, we compared associations using 
7-day, 90-day, and 365-day averaged UNGD 
metrics that corresponded to the question-
naire’s recall windows for the three primary 
outcomes. To explore spatial differences 
among groups of participants, we mapped the 
residential locations of individuals with and 
without our primary outcomes stratified by 
UNGD quartile and case/control status. To 
assess whether UNGD was associated with 
symptoms in individuals with past disease or 
moderate symptoms, we created additional 
CRS and fatigue models in which we reclas-
sified some previously excluded individuals as 
“cases” (for details see Supplemental Material, 
“Models of Past Disease and Moderate 
Symptoms”). To assess whether unmeasured 
confounding, including spatial confounding, 
could be responsible for the observed associa-
tions, we created “negative control outcome” 
models (Lipsitch et al. 2010). These adjusted 
logistic regression models evaluated asso-
ciations between UNGD and self-reported 
outcomes (bad breath, ear pain, and cold/flu 
symptoms) that we thought were unlikely to 

be related to UNGD. We expected to find 
no significant associations between UNGD 
and these outcomes; the presence of such 
associations could indicate bias resulting from 
unmeasured confounding. In these models, 
we defined cases as all study participants who 
reported the symptom at least “most of the 
time” in the past 3 months (questions 36, 43, 
and 48 for bad breath, ear pain, and cold/flu 
symptoms, respectively). The reference group 
for each model consisted of all individuals 
who reported the symptom “never” in the 
past 3 months.

Results

Characteristics of the Study 
Population
Questionnaire respondents were 7,785 
individuals from 39 counties in central and 
northeastern Pennsylvania, in regions with 
and without UNGD (Figure 1). Compared 
with questionnaire recipients who did not 
respond, our study population was more 
likely to be female, white, and older (results 
not shown). The continuous UNGD activity 
metric did not differ significantly (p = 0.26) 
between study participants and questionnaire 

nonresponders (Table 1). Study participants 
were less likely than nonresponders to be in 
the highest UNGD quartile. Although the 
Charlson comorbidity index was higher 
in responders (mean   =  3.43) than in 
nonresponders (mean = 2.52, p < 0.001), the 
mean Charlson values were similar across all 
UNGD quartiles (Table 1).

We identified 738 participants with 
current CRS and no other primary outcome, 
580 with migraine headache only, and 666 
with higher levels of fatigue only (Table 2). 
These conditions were co-occurring in other 
individuals. There were 268 individuals with 
CRS and migraine, 347 with CRS and higher 
levels of fatigue, 420 with migraine and 
higher levels of fatigue, and 497 with all three 
outcomes. There were 1,380 participants 
with no current or past CRS, no migraine 
headache symptoms, and lower levels of 
fatigue; these individuals comprised the refer-
ence group. Compared with the reference 
group, individuals with each single outcome 
were more likely to be younger and current 
smokers (Table 2). Those with migraine and 
fatigue were more likely to be female, and 
those reporting CRS and fatigue were more 
likely to be white non-Hispanic.

Figure 1. Map of study area. Thick black outlines designate Pennsylvania counties with at least one participant [from U.S. Census Bureau TIGER/line files (U.S. 
Census Bureau 2010)]. Numbers within the borders of each county indicate the total number of participants (T) and the number with chronic rhinosinusitis 
symptoms (NS), migraine headache (H), and higher levels of fatigue (F) (data from the Geisinger Clinic). Gray circles show locations of drilled unconventional 
natural gas wells as of December 2014 (Pennsylvania Department of Environmental Protection 2016). Black stars represent Geisinger hospitals and clinics. Map 
was made with ArcGIS Desktop (release 10, Esri, Redlands, CA).
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Associations of UNGD with 
Symptoms
The highest quartile of UNGD activity, 
compared with the lowest, was associ-
ated with significantly increased odds of 

the following combinations of two or more 
outcomes: CRS and higher levels of fatigue 
[odds ratio (OR) = 1.88; 95% confidence 
interval (CI): 1.08, 3.25], migraine headache 
and higher levels of fatigue (OR  =  1.95; 

95% CI: 1.18, 3.21), and all three outcomes 
(OR = 1.84; 95% CI: 1.08, 3.14) (Table 3). 
The second and third quartiles of UNGD 
were not significantly associated with any of 
the outcomes. In individuals with only one 
outcome, the odds ratios for the fourth quartile 
of UNGD were 1.11 (95% CI: 0.75, 1.65) 
for current CRS, 1.43 (95% CI: 0.94, 2.18) 
for migraine headache, and 1.47 (95% CI: 
0.996,  2.18) for higher levels of fatigue 
(Table 3). In general, participants in the fourth 
quartile of UNGD lived farther north than 
those in other UNGD quartiles (Figure 2).

When we stratified CRS patients by 
onset date, the second (OR = 3.27; 95% CI: 
1.21, 8.82) and fourth (OR = 3.26; 95% CI: 
1.14, 9.36) quartiles of UNGD were associ-
ated with significantly increased odds of CRS 
in those whose symptoms began after 2006 
(see Table S2). There were no associations in 
participants with earlier symptom onset.

Sensitivity Analyses
In participants with multiple outcomes, 
most inferences were unchanged whether 
we used the full sampling weights, truncated 

Table 1. Comparison of selected characteristics in survey responders and nonresponders.

Characteristic
Responders 
(n = 7,785)

Nonresponders 
(n = 15,525) p-Value

Continuous composite UNGD activity metric, mean ± sd  –0.02 ± 1.80 0.01 ± 2.78 0.26a
UNGD activity, n (%)

Quartile 1 2,052 (26.4) 3,775 (24.3) < 0.001b
Quartile 2 1,828 (23.5) 3,996 (25.7)
Quartile 3 2,017 (25.9) 3,814 (24.6)
Quartile 4 1,888 (24.3) 3,940 (25.4)

Charlson index, mean ± sd 3.43 ± 2.76 2.52 ± 2.65 < 0.001a
Charlson index stratified by quartiles of UNGD activity, mean ± sd

Quartile 1 3.27 ± 2.61 2.46 ± 2.46
Quartile 2 3.37 ± 2.71 2.48 ± 2.57 NA
Quartile 3 3.61 ± 2.83 2.68 ± 2.85
Quartile 4 3.47 ± 2.86 2.48 ± 2.70

p < 0.001c p < 0.001c

Notes: NA, not applicable; sd, standard deviation; UNGD, unconventional natural gas development.
Patients who lived outside Pennsylvania were excluded (n = 390). UNGD activity was averaged over 90 days before the 
survey.
ap-Value computed using Student’s t-test.
bp-Value computed using Chi-squared test.
cWithin responders and nonresponders separately, p-values were computed with one-way analysis of variance 
(ANOVA) to compare mean Charlson index across quartiles of UNGD.

Table 2. Characteristics of study population by self-reported outcome(s).

Characteristic

Overall 
study 

population

Individuals with no 
primary outcome Individuals with one or more primary outcomes

Reference 
groupa

Individuals 
who were 

neither 
cases nor 
controlsb

Current CRS 
only

Migraine 
headache 

only

Higher 
levels of 

fatigue only

Current 
CRS and 
migraine

Current CRS 
and higher 
levels of 
fatigue

Migraine 
and higher 
levels of 
fatigue

Current CRS, 
migraine 

headache, and 
higher levels 

of fatigue
Total number, n 7,785 1,380 2,889 738 580 666 268 347 420 497
Sex, n (%)

Male 2,909 (37.4) 656 (47.5) 1,242 (43.0) 335 (45.4) 113 (19.5) 233 (35.0) 50 (18.7) 126 (36.3) 63 (15.0) 91 (18.3)
Female 4,876 (62.6) 724 (52.5) 1,647 (57.0) 403 (54.6) 467 (80.5) 433 (65.0) 218 (81.3) 221 (63.7) 357 (85.0) 406 (81.7)

Race/ethnicity, n (%)
White non-Hispanic 7,043 (90.5) 1,183 (85.7) 2,653 (91.8) 707 (95.8) 508 (87.6) 598 (89.8) 257 (95.9) 333 (96.0) 357 (85.0) 447 (89.9)
Other 742 (9.5) 197 (14.3) 236 (8.2) 31 (4.2) 72 (12.4) 68 (10.2) 11 (4.1) 14 (4.0) 63 (15.0) 50 (10.1)

Age in years, mean ± sd 55.3 ± 16.1 58.8 ± 17.0 57.6 ± 15.9 57.1 ± 14.9 46.1 ± 14.3 57.3 ± 15.1 48.5 ± 13.2 56.1 ± 14.7 46.5 ± 13.6 47.8 ± 13.1
Smoking status, n (%)

Never 4,268 (54.8) 805 (58.3) 1,615 (55.9) 404 (54.7) 340 (58.6) 334 (50.2) 141 (52.6) 178 (51.3) 220 (52.4) 231 (46.5)
Current 1,130 (14.5) 134 (9.7) 353 (12.2) 100 (13.6) 96 (16.6) 113 (17.0) 57 (21.3) 61 (17.6) 86 (20.5) 130 (26.2)
Former 2,387 (30.7) 441 (32.0) 921 (31.9) 234 (31.7) 144 (24.8) 219 (32.9) 70 (26.1) 108 (31.1) 114 (27.1) 136 (27.4)

History of receiving medical 
assistance, n (%)

Never 6,876 (88.3) 1,286 (93.2) 2,690 (93.1) 694 (94.0) 467 (80.5) 588 (88.3) 216 (80.6) 293 (84.4) 302 (71.9) 340 (68.4)
Ever 909 (11.7) 94 (6.8) 199 (6.9) 44 (6.0) 113 (19.5) 78 (11.7) 52 (19.4) 54 (15.6) 118 (28.1) 157 (31.6)

Body mass index (kg/m2), mean ± sd 30.2 ± 7.0 29.0 ± 6.3 29.9 ± 6.5 30.4 ± 7.0 29.7 ± 7.3 31.7 ± 7.9 29.8 ± 7.3 31.3 ± 7.4 31.7 ± 7.7 31.2 ± 8.1
Place type, n (%)

Township 4,949 (63.6) 907 (65.7) 1,900 (65.8) 476 (64.5) 332 (57.2) 417 (62.6) 170 (63.4) 213 (61.4) 242 (57.6) 292 (58.8)
Borough 2,135 (27.4) 371 (26.9) 762 (26.4) 188 (25.5) 183 (31.6) 192 (28.8) 72 (26.9) 101 (29.1) 122 (29.0) 144 (29.0)
Census tract in city 701 (9.0) 102 (7.4) 227 (7.9) 74 (10.0) 65 (11.2) 57 (8.6) 26 (9.7) 33 (9.5) 56 (13.3) 61 (12.3)

Community socioeconomic 
deprivation, mean ± sd

0.0 ± 3.6 –0.3 ± 3.6 –0.1 ± 3.6 –0.1 ± 3.5 0.3 ± 3.7 0.1 ± 3.6 0.2 ± 3.5 0.1 ± 3.7 0.6 ± 3.7 0.6 ± 3.8

UNGD activity metric, n (%)c
Quartile 1 [–0.61 to –0.47] 1,946 (25.0) 358 (25.9) 745 (25.8) 181 (24.5) 140 (24.1) 155 (23.3) 63 (23.5) 91 (26.2) 101 (24.0) 112 (22.5)
Quartile 2 [–0.47 to –0.39] 1,946 (25.0) 345 (25.0) 731 (25.3) 187 (25.3) 145 (25.0) 174 (26.1) 65 (24.3) 83 (23.9) 92 (21.9) 124 (24.9)
Quartile 3 [–0.39 to –0.16] 1,946 (25.0) 373 (27.0) 733 (25.4) 188 (25.5) 131 (22.6) 172 (25.8) 70 (26.1) 73 (21.0) 98 (23.3) 108 (21.7)
Quartile 4 [> –0.16] 1,947 (25.0) 304 (22.0) 680 (23.5) 182 (24.7) 164 (28.3) 165 (24.8) 70 (26.1) 100 (28.8) 129 (30.7) 153 (30.8)

Notes: CRS, chronic rhinosinusitis; sd, standard deviation; UNGD, unconventional natural gas development.
Percentages may not total 100 because of rounding.
aIndividuals in the reference group reported no past or current CRS; no headache-related nausea, photophobia, or disability; and lower levels (≤ 25th percentile) of fatigue.
bThese individuals did not meet criteria for any primary outcome and were excluded from the reference group because of past CRS, intermediate probability of migraine headache, 
moderate levels of fatigue, or a combination of any of these symptoms.
cUNGD activity was averaged over the 90 days before the survey.
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weights, or no weights (compare Table 3 with 
Table S3). Odds ratios for the fourth quartile 
of UNGD were consistently higher, and had 
wider confidence intervals, in fully weighted 
models than in models with truncated 
weights. For example, the odds ratio for the 
association of the fourth quartile of UNGD 
with the coexistence of migraine and fatigue 
was 2.89 (95% CI: 1.45, 5.76) in the fully 
weighted model. In individuals with single 
outcomes, the fourth quartile of UNGD 
was significantly associated with migraine 
headache (OR = 1.80; 95% CI: 1.02, 3.17) 
and fatigue (OR = 1.89; 95% CI: 1.10, 3.26) 
in the models with full weights; significant 
associations were also present in unweighted 
models (see Table S3).

UNGD activity, when averaged over 7 
or 365 days, was highly correlated with the 
90-day time-averaged UNGD metric used 
in the primary analyses (Spearman coef-
ficient = 0.98 for both comparisons). Most 
inferences and associations were similar when 
using a 7-day or 365-day averaging period 
(see Table S4). The second quartile of UNGD 
was associated with past CRS, but there were 
no associations of UNGD with moderate 
levels of fatigue (see Table S5). UNGD was 
not associated with the negative control 
outcomes of ear pain, bad breath, or cold/flu 
symptoms (Table 4).

Because only the highest level of UNGD 
was associated with our primary outcomes, we 
compared demographic and socioeconomic 
characteristics of individuals in the fourth 
quartile of UNGD with those of participants 
in other UNGD quartiles (see Table S6). 
Participants in the fourth quartile of UNGD 
differed on some covariates, several of which 
were included in the final models. We did 
not include place type in the final adjusted 
models because it could be a surrogate for 
mediators (e.g., individual- or place-level 
socioeconomic status) of associations between 
UNGD and symptoms. In a sensitivity 
analysis that explored the effect of place type, 
some associations were slightly attenuated 
when place type was added to the models, but 
inferences were similar (see Table S7).

Discussion
In our survey of primary care patients in 
central and northeast Pennsylvania, residen-
tial UNGD activity was associated with nasal 
and sinus symptoms, migraine headache, 
and higher levels of fatigue, either alone or 
in combination. Our findings are suggestive 
of a threshold in the relationship between 
UNGD and symptoms because associations 
were present only among participants in the 
fourth quartile of UNGD activity. We found 
stronger associations in individuals with two 
or more co-occurring outcomes. In addition, 
UNGD was associated with CRS in individ-
uals whose nasal and sinus symptoms began 
after the start of UNGD in Pennsylvania, 
although these estimates had lower precision 
owing to the small number of subjects with 
recent CRS onset.

In surveys such as ours, in which selection 
is based on the outcome, regression models 
must include sampling weights (or employ 
another strategy to acknowledge the selection 
mechanism) to avoid bias. However, extreme 
sampling weights can significantly increase the 
model’s variance (Potter 1988). To balance 
bias reduction against variance inflation, 
several techniques have been developed to 
truncate large sampling weights. We employed 
one such technique in our primary analyses. 
We found associations between UNGD and 
symptoms in the primary models as well as in 
fully weighted and unweighted models.

There is limited prior evidence linking 
environmental factors to CRS, migraine 
headache, and fatigue. Exposure to allergens, 
toxicants, and secondhand smoke may trigger 
nasal and sinus symptoms (Fokkens et  al. 
2012). However, a recent review found insuf-
ficient epidemiologic evidence from which to 
draw conclusions about occupational or envi-
ronmental risk factors for CRS (Sundaresan 
et al. 2015). Although migraines have a strong 
hormonal and genetic component, they can 
also be triggered by noise, odors, and stress 
(Friedman and De ver Dye 2009; Sjöstrand 
et  al. 2010; Sauro and Becker 2009). 
Similarly, fatigue has multiple risk factors 
including sleep deprivation, psychosocial 

stressors, medical disorders, psychiatric factors, 
occupation, and exposure to low levels of 
environmental chemicals (Bell et al. 1998; 
Ranjith 2005; Ricci et  al. 2007; Griffith 
and Zarrouf 2008). Our UNGD activity 
metrics were designed to capture all poten-
tial environmental pathways that could affect 
these symptoms.

We did not measure participants’ exposure 
to ambient air pollution. We also did not 
account for conventional oil and gas wells. 
During our study period, the production of 
conventional gas wells in Pennsylvania was 
very low compared with that of unconven-
tional wells. Furthermore, Pennsylvania’s 
conventional wells tend to be in the north-
west and west, where Geisinger has no clinics/
hospitals. The lack of significant geographic 
overlap with our study population makes 
confounding of UNGD associations by 
conventional oil and gas wells unlikely.

Participants in the fourth quartile of 
UNGD activity lived farther north than those 
in other quartiles (Figure 2). This spatial sepa-
ration is due to the location of the Marcellus 
shale, which constrains UNGD to the 
northern portion of the Geisinger catchment 
area. Given the correlation between geography 
and UNGD, we cannot rule out the possi-
bility that spatial confounding was responsible 
for the observed associations. However, we 
note that our models were adjusted for several 
covariates (such as race/ethnicity and socio-
economic status) that could be associated with 
both location and outcome. In addition, the 
null results in our negative control outcome 
models did not suggest spatial confounding.

CRS, migraine headache, and fatigue 
are highly prevalent and produce significant 
societal costs. CRS affects 2–16% of U.S. 
adults and results in emergency department 
visits, antibiotic prescriptions, sinus surgeries, 
and direct healthcare costs (Hastan et  al. 
2011; Bhattacharyya 2009; Shashy et al. 2004; 
Tan et al. 2013). Migraines have a prevalence 
of 11–14% and cause substantial temporary 
disability, emergency department visits, outpa-
tient clinic visits, and analgesic use (Lipton 
et  al. 2007; Burch et  al. 2015). Fatigue 

Table 3. Associations of UNGD with symptoms in individuals with one or more primary outcomes, compared with a reference group.

UNGD 
quartile

Adjusted odds ratios (95% confidence intervals)

Current CRS only 
(n = 736)a

Migraine headache 
only (n = 580)

Higher levels of 
fatigue only (n = 666)

Current CRS and 
migraine (n = 266)a

Current CRS and 
higher levels of 

fatigue (n = 347)a

Migraine and higher 
levels of fatigue 

(n = 420)
All three outcomes 

(n = 496)a

1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
2 1.17 (0.80, 1.72) 1.14 (0.74, 1.75) 1.48 (1.01, 2.17) 0.82 (0.43, 1.57) 1.06 (0.62, 1.80) 1.06 (0.63, 1.78) 1.05 (0.63, 1.78)
3 0.76 (0.52, 1.12) 0.89 (0.58, 1.36) 1.22 (0.84, 1.77) 0.74 (0.38, 1.47) 0.94 (0.53, 1.66) 0.80 (0.49, 1.31) 0.73 (0.42, 1.27)
4 1.11 (0.75, 1.65) 1.43 (0.94, 2.18) 1.47 (0.996, 2.18) 1.49 (0.78, 2.85) 1.88 (1.08, 3.25) 1.95 (1.18, 3.21) 1.84 (1.08, 3.14)

Notes: CRS, chronic rhinosinusitis; UNGD, unconventional natural gas development.
For all models, the reference group consisted of individuals with no current or past CRS, no migraine headache symptoms, and the lowest quartile of fatigue score. All models included 
sampling weights, with the highest weight truncated to the value of the second-highest weight. Models included the following covariates: sex, race/ethnicity (white non-Hispanic 
vs. other), centered age (linear and quadratic terms), Medical Assistance (never vs. ever), and smoking status (never vs. current and former). UNGD activity was averaged over the 
90 days before the survey.
aThese models included centered body mass index as an additional covariate. Because individuals with unknown body mass index were excluded, these case counts are slightly 
lower than those reported in the text.
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Figure 2. Locations of study participants in the fourth quartile of unconventional natural gas develpment (UNGD) activity (A) and all other UNGD quartiles (B). Blue 
crosses: participants with at least one primary outcome [current chronic rhinosinusitis (CRS), migraine headache, and/or higher levels of fatigue]. Black circles: 
reference group participants with no current or past CRS, no migraine headache symptoms, and lower levels of fatigue. Yellow circles: locations of all drilled uncon-
ventional natural gas wells in Pennsylvania as of 31 December 2014. Patient residential locations were from the Geisinger Clinic; county boundaries from the U.S. 
Census Bureau TIGER/line files (U.S. Census Bureau 2010); and UNGD well locations from the Pennsylvania Department of Environmental Protection (Pennsylvania 
Department of Environmental Protection 2016). Maps were made with ArcGIS Desktop (release 10, Esri, Redlands, CA).
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prevalence, defined in various ways across 
studies, is estimated at 7–45%, and fatigue 
costs U.S. employers > 100 billion USD per 
year in lost productive work time (Ricci et al. 
2007). From a public health and economic 
perspective, it is vital to understand modifiable 
risk factors for these illnesses.

Recent reviews have noted the lack of 
high-quality evidence regarding the health 
effects of UNGD (Adgate et al. 2014; Werner 
et al. 2015). Our study of 7,785 Pennsylvania 
residents is the largest survey of symptoms 
with respect to UNGD and has several 
strengths when compared with prior studies. 
We selected a population-based adult sample 
with no exclusion criteria. Reporting bias was 
minimized by the fact that UNGD was not 
identified as a study aim, and response rates 
did not differ by proximity to UNGD. Our 
time-varying UNGD activity metric incorpo-
rated well phase and intensity measures such 
as total depth and gas production. We used 
standardized and validated instruments to 
assess fatigue and migraine, respectively, and 
we used consensus epidemiologic guidelines to 
assess CRS.

This study had several limitations. In 
general, cross-sectional surveys such as ours 
cannot assess temporal relationships between 
exposures and outcomes, and we did not 
ascertain the onset dates of some symptoms. 
We note, however, that our UNGD activity 
metrics could theoretically be used to establish 
temporality because they can be computed 
for any date prior to symptom onset. Our 
ascertainment of self-reported outcomes was 
susceptible to various types of information 
bias. For example, despite the fact that our 
questionnaire did not mention UNGD, indi-
viduals residing near UNGD may have over-
reported symptoms. There was some evidence 
of selection bias because survey participants 
had poorer health (measured by the Charlson 
comorbidity index) than nonresponders. 
However, differences in health status were 
similar across levels of UNGD activity. 
Another limitation is that our estimates of 
well development phase durations, although 
based on published average values, may have 

been incorrect for individual wells. Further 
exposure misclassification could have occurred 
because our UNGD activity metric was 
based on residential addresses. Participants’ 
exposure to UNGD activity could have 
been affected by unmeasured factors such as 
occupation, travel, and time spent outdoors. 
Additionally, our UNGD activity metric did 
not allow identification of specific exposures 
or exposure pathways.

Conclusions
UNGD was associated with CRS, migraine 
headache, and fatigue symptoms in a large 
population-based survey. Associations 
were stronger in patients with two or more 
outcomes. Our work has several advantages 
over previous studies, making it an impor-
tant addition to the growing body of evidence 
that UNGD is associated with adverse health 
effects. Further research, including more 
sophisticated exposure and outcome measure-
ments, is necessary to evaluate whether these 
associations are causal and to elucidate the 
mechanisms for these findings.
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Abstract
Over the past ten years, unconventional gas and oil drilling (UGOD) has markedly

expanded in the United States. Despite substantial increases in well drilling, the health con-

sequences of UGOD toxicant exposure remain unclear. This study examines an associa-

tion between wells and healthcare use by zip code from 2007 to 2011 in Pennsylvania.

Inpatient discharge databases from the Pennsylvania Healthcare Cost Containment Coun-

cil were correlated with active wells by zip code in three counties in Pennsylvania. For over-

all inpatient prevalence rates and 25 specific medical categories, the association of

inpatient prevalence rates with number of wells per zip code and, separately, with wells per

km2 (separated into quantiles and defined as well density) were estimated using fixed-

effects Poisson models. To account for multiple comparisons, a Bonferroni correction with

associations of p<0.00096 was considered statistically significant. Cardiology inpatient

prevalence rates were significantly associated with number of wells per zip code

(p<0.00096) and wells per km2 (p<0.00096) while neurology inpatient prevalence rates

were significantly associated with wells per km2 (p<0.00096). Furthermore, evidence also

supported an association between well density and inpatient prevalence rates for the medi-

cal categories of dermatology, neurology, oncology, and urology. These data suggest that

UGOD wells, which dramatically increased in the past decade, were associated with

increased inpatient prevalence rates within specific medical categories in Pennsylvania.

Further studies are necessary to address healthcare costs of UGOD and determine whether

specific toxicants or combinations are associated with organ-specific responses.
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Introduction
The United States now leads the world in producing natural gas from shale formations. Shale
gas accounted for 40% of all natural gas produced in 2012 [1–4]. In comparison to the early
2000s, natural gas production in the US has increased with more than a 30% increase in pro-
duction, due in part to the cost-effective combination of horizontal drilling and hydraulic frac-
turing [1–4].

Unconventional gas and oil drilling (UGOD), including hydraulic fracturing or “fracking”,
refers to all activities that extract natural gas and oil from rock formations. At distances from 1
to 2 miles below the earth’s surface, tight rock formations impede natural gas and oil flow into
a drill-hole [3]. Common reservoirs that contain natural gas and oils include: porous sand-
stones, limestones, dolomite rocks, shale rocks, and coal beds. Hydraulic fracturing and hori-
zontal drilling methods can effectively extract these resources. Typically, after drilling is
complete, fissures are formed using a perforating gun; a mixture of water, proppants and
hydraulic fracturing chemicals is then pumped into the rock [3,5]. Consequently, the fissures
remain open to liberate the gas. These substances as well as contaminants released from the
shale are present in the flowback water. Contaminants include naturally occurring radioactive
materials [3,4], toxic organics and metals that may enter ground water, contaminating water
supplies especially if leakage occurs from casement failure or from holding ponds for waste
water [6,7]. Other toxicants and volatile organic compounds, such as benzene, ethylbenzene,
toluene and xylene or radionuclides, have been seen in ground waters impacted by UGOD
spills [8] or surface waters receiving UGOD-related waste water [9]. The general lack of pub-
lished baseline (i.e., pre-UGOD) data has limited efforts to associate contamination in drinking
water wells to UGOD activities [10]. Additionally, exhaust produced by diesel trucks and off-
site diesel engines, as well as emissions from other UGOD activities (e.g., venting, flaring, com-
pressor stations, etc.) may also affect local air quality with potential impact on health [11–13].
Plausibly, increased noise pollution, truck traffic, and psychosocial stress due to community
change, which occur due to increased hydro-fracking activity, could impact public health [11].

Despite the growth in hydraulic fracturing, the health consequences of UGOD are unclear
[3,4,14,15]. In Pennsylvania (PA), a rise in hydraulic fracturing has raised health concerns,
especially since the Marcellus Shale formation underlies two-thirds of Pennsylvania [16]. In
northeastern Pennsylvania, most wells were drilled for dry gas rather than gas and oil [17]. We
postulate that increases in active or producing wells in Pennsylvania from 2007 to 2011 are
associated with increases in inpatient prevalence rates. Three counties, which lie on the Marcel-
lus Shale formation along the northern border of PA, were chosen for this study: Bradford, Sus-
quehanna, and Wayne. Importantly, zip codes in Bradford and Susquehanna Counties
significantly increased UGOD over this time period. These counties are some of the greatest
producers of natural gas in Pennsylvania, generating 489 million cubic feet of natural gas from
598 wells in 2011 [18]. In contrast, zip codes in Wayne County have no active wells [18]. Spe-
cifically, we evaluated the association between inpatient prevalence rates and well density
within 25 different medical categories, as well as overall inpatient prevalence rates.

Materials and Methods
This study is an ecological study with the goal of assessing the association between hydro-
fracking activity and health care use. Zip code specific inpatient counts were obtained from the
time frame of 2007–2011. Only zip codes from the counties Bradford, Susquehanna, and
Wayne were considered. For our analysis, only inpatient records for people who resided in one
of these three counties were included. Inpatient records of people who came to a hospital in
these counties, but did not reside in one of these counties, were excluded. These counties were
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of particular interest, since Wayne had no hydro-fracking activity between 2007 and 2011, while
Bradford and Susquehanna saw increased hydro-fracking activity. Inpatient counts were then
converted into inpatient prevalence rates (details in Statistical Methods). Furthermore, for each
zip code, we obtained the number of wells for each year in 2007–2011. In total, there were 67 zip
codes considered, with five inpatient prevalence rates/well counts each. Inpatient prevalence
rates were the primary outcome of interest with wells as the primary predicator of interest.

Health Utilization Data
Truven Health Analytics (THA) purchased UB92/UB04 inpatient discharge datasets from the
Pennsylvania Health Care Cost Containment Council (PHC4). The PHC4 datasets contain all
inpatient hospital discharge records, including those for psychiatric and/or behavioral health,
rehabilitation, and drug and alcohol treatment, for patients hospitalized in Pennsylvania.
Skilled nursing facility (SNF), swing bed, transitional care unit, 23-hour observation, and hos-
pice records are not included. After receipt of state discharge datasets, THA decoded supplied
values, checked the validity of information submitted and standardized the format. The ICD-9
diagnosis codes and MSDRGs included in the data pulls can be found in S1 Table, in the sup-
plemental material section.

Truven Health pulled discharge records for patients residing in any of the Bradford, Susque-
hanna, and Wayne County zip codes for calendar years 2007, 2008, 2009, 2010, and 2011.
Treatment records for those patients hospitalized outside of Pennsylvania were not captured.
In addition, THA excluded patient records for those patients with dentistry, HIV, and neuro-
surgery DRGs.

Insurance Coverage Estimates (ICE) Overview
ICE reports by THA showed the total number of people covered by seven different types of
insurance by zip code, age group, and sex for every market in the United States. The seven dif-
ferent types of insurance are Medicaid, Medicare, dual eligible, private employer sponsored,
private exchanges, private direct, and uninsured. Every person in a zip code who is a resident is
assigned an insurance category based on his or her primary insurance coverage. Only non-resi-
dents of zip codes were excluded from the analysis.

Demographics Methodology
THA acquires all of its demographic data from The Nielsen Company statistics for every zip
code in the United States. Nielsen bases their estimates on products of the United States Census
Bureau, including the 2010 Census Summary File 1 (SF1). Details of the methodology and defi-
nitions used to create the SF1 data, including field definitions and the 2010 Census question-
naire, are available in the Census 2010 Data Definitions publication [19].

Mapping of Unconventional GasWells in Bradford and Susquehanna
Counties in Pennsylvania
To create maps of the unconventional gas well locations, the complete data set for 2000–2013
was downloaded as comma separated values (CSV) from the Pennsylvania Department of
Environmental Protection Oil and Gas Reporting Website [20] and imported into FileMaker
Pro Advanced 13.0.v.3 for further processing. For Fig 1, the data were filtered for unconven-
tional, drilled wells that produced gas in the noted year. We use the state’s categorization, such
that: “An unconventional gas well is a well that is drilled into an unconventional formation,
which is defined as a geologic shale formation below the base of the Elk Sandstone or its

Hydraulic Fracturing and Hospitalization Use

PLOS ONE | DOI:10.1371/journal.pone.0131093 July 15, 2015 3 / 18



Fig 1. Pennsylvania active wells over time. Pennsylvania active wells in Bradford and Susquehanna
Counties increased markedly from 2007 to 2011. Wells are shown as colored dots. From 2007 to 2011,
Wayne County effectively had no active wells. Insert in the first panel shows location of Bradford,
Susquehanna andWayne Counties within Pennsylvania.

doi:10.1371/journal.pone.0131093.g001
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geologic equivalent where natural gas generally cannot be produced except by horizontal or
vertical well bores stimulated by hydraulic fracturing.” These data were exported as a DBF file
and imported into ESRI ArcGIS v.10.2 to map the locations of the producing wells. In any
given year, only wells that produced gas in that year are shown in Fig 1. For example, if a well
produced gas in 2007 but did not in 2011, then this well would only appear on the 2007, but
not on the 2011 map.

Statistical Analysis
Statistical analysis was performed using STATA 13 software (StataCorp LP, College Station,
Texas). Our data included the number of wells and inpatient counts for all combinations of
year, medical category (25 total), and zip code within the three chosen counties in PA. In total,
after excluding eight zip codes that had no available population information, 67 zip codes were
considered. Only inpatient counts for patients that resided in one of three counties were con-
sidered. For each zip code, population and total area per square kilometer (km) data were
obtained from the US Census 2010. Importantly, zip code specific population and total area
per square km were the same for each year in 2007–2011. Number of wells is defined as the
number of wells within a specific zip code for a certain year. All data are generated from active
wells. We assume that once a well is active in 2007, this same well remains active for the time
frame of 2007–2011. For example, if there are 3 wells in 2007 and 8 wells in 2008 for some zip
code, then we assume that there were an additional 5 wells created between 2007 and 2008.
This is in contrast to the definition of active wells for the mapping, where a well can move from
being active to inactive in any given year in 2007–2011. Given the 5-year observation period,
very few active wells became inactive. In addition, the actual date of inactivity could not be
accurately defined. Furthermore, it is possible that once a well becomes inactive, it could still
impact the surrounding community for some period of time. Thus, for the statistical analysis,
once an active well enters at any given year, we assume the well remains active for the remain-
der of the years. In addition to the count of wells, we also generated wells per square km (wells/
km2), which is the number of wells divided by the total area per square km (at the zip code
level); we defined this variable as well density. We analyzed both exposure variables (count and
density) because, a priori, it was unclear whether the number of wells or the density of wells
would have a stronger association with health outcomes. Zip code specific inpatient prevalence
rates for each medical category (and overall) were calculated by dividing the zip code specific
number of inpatient counts per year by the population of the zip code. The inpatient prevalence
rates were then converted into prevalence rates per year per 100 people and treated as the pri-
mary outcome for modeling. We now refer to prevalence rates per year per 100 people when
we discuss inpatient prevalence rates.

Since we examined a relatively brief interval of time (2007–2011), we postulated that in a
given zip code, inpatient prevalence rates would be relatively stable. Our goal was to obtain an
un-confounded estimate of the association between inpatient prevalence rates and wells. How-
ever, it is possible that observable or unobservable zip code characteristics will be correlated
with wells and inpatient prevalence rates. Accordingly, we used conditional fixed effects Pois-
son regression, where the fixed effects are the zip codes. This controls for all possible character-
istics of the zip codes, both measured and unmeasured, that did not change during the period
of observation. Thus, if zip codes that consistently have high rates of inpatient prevalence rates
are more likely to have more wells over time, this will be accounted for in the model. Alterna-
tively, if there are zip code-level changes from 2007–2011 that affect the number of wells and
inpatient prevalence rates, this model will not account for this. Essentially, our methodology
captures the association between and within zip code changes in wells and inpatient prevalence
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rates. Furthermore, to account for potential over-dispersion, we use robust standard errors
[21]. These robust standard errors are cluster-robust estimates, where the clusters are the indi-
vidual zip codes in this case. Two sets of analyses are then done to investigate the relationship
between inpatient prevalence rates and wells.

The first set of analyses relates inpatient prevalence rates to number of wells. Exploratory
analyses suggested that the relationship between the log of the inpatient prevalence rates (Pois-
son model uses a log link) and number of wells was linear. Thus, for these analyses, prediction
variables were the number of wells and year (2007–2011). This assumes a linear relationship
between number of wells and inpatient prevalence rates, as well as a linear association between
inpatient prevalence rates and year. Note that the primary predictor of interest was the number
of wells. This will be referred to as the number of wells analysis.

Furthermore, while exploratory analyses suggested a linear relationship between the log of
inpatient prevalence rates and number of wells, we also reasoned that a quadratic relationship
between the log of inpatient prevalence rates and number of wells was plausible. Subsequently,
we also examined whether there exists a non-linear relationship between number of wells and
inpatient prevalence rates. Accordingly, a second model incorporated a quadratic relationship
between number of wells and inpatient prevalence rates, for each medical category and overall.
Prediction variables within this model were year (2007–2011)/wells, and wells2.

The second set of analyses relates inpatient prevalence rates to wells/km2 (well density).
However, the relationship between inpatient prevalence rates and well density is highly non-
linear and heavily influenced by observations that have extremely high wells/km2. For example,
one zip code located in Bradford had 16.9 wells/km2 and 23.4 wells/km2 in 2010 and 2011,
respectively, while 99% of all wells/km2 observations had fewer than 4.28 wells/km2. Subse-
quently, we opted to separate wells/km2 into four levels based on quantiles as shown in Table 1.
We set Q0wells to be the reference category and all the other levels (Q1wells, Q2wells, Q3wells)
to have separate dummy variables. This will be referred to as the quantile analysis.

Our analysis investigates the association of increasing wells/km2 on inpatient prevalence
rates, while allowing for separate associations depending on the magnitude of well/km2. We,
however, recognize that by using quantiles, we lose information and cannot make inference on
explicit changes in well density. Furthermore, while our cut-offs are somewhat arbitrary, the
goal is to determine whether increased well density is positively associated with inpatient prev-
alence rates, which is accomplished by this modeling approach. Overall, the primary predictors
for this set of analyses included Q1wells, Q2wells, Q3wells, and year. We test the overall Wald
test that the coefficients Q1wells = Q2wells = Q3wells = 0.

For all analyses, risk ratios were obtained by taking the exponential of the regression coeffi-
cient estimates. Year is recoded into 2007 = 0, 2008 = 1, 2009 = 2, 2010 = 3, and 2011 = 4. We
model each medical category separately as well as the overall inpatient prevalence rates, for a
total of 26 models per set of analyses. Furthermore, to adjust for multiple comparisons, we use
a Bonferroni correction to adjust for testing 25 different medical categories and overall inpa-
tient prevalence rates in both sets of analyses (52 tests). Using an initial level of significance of

Table 1. Definition of quantiles by wells/km2.

Q0wells Q1wells Q2wells Q3wells

wells/km2 0 (0, 0.168] (0.168, 0.786] >0.786

Quantile (0, 65.97] (65.97, 80] (80, 90.15] (90.15, 100]

Note: (A, B] indicates that A is excluded from the range, and B is included.

doi:10.1371/journal.pone.0131093.t001
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0.05, this means we reject the null hypothesis that wells are not associated with hospitalizations
for p<0.00096.

Sensitivity analyses were also performed to determine if removing a specific zip code with
much higher inpatient prevalence rates or with much higher well density affected inference.
Thus, we removed the specific zip code(s) and recalculated the conditional fixed effects Poisson
models, checking to see if the general inference changed.

All of the data obtained for this study were received anonymized and de-identified from
Truven Health Analytics. The data were provided as summary information, and there were no
unique identifiers. The University of Pennsylvania Committee on the Study of Human Subjects
deemed this work non-human subject research.

Results

Subject Demographics by County
The three Pennsylvania counties chosen for analysis were Bradford, Susquehanna, and Wayne.
These counties were selected given the completeness of health care utilization data from 2007
to 2011. Bradford and Susquehanna Counties also had large increases in active wells over this
time period. Wayne County, which effectively had no active wells from 2007 to 2011, served as
a unique control population whose demographics were comparable to Bradford and Susque-
hanna Counties. The total number of residents as per the most recent census in Bradford, Sus-
quehanna, and Wayne Counties was 157,311. As shown in Table 2, the summary of subject
demographics for the three Pennsylvania counties obtained from US census data was compara-
ble. Even though the statistical analysis is done at the zip code level, a county level demographic
table is an informative summary of the zip codes that are within the counties. Each county is

Table 2. Characteristics Table for PA Counties.

Bradford Susquehanna Wayne

Population 62,622 43,356 51,548

Overall Hospitalizations 2007–2011 39,821 22,559 30,425

Age (median) 43.4 45.1 45.9

Male % 49.5 50.4 52.8

High School Graduate, percent of person age 25+ % 86.6 88.1 87.4

Bachelor Degree or Higher, percent of person age 25+ % 16.4 16.1 18.4

Median Income (2008–2012) $ 44,650 46,815 50,153

Race % White 97.4 98.0 94.7

Black 0.6 0.4 3.5

Asian 0.6 0.3 0.5

Other 1.4 1.3 1.3

Median Number of Wells 2007 0 0 0

2008 1 0 0

2009 13 0 0

2010 81 1 0

2011 149 6 0

Number of Zip Codes with >0 Wells (%) 2007 4 (19) 2 (9) 0 (0)

2008 12 (57) 4 (17) 0 (0)

2009 16 (76) 8 (35) 0 (0)

2010 20 (95) 12 (52) 0 (0)

2011 20 (95) 16 (70) 0 (0)

doi:10.1371/journal.pone.0131093.t002
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one data point, so no formal statistical comparison is possible. There were no striking differ-
ences among the three counties. The subjects were predominantly Caucasian with few people
obtaining higher than a high school diploma. Further, the median income was similar among
the counties. Table 2 also illustrates the growth in hydro-fracking activity from 2007 to 2011
for Bradford and Susquehanna. By 2011, 95% of the zip codes in Bradford had at least one well,
while 70% of the zip codes in Susquehanna had at least one well.

Inpatient Prevalence Rates by Medical Category
Table 3 shows the median inpatient prevalence rates and median inpatient counts, along with
the interquartile range (IQR), for each medical category as well as overall. The median inpatient
prevalence rates and median inpatient counts are to be interpreted at the zip code level. Notably,
there are a number of categories with very low (or zero) median inpatient prevalence rates and
median inpatient counts. Furthermore, cardiology inpatient prevalence rates/inpatient counts
seem to be higher than the other medical categories (excluding overall), with a median cardiol-
ogy inpatient prevalence rate of 1.99 and a median cardiology inpatient count of 18.

Table 3. Median Inpatient Prevalence Rates per 100 people andMedian Inpatient Counts, by Medical
Category.

Medical Category Median Inpatient Prevalence Rate (IQR) Median Inpatient Counts (IQR)

Inpatient total 12.12 (10.05, 14.84) 106 (41, 272)

Cardiology 1.99 (1.42, 2.56) 18 (6, 46)

Dermatology 0.21 (0.09, 0.34) 2 (1, 6)

Endocrine 0.22 (0.01, 0.37) 2 (0.5, 7)

Gastroenterology 1.02 (0.71, 1.43) 10 (3, 27)

General medicine 0.58 (0.32, 0.88) 5 (2, 14)

Generals surgery 0.75 (0.47, 1.01) 6 (3, 19)

Gynecology 0.14 (0, 0.26) 2 (0, 5)

Hematology 0.05 (0, 0.14) 1 (0, 3)

Neonatology 0.12 (0, 0.23) 2 (0, 4)

Nephrology 0.34 (0.18, 0.53) 3 (1, 9)

Neurology 0.58 (0.35, 0.88) 5 (2, 16)

Normal newborns 0.68 (0.41, 0.99) 6 (2, 17)

Ob/delivery 0.84 (0.52, 1.12) 7 (2.5, 21)

Oncology 0.17 (0, 0.29) 2 (0, 6)

Ophthalmology 0 (0, 0) 0 (0, 0)

Orthopedics 1.08 (0.72, 1.42) 10 (4, 26)

Other/ob 0 (0, 0.09) 0 (0, 2)

Otolaryngology 0.08 (0, 0.17) 1 (0, 3)

Psych/drug abuse 0.52 (0.27, 0.85) 5 (2, 16)

Pulmonary 1.18 (0.84, 1.69) 10 (4, 28)

Rheumatology 0 (0, 0.09) 0 (0, 2)

thoracic surgery 0.08 (0, 0.16) 1 (0, 3)

Trauma 0.03 (0, 0.09) 1 (0, 2)

Urology 0.17 (0, 0.27) 2 (0, 5)

Vascular surgery 0.09 (0, 0.19) 1 (0, 3)

Note: Median inpatient prevalence rates/median inpatient counts for each medical category and overall are

presented, along with the interquartile range (IQR). Median inpatient prevalence rates/median inpatient

counts are interpreted at the zip code level.

doi:10.1371/journal.pone.0131093.t003
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Geographic Location of Wells from 2007 to 2011
Given the demand in accessing the Marcellus Shale for UGOD, we next examined the active
wells over time. There was a dramatic increase in the number of active wells from 2007 to 2011
as shown in Fig 1. In Bradford and Susquehanna Counties, there were substantial increases in
the total numbers of wells with two zip codes having the greatest number of wells with 400 and
395, respectively. In Wayne County, there were no active wells from 2007 to 2011. The most
dramatic increases were in Bradford County where wells were acquired more uniformly than
those in Susquehanna County, where active wells were primarily located in the southwest cor-
ner as shown in Fig 1. Gas production tracked with increasing active well numbers from 2007–
2013 as shown in Fig 2. These data suggest that if UGOD continues at the rates observed
between 2007 and 2011, well densities are likely to continue to increase. Within the counties,
there were also profound differences in wells by zip code. For example, in 2011, 31 zip codes
had no wells, but 17 zip codes had at least 100 wells.

Increases in Active Wells Are Associated with Increases in Inpatient
Prevalence Rates
Given the rapid increase in wells, we reasoned that increases in wells were associated with
changes in inpatient prevalence rates. Of the 67 zip codes examined in the three counties, total
inpatient counts from 2007 to 2011 were 92,805. There was marked variation in inpatient prev-
alence rates across zip codes. Specifically, one zip code had a much higher combined inpatient
rate as compared with others as shown in Fig 3. Fig 3 also shows that, within each zip code, the
contribution by year was comparable, suggesting that within each zip code, the inpatient rates
are relatively stable from 2007–2011 Indeed, the average overall inpatient prevalence rates for
2007–2011 are, respectively, 15.18, 15.30, 14.86, 14.00, 14.25. This indicates that on average,
zip code overall inpatient prevalence rates were relatively stable or possibly declining from
2007 to 2011, which mirrors national trends [22]. Fig 4 shows how in 2007, 91% (61/67) of zip
codes had no wells. However, by 2011, only 46% (31/67) of zip codes had no wells while 54% of
zip codes had least 1 well. Notably, many zip codes had a large number of wells by 2011. 28%
(19/67) of zip codes had greater than 0.79 wells/km2, which equates to 79 wells for every 100
km2. Importantly, Fig 4 corresponds to the quantile analysis.

To further understand health consequences by disease category, we modeled the 25 top spe-
cific medical categories and total inpatients, investigating the association between number of
wells and inpatient prevalence rates and the association between well density and inpatient
prevalence rates. Only cardiology inpatient prevalence rates were significantly associated with
number of wells, taking into account our Bonferroni correction (p<0.00096) as shown in
Table 4. While other medical categories did not strictly meet the Bonferroni correction bound-
ary, a positive association of well number with inpatient prevalence rates within dermatology,
neonatology, neurology, oncology, and urology was also evident. Cardiology and neurology
inpatient prevalence rates were also significantly associated with well density as shown in
Table 5. Furthermore, these results suggest an almost monotonic increase in the impact of well
density on cardiology inpatient prevalence rates, considering how the risk ratio increases mov-
ing from quantiles (Q1wells to Q2wells to Q3wells). Evidence also suggests that well density
was positively associated within the medical categories of dermatology, endocrine, neurology,
oncology, urology, as well as overall inpatient prevalence rates (p =< 0.05). Furthermore, for
both sets of analyses, the year variable is significantly and negatively associated with inpatient
prevalence rates, within the medical categories of gynecology and orthopedics.

In both the number of wells analyses and the well density quantile analyses, cardiology inpa-
tient prevalence rates were significantly associated with wells. Under the quantile analyses,
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Fig 2. Gas production (histogram) linearly tracked with well number (open circles) from 2007–2011.

doi:10.1371/journal.pone.0131093.g002
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neurology inpatient prevalence rates were also significantly associated with well density. Also,
both sets of analyses show evidence that dermatology, neurology, oncology, and urology inpa-
tient prevalence rates were positively associated with wells. While only the number of wells
analyses showed evidence of a positive association between wells and neonatology inpatient
prevalence rates, our findings are consistent with other reports suggesting that such illnesses
are linked with hydro-fracking [12].

A quadratic association between number of wells and inpatient prevalence rates was also
explored. A quadratic relationship seemed to fit the data better than a linear relationship
between number of wells and inpatient prevalence rates, within the ophthalmology and neurol-
ogy categories, where the p-value for the quadratic number of wells term was, respectively, 0.04

Fig 3. Total inpatient rates by zip code. Total inpatient prevalence rates by zip code. From 2007 to 2011, within a zip code, inpatient prevalence rates are
relatively stable.

doi:10.1371/journal.pone.0131093.g003
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and 0.004. However, these did not meet the Bonferroni threshold. Furthermore, given Table 3
and the sparsity of ophthalmology inpatient prevalence rates (first three quartiles have no inpa-
tient prevalence rates), it seems unlikely that inference is valid for the ophthalmology models.
Given this weak evidence of a quadratic association, results for the quadratic number of wells
models are not shown.

In our analysis, one particular zip code had extremely high inpatient prevalence rates com-
pared to other zip codes. Thus, a sensitivity analysis was performed (data not shown). This zip
code is located within Wayne County and had no active wells from 2007 to 2011. Removal of
this zip code from the analysis had little effect on either the number of wells or the quantile
analyses, and there was no change in inference and the estimated risk ratios. Next, a zip code in
Bradford had extremely high wells/km2 in 2010 and 2011, 16.9 wells/km2 and 23.4 wells/km2,
respectively. Consequently, we explored both sets of analyses without this zip code to

Fig 4. Well density (quantiles) by year.Number of zip codes by well density (quantiles) is presented for each year. In 2007, the majority of zip codes have
no wells, but by 2011, the majority of zip codes have at least 1 well.

doi:10.1371/journal.pone.0131093.g004
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determine whether removal of this zip code changed inference. Like the first sensitivity analy-
sis, removal of the Bradford zip code had little effect on inference.

Discussion
We posit that larger numbers of active hydraulic fracturing wells would increase inpatient
prevalence rates over time due in part to increases in potential toxicant exposure and stress
responses in residents evoked by increases in the hydraulic fracturing work force and diesel
engine use. We recognize that a five-year observation period may limit our ability to discern a
direct impact on health in the surrounding community but may offer an opportunity to assess
hospital utilization rates over time. We examined over 95,000 inpatient records, and thus our
study, to our knowledge, represents the most comprehensive one to date to address the health
impact of UGOD.

Our data suggests that some but not all medical categories were associated with increases in
number of wells, along with increases in well density. Specifically, cardiology inpatient preva-
lence rates were significantly associated with number of wells and well density, while neurology
inpatient prevalence rates were significantly associated with well density. We are struck by the
finding that these differences were observable within a short period of time from 2007–2011.

Table 4. Poisson Fixed Effects Models: Number of Wells per Zip Code per Year.

Wells RR (p-value) Year RR (p-value)

Inpatient total 1.0003 (0.076) 0.984 (0.128)

Cardiology 1.0007 (0.0007) 0.966 (0.029)

Dermatology 1.0010 (0.039) 0.977 (0.345)

Endocrine 1.0008 (0.086) 0.963 (0.316)

Gastroenterology 1.0003 (0.338) 0.992 (0.749)

General medicine 1.0002 (0.574) 1.037 (0.022)

Generals surgery 1.0000 (0.849) 1.104 (0.213)

Gynecology 1.0002 (0.708) 0.860 (<0.0001)

Hematology 0.9997 (0.657) 1.023 (0.616)

Neonatology 1.0014 (0.018) 0.959 (0.125)

Nephrology 0.9998 (0.461) 1.025 (0.250)

Neurology 1.0006 (0.037) 1.001 (0.948)

Normal newborns 1.0000 (0.969) 0.963 (0.030)

Ob/delivery 1.0002 (0.411) 0.968 (0.411)

Oncology 1.0015 (0.004) 0.956 (0.081)

Ophthalmology 1.0010 (0.593) 1.084 (0.255)

Orthopedics 0.9993 (0.011) 0.970 (<0.0001)

Other/ob 1.0003 (0.727) 0.899 (0.007)

Otolaryngology 1.0000 (0.982) 0.978 (0.614)

Psych/drug abuse 1.0004 (0.073) 1.035 (0.006)

Pulmonary 1.0000 (0.850) 0.989 (0.482)

Rheumatology 1.0014 (0.043) 0.961 (0.227)

thoracic surgery 1.0011 (0.100) 0.989 (0.708)

Trauma 1.0008 (0.174) 1.021 (0.505)

Urology 1.0010 (0.012) 0.983 (0.464)

Vascular surgery 0.9997 (0.539) 0.948 (0.024)

Note: RR = Risk ratio

doi:10.1371/journal.pone.0131093.t004
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We show that from 2011–2013 (Fig 2) the number of active wells continues to rise exponen-
tially. Although we do not have health care utilization data for 2012–2013, if our findings per-
sisted into 2012–2013, it is possible that the association between cardiology inpatient
prevalence rates and wells could only become stronger as a result of the increased number of
wells (relative to 2007–2011).

The precise cause for the increase in inpatient prevalence rates within specific medical cate-
gories remains unknown. Given that our modeling approach cannot account for within zip
code demographic changes over the study period, it is possible that some increases were due to
an increased influx of subjects to a zip code. Since the inpatient prevalence rates were deter-
mined for subjects who resided within a zip code, transient UGOD workers whose address was
not local were excluded. Thus, our data potentially may underestimate hospital use that
excluded those who were not Pennsylvania residents. Further, our data were partitioned into
active wells but it is impossible to associate a specific toxicant exposure to an increase in a spe-
cific disease category requiring hospitalization. Intriguingly, our findings partially support
those of other studies performed in Colorado. Colburn et al. observed that more than 75% of
the chemicals used during natural gas operations may affect skin and respiratory systems, as
well as other organs [23]. Another study in Colorado also supports our findings in

Table 5. Poisson Fixed Effects Models: Quantile Analysis of Wells/km2.

Q1 Wells RR (p-value) Q2 Wells RR (p-value) Q3 Wells RR (p-value) Wald Test of all Q Wells = 0 Year RR (p-value)

Inpatient total 0.979 (0.475) 1.069 (0.044) 1.108 (0.041) P = 0.0058 0.977 (0.013)

Cardiology 1.021 (0.667) 1.142 (0.018) 1.27 (0.001) P = 0.0008 0.957 (0.004)

Dermatology 1.051 (0.572) 1.108 (0.429) 1.454 (0.013) P = 0.0329 0.972 (0.329)

Endocrine 0.975 (0.862) 1.228 (0.045) 1.391 (0.029) P = 0.0068 0.942 (0.039)

Gastroenterology 0.943 (0.369) 1.12 (0.168) 1.105 (0.364) P = 0.1101 0.98 (0.406)

General medicine 0.911 (0.234) 0.993 (0.931) 0.985 (0.872) P = 0.6373 1.037 (0.006)

Generals surgery 0.875 (0.011) 0.921 (0.228) 0.944 (0.424) P = 0.0669 1.015 (0.157)

Gynecology 0.887 (0.300) 0.938 (0.606) 0.967 (0.849) P = 0.7549 0.865 (<0.0001)

Hematology 1.202 (0.365) 1.21 (0.320) 1.221 (0.429) P = 0.7145 0.993 (0.868)

Neonatology 0.994 (0.975) 1.301 (0.152) 1.527 (0.100) P = 0.0745 0.95 (0.052)

Nephrology 1.115 (0.203) 1.143 (0.227) 1.151 (0.211) P = 0.5566 1.004 (0.871)

Neurology 0.922 (0.344) 1.157 (0.048) 1.188 (0.062) P = 0.0003 0.99 (0.542)

Normal newborns 0.949 (0.481) 0.978 (0.764) 0.964 (0.731) P = 0.8980 0.965 (0.064)

Ob/delivery 0.958 (0.524) 1.028 (0.670) 1.029 (0.749) P = 0.4219 0.956 (0.002)

Oncology 1.217 (0.144) 1.415 (0.028) 1.815 (0.002) P = 0.0166 0.938 (0.022)

Ophthalmology 0.717 (0.381) 1.014 (0.976) 1.116 (0.836) P = 0.5215 1.099 (0.263)

Orthopedics 0.996 (0.940) 0.981 (0.740) 0.875 (0.130) P = 0.3591 0.963 (<0.0001)

Other/ob 0.966 (0.885) 1.176 (0.451) 1.264 (0.502) P = 0.7209 0.879 (0.001)

Otolaryngology 1.052 (0.744) 1.194 (0.412) 1.004 (0.988) P = 0.5564 0.966 (0.527)

Psych/drug abuse 0.944 (0.307) 0.927 (0.293) 1.13 (0.145) P = 0.0535 1.039 (0.008)

Pulmonary 1.05 (0.267) 1.097 (0.202) 1.067 (0.572) P = 0.3050 0.981 (0.306)

Rheumatology 1.091 (0.601) 1.432 (0.159) 1.866 (0.034) P = 0.0774 0.94 (0.067)

Thoracic surgery 0.872 (0.391) 1.151 (0.470) 1.13 (0.654) P = 0.0903 0.987 (0.751)

Trauma 0.997 (0.987) 1.057 (0.761) 1.265 (0.222) P = 0.4373 1.02 (0.562)

Urology 0.827 (0.117) 1.105 (0.462) 1.24 (0.215) P = 0.0334 0.977 (0.339)

Vascular surgery 1.103 (0.488) 1.052 (0.788) 0.966 (0.857) P = 0.8116 0.946 (0.030)

Note: RR = Risk ratio

doi:10.1371/journal.pone.0131093.t005
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neonatology. McKenzie et al. estimate that being within 10 miles of a gas well significantly
increased the odds of having a congenital heart defect by 1.3 as well as the odds of having neu-
ral tube defects by two-fold, compared to not being within 10 miles of a gas well [12]. A recent
study by Lanki et al. determined that living close to busy traffic was associated with increased
C-reactive protein (CRP) concentrations, which is a known risk factor for cardiovascular dis-
eases [24]. This supports our results for cardiology, given the increased truck traffic that comes
with increased hydro-fracking activity.

Despite our findings that hospitalization use and active well number are directly associated
within specific medical categories, there are limitations to our study. Our study examined a rel-
atively short time interval. Whether our findings will be validated over longer periods of obser-
vation remains unclear. To have any association within a brief time frame may forebode
greater negative health effects over time. Furthermore, with our limited time frame and data,
the functional relationship for the association between well density and inpatient prevalence
rates was heavily dependent on many extreme values, which make up less than 1% of the total
observations. This motivated the quantile analysis. However, there are clear disadvantages to
this approach. By partitioning a continuous variable, we inherently lose information. Further-
more, while we can make inference on moving among quantile levels, we cannot make infer-
ence for specific increases in well density. The quantile levels were also somewhat arbitrary,
characterized as no wells/km2, a “low” amount of wells/km2, a “medium amount of wells/km2,
and a “high” amount of wells/km2. Another possible limitation is that our analyses only consid-
ered a zip code “exposed” to wells if there were wells within that specific zip code. A zip code
with no wells, however, could neighbor another zip code that has many wells. Accordingly, the
association between wells and inpatient prevalence rates may be underestimated. Future work
will incorporate a spatial aspect, such that the proximity to exposure (wells) is better addressed.
Another limitation is that this study, given that we use hospital discharge data, does not include
any information on morbidity or mortality. However, a future study that assesses the associa-
tion between morbidity/mortality and wells would be interesting to explore.

Despite these limitations, our findings may have a significant impact on the consequences
of UGOD on health care delivery and policy. For the number of wells analyses, it is useful to
consider specific increases in wells, given that the risk ratio associated with the number of wells
predictor is in terms of a one unit increase in number of wells. Specifically, consider an increase
of 25 wells, which is the observed mean number of wells from our data. For example, if some
zip code had an additional 25 wells, we would expect cardiology inpatient prevalence rates to
increase by 2% for that zip code. Considering the quantile analyses, if a zip code went from
having zero wells to having greater than 0.79 wells/km2 (79 wells for each 100 km2), we would
expect cardiology inpatient prevalence rates to increase by 27% for that zip code. If a zip code
went from having no wells to having between 0.17 to 0.79 wells/km2, we then would expect a
14% increase in cardiology inpatient prevalence rates for that zip code. Notably, 18 zip codes
had greater than 0.79 wells/km2, primarily in 2010 and 2011, indicating that each of these zip
codes could have had an excess of 27% in cardiology inpatient prevalence rates for each year
they had greater than 0.79 wells/km2. Furthermore, while dermatology and neonatology were
not strictly significant after using a Bonferroni correction, there is evidence that dermatology
and neonatology inpatient prevalence rates were also positively associated with wells. From the
number of wells analyses, if a zip code had an additional 25 wells, we would expect dermatology
and neonatology inpatient prevalence rates to increase by 3% and 4%, respectively. Similarly,
from the quantile analyses, if a zip code went from having no wells to having greater than 0.79
wells/km2, we would expect dermatology inpatient prevalence rates to increase by 45% for that
zip code.
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For most medical categories and overall, given the non-significant year risk ratios from
Tables 4 and 5, inpatient prevalence rates remained relatively stable between 2007 and 2011.
However, within the medical categories of gynecology and orthopedics, inpatient prevalence
rates are expected to decrease each year by around 13–14% and 3–4%, respectively. Despite
this surprising result, it is unclear why gynecology and orthopedics inpatient prevalence rates
are decreasing each year. It is unlikely that these decreasing rates are related to the increased
hydro-fracking activity.

To put into the context the potential burden of hydro-fracking on cardiology hospitaliza-
tions, consider the zip codes which exceeded 0.79 wells/km2 (Q3wells). In total, from 2007 to
2011, three zip codes had>0.79 wells/km2 in 2009, 10 zip codes had >0.79 wells/km2 in
2010, and 18 zip codes had>0.79 wells/km2 in 2011. Some zip codes had>0.79 wells/km2 in
multiple years, and in total, there were 18 unique zip codes that achieved>0.79 wells/km2 at
least once. Of these 31 year/zip code observations, the mean cardiology inpatient prevalence
rate was 2.17, the mean number of cardiology inpatient visits was 44.74, and the mean popu-
lation was 2190. Given the model results from Table 5, if these same observations had no
wells, we would have expected the mean cardiology inpatient prevalence rate to be 2.17/
1.27 = 1.71. Thus, the expected mean number of cardiology inpatient visits, assuming the
mean population, would be 1.71�2190/100 = 37.46. However, this is a slight simplification,
since each zip code has a different population. We omit the zip code specific populations
to preserve zip code anonymity, but when using zip code specific populations, the expected
mean number of cardiology inpatient visits, if these zip codes had no wells, would be 35.23.
This means that on average, for any year that a zip code exceeded 0.79 wells/km2, we
would expect an excess of 44.74–35.23 = 9.51 cardiology inpatient visits, compared to if
there were no wells. Note that this excess is for a single zip code for a single year in which
the zip code exceeded 0.79 wells/km2 (this occurred 31 times). A similar exercise shows that
for zip codes in the Q2wells range (36 observations total), we would expect on average an
excess of 8.13 cardiology inpatient rates. This again is for a single zip code for a single year
in which the zip code had>0.168 wells/km2 but�0.79 wells/km2. However, from the
model results in Table 5, zip codes with >1 well are in general expected to have increased
cardiology inpatient prevalence rates, relative to having no wells. With an inpatient stay cost-
ing on average $30K, this poses a significant economic health burden to the Commonwealth
of PA.

In summary, hydraulic fracturing as determined by well number or density had a significant
association with cardiology inpatient prevalence rates, while well density had a significant associ-
ation with neurology inpatient prevalence rates. While the clinical significance of the association
remains to be shown, UGOD has just begun in Pennsylvania, and thus observing a significant
association over this short time is remarkable. Further studies are warranted to compare toxicant
exposure to number of wells and inpatient and outpatient studies. Our study also supports the
concept that health care utilization should be factored into the value (costs and benefits) of
hydraulic fracturing over time.

Supporting Information
S1 Table. ICD-9 diagnosis codes and MSDRGs used in this study. These data are partitioned
into three tabs: ICD-9 diagnosis codes, MSDRGs and MSDRG product lines included.
(XLSX)
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A B S T R A C T

Public concerns about hydraulic fracking are growing and scientists continue to analyze and evaluate its

associated environmental impacts. However, a rigorous spatial analysis of environmental impacts is

necessary to provide a perspective on risk based on proximity to fracking wells. This comment describes

the environmental impacts of fracking within a spatial context. It emphasizes five key points: (1) the

closer to a hydraulic fracking well, the higher the risk of groundwater and drinking water well

contamination; (2) residents living nearest to a fracking well experience a higher human health risk due

to exposure to gas emissions during the fracking process; (3) huge and high density gas emissions are

detected and recorded close to fracking wells; (4) fracking induces seismicity and small earthquakes are

recorded close to fracking wells; and (5) hydraulic fracking directly changes local environment and

landscape characteristics. Spatial impact assessments are critical for improving understanding of the

impacts of hydraulic fracking on the environment and society.
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1. Introduction

Hydraulic fracking, also called fracking, is the process of
extracting natural gas from shale rock layers within the earth.
Specifically, horizontal drilling combined with traditional vertical
drilling allows injection of highly pressurized fracking fluids into
the shale layers to create new channels within the rock, from
which natural gas is released at much higher rates than traditional
drilling. Hydraulic fracking yields more than one-half of US natural
gas supply and is transforming energy supplies in the United States
(Jackson et al., 2013). For example, in January of 2013, the daily
production of methane in the United States was 2 � 109 m3, more
than a 30% increase from 2005 (USEIA, 2013). Fracking gas
production in Northeastern Pennsylvania now exceeds 2 billion
cubic feet per day, up from 0.4 billion cubic feet per day in early
2010. In Southwestern Pennsylvania, it is close to 1 billion cubic
feet per day, more than three times the production of early 2010
(WhatIsFracking, 2014).

Environmental concerns about hydraulic fracking are growing
(Osborn et al., 2011; Schmidt 2011). These concerns include
* Corresponding author. Tel.: +1 662 325 3915.

E-mail address: qmeng@geosci.msstate.edu (Q. Meng).
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changes in air quality (Petron et al., 2012), human health risks for
populations living near fracking wells (Schmidt, 2011), and the
potential persistence of pollutants in groundwater and drinking
water in close proximity to hydraulic fracking sites. For example,
hydraulic fracking from the Marcellus Shale in the Appalachian
Basin of the Northeastern United States has raised concerns about
potential environmental pollution (Kerr, 2010; Kargbo et al.,
2010). Methane migration to groundwater, drinking water wells,
and the atmosphere (Howarth et al., 2011a; Osborn et al., 2011;
Jiang et al., 2011) is of particular concern. Additional concerns
include induced seismicity associated with fluid injection into
deep wells (Ellsworth et al., 2012), epicenters of small earth-
quakes within an approximate 1 km radius to the fracking well
(Kim, 2013), and surface environmental and landscape changes
(Meng, 2014).

Recent studies have failed to feature any rigorous spatial
analysis but have suggested that spatial dimensions of environ-
mental impacts exist, and are largely a function of distance to
fracking sites. It is therefore time for decision makers and scientists
to pay closer attention to the spatial planning of hydraulic fracking,
prioritizing the issue of distance to a hydraulic fracking well in
environmental impact assessments. This is imperative, given the
rapid rise in number of sites and their close proximity to water
supplies and communities.
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2. Distance is all-important

Residents living within 0.8 km from a gas well are at higher
risks of health effects than residents living beyond this distance
(Mckenzie et al., 2012). Mckenzie et al. (2012) and Coons and
Walker (2008) found that significant gas emissions exist close to a
gas well (<0.8 km). Methane concentrations in drinking water
wells within 1 km of a gas fracking well can reach potential
explosion levels (Osborn et al., 2011). Methane concentrations are
six times higher and ethane concentrations were found to be 23
times higher at residences within 1 km of a shale gas fracking site
compared with concentrations at distant residences, and addi-
tionally, propane was detected in water wells within approxi-
mately 1 km of a fracking well site (Jackson et al., 2013). Subsurface
and surface pathways exist although specific pathways of methane
migration are not easily identifiable. Traces of ethane (C2H6) with
microbial methane (CH4) and a range of C and H isotopic
compositions of CH4 indicated that sub-surface pathways exist
and gas mixtures are found in groundwater (Revesz et al., 2010).

Vidic et al. (2013) carried out an important review of the effects
of shale gas development on regional water quality. However,
reviews of methane migration are limited and tell very little. For
example, Vidic et al. (2013) reported findings from a study of 48
water wells for pre- and post-drilling water chemistry that showed
no statistical differences in dissolved methane before or shortly
after drilling, and distance to drilling sites was not found to be
significant. However, the authors did not take into account that
among the 48 water wells, at 16 of the sites, only drilling—and no
fracking—had occurred. Furthermore, 28% of the 33 water supply
owners who reported changes to their water supply after drilling
were located within 3,000 feet (0.914 km) of a Marcellus gas well
(Boyer et al., 2011).

Based on a series of studies conducted by the EPA and other
scientists, Howarth et al. (2011b) concluded that 3.6–7.9% of life-
time shale gas production migrates to the atmosphere through
venting or leaking over a well is lifetime and that 1.9% of the total
gas production is emitted as methane through well completion. For
example, methane emitted during flow-back was determined to be
6800 � 103 M3 with a per day rate of 680 � 103 M3 for a fracking
well in Louisiana, and calculated to be 370 � 103 M3 with a per day
rate of 41 � 103 M3 for a shale gas well in Texas. Caulton et al.
(2014) identified and quantified large emissions with an average of
34 g CH4/s (2.937 ton/day) per well from seven hydraulic fracking
pads in the drilling phase. These emissions are 2–3 orders of
magnitude greater than the estimates formulated by the US
Environmental Protection Agency. This methane can migrate to
soils and open water through both wet and dry deposition. More
data and studies are needed, however, to identify specific
pathways for methane migration and how it impacts local air
and water quality.

Construction of hydraulic fracking wells alters the local
environment and land surface. Land clearing, excavating and
grading, pad construction, pipeline and utility installation,
related road construction, sump hole excavation, and hydro-
seeding as well as soil stabilization are the main construction
activities that impact the local landscape. These activities also
result in a much larger area being impacted than a conventional
gas or oil drilling well. Additionally, the excavation of natural gas
and oil resources from shale typically requires much more water.
In the fracking process, fluids are forced under high pressure into
the well, and the shale surrounding the borehole is fractured in
order to liberate more gas from the low permeability shale gas
reservoirs.

Meng (2014) has modeled the impacts of hydraulic fracking
based on environmental and landscape variables. Statistical
diagnostics of spatial logistic regression models show that
elevation, slope, and land cover are significant environmental
and landscape variables. A location with steeper slopes is less likely
to become a fracking site. Sites at higher elevations are more likely
to be occupied by fracking wells.

3. Conclusion

Hydraulic fracking has the potential to cause significant impact
to local environments and landscapes. The closer a site is to a
hydraulic fracking well, the greater the hydraulic impacts
associated activity will have on the surrounding environment.
There is a higher probability of the groundwater and drinking
water wells which are located within 1 km of a fracking having
been polluted by gas and fracking chemicals. The risk to human
health is especially high among populations located within 0.8 km
of a fracking well. High density gas emissions typically persist in
the surface air close to fracking wells, and small earthquakes have
been detected close to a deep fluid injection well. It is time to pay
attention to concerns in order to develop a more comprehensive
understanding and assessment of the environmental impacts of
hydraulic fracking.
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all payer claims dataset
Lisa M. McKenzie1*, William B. Allshouse1, Barbara Abrahams2

and Christine Tompkins3

1Department of Environmental and Occupational Health, Colorado School of Public Health, University
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Introduction: Emerging risk factors for atrial fibrillation (AF) incidence and
episodes (exacerbation), the most common and clinically significant cardiac
arrhythmia, include air and noise pollution, both of which are emitted during
oil and natural gas (O&G) well site development.
Methods: We evaluated AF exacerbation risk and proximity to O&G well site
development by employing a novel data source and interrupted time-series
design. We retrospectively followed 1,197 AF patients living within 1-mile of an
O&G well site (at-risk of exposure) and 9,764 patients living >2 miles from any
O&G well site (unexposed) for AF claims in Colorado’s All Payer Claims Dataset
before, during, and after O&G well site development. We calculated AF
exacerbation risk with multi-failure survival analysis.
Results: The analysis of the total study population does not provide strong
evidence of an association between AF exacerbation and proximity to O&G
wells sites during (HR= 1.07, 95% CI: 0.94, 1.22) or after (HR= 1.01, 95% CI:
0.88, 1.16) development. However, AF exacerbation risk differed by patient age
and sex. In patients >80 years living within 0.39 miles (2,059 feet) of O&G well
site development, AF exacerbation risk increased by 83% (HR= 1.83, 95% CI:
1.25, 2.66) and emergency room visits for an AF event doubled (HR= 2.55, 95%
CI: 1.50, 4.36) during development, with risk increasing with proximity. In female
patients living within 0.39 miles of O&G well site development, AF exacerbation
risk increased by 56% percent (95% CI: 1.13, 2.15) during development. AF
exacerbation risk did not persist past the well development period. We did not
observe increased AF exacerbation risk in younger or male patients.
Discussion: The prospect that proximity to O&G well site development, a significant
noise and air pollution source, may increase AF exacerbation risk in older and female
AF patients requires attention. These findings support appropriate patient education
to help mitigate risk and development of mitigation strategies and regulations to
protect the health of populations in O&G development regions.
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Introduction

Atrial fibrillation (AF), the most common and clinically

significant cardiac arrhythmia, impairs quality of life and

substantially elevates stroke, systemic thromboembolism and

heart failure risk (1, 2). The incidence and prevalence of AF are

increasing (1–5). Adults aged >40 years of age have a 25%

lifetime risk of developing AF (1). There are 9.3 million

American’s living with this chronic, dangerous, and costly

condition contributing to an estimated 130,000 deaths and $6

billion in health care costs per year (6).

While knowledge on AF etiology is sparse, there are several

known AF risk factors, including biological sex, advancing age,

and co-morbidities (1), as well as emerging environmental risk

factors including air and noise pollution (7–11). Several

epidemiological studies have indicated that the risk of AF

incidence increases with increasing levels of air pollutants,

including particulate matter ≤2.5 micrometers, (PM2.5), nitrogen

oxides (NOx), and ozone (8, 12–18), as well as higher exposure

to traffic and railway noise (9, 19, 20). Additionally, studies have

observed the risk of AF episodes (exascerbation) increases with

increasing levels of air pollutants and noise (13, 14, 21, 22). In

general, adverse cardiovascular effects are observed when audible

noise levels exceed 50 A-weighted decibels (dBA) (23). Studies

also suggest that nocturnal noise, which disrupts the normal

sleep cycle, may be associated with greater health consequences

than daytime noise (24–26). Clinically, chronic sleep deprivation

is associated hypertension (27) and cardiovascular disease (28)

which are firmly established and modifiable risk factors for AF (1).

One significant source of both air and noise pollution is the

development of oil and natural gas (O&G) well sites. Between

2011 and 2014, 25,000–35,000 O&G well sites were developed

annually in the United States (US) exceeding 150,000 total new

well sites as of 2019 (29). This resulted in an extensive dispersion

of O&G well sites across populated areas, with over 17 million

people living within one mile of an O&G well (30). In Colorado,

more than 378,000 people live within 1-mile of an O&G well

site, with the densest development northeast of Denver (31). Air

and noise pollution emitted during development of O&G well

sites potentially impact all individuals residing near the sites (32).

As described elsewhere, modern O&G well site development is

a complex, industrial process (33). Diesel-powered equipment,

trucks, and generators continuously emit air pollutants and

noise; on-site storage tanks, valves and pipes also emit air

pollutants (34–36). Audible noise levels of 69 dBA and low

frequency noise of 80 C-weighted decibels (dBC) have been

reported during O&G well site development (35, 37). During

development of 22-well O&G site in Colorado, 1–16 diesel trucks

per hour travelled to and from the site, concentrations of PM2.5

more than doubled, and noise measurements exceeded 50 dBA

day and night, within1,288 feet of the site (36).

It is not known if noise and air pollution emitted from O&G

well site development exacerbates AF in the large and growing

population living near these sites. We are not aware of any

studies on this topic. However, studies indicate that living near

O&G well sites may impact cardiac conditions associated with
Frontiers in Epidemiology 02
AF. Proximity to O&G well sites may affect in-utero heart

development (38–42), increase hospitalizations for heart failure

(43) in acute myocardial infarction patients (44), and increase

augmentation index and blood pressure (45). Our objective is to

determine if the burden of AF increases in AF patients living

near O&G well site development and identify susceptible

subpopulations by employing a novel time-series design and data

source in a large population of AF patients using specific O&G

metrics. Because air pollution and noise emissions persist in the

production period following well site development, we also

determine AF exacerbation increases (or persists) after the well

site is developed.
Methods

We retrospectively followed 10,961 AF patients in Colorado’s

All Payer Claims Dataset (COAPCD) before, during, and after

development of O&G well sites. Using both an interrupted time

series (ITS) and controlled interrupted time series (CTIS) design

(Figure 1) (46, 47), we evaluated if living near O&G well site

during development exacerbates AF and if AF exacerbation

persists after development of the site. We selected an ITS design

because of the limited co-variate information available in

Colorado’s All Payer Claims Dataset (APCD). Because ITS is

based on observation of a single population over time, it

accounts for between group differences, such as unmeasured

confounding, as well as within group characteristics that change

slowly over time, secular changes, random fluctuations from one

point to the next and regression to mean (46). To control for

time-varying trends which do not form part of the underlying

trend (e.g., seasonal, regional scale environmental events, and

natural progression of AF), we also performed a CITS by adding

an unexposed group as recommended by Bernal et al. (47) Per

these recommendations, we included and reported results from

both the ITS and CITS to provide a greater degree of confidence

that an observed association between proximity to development

of an O&G well site and AF exacerbation is causal (47). For

example, if the CITS analysis indicates an association, but the

ITS does not, then there may have been an event affecting AF in

the control population that did not affect the population living

within one mile. The Colorado Multiple Institutional Review

Board approved our study (IRB Protocol Number 17–0692).
Study population

We selected our cohort from the COAPCD, administered by

The Center for Improving Value in Health Care. The COAPCD

represents approximately 65% of Colorado’s fully insured

population including claims data from commercial health plans

(large group, small group, and individual), Medicare, and

Colorado’s Medicaid Program beginning in 2009. We included

patients in the COAPCD aged 18–100 years with a complete

street address that we could geocode, living in a Colorado county

with at least one O&G well site developed between 2010 and
frontiersin.org
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FIGURE 1

Interrupted time-series study design and assignment of before, during, and after oil and gas well site development period. AF, atrial fibrillation [adapted
from Bernal et al. (47)].
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2017, and at least one principal diagnosis code for AF or atrial

flutter (AFl) between January 1, 2009 and December 31, 2017.

From this population, we a priori selected patients at- risk of

exposure to air and noise pollution emitted during development

of an O&G site (herein referred to as exposed patients) and an

unexposed population as follows.

We calculated the distance between each patient’s geocoded

address and the nearest O&G well site developed between 2010

and 2017 using ArcGIS Desktop 10 as described in the exposure

section. We defined patients at-risk of exposure (here to in

referred to as at-risk patients) as living within one mile of an

O&G site based on documented noise and odor complaints,

recent risk assessments, and monitoring studies indicating the

potential for air and noise pollution associated with O&G well

sites to impact people living within one mile (36, 48–50), as well

as a robust literature supporting the use of proximity to O&G

well sites as a proxy for exposure (51). Because weather, major

air pollution events, and other temporal events that could

exacerbate AF vary by region and AF severity may worsen over

time, analysis of an location control population was necessary

(47). The location control population (here to in referred to as

unexposed patients) should be a population not a risk for

exposure to air and noise pollution emitted from an O&G site.

We selected our unexposed population from AF patients that

had no O&G well sites within two miles of their home by

frequency matching each at-risk patient to 13 unexposed patients

by geographical region to control for regional temporal events

(Supplementary Material Table S1) and year of first AF claim in

the COAPCD to control for progression of AF severity. Because

the spatial extent of stressors from O&G site development is not
Frontiers in Epidemiology 03
well understood and may extend beyond 1-mile, we excluded

patients living 1–2 miles from an O&G site to clearly distinguish

the possibility of exposure to O&G well site development

stressors in at-risk patients from unexposed patients.
Exposure

We geocoded street addresses in ArcGIS Desktop 10 using

Census TIGER Address Range files from 2019 to create an

address locator. For patients that could not be geocoded with

ArcGIS Desktop 10, we completed a second geocoding pass with

the Google Geocoding API. We obtained geocoded O&G well

site locations for all O&G wells developed between 2010 and

2017, the number of wells at each well site, and the dates those

wells were developed (spud date, first production date) from the

Colorado Oil and Gas Information System (52).

Assuming the street address in the COAPCD is also the

residential address, we temporally aligned each matched control

set (up to 13 patients) to the development of the O&G well site

within one mile of their matched at-risk patient’s street address.

We defined before, during, and after development periods as

follows (Figure 1). The during development period begins on the

drilling date (the spud date) of the first well on the site and ends

on the first production date of the last well on the site. We then

added a one-month buffer to the beginning and end of the

during development period to account for well site construction

activities prior to drilling and higher potential activities at the

beginning of production. The before and after development

periods each are equal to the length of the during development
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period. The before period ends at the beginning of the one-month

buffer period preceding the development period. The after period

begins at the end of the one-month buffer following the

development period.
Exclusions

We excluded patients living 1–2 miles from an O&G site

(Figure 2). We next excluded 2,353 patients if the date of their

first AF claim occurred later than the end of the after period

because there was no evidence that the patient had AF during

the follow up period. To reduce errors from unknown losses to

follow up, we also excluded 5,626 patients without a claim (of

any type) preceding the before period and succeeding the after

period as defined in the exposure section. Our final population

of 10,961 AF patients includes 1,197 at-risk and 9,764 control

patients. A blinded review of claims for 1% of randomly selected
FIGURE 2

Selection of atrial fibrillation patients from Colorado all payers claim databa
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at-risk and control patients confirmed 91% (90% at-risk and 94%

control) patients were correctly identified as having a primary

diagnosis of AF. Insufficient information was available in the

remaining 9% of these patients to confirm a primary AF diagnosis.
Outcomes
We followed each patient from the beginning of their specific

before period through the end of the after period (here to within

referred as follow up) for incidence of an AF episode. We

defined an AF episode as any claim, inpatient, outpatient, and

emergency room, with a principal diagnostic code for AF or AFI

(ICD-9-CM 427.3, or 427.31–2; ICD-10-CM I48.0–4, I48.9,

I48.91, or I48.92), excluding AF diagnostic codes associated with

an internal normalized ratio procedure (CPT4 85610, 93792, or

R79.1). We considered occurrence of multiple AF diagnostic

codes in one day or over consecutive days as one event. We also

separately evaluated AF episodes associated with an emergency
se.
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TABLE 1 Study population characteristics for All payer claims database
patients aged 18–100 years living within one mile of an oil and gas well
developed in Colorado between 2010 and 2017 or two or more miles
from any Colorado oil and natural gas well site.

At-risk: nearest
well within
one mile

Control: nearest
well two or
more miles

Total N 1,197 9,764

Age at first AF event in
COAPCD (%)

Greater than 80 years 27.6 28.2

74–80 years 23.5 23.8

66–73 years 30.1 27.2

<66 years 18.8 20.9

Sex (%)

Male 53.0 50.7

Female 46.7 48.3

Missing <1 <1

Diabetic (%) 34.9 30.5

Hypertensive (%) 83.1 77.8

Confirmed address over follow
up (%)

73.2 72.2

Region

East 89.9 89.5

Southwest 4.4 4.8

Northwest 5.7 5.6

Elevation of residence
<6,500 feet

97.3 94.2

Emergency room visits (%) 30.2 30.1

Duration in COAPCD (days)

Mean 3,023 2,983

Maximum 3,651 3,651

Minimum 605 317

Number of AF events

Mean 14.2 13.8

Maximum 161 373

Minimum 0 0

Miles from O&G well site (n)

0–0.39 299 –

>0.39–0.59 302 –

0.59–0.80 303 –

>0.8–1 293 –

Duration of O&G well site
development (days)

Mean 165 –

Maximum 844 –

Minimum 3 –

AF, atrial fibrillation; COAPCD, Colorado all payer claims dataset; O&G, oil and gas.
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room visit (Supplementary Material Table S2). AF episodes that

occurred in the buffer months were not counted.

Statistical analyses
We tested the hypothesis that there is a larger increase in

incidence of AF claims during or after development of an O&G

site, compared to before development, for at-risk AF patients as

follows. We analyzed AF exacerbation risk with a multi-failure

survival analysis by applying a Cox proportional hazard model

with a robust variance estimator and clustering at the individual

patient level (53, 54), using an Efron method for ties (55). We

retrospectively followed each patient through their specific follow

up period. We first analyzed AF exacerbation risk for only the

at-risk patients (ITS) (46, 47). We then analyzed AF exacerbation

risk with both the at-risk and unexposed patients (CTIS) (47), by

adding an interaction term between exposure (at-risk to control

referent) and period (during and after, to before referent) to our

model. Parallel trend analysis indicates no difference between the

exposed and unexposed populations in the before period,

indicating support for the parallel assumption in CITS analysis

(Supplementary Material Table S3) (56). Strong evidence of an

association between proximity to development of an O&G well

site and AF exacerbation is indicated if the ITS and CITS

analysis yield hazard ratios (HR) of similar size (Figure 1) (47).

We adjusted our model for co-variates associated with AF

(biological sex, age at first AF claim in COAPCD, elevation of

residence, hypertension, and diabetes) (1), and exposure

(duration of well development and geographical region). We

considered the direction and magnitude of individual HRs and

overarching trends, based on American Statistical Association

guidance (57), in both analyses.

We then stratified our population by sex, age quartiles,

presence of a co-morbidity (diabetes, hypertension) and

geographical region to assess whether the results between groups

(e.g., male vs. female) were systematically different. Additionally,

we stratified our at-risk patients into distance quartiles to assess

the effect of distance from the O&G site on AF exacerbation.

We performed several sensitivity analyses. We evaluated the

effect of short and long periods of well development by

excluding patients with well duration periods outside the 25th—

75th percentile range (75–184 days). To evaluate the impact of

potential change of residence over time, we performed an

analysis on patients for whom we could confirm that the street

address did not change through the follow up period. Because

high altitude can exacerbate AF, we performed an analysis on

patients living ≤6,000 feet above sea level.

Given the small sample sizes and exploratory nature of the

stratified and sensitivity analyses, no adjustments were made for

multiple comparisons. All analyses were carried out using SAS

9.4 (SAS Institute, Cary, NC).
Results

Our study population included 1,197 at-risk patients and 9,764

unexposed patients l (Table 1). At-risk patients were more likely to
Frontiers in Epidemiology 05
be male, diabetic, and hypertensive than unexposed patients.

At-risk patients also had a longer duration in the COAPCD.

However, the highest number of total AF claims was observed in

the unexposed patients.

Table 2 presents the multi-failure survival analysis results for

AF exacerbation. The analysis of the study population as a whole

does not provide strong evidence of an association between AF

exacerbation and proximity to O&G well site development.

The ITS analysis indicates that AF exacerbation increases

during (HR = 1.13, 95% CI: 0.99, 1.30) and after (HR = 1.19, 95%

CI = 1.02, 1.39) well site development, compared to before well

development in our total population of at-risk AF patients. With
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TABLE 2 Results from multi-failure survival analysis for AF events: hazard
ratios for an AF event during and after well development periods
compared to before well development.

Analysis Interrupted time series
analysisa

Controlled interrupted
time series

HR duringb

(95% CI)
HR afterb

(95% CI)
HR duringc

(95% CI)
HR afterc

(95% CI)
Total population
(Main analysis)

1.13 (0.99,
1.30)

1.19 (1.02,
1.39)

1.07 (0.94,
1.22)

1.01 (0.88,
1.16)

>80 years 1.41 (1.09,
1.83)

1.19 (0.93,
1.52)

1.43 (1.13,
1.81)

0.99 (0.79,
1.23

74–80 years 1.09 (0.84,
1.42)

1.16 (0.84,
1.61)

1.11 (0.86,
1.44)

1.06 (0.79,
1.40)

66–73 years 1.08 (0.84,
1.40)

1.43 (1.02,
2.0)

0.88 (0.69,
1.12)

1.10 (0.82,
1.47

<66 years 0.83 (0.61,
1.17)

0.87 (0.65,
1.17)

0.84 (0.61,
1.17)

0.87 (0.65,
1.17)

Females 1.17 (0.97,
1.42)

1.14 (0.91,
1.44)

1.21 (1.00,
1.47)

1.02 (0.82,
1.27)

Males 1.09 (0.90,
1.31)

1.25 (1.02,
1.55)

0.94 (0.79,
1.11)

1.01 (0.86,
1.20)

AF, atrial fibrillation; CI, confidence interval; HR, hazard ratio.
aDoes not include control patients.
bAdjusted for sex, age at first AF event, elevation of residence, duration of well

development, hypertension, diabetes, and region, and exposure status.
cAdjusted for sex, age at first AF event, elevation of residence, duration of well

development, hypertension, diabetes, and region, interaction between period

(before, during, after development) and exposure status.
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inclusion of unexposed patients in the CITS analyses this

association attenuates towards the null during (HR = 1.07,

95% CI: 0.94, 1.22) and after (HR = 1.01, 95% CI: 0.88, 1.16)

site development.

Stratified analyses indicates that age and possibly biological sex

modify the risk of an AF event during O&G well site development

(Table 2). In AF patients aged >80 years, ITS and CITS results for

the during well development period are similar and indicate that

risk for an AF event increases during well development, but not

after development. In the during O&G development period, risk

of an AF event increased by 43% (HR = 1.43, 95% CI: 1.13, 1.81)

in at-risk patients aged >80 years. In younger patients, results

attenuated towards the null. In female AF patients, ITS and CITS

results for the during well development period are similar and

indicate that risk for an AF event increases during well

development, but not after development. The risk for an AF

event in the during O&G development period increased by 21%

(HR = 1.21, 95% CI: 1.00, 1.47) in at-risk female patients. No

association was observed for male patients. Stratified analysis

indicated that co-morbidities and region of residence did not

modify risk (Supplementary Material Table S4).

In stratified analysis by distance quartile, ITS and CTIS results

for the total population are similar and indicate increased risk of

AF exacerbation during well site development in at-risk patients

living within 0.39 miles (2,059 feet) and the increased risk does

not persist after development of the well site. We observed a 35%

increase in risk for AF events in at-risk patients living within

0.39 miles (2,059 feet) in the during well development period

(HR = 1.35, 95% CI: 1.08, 1.69) (Figure 3, Supplementary

Material Table S5). We did not observe associations at distances
Frontiers in Epidemiology 06
>0.39 miles for the total population. As in the main analysis,

both age and sex modified the results. In patients aged >80 years

living within 0.39 miles of an O&G development site, the risk of

AF event increased by 83% during well development (HR = 1.83,

95% CI: 1.25, 2.66). Additionally, the results for patients aged

>80 years indicate a trend of increasing risk of an AF event

during well development as distance from the well site decreases

and suggest the possibility of increased AF exacerbation risk up

to 4,224 feet from the site. In female patients living within 0.39

miles of an oil and gas well development site, risk of AF event

increased by 56% (95% CI: 1.13, 2.15) and 36% (95% CI: 0.89,

2.03) during and possibly after well development, respectively.

Table 3 presents the multi-failure survival analysis results for

AF exacerbation with an emergency room visit. The analysis of

the study population as a whole does not provide strong

evidence of an association between AF exacerbation with an

emergency room visit and proximity to O&G well site

development. The ITS analysis indicates that AF exacerbation

with an emergency room visit increases during (HR = 1.57, 95%

CI: 0.99, 2.47) and after (HR = 1.80, 95% CI = 1.13, 2.87) well

development, compared to before well development. With

inclusion of unexposed control patients in the CITS analyses this

association attenuates towards the null (HR = 1.11, 95% CI: 0.79,

1.56) or after (HR = 1.24, 95% CI: 0.90, 1.70) O&G well

site development.

Stratified analyses indicates that age modifies the risk of an AF

event with an emergency room visits during O&G well

development (Table 3). In at risk patients aged >80 years, ITS

and CITS results for the during well development period are

similar and indicate that risk of an AF event increases during

well development. In the during well development period, risk of

an AF event with an emergency room visit doubled (HR = 2.55,

95% CI: 1.50, 4.36) in at-risk patients aged >80 years. The results

indicate that the risk does not persist past the well development

period and show no increased risk in younger patients. Stratified

analysis did not indicate biological sex, co-morbidities, or

geographical region as effect modifiers (results not shown).

Sensitivity analyses excluding patients: for whom we could not

confirm that the street address did not change over our follow-up

period (Supplementary Material Table S6), with well development

durations within the 25th to 75th percentile range (Supplementary

Material Table S7); and living at an elevation less than 6,000 feet

(Supplementary Material Table S8) did not inferentially change

our results.
Discussion

Our results provide strong evidence (47) that older AF patients

living within 0.39 miles (2,059 feet) of an O&G well site may

experience increased AF exacerbation during site development

with the possibility of increased AF exacerbation risk up to at

least 0.8 miles (4,224) feet from the site, which does not persist

past the well development period. Our results also suggest that

AF patients identified as female living within 0.39 miles (2,059

feet) of an O&G site may experience increased AF exacerbation
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TABLE 3 Results from multi-failure survival analysis for AF event with an emergency room visit: hazard ratios for an AF event during and after well
development periods compared to before well development.

Analysis Interrupted time series analysisa Parallel analysis (exposed vs. unexposed in
before period)b

Controlled interrupted time
series

HR duringb

(95% CI)
HR aftera

(95% CI)
HR (95% CI) HR duringc

(95% CI)
HR afterc

(95% CI)
Total population (main
analysis)

1.57 (0.99, 2.47) 1.80 (1.13, 2.87) 0.81 (0.56, 1.19) 1.11 (0.79, 1.56) 1.24 (0.90, 1.70)

>80 years 2.67 (1.26, 5.64) 1.1 (0.60, 2.01) 0.95 (0.47, 1.92) 2.55 (1.50, 4.36) 1.10 (0.60, 2.01)

74–80 years 1.20 (0.37, 3.93) 2.40 (0.82, 6.99) 0.56 (0.23, 1.40) 0.58 (0.25, 1.32) 1.34 (0.71, 2.53)

66–73 years 1.43 (0.54, 3.75) 2.71 (1.09, 6.78) 0.58 (0.27, 1.26) 0.76 (0.39, 1.47) 1.48 (0.82, 2.67)

<66 years 0.78 (0.31, 1.96) 1.11 (0.43, 2.85) 1.36 (0.66, 2.78) 0.77 (0.36, 1.64) 1.04 (0.52, 2.09)

Females 1.93 (1.0, 3.74) 1.64 (0.80, 3.37) 0.68 (0.40, 1.17) 1.30 (0.83, 2.03) 0.97 (0.59, 1.61)

Males 1.25 (0.67, 2.35) 1.94 (1.05, 3.59) 0.98 (0.58, 1.68) 0.97 (0.58, 1.61) 1.57 (1.04, 2.36)

AF, atrial fibrillation; CI, confidence interval; HR, hazard ratio.
aDoes not include control patients.
bAdjusted for sex, age at first AF event, elevation of residence, duration of well development, hypertension, diabetes, and region, and exposure status.
cAdjusted for sex, age at first AF event, elevation of residence, duration of well development, hypertension, diabetes, and region, interaction between period (before, during,

after development) and exposure status.

FIGURE 3

Hazard ratios with 95% confidence intervals from multi-failure survival analysis with control for total population, patients aged >80 years, and patients
identified as female by distance quartile from oil and gas well development site: HRs of at-risk to controls for an atrial fibrillation event during O&G well
site development compared to before development. HR, hazard ratio; CI, confidence interval.
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during site development, which does not appear to persist past the

well development period. We did not observe increases in AF

exacerbation in younger AF or male patients. Previous studies

indicating that people living near O&G well sites may experience

alterations in vascular function associated with AF (45), heart

failure exacerbation (43), and increased hospitalization for acute

MI (44), as well as exposures to noise and air pollution levels

known to affect cardiovascular health (36) support these results.

These important and biologically plausible findings contribute
Frontiers in Epidemiology 07
further epidemiological evidence that environmental stressors

exacerbate AF.

Air and noise pollution emitted during the development of

O&G well sites potentially impact all individuals residing in the

vicinity of the sites (32). Exposure to noise elicits an acute stress

reaction characterized by autonomic nervous system response,

specifically, increased sympathetic activity (58), which plays an

important role in the initiation and maintenance of AF (59). On

the molecular level, beta adrenergic stimulation triggers an
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intracellular signaling cascade that can lead to intracellular calcium

overload creating a particularly arrhythmogenic environment that

promotes triggered activity. Resulting depolarizations generate

spontaneous ectopy. Simultaneously, enhanced automaticity,

promoted by increased circulating catecholamines, also leads to

focal ectopic atrial activity. Both triggered activity and enhanced

automaticity are believed to be the primary drivers for AF

initiation. This stress reaction has been observed in response to

road traffic noise (60); thus, it is plausible that exposure to

stressful noise levels may induce AF in susceptible individuals.

Additionally, alterations in autonomic tone, inflammation,

oxidative stress, and changes in intracardiac filling pressures are

known triggers for AF (58, 61–68) and are reported in response

to PM2.5 exposure (15, 18, 69–75). Exposure to PM2.5 has been

associated with increased blood pressure and acute alteration in

vascular function, which may contribute to hypertension, an AF

risk factor (1, 73, 76–79).

Interestingly, our results indicate that living near development

of an O&G well site has a greater impact on older and female AF

patients. Other studies also have observed that older adults living in

close proximity to O&G well sites may bear greater health and

mortality risks than younger adults (43, 80). Additionally, prior

studies report that both women and the elderly are at higher risk

of mortality and CV mortality when exposed to elevated PM2.5

levels (81). Our findings may be explained by age- and gender-

related changes in response to physiologic stressors. Significantly

higher levels of cortisol have been observed in women compared

to age-matched men and older vs. younger subjects when

exposed to psychological or cognitive challenges (82). It is

plausible that older subjects spend more time at home, increasing

the duration of exposure (83).

Our observation that AF exacerbation risk does not to persist

past the well development period indicates that the increased risk

is transitory in nature. A transitory increase in AF exacerbation

risk could worsen AF patient acute outcomes, as evidenced by

the increased risk for AF claims associated with an emergency

room visit.

Our study benefited from an efficient design that accounts for

unmeasured confounding, accurate definition of before, during,

and after O&G well site development periods, and the availability

of sequential measures of AF diagnoses and related morbidities in

the COAPCD. Additionally, our temporal control design features

allowed us to account for risk factors that drive AF development

in an accumulating manner and time-varying variables such as

season and regional air pollution events (e.g., wildfires).

Nonetheless, our study had some limitations. While our CITS

design allowed us to account static environmental stressors and

time varying environmental stressors a the regional level, it did

not account for changing environmental stressors a the local level

that may have occurred during the follow up period,, such as

construction activities and development of other O&G well sites

further than the closet site,. This may have biased result towards

or away from the null. Assuming the street address in the

COAPCD is the residential address and the possibility for change

of residence in our study cohort may introduce exposure

misclassification. However, our sensitivity analysis on patients for
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whom we could confirm the street address over the follow up

period indicates that exposure misclassification from change in

residential address had little effect on our results (Supplementary

Material Table S6). It also is possible that some AF and co-

morbidity claims were misdiagnosed. Our claim review

confirmed that most (91%) patients had plausible AF diagnoses,

with similar results for at-risk and control patients. Thus, this is

mostly a concern for null results. Not all AF incidents may result

in an COAPCD claim and not all AF patients are included in

the COAPCD. Therefore, our results, may underrepresent the

true incidence of AF. This too is mostly a concern for null

results. It is important to appreciate that our outcome is an AF

claim in the COAPCD and not new onset AF. Therefore, our

results apply to the prevalence of AF. Because we did not include

AF patients with addresses that could not be geocoded, our

results may not be generalizable to the whole Colorado AF

patient population. Because noise and air pollution measures

were not available for this retrospective study, we could not

elucidate specific associations between noise or air pollution and

AF. Because the COAPCD includes only 65% of Colorado’s

population, our results may not represent the 35% of Coloradans

that are uninsured or privately insured.

The prospect that proximity to O&G well site development, a

significant noise and air pollution source, increases AF exacerbation

risk requires attention. Health care providers should be aware of

the increased risk for AF during O&G well site development for

their older and female patients and provide appropriate patient

education to help mitigate risk. Additionally, these findings support

development of mitigation strategies and regulations to protect the

health of populations living near O&G well sites. While this study

advances understanding on relationships between residential

proximity to development of O&G well sites and AF exacerbation,

a future prospective cohort study that can follow populations for

AF over the course of O&G well site development will be necessary

to understand the etiological relationships between specific

environmental stressors, such as noise and air pollution, and

incidence and severity of AF events.
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TECHNICAL PAPER

Evaluation of gas well setback policy in the Marcellus Shale region of
Pennsylvania in relation to emissions of fine particulate matter
Zoya Banan and Jeremy M. Gernand

Department of Energy and Mineral Engineering, Pennsylvania State University, University Park, PA

ABSTRACT
Shale gas has become an important strategic energy source with considerable potential economic
benefits and the potential to reduce greenhouse gas emissions in so far as it displaces coal use.
However, there still exist environmental health risks caused by emissions from exploration and
production activities. In the United States, states and localities have set different minimum
setback policies to reduce the health risks corresponding to the emissions from these locations,
but it is unclear whether these policies are sufficient. This study uses a Gaussian plume model to
evaluate the probability of exposure exceedance from EPA concentration limits for PM2.5 at
various locations around a generic wellsite in the Marcellus shale region. A set of meteorological
data monitored at ten different stations across Marcellus shale gas region in Pennsylvania during
2015 serves as an input to this model. Results indicate that even though the current setback
distance policy in Pennsylvania (500 ft. or 152.4 m) might be effective in some cases, exposure
limit exceedance occurs frequently at this distance with higher than average emission rates and/
or greater number of wells per wellpad. Setback distances should be 736 m to ensure compliance
with the daily average concentration of PM2.5, and a function of the number of wells to comply
with the annual average PM2.5 exposure standard.

Implications: The Marcellus Shale gas is known as a significant source of criteria pollutants and
studies show that the current setback distance in Pennsylvania is not adequate to protect the
residents from exceeding the established limits. Even an effective setback distance to meet the
annual exposure limit may not be adequate to meet the daily limit. The probability of exceeding
the annual limit increases with number of wells per site. We use a probabilistic dispersion model
to introduce a technical basis to select appropriate setback distances.
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Introduction

During the past decade, shale gas development has
become more economical due to recent technological
achievements (Jacoby, O’Sullivan, and Paltsev 2011).
Many consider natural gas to be a bridging fuel toward
a cleaner energy system, which allows the electrical gen-
eration system to continue using fossil-based infrastruc-
tures and helps to reduce greenhouse gas emissions
through the displacement of coal use. Shale gas can
also provide an improvement in public and occupational
health, and can reduce average environmental impacts
from energy production as it replaces coal-produced
electricity (Jenner and Lamadrid 2013). The United
States holds large reserves of shale gas, so exploitation
of this resource is expected to continue for many dec-
ades. Some of the most famous reserves are the Barnett
Shale in Texas, the Denver–Julesberg Basin in Colorado,
and the Marcellus Shale in the northeast. Shale gas

production in Pennsylvania started in 2007 and
increased to more than 4 trillion cubic feet in 2014
(EIA—Shale gas production 2016). According to the
Energy Information Administration (EIA),
Pennsylvania possesses 56.2 trillion cubic feet shale gas
proved reserves in 2014 (EIA—Shale gas proved reserves
2016). Thus, continued exploitation is expected.

However, shale gas exploration activities can influ-
ence local air quality. While vertical drilling is usually
enough to get to the conventional gas reservoirs, shale
gas development requires a combination of vertical and
horizontal drilling that adds up to a length considerably
longer than a conventional wellbore. Also shale oil and
gas development needs hydraulic fracturing by means
of high-pressure fluids to create fractures down the
wellbore and into the target rock so that the oil or gas
flows out (Ogoke et al. 2014; Vidic et al. 2013). Thus,
shale gas development causes a larger number of
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engines to run over a longer period of time. Application
of large diesel-powered equipment or gas turbines dur-
ing exploring (i.e., drilling and hydraulic fracturing)
stages and also the use of diesel trucks for transporta-
tion can affect the air quality within the vicinity of the
well site and even farther downwind. Even though the
emissions from shale gas production can be offset by
the decrease in the emissions due to replacing fuels like
coal by natural gas at the end use (Pacsi et al. 2013),
these emissions can cause severe health issues within
local areas around shale gas development sites.

This analysis presented here would apply to oil wells as
well if it required a similar operation time. However, in
the Marcellus region, unconventional gas wells predomi-
nate. Coal mines and other permanent or long-term
energy-related installations require more extensive review
of their environmental impacts by federal, state, and local
authorities than short-term drilling and fracturing opera-
tions that last only a fewweeks. It is our implication in this
paper that the temporary effects due to gas or oil drilling
with hydraulic fracturing may exceed expectations and
the mitigating effects of the existing setback policy may
not be sufficient in some cases.

Emissions from shale gas activities are mainly char-
acterized to be volatile organic compounds (VOCs),
nitrogen dioxide, sulfur dioxide, and particulate matter
(Shonkoff, Hays, and Finkel 2014; Zielinska, Fujita, and
Campbell 2011). These pollutants can cause acute dis-
eases, such as respiratory symptoms, lung and heart
diseases, and chronic health impacts, such as cancer
(Adgate, Goldstein, and McKenzie 2014; Kelly and
Fussell 2012). Therefore, public concern exists regarding
hazardous air pollutants (HAPs) associated with uncon-
ventional gas development activities (Olaguer 2012). The
U.S. Environmental Protection Agency (EPA) has set
National Ambient Air Quality Standards (NAAQS) that
regulate standards on concentrations of criteria pollu-
tants, namely, carbon monoxide (CO), lead (Pb), ozone
(O3), particulate matter (PM), nitrogen dioxide (NO2),
and sulfur dioxide (SO2). While development of each gas
well might require a relatively short period of time, and
the environmental health effect would be expected to be
small, the unprecedented expansion of activity in regions
such as the Marcellus Shale, with thousands of new wells
drilled each year, could mean that the impact is more
significant than would be accounted for with a single-
well analysis.

On the other hand, different states have set setback
policies in order to reduce the corresponding health risks
to people due to emission concentrations higher than
standard within the vicinity of shale gas well sites.
Setback policy regulates the minimum distance required
between occupied buildings or occupied outdoor areas

and the site of the gas well. Nevertheless, Fry (2013)
finds that there was no technical basis in the designation
of setback distances in 26 municipalities in the Dallas–
Fort Worth Metroplex, Texas. Most of these setback
distances are set through a compromise among govern-
ments, the regulated community, environmental and
citizen interest groups, and landowners (Haley et al.
2016). According to the section 3215 of 2015
Pennsylvania Consolidated Statutes (58 PA Cons Stat §
3215), the existing setback limit from residential build-
ings is 152.4 m (500 ft) in case of an unconventional gas
well. Haley et al. (2016) investigates the sufficiency of
current setback distances in Texas, Pennsylvania, and
Colorado using VOCs emission measurements taken
by others. Based on these evaluations, the authors sug-
gest that the current setback requirement in the
Marcellus Shale of Pennsylvania is not sufficient to
maintain human exposure below the established limits
for benzene and hydrogen sulfide (Haley et al. 2016).

A few extant studies are dedicated to modeling the
dispersion of hazardous pollutants originated from oil
and gas activities (Olaguer 2012; Rodriguez, Barna, and
Moore 2009). Olaguer (2012) simulated ozone concen-
tration using an average wind speed (4.8 m/sec) and
direction (southwest) at 1 p.m. CST at Fort Worth, TX,
in June 2011 by means of an Eulerian air quality model.
However, as such results correspond to specific wind
speed and direction from the source, they are not qua-
lified to be generalized to all cases (i.e., different well site
patterns and different locations within the same distance
as the evaluated ones). Therefore, this serves as a limita-
tion in evaluating the current setback policies.

Other relevant studies conducted for shale gas areas
are mainly focused on modeling ozone, VOCs, and NOx

dispersion, and very few are aimed at modeling PM
concentration (Olaguer 2012; Rodriguez, Barna, and
Moore 2009). Rodriguez, Barna, and Moore (2009) eval-
uated changes in concentration of ozone originated due
to oil and gas development in the western United States
within a 36-km grid using the Eulerian dispersion model
CAMx. This study used CAMx as a chemistry transport
model to simulate ozone formed through chemical reac-
tion of NOx and VOCs. Results of Rodriguez, Barna, and
Moore (2009) indicate that based on background level of
ozone concentration in the western United States,
reported between 40 and 70 ppb, ozone concentration
level caused from oil and gas activities might lead to
exceedance of the EPA ozone standard. However, to the
best of our knowledge, current literature lacks a robust
modeling of PM emission distribution associated with
shale gas activities.

Different modeling tools have been used for disper-
sion simulation at different scale. Touma et al. (2006)
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introduced Eulerian dispersion models as a grid-based
regional scale tool that is capable of treating transport
and chemical transformation of air toxics. These mod-
els are suitable for modeling the formation and trans-
port of ozone, acid rain, and PM. However, the article
argues that these models are not appropriate for simu-
lating the air toxics with local impact when finer spatial
resolutions are required. Air toxics modeling of pollu-
tant emissions can be demonstrated at four spatial
scales: national, regional, urban, and local. National-
scale estimates mainly aim to characterize the average
risk across the country that the general population
might face and to give a better picture of the toxic air
problem. On the other hand, local-scale models, such as
the approach this paper presents, can help demonstrate
concentration level and exposure risks very close to
specific sources or within their neighborhood. Also,
some studies investigate emission level changes at
regional scale, such as Roy, Adams, and Robinson
(2014), which simulates regional PM2.5, NOx, and
VOCs emission rates from the Marcellus region under
2009 conditions and for the case of emission control
technologies application.

One main and critical input to such dispersion model-
ing tools is known to be the emission rate. Emissions
during the shale gas development process mainly origi-
nate from diesel engines (Roy, Adams, and Robinson
2014), and therefore, evaluation methods are designed
based on analysis of these engines. In 1972, EPA pub-
lished a list of emission factors, required for developing
air pollutants emission inventories, in an online docu-
ment titled AP-42 (Compilation of Air Pollutant
Emissions Factors 1972). Efforts have been made to
amend the listed emission factors in AP-42. Shah et al.
(2004) did several on-road measurements and laboratory
analysis of samples from diesel engines to make an esti-
mate of PM, elemental carbon (EC), and organic carbon
(OC) emissions from these engines. Using the factors
provided by AP-42, Roy, Adams, and Robinson (2014)
developed an emission inventory of NOx, VOCs, and
PM2.5 frommajor activities inMarcellus Shale gas regions
specifically located in Pennsylvania and portions of West
Virginia and New York.

The goal of this study is to evaluate the minimum
necessary distance from a Pennsylvania shale gas well
site to avoid local exceedance of the air quality stan-
dards for particulate matter, considering the variety of
the numbers of wells per site in addition to variable
emissions rates during drilling and hydraulic fractur-
ing. By employing an emissions dispersion model
across the range of meteorological conditions expected
in Pennsylvania for any future Marcellus shale gas well,
this study calculates the probability of exceeding EPA

NAAQS for PM2.5 at various distances and directions
from a generic well site, and compares these results to
the current setback policy.

Methodology

Data sources

Wind data comprising wind direction, wind speed, and
relative humidity, measured at 10 weather monitoring
stations in Pennsylvania all through the year 2015,
served as an input to the emissions dispersion model.
These stations are Altoona–Blair County Airport,
Allegheny County Airport, Bedford Regional Airport,
DuBois Regional Airport, Erie International Airport,
Port Meadville Airport, Johnstown–Cambria County
Airport, Pocono Mountains Municipal Airport, Penn
Valley Airport, and Pittsburgh International Airport.
These stations are located in the areas where
Marcellus Shale gas development activities have
occurred since year 2000. The wind data were accessed
through Iowa Environmental Mesonet (IEM 2016).
IEM reports wind data for every 20 min at specific
locations. Here, we used only one wind speed and
direction measurement per hour, based on the mean
values if multiple measurements were available or based
on the only existing measurement for each hour if
measurements were missing.

For the purpose of this study, we define a generic
well site that would represent any well site in the
Marcellus Shale region of Pennsylvania. We generate
multiple cases so that each of them considers the well
site to be located closer to one of the monitoring sta-
tions. For each case, we used measured wind data at the
closest monitoring station to model the emission dis-
persion from development of the well site.

EPA’s latest NAAQS (National Ambient Air Quality
Standards 2012) set the annual primary and secondary
standard levels for PM2.5 as 12 µg/m3 and 15 µg/m3,
respectively, and the daily standard for both of them to
be equal to 35 µg/m3. According to EPA, primary
standards provide public health protection while sec-
ondary standards provide public welfare protection.

For the purpose of this analysis, we base our estima-
tion of the PM2.5 emission rate at well sites on estimated
PM2.5 emission rate by Roy, Adams, and Robinson
(2014) over 1 year for each well. This study estimated
the mean and 95% confidence interval for PM2.5 emis-
sion rate from drilling and hydraulic fracturing of one
shale gas well to be equal to 0.3 (0.03—1) tons/yr well
drilled and 0.16 (0.03–0.4) tons/yr well drilled, respec-
tively. Roy, Adams, and Robinson (2014) estimated
emission rates based on emission factors reported by
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EPA’s inventory models (AP-42) and other literature for
diesel engines with size similar to that of Marcellus drill
rig engines and fracturing pumps. Also they performed a
Monte Carlo approach to quantify the emission factors
and other variables of the emission equations (e.g.,
engines’ horsepower, load factor, number of fracking
stages, etc.) using each variable specific distribution; for
variables with rich data sets, such as emission factors,
Roy, Adams, and Robinson (2014) took advantage of
distribution of actual data, but triangular and uniform
distribution was used in case of an input with limited
data sets.

We estimated the hourly rate of PM2.5 emission from
one single well using the reported 95% confidence interval
by Roy, Adams, and Robinson (2014). First, according to
interviews with unconventional gas development experts
and also the discussion by Ogoke et al. (2014), we set the
time frame at 14 days for drilling and 9 days for hydraulic
fracturing of one shale gas well. Then, based on these time
periods and annual emission rates by Roy, Adams, and
Robinson (2014), we calculate the 95% interval for hourly
rate of PM2.5 emission during drilling and hydraulic frac-
turing of one well to be 0.81 (0.09—2.7) kg/hr and 0.67
(0.14—1.68) kg/hr, respectively. Last, we applied the
values corresponding to mean and high (97.5th percentile
value) emission rate levels in order to generate an over-
view of the concentrations and also to give an estimate of
a likely and conservative considerations regarding limita-
tion of health risks.

Use of a median value for emission rate would be a
better choice to estimate the most likely emissions, as
the mean is influenced more by extremes and outliers.
However, there are limited data on emission rate mea-
surement, and Monte Carlo results by Roy, Adams, and
Robinson (2014) do not include the exact value for the
median. From the cumulative distribution functions
provided by Roy, Adams, and Robinson (2014), the
median value for emission rate is approximately 0.54
kg/hr for both drilling and hydro fracking, which is
equal to 67% and 81% of the respective mean values.
Sensitivity analysis on the effect of displacement of
mean emission rate level by the median on necessary
minimum distances to meet the standards is discussed
in the supplemental file to this paper.

Generally, particulate matter is known to be made
up of a number of components, including acids (such
as nitrates and sulfates), organic chemicals, metals, and
soil or dust particles (World Health Organization
2003). To estimate the composition of emissions asso-
ciated with shale gas activities, many reports on local
emission analysis and also on composition of emission
from different types of sources were reviewed (Corbett
and Abruzzo 2014; EPA National Emissions Inventory

[NEI] 2014; Zielinska, Fujita, and Campbell 2011). This
study considers particulate matter composition to be
45% elemental carbon (EC), 35% nitric acids, and 20%
ammonium nitrates. Sensitivity analysis on the effect of
PM2.5 composition on necessary minimum distances to
meet the standards is discussed in the supplemental file
to this paper.

A Gaussian plume model assumes that no chemical
reaction occurs with the dispersed particles involved.
However, the increase in relative humidity causes the
particle size to increase by a factor that depends on the
dry particle size, particle type, and also level of humid-
ity (Gopoch, Burk, and Davidson 1980; Martin and
Finlay 2005; Sinclair, Countess, and Hoopes 1974;
Winkler 1988). For example, Popovicheva et al.
(2008a) shows that based on the hydrophobic or hydro-
philic nature of soot particles, one particle can uptake
one to eight monolayers of water on its surface. For
particles in the form of aqueous droplets, studies took
advantage of Kohler theory to estimate the changes to
particles diameter as a result of interaction with water
(Akpootu and Gana 2013; Petters and Kreidenweis
2007). As a result of change in the particle size, relative
humidity affects aerosol concentration (Gopoch, Burk,
and Davidson 1980). Since elemental carbon has a
smaller molecular weight than the other types of
PM2.5 particles, the influence of water uptake through
adsorption and absorption (Popovicheva et al. 2008b)
on the particle concentration can be more significant.

Model

Air pollution models are powerful tools to quantify the
relationship between emission rate and changes in
ambient concentration. As it is not feasible to measure
pollutant concentration at every single location, these
models are becoming more indispensable for regulatory
and research applications. Touma et al. (2006) dis-
cussed two major types of air quality models, namely,
local-scale (source-based) dispersion models and a
regional-scale (grid-based) chemical transport model.
For the purpose of this research, the simulation method
is a Gaussian plume model, the basic method used to
estimate concentration in local-scale models. Our
model treats the shale gas well site as a point source
of emission and simulates the dispersion of emissions
from development activities for every hour. Thus, it
allows for probabilistic evaluation of concentration
exceedance of EPA NAAQS through consideration of
all possible time periods and multiple locations. The
output of this model is a probability map of concentra-
tions, rather than a concentration map. Also, our code
makes it easier to track the trend of concentration
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changes downwind of specific wind directions and per-
form the sensitivity analysis on different variables and
inputs, such as wind data and emission composition.

The PM2.5 emissions predominately come from die-
sel engines located at the site. Fugitive dust, mineral
dust from proppant handling, and emissions from
delivery trucks and related vehicles have not been
included. While the most accurate representation is
that these diesel engines are an array of point sources
located close to the center of the well site, rather than a
single point source, the configuration of this array and
its relationship to the specific location of the well are
not consistent from site to site. Since the effect of
interest is the concentration of PM2.5 at distances
greater than 152.4 m (500 ft) from the well location,
we consider it a reasonable simplifying assumption to
locate all emissions at the center of the activity.

Gaussian plume model is a governing advection–
diffusion equation, mainly used over a short range
(within 50 km), describing the movement of pollutants
in the atmosphere. This model uses the average wind
characteristic data (speed and direction) over a specific
period of time and its output is an average estimation
of the pollutants concentration at specific location(s).

Gaussian plume equation is as shown in eq 1:

C x; y; z; tð Þ ¼ Q
2πuσyσz

exp � y2

2σ2y

 !

exp �
z �Heff
� �2

2σ2z

 !
þ exp �

z þHeff
� �2

2σ2z

 !" #

(1)

where C is the substance concentration as a function of
x, y, z, and time (t), x is the distance downwind from
the stack, y is the crosswind distance from the plume
centerline, z is the vertical distance from the ground
level, Q is the source emission rate, u is the average
wind speed at stack height, σy is dispersion coefficient
in the crosswind direction, σz is dispersion coefficient
in the vertical direction, and Heff is the effective stack
height.

To calculate σy and σz values, the Briggs' formula tabu-
lated by Arystanbekova (2004) is used. Roughly, stability
class of moderately unstable is defined for simulations
associated to weather data measured each day between 5
am to 8 pm. Stability class of slightly stable considered in
generating simulation result based on weather data mea-
sured between 8 pm to 5 am daily. Stability is a function of
wind velocity and sky cloudiness (Arystanbekova 2004).
However, there was limited type of data on the sky cloudi-
ness that could serve as an input to the model. We defined
the stability based on distribution of monitored wind

velocity values at the mentioned weather stations during
day andnight hours. Based on thewinddata, almost 75%of
the measured wind velocity values lie within the range of 2
to 5 (m/s) wherein choosing stability status of moderately
unstable during day and slightly stable during night sounds
reasonable. About 20% of the hourly measured wind velo-
cities were beyond 5 (m/s) that in average implies neutral
stability class during day and night (Arystanbekova 2004).
In case of neutral stability the calculated downwind con-
centration would be higher versus moderately unstable
status and lower versus slightly stable status. As the model
output is an average of concentrations at all hours, con-
sideration of the same stability as the ones defined for 75%
of the hours for the hours wherein wind velocities were
beyond 5 (m/s) would be a reasonable approximation in
overall.

The assumption of a zero stack height is conservative.
Emissions of PM2.5 from shale gas development mainly
originate from diesel engines (Roy, Adams, and Robinson
2014), which are located at the ground level. These engines
have a variety of configurations, and do not all emit exhaust
at the same height. In this study Heff is set to zero.
Sensitivity analysis on the effect of Heff on necessary mini-
mum distances to meet the standards is discussed in the
supplemental file to this paper.

The presence of any structures around the emission
source could affect the concentrations in the near-field.
Some modeling tools try to treat the downwash due to
presence of buildings and other structures, but there
seem to be overpredictions and underpredictions
involved (Peterson and Beyer-Lout 2012; Peterson,
Guerra, and Bova 2017). However, shale gas develop-
ment activities typically occur in the rural areas where
the probability of existence of such structures within
very close vicinity of a well site is low. Thus, as the goal
of this work is to provide a generic evaluation of shale
gas development effect on the local air quality, we
assume that there is no such structure within the vici-
nity of the generic well site.

In this study, the Gaussian plume model was
implemented with MATLAB to simulate PM concen-
trations. The original model code, developed by Paul
Connolly from the University of Manchester
(Connolly 2014), used eq 1 with consideration of
one constant value for wind speed and direction.
We have modified this code in order to consider
the role of time in emission dispersion procedure
by taking hourly wind speed and direction measure-
ments as an input for any period of time, instead of a
single value. The modified implementation considers
the emission characterization (aerosols size, molecu-
lar mass, density, etc.), the effect of humidity on
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aerosols concentration, and the change in atmosphere
stability at different hour of the day. The code simu-
lates all possible cases and provides the probabilistic
evaluation of cases wherein exceedance from concen-
tration standards occur.

Analysis

In this study, we assess emission concentrations to
determine the minimum distance from the source that
is required for an occupied area to be located in order
to not experience any exceedance from PM2.5 concen-
tration standards. To ensure that conditions across the
Marcellus region were represented, wind data from 10
selected monitoring stations in the state of
Pennsylvania are used. These stations are selected as
to be located close to Marcellus Shale gas development
areas in Pennsylvania. Bootstrapping was used to com-
plete the wind data for missing hourly measurements.

Even though Gaussian plume models may be an
appropriate modeling tool for long distances (typically
within 50 km from the source) (Touma et al. 2006),
wind profiles might change over this distance.
However, this analysis did not extend the calculated
dispersion beyond 5 km. In this steady-state model, it
is assumed that wind speed and direction are constant
within the vicinity of the well site where concentrations
are modeled on an hourly basis. Moreover, we set the
goal of this work to demonstrate just the role of shale gas
development on the quality of the ambient air within
vicinity of the well sites. Thus, the calculated concentra-
tions in the model only originate from drilling and
hydraulic fracturing activities at the well site, and back-
ground concentrations are not considered. This assump-
tion also implies that no accumulation of emissions is
presumed from hour to hour.

Background emission concentrations are those gener-
ated from other natural and anthropogenic sources such
as motor vehicles on the road, factories, and other dis-
tant emission sources. EPA provides PM2.5 summary
data reports for individual monitoring sites at different
counties and cities in Pennsylvania (EPA 2017a, 2017b).
According to these air quality reports, background con-
centration at different locations in Pennsylvania in 2015
took annual average values within the range of 5.9 to
13.8 μg/m3 with a mean of 10.3 μg/m3 and daily average
values within the range of 0 to 63.5 μg/m3 with a mean
of 10.3 μg/m3. However, these values are not available at
the locations within the vicinity of most of the developed
shale gas well sites.

Even though the background concentration has an
important impact on defining the setback distance in
more polluted areas, consideration of an average value

introduces more uncertainty into the results due to
underestimation or overestimation at different loca-
tions. Therefore, the model output becomes a less com-
prehensive representative of the changes in the air
quality due to shale gas activities.

The model produces hourly PM2.5 concentrations at
all locations within the vicinity of a representative shale
gas well site over the drilling time period. The appro-
priate time frame is defined based on the number of
wells on the well pad. Using the wind data from 10
stations available for every hour during January 1, 2015,
to December 31, 2015, the code generates arrays of PM
concentrations indicating the locations where excee-
dance of EPA NAAQS occurs on a probabilistic basis.

Exceedance plots are generated based on two time-
averaging approaches: annual and daily concentration
averages. To calculate the percentage of exceedance
occurrence based on annual average concentration,
first, all the possible drilling time periods during a year
are identified based on number of wells per well site.
Then, using every set of wind data (from the 10 weather
monitoring stations), the annual average concentration
is modeled for all the plausible time periods during a
year. Thus, the percentage of exceedance is defined to be
equal to the percentage of the times that the annual
average concentration at each direction exceeds the
annual standard, i.e., 12 μg/m3 for PM2.5.

To plot the safe area boundary based on daily average
approach, first the average aerosol concentration is calcu-
lated using the wind data for every 24 hr. Then, the percen-
tage of exceedance is defined to be equal to the percentage
of days that daily average concentration at each direction
exceeds the daily standard, i.e., 35 μg/m3 for PM2.5.

By definition, compliance with EPA’s PM2.5 annual
standard of 12 μg/m3 is calculated by averaging the
annual mean concentrations over three consecutive
years. Also, compliance with EPA’s PM2.5 daily stan-
dard of 35 μg/m3 is determined by calculating the 98th
percentile of all 365 daily averages each year, and then
averaging together three successive years’ 98th percen-
tiles. However, shale gas development well sites are
temporary point sources of emissions that usually
exist for significantly less than a 3-year period of
time. We set the purpose of this work to perform an
evaluation that is favorable from a public health point
of view and to provide a critique of current policy,
instead of establishing violations of existing regulations,
to avoid any exceedance experience of annual and daily
standards of PM2.5. For the rest of this paper, we
investigate any case wherein one year average concen-
tration exceeds the annual standard and any case
wherein one day average concentration exceeds the
daily standard.
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Results

Annual average concentration of PM2.5 emissions was
modeled at radial distances from the representative well
site using the wind data records in 2015. Figure 1
depicts boundaries of areas where concentrations
exceed the annual standard 5% and 0% of the times
based on annual averaging for two cases of well pad
comprising of one well and six wells. Results are
demonstrated for the two emission rate levels, mean
(0.81 kg/hr for drilling and 0.67 for hydro fracking) and
high (2.7 kg/hr for drilling and 1.68 for hydro fracking).
The current Pennsylvania’s residential setback distance
(500 ft or 152.4 m) from the shale gas well is displayed
by the red-dashed circle. To calculate the annual aver-
age concentrations, one to six wells per well site were
considered based on the permit records from Marcellus
Shale gas development in Pennsylvania (Department of
Oil and Gas Reporting website 2016). Figure 2 depicts
the histogram of number of permitted wells per well
pad in Marcellus Shale region of Pennsylvania in 2015.

While exceedance of the annual standard is unlikely to
occur at the current setback distance in case of a well pad
with a single well, the probability of exceeding this standard
increases with a greater number of wells. For example, a

typical well pad comprising of six wells can cause excee-
dance occurrence at a specific location with respect to the
well site even at mean expected emission rate. Figure 1c
shows that for a typical well pad consisting of six wells, a
residential area must be located at least 67–158 m away
from the center of the well pad, depending on the compass
direction, to be certain of no exceedance of annual standard
at mean emission rate. This distance range increases to
121–291 m at the high emission rate (Figure 1d). The 95%
confidence intervals for the minimum safe distance range
from awell pad with six wells are 62–137m (Figure 1c) and
113–248 m (Figure 1d) at mean and high emission rates,
respectively.

As a clarification, for instance, to generate the plot
presented in Figure 1a, the time period to develop one
well is equal to 23 days: 14 days for drilling and 9 days
for hydraulic fracturing. For all possible 23-day contig-
uous time periods during the year 2015, we collected
wind data from each of the 10 available measurement
sites. For each time period, we modeled concentrations
within the vicinity of a generic well site and set con-
centrations on remaining days to 0 in 2015, and calcu-
lated the annual average concentration for that specific
case. We repeated these calculations for all the plausible
time periods. At the last step, we identified the

Figure 1. Distance from well pad to maintain safe level of concentration based on EPA’s PM2.5 annual concentration standard, for the
cases: (a) one well at mean emission rate, (b) one well at high emission rate, (c) six wells at mean emission rate, and (d) six wells at
high emission rate. The emission source is assumed to be located at the origin. The dashed circle indicates the locations at the
current Pennsylvania setback limit (500 ft or 152.4 m) from the source.
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locations where exceedance of EPA’s annual concentra-
tion standard occurs in 5% of the sets of results.

These results indicate the effect of changes in number of
wells and emission rates on the minimum residential dis-
tance required for no exceedance with the probability of
higher than 5%. According to Figure 1, the south and
southeast wind directions are the ones that imply the farth-
est safe distances from the source. Figure 3 presents the
trend of change in safe distance values versus number of

wells corresponding to the south wind direction for two
levels of emission rate.

Results indicate that in case of one well per well site,
occupied areas should be located no closer than about
67 m away at mean emission rate and about 122 m
away at the high emission rate in order to not experi-
ence any concentration above EPA’s annual standard.
Thus, Pennsylvania’s setback distance seems to be effec-
tive for these cases. However, these distances are a

Figure 2. Histogram of number of permitted wells per well pad in Marcellus shale region of Pennsylvania in 2015; 93% of the well
pads contain 6 wells or fewer.

Figure 3. Minimum distance versus number of wells to meet annual concentration standard at the north of the source (south wind
direction) for the cases: (a) mean emission rate, and (b) high emission rate. The dashed line indicates the current Pennsylvania
setback limit (500 ft or 152.4 m).
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function of the number of wells per site (more wells
means longer drilling and fracturing periods), and the
necessary distances are found to be equal to at least
158 m at mean emission rate and about 291 m at high
emission rate in the case of six wells per well site.

Figure 4 demonstrates boundaries of areas where
exceedance of daily standard on PM2.5 occurs 5% and
0% of the times. Results are demonstrated for the two
emission rate levels, mean and high. Again, the current
Pennsylvania residential setback distance (500 ft or
152.4 m) from the source is presented by the red-
dashed circle. Figure 4 demonstrates that in order to
meet the daily standard, residences must be at least
272–371 m away from the generic well pad, depending
on the compass direction, for the mean emission rate.
This distance range increases to 530–736 m for the high
emission rate. In order to not experience any concen-
tration exceedance more than 5% of the time, the
corresponding minimum distance requirements from
the generic well pad are 101–208 m and 189–407 m
for mean and high emission rates, respectively.

The simulations indicate that the minimum distance
of at least 371 m in case of mean emission rate and the
minimum distance of at least 736 m in case of high

emission rate is required in order to be certain of no
exceedance occurrence of the daily standard.

Results from this simulation indicate that at mean
emission rate, the highest probability of concentration
exceedance at 152.4 m (500 ft) from annual limit is 3%
for the case of a well pad with six wells. This value
increases to 87% at high emission rate for the same
number of wells. The locations that these percentage
values represent are reported in Table 1.

Discussion

While Roy, Adams, and Robinson (2014) discuss the
regional contribution of PM2.5 emissions alongside
NOx and VOCs originated from Marcellus development
in Pennsylvania, they indicate a relatively moderate
PM2.5 contribution when averaged across the region.
These results, however, help to shed light on the more
significant, though heterogeneous, local effects that
occur at specific locations in the vicinity of well sites.

Arguments by Haley et al. (2016), based on their eva-
luation of current setbacks efficiency, support the fact that
at the current setback distance in Pennsylvania, people are
not protected from potential health effects of VOC

Figure 4. Distance from well pad to maintain safe level of concentration based on EPA’s PM2.5 daily concentration standard, for the
cases: (a) mean emission rate, and (b) high emission rate. The emission source is assumed to be located at the origin. The dashed
circle indicates the locations at the current Pennsylvania setback limit (500 ft or 152.4 m) distance from the source.

Table 1. Probability of concentration exceedance of annual concentration standard at 152.4 m (500 ft) in case of a well pad with six
wells.

Mean emission rate High emission rate

Probability levels of concentration exceedance Percentage (%) Wind direction Percentage (%) Wind direction

Lowest 0 All except for south to south-southwest 0 North to north-northeast
East-northeast to east

Highest 3 South to south-southwest 87 South to south-southwest

Notes. Values indicate the direction and the percentage of the time that concentrations exceed the annual standard at that direction for mean and high
emission rate, at the current setback limit of 152.4 m (500 ft); e.g., there is a residential located on the “S–SSW” wind direction path that experiences the
annual standard exceedance 87% of the time.
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emissions. Similarly toHaley et al. (2016), the results from
this analysis imply that the current Pennsylvania setback
limit for natural gas wells is not sufficient to ensure
inhabited areas meet the EPA’s PM2.5 daily standard and
it is not sufficient to guarantee no exceedance of annual
standard for sites with multiple wells per pad. A mini-
mum distance of at least 736 m (about 2400 ft) is required
in order to ensure concentrations less than EPA’s daily
average PM2.5 standard. Even at this distance, there is still
a slight chance that exceedance of daily standard occurs.
The emission rates used in this simulation process are the
ones reported by Roy, Adams, and Robinson (2014) as the
95% confidence interval for PM2.5 emission rate.
Therefore, even at the suggested setback distance, there
is still a probability of 2.5% of experiencing emission rates
that would cause exceedance of concentration standards.

Roohani et al. (2017) predicts the regional ozone and
PM2.5 concentration using the modeling tool CAMx over
a 36 km × 36 km grid resolution under three different
scenarios that are defined based on three levels of shale
gas development activities in 2020. Results by Roohani
et al. (2017) demonstrate a relatively small change in the
mean annual PM2.5 concentration due to shale gas activ-
ities under the three scenarios at regional scale (0.1–
0.4 μg/m3). However, our results find these changes to
be more significant at local scale as a result of different
densities of shale gas activities. For instance, we find the
increase in the mean annual PM2.5 concentration of a
residential located at 152.4 m distance to the north of a
well site comprising 6 wells to get up to about 20 and
60 μg/m3 at mean and high emission rates, respectively.

The current Pennsylvania setback limit is in fact suffi-
cient to protect occupied areas from exceedance of the
annual standard assuming mean emission rates. However,
the requireddistance in this case is a function of the number
of wells located at the site. Setback distances from natural
gas development should take the density of that develop-
ment into account, as currently known regulations use the
same distance regardless of the number of wells—the num-
ber of wells being a proxy for the length of time that high
intensity activities will be occurring at the site. Given that
the main risks from PM2.5 exposure are chronic diseases
such as cancer and heart disease (Lepeule et al. 2012), it
would be prudent to treat the concentrations above the
average annual concentration standard as a higher priority.
Even assuming average emission rates, the current setback
policy is insufficient for sites with more than five wells, and
for high emission rates, the current setback distance is only
sufficient for a single well per pad.

A limit of no more than one well per well pad would
serve to ensure no exceedances of the annual average
PM2.5 standard occurred assuming 95th percentile emis-
sions of PM2.5. Review of permit data sets through

2001–2015 (Department of Oil and Gas Reporting web-
site 2016) shows that a significant percentage of developed
well pads have hadmore than one well per pad (e.g., 7% of
sites in 2015 had more than 6 wells; see Figure 2). A limit
on the number of wells per pad should be accompanied by
study on the economic and environmental trade-offs
required, but such information is not currently available.

The increase of setback distances for natural gas dril-
ling would likely make some parts of the Marcellus Shale
inaccessible to gas recovery, at least temporarily.
However, as technology continues to stretch the max-
imum lateral lengths possible, this may not remain a
restriction. As drilling costs related to increasing lateral
lengths are proprietary, it is not possible to evaluate the
impact of increasing setback distance on them. In
Pennsylvania, most new drilling activities occur in spar-
sely populated areas of the commonwealth, so it may be
possible to adopt increased setback distances without
significant impact, especially considering the fact that
they would be temporary restrictions. However, this is
unlikely to be the case in more densely populated areas
like Allegheny County, which contains the city of
Pittsburgh and related suburban communities. The eco-
nomic effects of such a change are not expected to be
exclusively negative, however, as increasing distance
from a well has been associated with increasing property
values (Boxall, Chan, and McMillan 2005).

Application of increased setback distance standardsmay
not be quite sufficient by itself to provide human health
protection (Haley et al. 2016). There are alternative policies
to consider in lieu of increasing setback distances. It would
be possible to maintain the current setback distance of
152.4 m (500 ft) in Pennsylvania if policymakers set a cap
on the PM2.5 emissions rate from these sites at 0.165 kg/hr.
This value represents an emission rate of only 20% and 25%
of the mean emission rate used in this analysis for drilling
and hydraulic fracturing, respectively. Such a standard
might seem stringent, but it would negate the need for a
480% increase in the setbackdistance to prevent exceedance
of the daily average PM2.5 standard. As some well services
companies are increasing their use of gas turbines to pro-
vide power, rather than diesel engines, such a reduction in
PM emissions may be possible.

This analysis addresses possible exceedances of the
concentration standards for PM2.5, though several other
pollutants of interest are emitted during gas exploration
and production, such as nitrogen oxides, ozone, VOCs,
sulfur oxides, and PM10. PM2.5 is one of the most
significant quantities emitted during these activities,
and the concentration standards have been established
relatively recently based on current health risk research.
Continuing study should examine setback policy in
light of each of these pollutants.
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While the simplifying assumptions for this analysis
including a constant emissions rate are reasonable for
prediction of a generic future gas well, these assump-
tions would not necessarily be applicable for the deter-
mination of health risks accepted by current policy for
past wells. In reality, emission rates likely differ based
on depth and length of the well, so it may be possible to
estimate in advance whether or not the emission rate at
a particular site would be high, average, or low, and to
evaluate the risk and the necessary setback distance on
that basis.

These results are based on the assumption that
future distributions of wind speed and direction will
remain consistent with those recorded in 2015. The
wind speed and direction around specific well sites
are dependent not just on the overall distribution of
weather patterns, but also on the specific geography of
the site, including hills, trees, ridges, and so on. Some
modeling tools apply some modifications in order to
consider the influence of these complexities on the
model output. For example, AERMOD takes the base
elevation and hill height scale data as input and con-
siders their influence in modeling the dispersion of a
plume (EPA 2016). However, each of these features can
increase or decrease the concentrations near the wells,
depending on the specifics, and setback policy as a
useful heuristic in place of doing extensive modeling
of each well site should be based on a generic or flat
terrain in order to be applicable to different cases and
locations. Also precipitation is not included in this
model, and would be expected to increase the settling
rate of fine particulate matter, thus reducing the con-
centrations on those days with rain or snow. However,
these results provide expected PM2.5 concentrations on
dry days, and while the overall probability of an excee-
dance might change with the inclusion of precipitation,
the 0% exceedance distance presented here would not
change.

The concentrations predicted by our model at the
location of EPA’s monitoring stations are below the
measurements at these locations (i.e., most of the
recorded emissions at these sites come from other
sources), but these stations are located far from most
of the shale gas well sites. Therefore, field measure-
ments are highly desired, and investigation of actual
ambient concentrations of PM2.5 around these sites
would be the subject of a valuable future study.

Conclusion

Results from this research indicate that current
Pennsylvania setback policy of 152.4 m (500 ft) is inade-
quate to protect residents from exceedances of the EPA’s

daily concentration standard for PM2.5, and it is inade-
quate to protect against exceedances of the annual con-
centration standard for sites with 6 or more wells. To
protect occupied buildings and outdoor areas against
exceedances of the daily average standard, this analysis
suggests that setback distances need to be up to 736 m.
To protect against exceedances of the annual average
PM2.5 standard, setback distances should be a function
of the number of wells drilled at the site. Further refine-
ments to this analysis are needed to account for multiple
pollutants. Alternative policy options include limits on
the number of wells per site (a choice that may have
negative environmental implications, as it would increase
the number of constructed well pads) and limiting the
maximum PM2.5 emission rate at each site to 0.165 kg/hr.

The results provided here are associated with a generic
well site in Pennsylvania with no specific structure within
its vicinity. If there is such a structure close to a well site of
interest or for an unusual case like an inhabited building, it
would be more prudent not to generalize these results to
that case. For such a case, there would be a need for a
specific analysis of the site and its vicinity. In addition to
buildings, large trees and geographic terrain (hills, slopes,
cliffs, ravines, canyons, etc.) could also have specific effects
on downwind concentrations not addressed here. The
effects of these obstructions are diverse, raising and low-
ering concentrations outside the setback area in a manner
that is not readily generalizable for mitigating policy. We
recommend that for locations that diverge significantly
from the assumptions in this analysis, a specific analysis
should be conducted to establish the appropriate setback
distance. Also, it is worth repeating that the emission rate
corresponding to the conservative case in this work is the
97.5th percentile. Simulation of themost conservative case
requires the necessary update of this value.
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Abstract 

Over the past decade, the shale gas boom has led to increasing public concerns regarding 

the effects of population exposure to air pollutants from shale gas development activities with 

concentrations higher than the EPA’s National Ambient Air Quality Standards originating. This 

study investigates the sufficiency of current policy in Pennsylvania in protecting people from 

exposure to levels of fine particulate matter (PM2.5) which exceed this standard. We used a 

Gaussian plume model to simulate the fine particulate matter (PM2.5) concentrations over the 

Marcellus shale region of Pennsylvania, considering the temporal and spatial density of these 

activities between 2005 and 2017. Simulation results were synced with census block data to 

estimate the potential number of people who experienced exceedances of the PM2.5 air quality 

standards during this period. Results demonstrate that setback policy in Pennsylvania may not be 

adequate to maintain the exposure level in residential areas below the standard. Emissions from 

shale gas development alone (not accounting for background concentration) could cause up to 174 

persons in one year (2015) to experience concentrations higher than the EPA’s annual standard for 

PM2.5. The additional number of exceedances from shale gas development to those attributable to 

background is estimated to raise up to more than 36,000 persons in a single year which is almost 

1% of the Marcellus Shale regional population in Pennsylvania. Findings indicate that the number 

of affected residents has largely been proportional to the overall number of developed wells in the 

state, but specific development histories in some counties and in some years show how similar 

levels of development could occur with reduced population exposure. Setback distance is shown 

to be an effective method to reduce some exposure exceedances, but it should be revised based on 

the number of wells per wellpad as well as the local conditions to further limit air quality impacts.  
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1. Introduction 

Over the past two decades, the technological innovations in horizontal and directional 

drilling and hydraulic fracturing led to a shale gas boom as they made development of shale 

reserves more economical. Shale plays are shale formations where significant amount of natural 

gas has accumulated. In North America, the Marcellus Shale play is known as one of the most 

prolific plays in the United States. Data show that production from Marcellus shale gas in 

Pennsylvania increased from 1.1 trillion cubic feet in 2011 to more than 5 trillion cubic feet in 

2016 (EIA – Shale gas production, 2018). 

From 2005 to 2017, more than 18,000 shale gas wells were permitted for development in 

the Marcellus Shale region of Pennsylvania (Department of Oil and Gas Reporting website, 2018). 

The increase in shale gas production has moved the shale gas wells closer to residential areas 

(Adgate et al., 2014). This is not true only for the Marcellus Shale, but other regions as well. For 

instance, McKenzie et al. (2016) stated that the number of people who lived less than 500 ft. from 

an active oil and gas well in Denver-Julesburg Basin, Colorado approximately increased from 

3,800 to 8,900 persons between the years 2000 and 2012. 

Large diesel-powered equipment and gas turbines are used during the drilling and hydraulic 

fracturing stages of shale gas development that emit direct and fugitive air emissions (ICF 

International, 2009; McKenzie et al., 2012). Studies have shown that these emissions can affect 

the air quality within local areas around shale gas development sites and even farther downwind 

(Cheng et al., 2015; Gilman et al., 2013; Moore et al., 2014) which has been associated with an 

increased risk of health issues (Adgate et al., 2014; Croft et al., 2019; Krzyzanowski, 2012). The 

identified emissions from shale gas activities include but not limited to volatile organic compounds 

(VOCs), nitrogen dioxide, sulfur dioxide, and particulate matter (PM) (ICF International, 2009; 
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Zielinska et al., 2011). The World Health Organization has announced serious concern regarding 

the human health burden of fine particulate matters (PM2.5) (WHO, 2007) and the finding of 

epidemiologic studies indicated an association between exposure to PM2.5 emissions and increase 

in the incidences of acute health outcomes, such as asthma (Rasmussen et al., 2016), cardiological 

and neurological diseases (Jemielita et al., 2015) and upper respiratory health impacts (Rabinowitz 

et al., 2015). Nevertheless, very few studies have investigated the local residents’ exposure to PM 

emissions from shale gas developments. 

Federal and state governments have tried to control the level of human exposure to 

dangerous pollution levels through consideration of some regulations. The United States 

Environmental Protection Agency (EPA) tried to put control on exposure to six pollutants known 

as “criteria” pollutants through National Ambient Air Quality Standards (NAAQS). These 

pollutants are nitrogen dioxide (NO2), sulfur dioxide (SO2), particulate matter (PM), ozone (O3), 

lead (Pb), and carbon monoxide (CO). However, these standards fail to address short-term 

exposure to high pollutant concentrations, because they are designed based on concentration 

averages over the long-term and aimed at determining the compliance of major pollution sources 

with permitted emissions (Brown et al., 2014).  

Consideration of setback distances is another effort to provide human health protection at 

the state and local level. Setback distance indicates the minimum distance that any occupied 

residential buildings should be located from a shale gas wellsite. Setback distances are known to 

be primarily decided based on political compromises among governments, landowners, and 

environmental groups (Haley et al., 2016). Haley et al. (2016) states that the current setback 

requirement in the Marcellus Shale of Pennsylvania is not sufficient to maintain human exposure 

below the established limits for benzene and hydrogen sulfide. According to Banan and Gernand 



6 

(2018), the existing setback policy of 152.4 m (500 ft.) in Pennsylvania (58 PA Cons Stat § 3215) 

is not effective in every direction from a typical wellpad (6 wells per pad) to protect the residential 

areas from PM2.5 concentrations above the EPA NAAQS.  

The distance of a shale gas well from residential areas is a critical factor in evaluation of 

the risk to human health caused by hydraulic fracturing activities (Meng and Ashby, 2014). The 

distance-based risk analysis by Meng (2015) found 3% of the shale gas wells to impose a high 

level of risk to the population who live within 1 km of a shale gas well. Other studies have shown 

that residents living within 0.8 km of a shale gas well face greater health risks than the ones living 

farther away (McKenzie et al., 2012; Meng and Ashby, 2014). However, the importance of 

distance from shale gas development wellsites with respect to air quality changes has been the 

scope of a few recent studies. Exposure intensity, frequency and duration are critical factors in 

exposure evaluation as well. It is also important to consider the aggregated impact of emissions 

from multiple sources placed near a residential area (Brown et al., 2015). These factors are some 

of the major uncertainties regarding the public health effects of shale gas operations (Adgate et al., 

2014) and to the best of our knowledge, there is no study which addresses these uncertainties.  

The goal of this study is to investigate the suitability of current Pennsylvania setback policy 

for shale gas development with respect to protecting people from exposure to PM2.5 concentrations 

higher than NAAQS. This analysis focuses on PM2.5 emissions as a less investigated air pollutant 

by previous studies in association with shale gas developments and accounts for the intensity, 

frequency and duration of residents’ exposure to these emissions in evaluation of setback policy. 

We simulate PM2.5 emissions dispersion from development of the wells in Marcellus Shale gas in 

Pennsylvania between 2005 and 2017 and evaluate the associated influence on local air quality. 

The latest census data (Census Data, 2010) synced with the simulated concentrations allows 
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estimation of the potential number of people who experienced concentration levels higher than the 

EPA’s annual standard. Spatial and temporal simulation of shale gas emissions dispersion in this 

study helps to shed light on the role of density of well development and well locations on the 

community’s exposure exceedance within the vicinity of wells and how such exposures have 

changed over time. 

2. Methodology 

2.1. Data Sources 

The first step of this study is to simulate PM2.5 concentrations within the vicinity of each 

of the developed wells from 2005 to 2017 in the Marcellus shale region of Pennsylvania. We then 

compare the annual average concentrations with EPA’s latest standard, an annual mean PM2.5 

concentration of 12 𝜇𝑔 𝑚3⁄  (NAAQS, 2012). This number is the primary annual standard which 

was considered by EPA to provide public health protection. EPA’s NAAQS also indicate a cap of 

35 𝜇𝑔 𝑚3⁄  on the daily mean PM2.5 concentrations (NAAQS, 2012). However, this study focuses 

on the annual mean concentration of these emissions with respect to shale gas developments which 

would be informative for later evaluation of health risks and outcomes in association with exposure 

to emissions from such sources. 

The source for shale gas well data are the reports of issued permits by the Pennsylvania 

Department of Environmental Protection (Department of Oil and Gas Reporting website, 2018). 

According to this dataset, shale gas developments occurred in 39 counties in Pennsylvania between 

2005 and 2017. The well data from this source relevant to the purposes of this study are location, 

number of wells per wellpad, and “SPUD Date”. According to EPA Oil and Gas Dictionary (2018), 

“SPUD Date” is defined as the date that drilling of the well has commenced. We also extracted the 

data on drilled depth (“TotalDepth”) and depth of fracking (“UpperPerf”) from Drillinginfo (2019) 
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for the wells that were permitted and developed between 2005 and 2017 in Pennsylvania. To 

calculate the length of fracturing for each drilled well, we subtracted the depth of fracturing from 

the drilled depth. Data from DrillingInfo was used to normalize the period of drilling and fracking 

for each well based on daily rates of drilling and fracking. “SPUD Date” is not available for all 

permitted shale gas wells. We assumed that development never started at these wells. 

We used measured wind data at the closest monitoring station to simulate emission 

dispersion from each wellsite during the period of development. Wind data (including wind 

direction, wind speed, relative humidity, and cloud coverage) were available for almost every hour 

from 2005 to 2017 at seventeen weather monitoring stations in Pennsylvania (IEM, 2018). For 

missing hourly data, we used bootstrapping of the available data from the week before and from 

the same calendar date and hour of other years for the same station to estimate the values. Wind 

roses for these stations are available in Supplemental File 2 of this manuscript. 

Due to the lack of direct measurements of pollutant emission rates from shale gas activities, 

we used estimated PM2.5 emission rates by Roy et al. (2014). They used the reported emission 

factors from EPA’s inventory models (AP-42) and values in the literature reported for diesel 

engines similar to those that are being used in drilling and fracturing of Marcellus shale gas wells. 

They quantified the variables of emission equations (e.g., emission factors, engines’ horsepower, 

load factor, number of fracking stages, etc.) by means of a Monte Carlo simulation considering the 

specific distribution of each variable. We recalculated the reported emission rates by Roy et al. 

(2014) for the drilling step in grams per hour and for the fracking step in grams per stage (instead 

of tons per year per well drilled). We omitted the terms for “time to drill one well” and “number 

of stages” from the equations pertaining to drilling and fracturing steps, respectively, in the Monte 

Carlo simulations. Therefore, results from our Monte Carlo simulations were the hourly rates of 



9 

drilling and hydraulic fracturing. We used these hourly emission rates in combination with specific 

operation duration for each well with respect to its drilled depth and length of fracking. Since 

detailed information about activities timing is not publicly available, we estimated a drilling rate 

of 1000 feet per day based on the average drilled depth (12,546 ft., from well dataset) and drilling 

time (Facts about Canada’s Oil and Natural Gas Industry, 2019). It is estimated that it takes one 

day in average to fracture 1000 feet in three stages (McKeon, 2011; Facts about Canada’s Oil and 

Natural Gas Industry, 2019; Coloradans for Responsible Energy Development, 2019). We 

estimated the mean and 95% CI for PM2.5 emission rate from drilling and hydraulic fracturing to 

be 0.45 (0.1 – 1.3) and 1.06 (0.28 – 1.88) kilogram per hour, respectively. In this article, we discuss 

the estimated exposure exceedances in association with dispersion PM2.5 emissions from shale gas 

developments at high hourly emission rate values (97.5th percentile) and provide an upper 

estimation of such exceedances in this regard. More details on estimated number of exposure 

exceedances at mean and low (2.5th percentile) levels of hourly emission rates over the period of 

study are available in the supplemental file to this manuscript (Table-4S). 

We used U.S. Census block-level population data to estimate the number of people who 

might be exposed to concentration levels higher than NAAQS for PM2.5. The latest U.S. Census 

block data (Census Data, 2010) including population, block area, block geographic location 

(latitude and longitude) was synced with the simulated concentrations and their locations. 

There are other types of stationary and mobile sources of PM2.5, such as motor vehicles, 

factories, and roads. Temporary or permanent dispersion of emissions from these kind of sources 

leads to various levels of background concentrations at different locations. EPA provides summary 

reports of daily PM2.5 concentrations measured at individual monitoring sites in Pennsylvania 

(EPA, 2018). We considered the reported measurements by EPA for the background concentration 
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in our evaluations in order to identify the locations where concentration level passed the limit due 

to nearby shale gas activities. 

2.2. Model 

For the purpose of this research, we used a Gaussian plume model as the simulation method 

to estimate PM concentrations at the local scale. The Gaussian plume model is an advection-

diffusion equation that describes the movement of a plume in the atmosphere mainly within 50 km 

from the source. The model is formulated in equation (1): 

𝐶(𝑥, 𝑦, 𝑧) =  
𝑄

2𝜋𝑢𝜎𝑦𝜎𝑧
 𝑒𝑥𝑝 (−

𝑦2

2𝜎𝑦
2) [ 𝑒𝑥𝑝 (−

(𝑧 − 𝐻𝑒𝑓𝑓)2

2𝜎𝑧
2 ) +  𝑒𝑥𝑝 (−

(𝑧 + 𝐻𝑒𝑓𝑓)2

2𝜎𝑧
2 )]     (1) 

where 𝐶 is the substance concentration at any point of 𝑥, 𝑦, and 𝑧, where 𝑥 is the distance downwind 

from the well, 𝑦 is the crosswind distance from the plume centerline, and 𝑧 is the vertical distance 

from the ground level. 𝑄 is emission rate of the substance from the source, 𝑢 is the average wind 

speed at wellsite height, 𝐻𝑒𝑓𝑓 is the effective wellsite height, 𝜎𝑦 is dispersion coefficient in the 

crosswind direction, and 𝜎𝑧 is dispersion coefficient in the vertical direction. The term in the 

brackets rules the distribution of plume in vertical dimension (𝑧) at a given downwind distance (𝑥) 

considering the effect of surface reflection. This implies that Gaussian plume model assumes no 

dry and wet deposition. 

The sources of PM2.5 emissions from shale gas activities are mainly diesel engines (ICF 

International, 2009; Roy et al., 2014). These engines are usually located at the ground level and 

they emit exhaust at different heights and speed, but detailed information is not publicly available 

on these factors. In this study, we assumed that 𝐻𝑒𝑓𝑓 is the same value for all simulation cases and 

that the model simulates concentrations at the vertical height (𝑧) equal to 𝐻𝑒𝑓𝑓. Accounting for the 
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wellpad elevation (typically 4 to 5 feet) as well as 1 to 2 feet elevation of the plume center, we 

assumed that the engines emitted emission plume centered at the height of 2 meters. 

The model takes atmospheric stability as input to calculate parameters 𝜎𝑦 and 𝜎𝑧 at different 

distances downwind from the source (EPA, 1995). We defined the daytime (night-time) between 

5 am to 8 pm (between 8 pm to 5 am) for each 24-hour period and identified stability categories 

using the Turner method based on wind speed, cloud coverage data, and time of the day (Turner, 

1970).  

We used MATLAB to implement the Gaussian plume model that simulates PM 

concentrations at every hour of operation for each developed wellsite. Our model is developed 

based on the model code developed by Banan and Gernand (2018). However, it is modified to 

simulate the emission dispersion from developed shale gas wellsites, instead of providing a 

probabilistic evaluation of exceedance cases for a representative one. Our model accounts for the 

role of time, emission characterizations, relative humidity, and atmospheric stability.  

Our model simulates PM2.5 emissions from diesel engines located at the site and does not 

account for fugitive dust, mineral dust from proppant handling, or emissions from trucks and other 

vehicles. We aim to model PM2.5 concentration at distances greater than 152.4 m (500 ft.) from 

the well location and therefore, it is reasonable to assume that all emissions are originated from 

the center of the activity. Presence of buildings and other structures around the emission source 

could affect emission dispersion in the near field (Petersen et al., 2017). However, shale gas 

development activities in Pennsylvania generally occur in rural areas and as a result, the probability 

of existence of such structures within very close vicinity of the wellsites is low. Moreover, studies 

which took advantage of simulating software, such as AERMOD, with ability to account for the 

changes in the terrain, reported the simulation results to include both overprediction and 
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underprediction of actual concentrations under different input setups, compared to the case of flat 

terrain (Amoatey et al., 2019; Matacchiera et al., 2019; Tartakovsky et al., 2013). Tartakovsky et 

al. (2013) stated the better performance of AERMOD over CALPUF in predicting the level of total 

suspended particulates dispersed from quarries to be coincidental and very volatile with respect to 

the input meteorological dataset. Thus, we assumed a flat terrain in this evaluation. 

2.3. Analysis 

In this study, we simulated the dispersion of PM2.5 emissions from development activities 

at every shale gas wellsite at each hour of operation during drilling and hydraulic fracturing stages, 

using a Gaussian plume model. For the purpose of this study, we accounted for the PM2.5 emissions 

from the typical diesel-powered engines which are being used at these sites; i.e., pumps powered 

by off-road heavy-duty diesel engines, diesel engine generators, and diesel-powered compression 

ignition engines (ICF International, 2009; Roy et al., 2014). The model calculates the average 

PM2.5 concentration over a year. The simulation results demonstrate the locations where annual 

mean concentration of PM2.5 exceeded the EPA's annual standard for PM2.5. Then, we estimated 

the number of people who lived in those locations using the United States Census block data from 

2010. 

The output of this study sheds light on discussions around the efficiency and sufficiency 

of current setback policy in Pennsylvania. For the purpose of this study, we assumed that 

Pennsylvania setback policy was rigorously enforced in the Marcellus shale gas region and no 

people were living closer than 154 m (500 ft.) to the shale gas wellsites during their development 

period. We used the annual average concentrations at each location to estimate the potential 

number of people who experienced concentrations above the standard. 
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For each developed wellsite, the activities time window is in accordance with the total 

drilled depth of wells per wellpad. We used a grid size of 25-by-25 meters to specify the locations 

around each wellsite where the model simulates the concentrations. The model includes the wind 

data measured during the identified time window at the closest monitoring station to each wellsite 

and generates arrays of PM2.5 concentrations for all grids on an hourly basis. Our model accounts 

for cumulative aspect of emission dispersion due to simultaneous development activities in one 

area at each hour. Thus, the final matrix of concentrations contains the cumulative concentrations 

generated from all wellsites per each hour at every single location. The third dimension represents 

all hours of one year. To identify the locations where concentrations exceed the annual standard, 

the model calculates the mean concentrations over all the hours of one year (i.e., the third 

dimension of the concentration matrix). In this case, exceedance occurs where the annual average 

concentration exceeds the primary annual standard, which is 12 𝜇𝑔 𝑚3⁄  for PM2.5. We assumed 

that population was evenly distributed in each census block. The model multiplies the population 

density of the closest block (persons per area of the block) to each grid by the grid size to provide 

an estimation of its population. 

According to EPA NAAQS, compliance with PM2.5 annual standard is determined based 

on the average of annual mean concentrations over three consecutive years. However, the 

temporary nature of shale gas development activities does not allow for evaluation of PM2.5 

concentrations over a three-year period. As this work aims to evaluate the air quality status from 

public health aspect, we consider the averaging time periods of one year in order to investigate any 

exceedance of the annual standard. 

Our model simulates the emission dispersion from development of each wellsite up to 8 

km downwind of the source. According to Touma et al. (2006), it is appropriate to apply a Gaussian 



14 

plume model over this distance, as it can be used for dispersion modeling within 50 km from the 

source. Also, it accounts for the influence of relative humidity on the size of particles. Relative 

humidity causes an increase in the particle size in accordance to its properties, such as particle 

type, dry particle size, and level of humidity (Gopoch et al., 1980; Martin and Finlay, 2005; 

Sinclair et al., 1974; Winkler, 1988). 

This model adds the relevant background concentrations to the modeled local concentration 

at locations where the air quality is affected by shale gas development activities. It uses the 

measurements at the EPA’s air quality monitoring stations to each grid. These monitoring stations 

are not located within the vicinity of most of the developed shale gas wellsites. Overall, they were 

within 0.7 to 140 km from the developed wells over the time window of this study (mean, median, 

and mode values were 49, 38 and 15 km, respectively). Results from cross-correlation of ambient 

PM2.5 measurements for any pair of these stations demonstrate a median correlation coefficient of 

0.74. Also, 10% of the pairs have correlation coefficient of less than 0.5 and they pertain to the 

cases with limited available measurements at either one or both of the paired stations or to the case 

of pairs located farther away from each other in the state. Nevertheless, the measurements at these 

stations may not precisely represent the background concentrations in development areas and 

might introduce more uncertainty due to underestimation or overestimation of background level at 

different locations. Background concentration plays a significant role in identification of the areas 

where exceedance of NAAQS may occur. Thus, we took advantage of the inverse distance 

weighting (IDW) method to calculate the average annual background concentration using the 

measurements at the three nearest EPA’s air quality monitoring stations to account for its 

significant impact.  
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Well data contains few cases where “SPUD Date” is reported, but data on total drilled 

depth and/or depth of fracking is missing. The model conducts a bootstrapping simulation on the 

available data, from drilling of other developed wells in the same county in the same year, to 

simulate the drilled depth for these wells. We used the average drilled depth from all drilled 

Marcellus shale gas wells in Pennsylvania (12000 feet) for one wellsite in Clarion County (in 

2017), as no data were available from nearby wells. Refer to Figure-1S for more details on average 

drilled depth. To simulate the missing data on the length of fracking, we conducted a simple linear 

regression between total drilled depth and length of fracking. The regression resulted in equation 

(2), as follows: 

Fracking Length =  0.7313 ×  Total Drilled Depth −  4371.3     (2) 

where Fracking Length and Total Drilled Depth are in the unit of feet (see Figure-2S for more 

details). Even though longer drilled depth may not necessarily cause a longer length of fracking, 

data from the current practicing in Marcellus shale region demonstrate such a tendency (p-values 

are both less than 0.00001 for the intercept and the coefficient). Therefore, we used this equation 

to estimate the missing values for length of fracking. Refer to supplemental file, Table-7S for the 

ANOVA table.  For the wells with total drilled depth less than 6000 feet, length of fracking was 

determined using bootstrapping of the corresponding values from wells shorter than 6000 feet deep 

(63 cases). 

The model accounts for four different metrics to estimate the size of the affected 

population: 1) exceedance occurring due to shale gas development only (zero background 

concentration), 2) exceedance occurring due to shale gas emissions plus background concentration, 

3) exceedances occurring due to the background concentration alone (zero shale emission), and 4) 

the additional exceedances occurring due to shale gas emissions from background only (i.e., metric 
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3). In other words, metric 2 is the summation of metric 3 and metric 4. As an example, if the 

exceedances occurring due to the background concentration alone (metric 3) in a specific location 

was 100 persons and this number increased to 120 persons when shale gas emissions were added 

to the background level (metric 2), the additional exceedances occurring due to shale gas emissions 

from background only (metric 4) would be 20 persons. These categories help to clarify the number 

of people who became exposed to PM concentrations higher than EPA’s standard due to shale gas 

activities. 

Our model assumes the same hourly emission rates (discussed previously) for all wells 

during drilling and hydraulic fracturing stages. However, the emission rate may vary depending 

on engines specifications, technology and operational remedies (such as changing engines’ fuel to 

natural gas at completion of first well) used at each wellsite, and in that regard, the estimated values 

used in this study could be an under- or over-estimation of the true rate for any well. Moreover, 

while operation time is also a function of weather delays, this information is not available in the 

well dataset, and the actual duration could be longer or shorter than the estimated value. Also, 

along with typical assumptions in Gaussian plume dispersion modeling, this model does not 

consider the effects of rain or wet ground surfaces. 

Weather monitoring stations were not located close to all the developed shale gas wells; 

the closest one was 0.5 km away from a developed well. Data indicates that this distance was 96.5 

km in the farthest case (mean and median distances were 40.3 km and 39.6 km, respectively). 

Wind profiles might not remain the same over such a distance, but wind data measurements are 

not available at the location of every developed well. This study assumes constant wind speed and 

direction over the concentration simulation area during each hour. Also, the model assumes that 

there is no accumulation of emissions from hour to hour. 



17 

3. Results 

Figure-1 depicts the annual average concentration of PM2.5 emissions simulated for the 

developed wells in Washington County, PA between the years 2006 and 2017. The color coding 

helps to identify the locations where the average total concentration was higher than the annual 

EPA standard for PM2.5 (12 𝜇𝑔 𝑚3⁄ ). The maps capture the density and movement of development 

activities in this county over time. The term “density” includes the number of wells per each 

wellpad (wellpad density) as well as the number of wells being developed per unit area (well area-

density). 

 

Figure-1: Map of PM2.5 emissions from shale gas wells developed during 2006 to 2017 in 

Washington County, PA. Map depicts the view from top and scale is in kilometers. The location 
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of Washington County is shown on the Pennsylvania map at the upper left corner. The black square 

on the map shows the area of simulation in different years. 

According to well permit records, similar numbers of wells were developed in Washington 

County, in 2010 and 2011 (166 and 155, respectively). Figure-1 demonstrates greater areas with 

concentrations higher than standard in 2010 than in 2011. Defining high density to be 6 or more 

wells per 1 km2 and considering only nonzero well area-density grids, histograms of well area-

density for Washington County showed higher frequency of high well area-density in 2010 than 

in 2011 (28% versus 18%, respectively) (refer to Figure-3S for histograms).  

Shale gas activities in Washington County could have caused 8,156 persons to become 

exposed to concentrations higher than the standard in 2010. This number is estimated to be only 

1,555 people in 2011. This suggests that there were cases wherein similar numbers of wells in 

more densely developed wellpads affected less population by poor air quality (81% reduction in 

this case). Evaluation of population density within the vicinity of developed wells in these two 

years indicates that shale gas developments in Washington County in 2010 were closer to more 

populated areas. The median value of population for nearby blocks in this county in 2010 and 2011 

were 28 and 27 persons/km2, respectively. However, the maximum values were 1,386 and 205 

persons/km2, respectively. Moreover, the median and mean wellpad densities in 2010 were 2 and 

3.1 wells per wellpad, respectively (refer to Table-3S). These values were equal to 4 and 3.9 wells 

per wellpad in 2011. 

Proximity to residential areas plays a significant role in changing the number of people 

experiencing exceedances and would make the development of a wellsite with lower wellpad 

density cause more negative impacts on the local air quality than the one with higher wellpad 

density. Figure-2 depicts two wellsites with different wellpad densities located within the vicinity 
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of areas with different population densities. This figure depicts the average PM2.5 concentrations 

over one year for each case, using the hourly levels simulated by our Gaussian plume model. The 

color-code helps to indicate the locations within the vicinity of each demonstrated wellsite where 

annual average concentration exceeded 12 𝜇𝑔 𝑚3⁄ . 

 

Figure-2: Map of PM concentrations originated from shale gas activities in Allegheny County, PA: 

a) a wellpad with 6 wells in 2017, and b) a wellpad with 12 wells in 2015. The black circle in both 

maps indicates the setback distance in Pennsylvania which is 152.4 m (500 ft.). 

Figure-2a plots the changes in PM2.5 concentration due to development activities on a 

wellpad with 6 wells in Allegheny County, PA, in 2017. Figure-2b presents the same concept for 

the case of a wellpad with 12 wells which was drilled in 2015 in the same county. Background 

concentration is not reflected in the depicted concentration values. Our model estimated that the 

number of people who could be exposed to concentrations higher than the standard in the latter 

case is zero, while it is at least 56 persons for the case of the wellsite with only 6 wells (panel (a)). 

The location of these two wellpads with respect to population is demonstrated in Figure-12S (refer 

to supplemental file). 
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Results from evaluation of affected population by PM2.5 emissions from shale gas 

development at the county-level demonstrate the significance of proximity to residential areas as 

a deterministic factor. For instance, results show that in 2011, the number of additional 

exceedances from shale gas development to those attributable to background was estimated to be 

1,183 persons in Butler County. The corresponding number of exceedances in Westmoreland 

County in 2012 as a result of emissions from development of similar number of wells to the 

previous case (43 versus 35 wells, respectively) was 10,128 persons. The number of exposure 

exceedances in the case of emissions from shale gas development only are zero in both counties 

in these two years which is expected considering the median number of wells per wellpad to be 1 

in both cases (the mean was 1.75 and 1.95 in Butler and Westmoreland, respectively). Therefore, 

the probability of PM2.5 concentration exceeding the annual limit beyond the setback distance from 

these wells would not be significant. However, additional exceedances would be expected when 

the level of background PM2.5 concentrations and population densities within the vicinity of 

developed wells are take into account; corresponding average population densities were 492 and 

881 persons/km2 in Butler County (2011) and Westmoreland County (2012), respectively.  
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Figure-3: Trend of annual number of populations experiencing concentrations higher than EPA’s 

annual PM2.5 standard due to shale development: (a) shale emissions only (zero background 

concentration), and (b) the additional exceedances occurring due to shale gas emissions from 

background only. Bars indicate the number of developed wells in each year. 

Results from two main model output metrics of potentially affected people due to 

concentrations higher than standard are depicted in Figure-3. Figure-3a plots the time series of the 

number of people who might have experienced concentration levels higher than annual standard 

caused by emissions from shale gas development with a pristine background (i.e. no other PM2.5). 

Figure-3b depicts the time series for the number of people who lived in areas where background 

concentration was lower than the standard, but the addition of shale gas development resulted in 

exceedance of the standard. More detailed data about the affected people by county and year is 

available in the supplemental file (Table-4S to Table-6S). Figure-3 demonstrate the results 

associated with the drilling rate of 1000 feet per day. The number of people who could experience 

exceedances due to shale gas development would be higher at slower daily rate of drilling. For 

Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

Affected 
Population 

Panel (a) 0.0 0.0 0.0 0.0 2.6 10.3 37.5 17.4 109.0 81.6 173.8 51.6 111.2 
Panel (b) 0.0 5.3 6.9 8059.8 12949.4 10400.6 36448.9 12955.8 4027.9 32970.6 10949.5 1379.7 2449.0 

No. of Wells 9 36 112 331 815 1597 1953 1353 1208 1366 784 499 808 
Average Background 
Conc. (𝜇𝑔 𝑚3⁄ ) 15.3 13.3 14.5 12.6 11.3 11.9 11.2 10.4 10.2 10.3 10.0 8.7 9.5 
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example, in the case of shale emissions only (Figure-3a), 174 persons would increase to 571 

persons in 2015. Results from a sensitivity analysis on drilling rate of 600 feet per day rather than 

1000 feet per day is provided in Figure-7S.  

According to Figure-3b, PM2.5 emissions from shale gas development were the reason for 

exposure of more than 36,000 people to concentrations higher than annual standard in a single year 

(2011). That is approximately 0.8% of the Marcellus Shale regional population in Pennsylvania 

and equal to 3.25% of number of exposure exceedances occurring at ambient PM2.5 (i.e., 

background only). This value does not include every possible person affected by Shale gas 

development in the corresponding year, as it leaves out those areas already non-compliant with the 

PM2.5 standard. 

The other notable trend in Figure-3 is the higher number of affected people in 2014 than in 

2012, despite the similar number of developed wells. Table-1 provides the main statistics of 

wellpad density of all developed wells during 2005 to 2017 which demonstrate higher wellpad 

density in 2014 than in 2012. In accordance with data from Table-1, well data indicates that in 

2012, 88% of the wellpads had 1 to 4 wells each, and the rest of them (12%) had 5 to 12 wells per 

wellpad. These numbers were 74% and 25%, respectively, in 2014. Also, the number of involved 

counties in these two years (31 in 2012 vs. 22 in 2014) indicates the possibility of more dispersed 

wellsites in 2012. 

Combination of emissions from multiple sources can lead to PM2.5 exposures higher than 

standard. Comparison of results from single and combined emissions of developed wellpads show 

that 48% of people experiencing PM concentrations higher than standard were due to emissions 

from multiple sites (Figure-11S). 
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Table-1: Wellpad density statistics. The 1st quartile, median, and 3rd quartile values represent 25th, 

50th, and 75th percentiles, respectively. 
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Minimum 0 1 1 1 1 1 1 1 1 1 1 1 1 
1st Quartile 0 1 1 1 1 1 1 1 1 1 1 2 2 
Median 0 1 1 1 1 1 1 1 2 3 3 3 4 
Mean 0 1.3 1.2 1.3 1.6 2.0 2.3 2.2 2.7 3.4 3.6 3.9 4.0 
3rd Quartile 0 1 1 1 2 2 3 3 4 5 5 5 6 
Maximum 0 5 4 13 23 27 22 12 11 19 21 15 12 

Figure-4 demonstrates the decrease in the number of people who would have experienced 

concentrations higher than EPA standard due to shale gas development if the required setback 

distance had been greater (all else being equal). This figure presents the results for two main cases: 

1) total repetition, and 2) no repetition. The case “total repetition” allows for maximum number of 

recurrent exceedances in different years. In other words, the person who experienced exposure 

exceedance in a specific year, also experienced this exceedance in all other years with equal or 

greater number of exceedance cases and in that regard, the case “total repetition” provides an 

estimation of a lower bound on the estimated number of people who experienced exposure 

exceedances from EPA annual limit due to shale gas emissions. In contrary, the case “no 

repetition” provides an estimation of reduction in exposure exceedances assuming that no person 

experienced exposure exceedance in more than one year and each case of exposure exceedance is 

a unique one. Therefore, the case “no repetition” estimates an upper bound on exposure 

exceedances. We use the unit of person-years for the total number of people who experienced 

concentration above the limit over the whole period of 2005 to 2017 in order to consider the 

possibility that same person could be counted in multiple years. Results indicate that increasing 

the setback distance from shale gas wellsites to 304.8 m (doubled), would reduce the number of 
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exceedances by emissions only from shale developments by 77% (comparing to 174 person-years 

at current setback, in case of total repetition) to 95% (comparing to 595 person-years at current 

setback, in case of no repetition) (Figure-4a). More detail is available in the supplemental file 

(Figure-8S to Figure-10S). 

 

Figure-4: Reduction in the population exposed to PM2.5 concentrations higher than the standard 

due to increase in setback distance from 152.4 m, in case of: (a) shale emissions only, and (b) the 

additional exceedances occurring due to shale gas emissions from background only. The black 

bars and lines are associated with the reduction in exposure exceedances while allowing for 

maximum number of recurrent exceedances in different years. The gray bars and lines are 

associated with the reduction in exposure exceedances assuming that each case of exposure 
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exceedance is a unique person; i.e., no person experienced exposure exceedance in more than one 

year. 

Figure-5 depicts the fractional reduction in the number of people who could have 

experienced PM2.5 concentration higher than standard due to an increase to 381 m in setback 

distance. Results indicate that the majority of potential benefit from such an increase in the setback 

distance comes from a relatively small number of wellsites. Figure-5b demonstrates that 25% of 

the reduction (6263 person-years) in the number of additional exceedances from shale gas 

development to those attributable to background comes from only 10 wellsites (out of a total of 

5109). Increasing the setback distance from 152.4 m. to 381 m. at only 54 wellsites (just 1.1% of 

the total wellsites or 2% of the total wells) would reduce the number of people experiencing PM2.5 

exceedances by 50% (12430 person-years). 

 

Figure-5: Cumulative fraction of reduction in PM2.5 exposure exceedance by setback increase of 

500 to 1250 feet in the case of: (a) shale emissions only, and (b) additional exceedances from shale 

gas development to those attributable to background. 
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According to Figure-5a, increasing the setback distance for the least impactful 68% of the 

wells and 81% of the wellsites would only achieve a collective industry-wide reduction of 5% in 

person-years exceedances of the PM2.5 standard. However, increasing the setback distance would 

have no effect at all for 22% of the wells and 32% of the wellsites in reducing exceedances of the 

PM2.5 standard (shale emissions plus background) (Figure-5b).  

4. Discussion 

Results indicate that policy surrounding shale gas development in Pennsylvania has 

limitations, as emissions from these activities in addition to existing background may have resulted 

in PM2.5 concentrations exceeding the EPA’s annual standard for up to 36,449 persons per single 

year between 2005 and 2017. This number represents 0.8% of the Marcellus Shale regional 

population in Pennsylvania (i.e., residents of the counties which were involved in development 

activities between 2005 and 2017) which represents a small portion. However, results indicated 

that corrective strategies even at a relatively small number of wellsites could potentially create 

major benefit (Figue-5). Moreover, our model estimated the average increase in level of PM2.5 

concentrations that led to exceedances to be 1.27 𝜇𝑔 𝑚3⁄ . This value is not very high in absolute 

terms and it emphasizes the important influence of shale gas development even when it causes 

small changes in overall air quality, especially those areas that are just barely meeting the current 

standard.  

4.1. Setback policy should account for population and well development density 

This analysis shows that there are real benefits to increasing the setback distance from 

developed wells, but that these benefits come from a relatively small set of wellsites and so such 

a change would not need to apply to all wells to have the desired effect. Fry (2013) argued that 

there was an absence of any technical basis in establishing the current setback policies, and this 
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analysis supports this conclusion. To further limit negative air quality impacts of this industry, a 

more sophisticated set of policies is necessary to guarantee public health protections while 

allowing for continuing development of shale gas plays. Consistent with the discussion by Brown 

et al. (2015) regarding the dependence of associated health risk to emissions from shale gas 

development on time and location, these evaluations suggest that any setback and other exposure-

limiting policy needs to consider wellpad density, well area-density and well locations as 

deterministic factors. Overall, wellpad density could be limited for wellpads located closer to 

populated areas and then relaxed as wellpads move away from these areas. Also, well area-density 

needs to be accounted for, specifically closer to more populated areas and those areas with 

background concentrations already approaching the standard. Such a rule could place an annual 

limit on the total number of wells within certain sub-divisions of a county. Such provisions could 

be accomplished more easily at the local level as the local governments could weigh and tradeoff 

the temporal and spatial density of these activities based on the population density, weather pattern, 

background concentration and the history of developments within the local vicinity of wells. 

Again, most wells due to their rural locations have minimal effect on residents’ air quality in 

Pennsylvania, however, this is not true when development becomes very dense or is located close 

to populated areas. These situations should receive greater attention.  

This analysis has examined changes to setback policy as if these changes could simply 

exclude population from a new radius around the existing wellsite during its development. In 

reality, this is unlikely to be the case. New setback policy applied to certain well development 

plans would likely result in a variety of effects including different land use patterns (e.g., more or 

fewer wells per pad), and longer drilling distances (i.e. each site would be emitting PM2.5 for a 
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longer period). It is difficult to anticipate all of these changes and their effects on local air quality, 

so future policy makers should prepare to be adaptable in mitigating these impacts.  

4.2. Increasing wellpad density or well area-density increases affected population 

Wellpad density seems to play a significant role in increasing emission concentrations 

within the vicinity of a wellsite (Figure-2) which was also discussed by Banan and Gernand (2018). 

As shown in Figure-2, higher wellpad density leads to more geographic area experiencing 

exceedance of the standard. Comparison of development in years 2012 and 2014 (Figure-3) 

indicates that such a case could cause an increase in the number of people who could be exposed 

to a hazardous level of concentrations from development of similar number of wells by a factor of 

5. These results suggest that management of the air quality impacts of new shale gas wells needs 

to be managed collectively and not on a single site by site basis. 

4.3. Well locations have moved closer to residential areas 

Wellpad density and well area-density both need to be considered in discussing some of 

the cases where fewer people could have been affected by PM2.5 emissions despite more wells 

being developed. However, these two do not exclusively govern PM2.5 exposure outcomes. The 

role of well location is as significant as wellpad density and well area-density on the quantity of 

affected people by emission from shale gas development. Well location defines not only the 

differences in the distribution of wind speed and direction at different locations, but also the spatial 

distribution of nearby residential areas, and the existing background levels of PM2.5. 

During the period of shale gas development in Pennsylvania, the number of wells 

developed annually increased steadily through 2011 before decreasing in response to declining 

domestic natural gas prices. Well location maps indicate no obvious pattern in the changes to the 

distribution of wells (e.g., Figure-1) or locations of them in relation to major populated areas. An 
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analysis of nearby populations versus well locations (Figure-4S and Figure-3) shows that existing 

policies and management actions, if any, were not successful in reducing exposure to PM2.5 

emissions. Even assuming a perfectly pristine background, the number of people who potentially 

experienced concentrations higher than the EPA’s annual standard was as high as 174 people in 

2015, assuming a high rate of emissions and the drilling rate of 1000 feet per day. According to 

the results, exposure exceedances with respect to corresponding emission rates are estimated to 

take the mean value of 15 and the 95% CI [0.31, 173.85] in 2013. See Figure-7S for the sensitivity 

analysis on a slower rate of drilling (600 feet per hour) and high hourly emission rates over the 

period of study. 

Comparison of shale gas well locations and population data indicate that overall well 

development moved closer to more populated areas over the period of 2005 to 2017. We calculated 

the distance of any single well from the centroid of all the census blocks in Pennsylvania and 

summed the population of all the census blocks located within 1 km or less from that well. Our 

evaluation shows that for 5% of these wells, the population could be between 300 and 2100 people. 

A relatively small number of the wells, therefore, account for much of the exposure (Figure-6S).  

It is important to also consider for population density within the vicinity of a well. The 

highest value of potentially affected people by shale gas development does not occur in the year 

wherein developed wells were located closest to residential areas (compare Figure-4S and Figure-

3). Evaluation of well location versus population density helps to explain such a discrepancy. 

Assuming perfect enforcement of setback policy, results indicate that closest residential areas to 

development wellsites had higher population densities in 2017 than in 2011. In fact, the median 

values of population density in 2011 and 2017 were 12.9 and 15.6 persons per square-kilometer, 

respectively (refer to Table-1S). This highlights the important role of location in any investigation 



30 

of shale gas health effects. Further analysis is needed to determine why development is moving 

closer to residential areas, whether it is due to improved information on available gas resources in 

these locations, or less resistance to development.  

The actual placement of wells in practice is a compromise between the properties of the 

gas reservoir below the surface, the surface land available for lease or purchase, and the residential 

and environmental considerations of that land. While that decision is likely to remain a complex 

one, these results show that it is possible to locate seemingly large numbers of wells in a 

configuration that minimally affects residents’ air quality, without reducing the overall activity 

levels of the industry.  

This study simulated the annual concentration of PM2.5 only, and not the other pollutants 

emitted from these sites. Therefore, these results do not provide any evaluation on sufficiency of 

current setback policy to meet EPA’s standards on other pollutants, such as ozone and nitrogen 

oxides. The assumptions of the same hourly emission rate for all the engines used at development 

wellsites could lead to overestimation or underestimation of actual changes in PM2.5 concentration 

due to each well. Also, the treatment of meteorological conditions and background concentrations 

result in some smoothing of actual exposures, along with the smoothing effects of the Gaussian 

plume model itself, which makes these estimates more reliable as indicators of long-term averages 

rather than specific historical exposures for any given area over short timescales. Rain and wet 

ground would reduce the PM concentrations. So, the assumption of dry ground in this evaluation 

is a conservative one made with the intent to lean towards greater protection of residents more than 

an accurate depiction of past exposure. A future analysis could incorporate precipitation to further 

enhance the accuracy of these results that do account for wind speeds and direction, cloud 

coverage, drilling depth, and estimated fracturing stages. 
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Accounting for the changes in the PM2.5 concentrations at the location of schools, hospitals, 

daycares, or other important facilities would represent important estimations of vulnerability to 

exposure. However, such estimations require an access to data on operation timesheets as well as 

the activities’ timing and timely records of residing population at these facilities which is not 

currently accessible in the available datasets. 

Moreover, sometimes operators take advantage of fuel mixing by switching to natural gas 

for a portion of the engines’ fuel as soon as the fracturing of the first well is complete and natural 

gas is being produced. Under such conditions, the emissions rate from fracturing of subsequent 

wells of the same wellpad would be lower. However, data on the frequency and extent of this 

practice are not available. So, the estimated concentrations are likely overestimated to some extent 

for the wellsites engaging in this practice, but the degree to which this is true cannot be known at 

this time. Despite these limitations, this study is the first attempt to estimate the total number of 

people experiencing exceedance of the PM2.5 standard due to emissions from shale gas 

development activities. 

5. Conclusion 

The current study evaluates the efficacy of current setback policy according to actual shale 

gas developments over the period of 2005 to 2017 by adding temporal and spatial details to this 

picture. Results from this study support previous arguments on the inadequacy of setback policy 

in Pennsylvania (152.4 m from a wellpad) for avoiding exceedances of the EPA’s annual limit on 

PM2.5. These findings indicate a proportional increase in the number of affected residents in 

association with a greater number of developed wells. Meanwhile, previous development histories 

in some counties and in some years show that similar levels of development could occur with 

reduced population exposure.  
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Overall, results indicate that increasing numbers of wells have been accompanied by 

increases of at least one of these three variables: wellpad density, well area-density, and proximity 

to residential areas. However, none of these deterministic factors, i.e. wellpad density, well area-

density and activity location, govern this exceedance alone. It is the combined effect of these 

factors which explains the trend of changes in the number of affected people versus number of 

developed wells. Rather than blanket changes to the setback policy to be applied statewide, there 

is substantial potential to achieve real benefits in terms of reduced exposure by focusing on a small 

number of development sites and taking steps to push those sites further from populated areas. 

This analysis sheds light on the significant and entangled effect of wellpad density, well 

area-density, and well locations on local air quality, with respect to concentration of PM2.5, and 

justifies the need for a technical basis in evaluating the setback policy and any other related 

limitations on the development of shale gas wells. These results indicate that well location is 

equally important as wellpad density or well area-density, and the effect of each varies based on 

population density and weather pattern within the vicinity of each shale gas development site. 

Under the most rigorous consideration, setback policy could be designed based on the common 

distance from more populated areas, aiming to set a cap on the local wellpad density or well area-

density. This policy could conditionally be relaxed for the development cases occurring within 

areas with limited or no population. 

Results from this study plus the stricter standards on other associated pollutants, such as 

NOx and VOCs, emphasize the necessity for the effects of other pollutants to be investigated. 

Sensitivity analyses in this study indicated a crucial need for expanded and continued direct 

monitoring of air quality in this region at a higher spatial resolution that would support improved 

environmental management of this diffuse industry. The same argument is valid for more precise 
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meteorological data at ground level at the location of each wellpad. Results from this study have 

demonstrated the importance of accuracy in data pertaining to emission rates from engines, local 

meteorological data, background concentration, timing of shale gas development activities, and 

operational details as fundamental inputs in simulation of hazardous emissions dispersion from 

shale gas developments. The sensitivity of the outputs to accuracy of these data emphasizes the 

need for entities, such as Department of Environmental Protection, to set regulatory obligations on 

reporting detailed operational data by operators as well as allocation of financial resources to 

development or improvement of datasets (including emissions rates, emission measurements and 

background concentrations) to reduce the uncertainties in this kind of impact assessment. 
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Assessing exposure to unconventional natural gas development: using an air
pollution dispersal screening model to predict new-onset respiratory symptoms
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aSouthwest Pennsylvania Environmental Health Project, McMurray, PA, USA; bSan Diego State University, San Diego, CA, USA

ABSTRACT
Various exposure estimates have been used to assess health impact of unconventional natural gas
development (UNGD). The purpose of this study was to (1) use an air pollution dispersal screening
model and wind direction to characterize the air emissions from UNGD facilities at each residence
and (2) assess association of this exposure estimate with respiratory symptoms. Respiratory symp-
toms were abstracted from health records of a convenience sample of 104 adults from one county
in southwestern PA who had completed a standard clinical interview with a nurse practitioner.
Using publicly available air emission data, we applied a “box” air pollution dispersion screening
model to estimate the median ambient air level of CO, NOx, PM 2.5, VOCs, and formaldehyde at
the residence during the year health symptoms were reported. Sources and median emissions
were categorized as north, south, east, or west of the residence to account for the effect of wind
direction on dispersion. Binary logistic regression was performed for each respiratory symptom.
Number of sources had varying magnitudes of association with some symptoms (i.e., cough, short-
ness of breath, and “any respiratory symptom”) and no association with others (i.e., sore throat,
sinus problems, wheezing). Air emissions were not associated with any symptom.
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Introduction

Over the past decade many areas of rural Pennsylvania have
become industrialized by the rapid expansion of unconven-
tional natural gas development (UNGD). This development
has resulted in thousands of point sources of hazardous air
emissions distributed over the previously rural landscape. In
spite of the well documented harmful health effects of some
of the most abundant emissions from UNGD, such as par-
ticulate matter, nitrogen oxides, and volatile organic com-
pounds,[1,2] the overall public health impact of UNGD has
been difficult to assess due to limited exposure information.

Epidemiologic studies have looked at the associations
between UNGD exposure and birth outcomes;[3–5] childhood
cancer;[6] a constellation of symptoms commonly reported:
headache, fatigue, and rhinosinusitis;[7] vehicular accidents;[8]

depressive symptoms;[9] and asthma exacerbations.[10] Self-
report studies have documented an association between
respiratory symptoms and proximity to UNGD activity.[11]

Our previous work described the prevalence of self-
reported symptoms in a sample of adults who lived within
two kilometers of at least one unconventional natural gas
well in southwestern PA.[12] Five of the 10 most frequently
reported symptoms were respiratory: sore throat (39%);
cough (33%); shortness of breath (29%); sinus problems
(29%); and wheezing (22%). This self-reported prevalence of
respiratory symptoms in residents of communities exposed
to UNGD is consistent with the work of Rabinowitz

et al.,[11] Rasmussen et al.,[10] and Tustin et al.[7] Rabinowitz
et al. found a relationship between respiratory symptoms
and increased proximity to UNGD wells; Rasmussen et al.
and Tustin et al. found relationships between exposure and
asthma exacerbations and sinusitis, respectively, using an
exposure metric incorporating four stages of well develop-
ment (pad preparation, drilling, stimulation, and produc-
tion) along with the sum of the inverse squared distances
between wells and residences.

One of the challenges of looking at health outcomes
related to exposure is that it is unclear how best to charac-
terize residential exposure to UNGD emissions. Different
metrics, virtually all of which have focused on wells while
ignoring potential contribution of other infrastructure, have
been used to estimate exposure. Among the simplest is dis-
tance to unconventional gas wells.[11,13] Others have used
the inverse distance weighted well count to account for wells
over a large distance, giving greater weight to those closest
to the residence.[3,4] Responding to the variation in emis-
sions at different stages of well development, still others
have incorporated those stages into metrics that included
distance and number and depth of wells, and production of
gas.[5,7,9,10] Koehler et al.[14] note wells are just a part of the
infrastructure of UNGD. Additional sources of exposure
include impoundments, where hydraulic fracturing fluid that
returns to the surface from the well is stored; flaring events,
where excess gas is burned off; compressor stations, that
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keep the gas moving through the pipelines; and pipelines
themselves, that carry the gas from processing plants to the
end user. Underscoring the importance of including as
many recognized sources of air emissions as feasible, they
found that a metric that incorporated both proximity to
four stages of well development and, additionally, to compres-
sor stations was more predictive of mild asthma exacerbations
than either of the two other metrics used in prior epidemio-
logical studies (i.e., inverse weighted distance or proximity to
four stages of well development). Although Koehler et al. ini-
tially intended to incorporate data on flaring events and
impoundments, they found that the data on these two
important sources of air emissions were too sparse.

We have developed two measures of exposure for this
analysis to better capture sources of emissions and the
impact of air movement on exposure. The goals of this ana-
lysis were to (1) characterize the UNGD-related emissions
from well pads, processing plants, and compressor stations;
(2) use an air pollution dispersal screening model and wind
direction to estimate household-level exposure to these
emissions; and (3) test the relationship between the exposure
measures and respiratory health outcomes.

Materials and methods

Health outcomes

As previously described in detail,[12] the Southwest
Pennsylvania Environmental Health Project has been sys-
tematically collecting health data from residents of commun-
ities located near UNGD sites since 2012. Between February
1, 2012 and December 31, 2017, 164 adults and children
completed the standardized health assessment, typically con-
ducted face-to-face by a family nurse practitioner using
standard clinical practice for collecting current problems,
review of systems, past medical history, family history, and
social history. These individuals self-selected to complete the
health assessment with the nurse practitioner because of
concerns about symptoms they were experiencing. The 164
records in this convenience sample were reviewed retro-
spectively by a team of health care providers that included a
physician who is board certified occupational medicine
(LW) and at least one nurse practitioner.

For this analysis, exclusion criteria included: age less than
18; employment in the oil or gas industry; incomplete health
assessment; and residence outside of the county of interest.
After exclusion criteria were applied, a convenience sample
of 104 records was available for this analysis. Symptoms
were abstracted from each record; symptoms were excluded
if they could plausibly be attributed to pre-existing or cur-
rent health conditions (e.g., chronic obstructive pulmonary
disease in the case of “shortness of breath”) or behaviors
(e.g., tobacco smoking in the case of “cough”). Five respira-
tory symptoms were abstracted and used as dichotomous
outcome in this analysis: cough, shortness of breath, sinus
problems, sore throat, and wheezing. A sixth dichotomous
outcome, “any respiratory symptom”, was used to indicate
the presence of at least one respiratory symptom.

Exposure measures

Since March 31, 2012, owners and operators of natural gas
production and processing operations have been required to
report air emissions to the Pennsylvania Department of
Environmental Protection (PA DEP) annually. Initially,
owners and operators were required to report emissions
from the following sources: stationary engines, heaters,
tanks/impoundments, dehydration units, pneumatic pumps,
fugitives, venting and blowdown, drill rigs, and well comple-
tions; in 2013, compressor stations were added to the list of
sources. Air contaminants reported from these sources
include: carbon monoxide, nitrogen oxides, particulate mat-
ter less than 10 micrometers in diameter (PM10), particulate
matter less than 2.5 micrometers in diameter (PM2.5), sulfur
dioxide, volatile organic compounds, and additional hazard-
ous air pollutants including benzene, ethylbenzene, formal-
dehyde, N-hexane, toluene, and 2,2,4-trimethylpentane.
Greenhouse gas emissions are also reported.[15] The publicly
available annual Air Emission Inventory reports “tons per
year” for each compound released from each source.[16] It is
important to note that, while emissions from each type of
source have some shared characteristics, they also differ in
kind and quantity.[17]

Data from 2012–2016 were available.[16] We used the
annual Air Emissions Inventory that corresponded to the
year the health assessment was collected. Data from the Air
Emissions Inventory that corresponded to the year of the
health assessment were not available for 17 of the 104,
reducing our sample to 87. Geocoding was used to deter-
mine the proximity of the sources listed in the Air
Emissions Inventory to each residence. Latitude and longi-
tude coordinates for each source are published in the
Inventory. Addresses, available for each residence, were con-
verted into latitude and longitude.[18] Using these coordi-
nates, we identified all sources reported on the annual Air
Emissions Inventory that were located within two kilometers
of each residence. For our exposure estimate, we selected
the five compounds with the highest reported mass and
known health effects: nitrogen oxides, carbon monoxide,
VOCs, PM 2.5, and formaldehyde. While the greenhouse
gasses methane and carbon dioxide are among those com-
pounds with the highest reported mass they were not
included as they do not have acute health effects at levels
typical for environmental exposures. Emissions data were
reported for each compound as tons per year. For this ana-
lysis we converted tons/year into grams per hour.

There are limitations to the PA DEP data. Not all sources
of emissions are included in the report. Emissions from the
largest Title V compressor stations and selected compressor
stations along interstate pipelines are reported only to the
federal government and as a result are not included in the
Air Emissions Inventory. Air emissions resulting from flar-
ing events or evaporation from impoundments are not
included in the Air Emissions Inventory, and indoor expo-
sures to harmful compounds off gassed from contaminated
water remain the subject of conjecture. Air emissions are
reported as “tons per year”; our conversion to “grams per
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hour” assumes a consistent rate of emissions and dilutes the
potential effect of peak exposures.

Patterns of dispersal of air emissions are influenced by
weather and atmospheric conditions. We estimated exposure
at a residence using a “box” air pollution dispersion screen-
ing model, based on the work of Pasquill.[19,20] Our
approach, described in detail elsewhere,[17,21] will be
described briefly here. The “box” air pollution dispersion
screening model is based on a theoretical box (volume of
air) that carries emissions from a source. That box increases
in size (dispersion) based on parameters that determine air
dilution down-wind from emission sources to estimate the
ambient air level of pollutants. The parameters are: (1) cloud
cover which determines vertical mixing due to heating and
cooling of ground surface; (2) wind speed which determines
time for horizontal mixing; and (3) time of day, which influ-
ences stability of the air system. Using these parameters,
Pasquill developed a model with six stability classes defined
by particular combinations of atmospheric conditions, as
shown in Table 1.

The initial volume of the box is calculated by

Volume ðm2Þ ¼ a � b � c

where a ¼ meters of air that pass over a site/minute;
b¼ 100 meters (assumed dimension of typical site); and c ¼
intercept of stability class and distance from source (see
Fig. 1).

The air concentration of a compound at the source is cal-
culated by

Sðlgm�3Þ ¼ Emissions=Volume

where Emissions ¼ mass in lg min–1 and Volume¼a�b�c.
To determine the dilution downwind from the source the

volume of the box at specific distances from the source
must be recalculated by

VOLUME ðm2Þ ¼ a � B � C
where a ¼ meters of air that pass over a site/minute; B ¼
expansion of the box (see Fig. 1); and C ¼ intercept of sta-
bility class and distance from source (see Fig. 1).

We applied this model using data from the National
Oceanic and Atmospheric Association (NOAA).[22] NOAA
provides hourly cloud cover, wind speed, time of day, and
wind direction. For this analysis, we used data collected at
the Allegheny County Airport in West Mifflin, PA. This sta-
tion is located on average 20–30 miles from the residences
included in this analysis. Data from the West Mifflin station
were used to establish hourly air stability classes over the
year at each residence in our sample.

For each source within two km of a residence, we used
the screening model to calculate the hourly ambient air lev-
els at the source and at the residence in lg m–3 for CO,
NOx, PM 2.5, VOCs, and formaldehyde emitted over the
year. We determined the mean, standard deviation, and
median of the hourly air emissions for each compound and
then summed the medians. Table 2 shows the results of this
screening model applied to a hypothetical source emitting
300 g h–1. As shown on Table 2, we used the model to cal-
culate ambient air levels at seven unique distances ranging
from 0.1 km (i.e., “fence line”) to 10 km from the hypothet-
ical source, with air emissions expressed in lg m–3.[20]

The “box” air pollution dispersion screening model does not
take in to account wind direction. Our examination of data
from the National Oceanic and Atmospheric Association[22]

revealed that wind direction is from the north, south, and west
approximately 90% of the time (i.e., 30% of the time from each
of these directions), and from the east approximately 10% of
the time. To account for the variation in wind, each source was
categorized as north, south, east, or west of the residence, based
on distance from “true”. For example, we considered a source
north of a residence if it was within 45� of true north, and the
same for the other three directions.

As an estimate of exposure to air emissions we generated
eight variables for this analysis. For each residence we gen-
erated four variables (“north sources”, “south sources”, “east
sources”, and “west sources”) which represented the number
of sources in each quadrant within two km of the residence.

Table 1. Air stability classes.[19]

Wind Speed
(mph)

Day Clear or just
a few clouds

Day <50%
cloud cover

Day >50%
cloud cover

Day >80%
cloud cover

Night <50%
cloud cover

Night >50%
cloud cover

<5 A1 AB6 B11 D16 F26 E21
5–7 AB2 B7 C12 D17 F27 E22
7–11 B3 BC8 C13 D18 E28 D23
11–13 C4 CD9 D14 D19 D29 D24
>13 C5 D10 D15 D20 D30 D25

Figure 1. Vertical mixing by stability class and distance from source.[19]
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We generated four additional variables (“north emissions”,
“south emissions”, “east emissions”, and “west emissions”)
which represented the median of ambient air levels of emis-
sions from wells, processing plants, and compressor stations
in the quadrant.

Analytic plan

Given the nature of the dichotomous outcomes (i.e., any
respiratory symptom, cough, shortness of breath, sore
throat, sinus problems, and wheezing), binary logistic regres-
sion was performed.[23] The quantitative predictors were
four emissions (i.e., north, south, east, and west EM) and
four sources (i.e., north, south, east, and west source).
Moreover, gender, age, and household water source were
included in the full model. All parameter estimates (e.g., the
logit b, odds ratio (OR) and 95% confidence interval, etc.)
are reported (a ¼ .05), as well as classification statistics such
as sensitivity (true positive hit rate) and specificity (true

negative hit rate). As well, pseudo r2 statistics are reported,
including the Cox–Snell and Nagelkerke R2, each of which
is a function of the –2LL statistic for the full and restricted
model (LL¼ log likelihood). The Hosmer–Lemeshow test
was used to assess model fit[24] and for this test statistic,
non-significance is preferred (i.e., expected probabilities
approximate observed probabilities).

Results and discussion

The median age of the 87 adults in this convenience sample
was 57 (SD 12); 60% were female; and 40% reported using
well water for human activities such as cooking, drinking,
and/or bathing.

UNGD-related emissions from well pads, processing
plants, and compressor stations

There are 16 compounds included on the Annual Emissions
Inventory for gas wells and related facilities.[16] On Table 3,
we show the tons/year of seven compounds emitted from
well pads, processing plants, and compressor stations in
Washington County, PA. These seven compounds are
shown because they are consistently emitted in larger mass
than other compounds.

Household-level exposure to emissions

Household level exposure in this sample varied by year and
location of the source relative to the residence. Table 4

Table 2. Ambient air levels in lg m–3 from a hypothetical source emitting 300 grams per hour by stability class.

Distance from Source

Stability Class �0.1 km >0.1 km, �0.5 km >0.5 km, �1 km >1 km, �2 km >2km, �3 km >3km, �5 km >5km, �10 km
A1 175 5 1 <1 <1 <1 0
AB2 125 8 2 <1 <1 <1 0
B3 75 8 2 <1 <1 <1 0
C4 125 22 7 2 1 <1 <1
C5 100 19 6 1 <1 <1 <1
AB6 175 12 3 <1 <1 <1 0
B7 150 13 4 <1 <1 <1 0
BC8 125 17 6 1 <1 <1 <1
CD9 175 28 10 3 1 <1 <1
D10 200 29 10 4 2 <1 <1
B11 200 18 6 1 <1 <1 <1
C12 250 41 14 4 1 <1 <1
C13 150 25 9 2 1 <1 <1
D14 225 33 12 4 2 <1 <1
D15 200 29 10 4 2 <1 <1
D16 625 87 32 12 6 2 <1
D17 450 62 23 9 4 1 <1
D18 275 39 14 5 2 1 <1
D19 225 33 12 4 2 <1 <1
D20 200 29 10 4 2 <1 <1
E21 875 150 73 35 21 10 3
E22 625 100 52 25 15 7 2
D23 275 39 14 5 3 1 <1
D24 225 33 12 4 2 <1 <1
D25 200 29 10 4 2 <1 <1
F26 1,400 225 100 56 33 15 5
F27 1,000 150 83 40 23 11 4
E28 375 78 33 16 9 4 1
D29 225 33 12 4 2 <1 <1
D30 200 29 10 4 2 <1 <1

Table 3. Tons per year of carbon dioxide, methane, nitrogen oxides, carbon
monoxide, volatile organic compounds (VOCs), PM2.5, and formaldehyde emit-
ted in Washington County PA 2012–2015.

Compound 2012 2013 2014 2015 2016

Carbon dioxide 681,402 731,097 897,398 1,028,463 1,293,388
Methane 9,204 7,217 3,069 7,684 8,276
Nitrogen oxides 2,097 2,875 3,931 4,546 3,544
Carbon monoxide 939 939 1,375 2,087 1,742
VOCs 639 1,658 1,548 1,932 2,078
PM2.5 66 102 157 111 85
Formaldehyde 54 55 55 61 63
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shows the annual median and upper and lower limits of
ambient air levels of emissions of the group of compounds
included in this analysis: nitrogen oxides, carbon monoxide,
VOCs, PM 2.5, and formaldehyde. These five compounds
had the highest reported mass and known health effects.

Relationships between exposure and respiratory
health outcomes

Although all reported one or more symptoms that began or
worsened after the onset of drilling activity and could not be
plausibly attributed to pre-existing or current medical condi-
tions, or practices such as smoking, 28% of the sample did
not report any respiratory symptoms at all. At least one
respiratory symptom (i.e., “any respiratory symptom”) was
reported by 72%; sore throat by 40%; cough and shortness of
breath by 36% each; sinus problems by 26%, and wheezing
by 16%. The majority (77%) lived within 2 km of at least one
source: 29% lived within 2 km of 1–9 sources; 25% within
2 km of 10–19 sources; and 23% within 2 km of 20 or more.
The number of sources within 2 km ranged from 0 to 40.

Any respiratory symptom and exposure
For any respiratory symptom (i.e., at least one respiratory
symptom reported), the overall model with 11 predictors
was significant: v2(11) ¼ 22.32, P ¼ .022 (Cox & Snell r2 ¼
.231; Nagelkerke r2 ¼ .329). As well, the Hosmer–Lemeshow
test was not significant: v2(7) ¼ 4.09, P ¼ .769. In regards
to classification, sensitivity was 91.7% and specificity was
36%. As shown on Table 5, the following predictors are

significant: (1) South Sources: b ¼ –.464, P ¼ .018 (OR ¼
0.629, 95% CI ¼ 0.428, 0.923) indicating that the higher the
value for south source the lower the probability of having
any symptom; and (2) West Sources: b ¼ .41, P ¼ .01
(OR ¼ 1.51, 95% CI ¼ 1.10, 2.06) indicating that the higher
the value for west source the higher the probability of hav-
ing any symptom.

Cough and exposure
For cough, the overall model with 11 predictors was signifi-
cant: v2(11) ¼ 27.06, P ¼ .005 (Cox & Snell r2 ¼ .273;
Nagelkerke r2 ¼ .373). As well, the Hosmer–Lemeshow test
was not significant: v2(7) ¼ 8.03, P ¼ .33. In regards to clas-
sification, sensitivity was 67.7% and specificity was 74.1%.
As shown in Table 6, the following predictors are signifi-
cant: (1) West Sources: b ¼ .209, P ¼ .04 (OR ¼ 1.23, 95%
CI ¼ 1.01, 1.51) indicating that the higher the value for
west source the higher the probability of having the cough
symptom and (2) water source: b¼ 2.22, P ¼ .001 (OR ¼
9.19, 95% CI ¼ 2.40, 35.13) indicating that those who have
a well or other non- municipal water source have a higher
probability of having the cough symptom than those who
have a municipal water source.

Shortness of breath and exposure
For shortness of breath, the overall model with 11 predictors
was significant: v2(11) ¼ 25.54, P ¼ .008 (Cox & Snell r2 ¼
.26; Nagelkerke r2 ¼ .355). As well, the Hosmer–Lemeshow
test was not significant: v2(7) ¼ 1.73, P ¼ .973. In regards
to classification, sensitivity was 45.2% and specificity was
87%. As shown on Table 7, the following predictors are sig-
nificant: (1) South Sources: b ¼ –.372, P ¼ .049 (OR ¼
0.689, 95% CI ¼ 0.476, 0.999) indicating that the higher the
value for south source the lower the probability of having
the shortness of breath symptom and (2) West Sources: b ¼
.439, P ¼ .003 (OR ¼ 1.55, 95% CI ¼ 1.16, 2.08) indicating
that the higher the value for west source the higher the
probability of having the shortness of breath symptom.
There were no significant associations between the exposure
measures and sore throat, sinus problems, or wheezing.

The results of our analysis suggest that an exposure met-
ric including the number of sources in combination with
wind direction may be a better predictor of new onset

Table 4. Median ambient air levels of emissions of nitrogen oxides, carbon
monoxide, VOCs, PM 2.5, and formaldehyde by year.

Year North East South West

2012 0 0 0 25
(0,1562.16) (0,999.36) (0,3972.58) (0,1556.67)

2013 93.51 145.2 206.6 268.0
(0,945.5) (0,1208.8) (0,6638.3) (0,761.8)

2014 0 7.96 0 5.80
(0,1301.24) (0,3619.44) (0,3902.76) (0,8670.90)

2015 197.03 0.09 238.44 307.16
(0,3784.57) (0,4542.18) (0,2684.26) (0,2169.16)

2016 312.9 73.00 327.4 460.0
(0,6065.00) (0,1027.0) (0,3661.6) (0,3057.0)

Table 5. Associations between exposure measures and any reported respira-
tory symptom.

B S.E. P-value OR CI Lower CI Upper

North EM 0 0 0.795 1 0.999 1.001
East EM 0 0 0.263 1 0.999 1
South EM 0.001 0.001 0.147 1.001 1 1.002
West EM 0 0 0.202 1 0.999 1
North Sources –0.259 0.147 0.078 0.772 0.578 1.03
South Sources –0.464 0.196 0.018 0.629 0.428 0.923
West Sources 0.411 0.159 0.01 1.508 1.104 2.06
East Sources 0.304 0.183 0.097 1.355 0.947 1.94
Water Source 0.177 0.694 0.799 1.193 0.306 4.649
Gender –0.119 0.622 0.848 0.888 0.262 3.007
Age 0.031 0.031 0.316 1.032 0.971 1.097
Constant –0.673

Note: EM¼ emissions; B¼ unstandardized logit coefficient; S.E. ¼ standard
error; OR¼ odds ratio; CI ¼ 95% confidence interval.

Table 6. Associations between exposure measures and cough.

B S.E. P-value OR CI Lower CI Upper

North EM 0 0 0.957 1 0.999 1.001
East EM –0.001 0.001 0.084 0.999 0.998 1
South EM 0 0 0.4 1 1 1.001
West EM –0.001 0 0.153 0.999 0.998 1
North Sources –0.026 0.107 0.804 0.974 0.79 1.201
South Sources –0.267 0.146 0.068 0.766 0.575 1.02
West Sources 0.209 0.102 0.04 1.232 1.009 1.505
East Sources 0.086 0.106 0.414 1.09 0.886 1.341
Water Source 2.218 0.684 0.001 9.186 2.403 35.125
Gender 0.404 0.618 0.514 1.497 0.446 5.029
Age 0.01 0.028 0.724 1.01 0.957 1.066
Constant –2.528

Note: EM¼ emissions; B¼ unstandardized logit coefficient; S.E. ¼ standard
error; OR¼ odds ratio; CI ¼ 95% confidence interval.
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respiratory symptoms than the number of sources and wind
direction combined with the reported emissions from
those sources.

There are several possible explanations for our findings.
Any respiratory symptom, cough, and shortness of breath
were associated with the cardinal direction of the emission
source. The levels of contamination in the air move along
with weather systems. In this county, that is primarily from
the southwest to the northeast. The periods of stability in a
weather system vary (i.e., there are periods of stability and
low dilution of pollutants). It is possible that weather sys-
tems that move in other directions, although they also carry
pollutants, have differing periods of high stability and
low dilution.

Our calculations of the annual hourly emission rate from
a source assume a consistent rate and may not be reflective
of the occurrence of peak emissions. Peak emissions may be
more important in precipitating acute respiratory symptoms
than median emissions. Proximity to wells inherently cap-
tures peak events. In a similar vein, emission data do not
capture exposures to flaring, impoundments or indoor off-
gassing from contaminated water, all of which might result
in peak exposures precipitating respiratory symptoms. Since
these sources are typically co-located with wells, proximity
to sources would better reflect these exposures.

Although four of the five compounds included in this
analysis have recognized acute respiratory effects (NOx,
PM2.5, VOCs, and formaldehyde), there may be other emis-
sions with potent respiratory effects that were not included
in the analysis. Future analyses could be limited to those
emissions with established respiratory actions. Additionally,
our results support the potential exposure presented by
ground water. Ground water contamination associated with
the gas wells may contribute to respiratory symptoms such
as cough through off gassing during indoor use.

Our study used a convenience sample whose self-reported
date of respiratory symptom onset fell within the year of the
exposure estimate. The lack of precision in the temporal
relationship to the exposure is a limitation of this study.
However, self-reported symptoms were reviewed by a nurse
practitioner, in a standardized clinical interview, and all
records were reviewed to include only those symptoms that
could not plausibly be explained by a co-occurring medical
condition or a habit such as smoking. A further limitation is

our focus on respiratory symptoms, when there are other
health symptoms that have been associated with UNGD that
we did not include.

Other approaches to estimation of exposures have consid-
ered distance from nearest wells and the number of wells.
Our approach considered the intensity of the emissions;
temporal dilution factors; number of sources within a speci-
fied distance; and cardinal direction of those sources relative
to the residence. The approach included not just well pads,
but also processing plants and compressor stations. We feel
that inclusion of infrastructure such as processing plants
and compressor stations and the addition of cardinal direc-
tion provides a more precise assessment of exposure at the
residence. The processes needed to consider cardinal direc-
tions are not overly cumbersome. When using approaches
such as the inverse ratio of the distance squared, one can
simply consider the direction from the source and flow of
weather patterns in the area.

Conclusion

To our knowledge this is only the second study that
included multiple sources of pollution (i.e., well pads, proc-
essing plants, and compressor stations) and the first study to
incorporate weather and atmospheric conditions in the
exposure estimate. Estimates of exposure typically character-
ize the sources within a specific radius of a residences. We
suggest that future characterizations should consider the car-
dinal direction of the source from the residence. The impact
of ambient air levels is unclear should be investigated in
future studies.
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Asthma Outcomes Cohort Study 
 

Background 
 
Over the last 25 years, the American energy landscape has undergone an evolution, perhaps most 
notably with the expansion of hydraulic fracturing operations1. From 2000 to 2015, the number 
of hydraulically fractured wells in the United States increased from 23,000 to approximately 
300,000. This rapid growth has corresponded to a range of economic benefits, including 
decreased energy costs and greatly increased production of both oil and natural gas2. However, 
mounting evidence suggests that hydraulic fracturing may have adverse impacts on public health 
and the environment3-24. 

Hydraulic fracturing – also known as fracking – is a process of unconventional natural gas 
development (UNGD) done by injecting large amounts of fluid at high pressure into dense rock 
in order to free trapped oil and natural gas25. The fluid used for injection typically consists of a 
mixture of water, sand (or other proppants), and various chemical additives. These wells, which 
are typically deeper than conventional wells, access previously unavailable reservoirs of oil and 
natural gas trapped in shale. The Marcellus Shale formation encompasses approximately half of 
Pennsylvania and is a large reservoir of natural gas.  

Exposure to UNGD has been shown to be associated with some asthma exacerbations, including 
in Pennsylvania (PA)8,13,26,27. Rasmussen et al.8 performed a case-control study using electronic 
health record data on 35,508 patients with asthma, aged 5 to 90 years, in Eastern PA. Patients 
with exacerbations from 2005 to 2012 were frequency matched on age, sex, and year of event to 
patients without an event. They assessed exposure to UNGD activity by well phase (well pad 
preparation, drilling, hydraulic fracturing, and production) the day before the event. Rasmussen 
et al. found statistically significant elevations in the highest tertile of activity, compared to the 
baseline of very low activity, for 11 of 12 UNGD phases by outcome models examined. The 
highest tertile odds ratios ranged from 1.45 for hospitalizations in the well pad preparation phase 
to 4.43 for mild exacerbations in the production phase. 

Koehler et al.13 (2018) used a principal components analysis to evaluate the association between 
mild asthma exacerbations, defined as new oral corticosteroid medications, and three UNGD 
activity metrics. They included nearly 70,000 exacerbations from approximately 40 counties in 
Eastern Pennsylvania. They constructed an exposure measure which included well pad 
development, drilling, stimulation, production, and compressor engines. Koehler et al. found 
statistically significantly elevated risk among those living within 1 kilometer (km) of the nearest 
well drilled, those in the highest tertile using an inverse distance weighted (IDW) cumulative 
metric, and those in the highest quartiles of exposure in the metrics that considered well phases 
plus distance.  
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There were three specific aims of this retrospective cohort study of asthma: 1) to replicate earlier 
studies conducted in Eastern PA using a population in Southwestern PA, where UNGD has 
proliferated in the past 15 years; 2) to enhance and improve upon previous UNGD exposure 
characterizations by assessing the associations between asthma exacerbations of various severity 
and each the four phases of UNGD; and 3) to enhance and improve upon previous UNGD 
exposure characterizations by assessing whether associations varied by multiple buffer distances 
to individuals’ residences.   
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Methods 

Asthma Records Data 
Cohort members were identified from a University of Pittsburgh Health Record Research 
Request (R3) data request following University of Pittsburgh Institutional Review Board (IRB) 
approval. R3 is a service of the Department of Biomedical Informatics (DBMI) managed by the 
Chief Research Informatics Officer (CRIO), sponsored in part by the Clinical and Translational 
Sciences Institute and Institute for Precision Medicine at the University of Pittsburgh. 

To be part of the cohort, participants need to have: 

• An electronic health record with the University of Pittsburgh Medical Center (UPMC) 
health system between 2011-2020 

• Age 5-90 years 
• Patient residence within a zip code located within the eight-county study area (Allegheny 

excluding the City of Pittsburgh (excluded zip codes listed in Appendix Table 1), 
Armstrong, Beaver, Butler, Fayette, Greene, Washington, and Westmoreland counties) 

• Primary diagnosis of asthma (codes shown in Appendix Table 2) 
• At least one order for medications prescribed for asthma (Appendix Table 3) 

 
We excluded participants with: 

• Cystic fibrosis 
• Pulmonary hypertension and pulmonary vascular disease (including pulmonary 

embolism)  
• Paralysis of vocal cords or larynx 
• Bronchiectasis 
• Pneumoconiosis 

ICD-9 and ICD-10 codes for inclusion and exclusion criteria are provided in Appendix Table 2.  

Outcome Measures 
Of interest were three levels of severity of asthma exacerbations among patients with asthma, 
defined according to the American Thoracic Society (ATS) and European Respiratory Society 
(ERS)28. Under the ATS/ERS criteria, patients with asthma are defined as those patients with a 
primary or secondary diagnosis of asthma (ICD-9 or ICD-10 codes; Appendix Table 2) in their 
electronic health record. Only exacerbation events among patients with at least one primary 
diagnosis were eligible for inclusion in the analysis. Exacerbation events were defined as 
follows: 

1. Severe exacerbation: Initiation or increase of systemic corticosteroid medications 
among patients with asthma (Appendix Table 3). 
 

2. Emergency Department (ED) severe exacerbation: ED or urgent care encounters for 
asthma that involve treatment with systemic corticosteroids among patients with asthma.  
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3. Hospital exacerbation: Hospitalizations for asthma that involve treatment with systemic 
corticosteroids among patients with asthma. 

 
For patients with more than one type of exacerbation within 1 week, only the most severe 
exacerbation was retained. For patients with more than one exacerbation of a given type within a 
calendar year, one exacerbation of that type was randomly selected.  

Control Selection 
Controls were selected from patients in the study population. Patients with asthma who did not 
have an exacerbation during the study period were eligible to be controls for an exacerbation of 
any type. Patients with asthma who did have an exacerbation during the study period were 
eligible to be controls for a less severe exacerbation or an exacerbation of equal or greater 
severity up until the calendar year of their exacerbation.  

Among eligible control patients, control events were a randomly selected contact date per 
calendar year per patient to replicate the methodology used in Rasmussen et al8. Contact dates 
were identified as all encounters with the health system recorded in the electronic health record 
(e.g., office visits, medication orders, procedures, tests, etc.).  

Controls were frequency matched to cases by the following criteria: age category (5-12, 13-18, 
19, 44, 45-61, 62-74, 75-90); sex (male, female); year of encounter. 

Events 
We restricted the pool of candidate case events to those among patients aged 5-90 years and 
living in a study area residence on the day of the event and the day prior. We randomly selected 
one residence for events associated in time with multiple residences (n=370). Finally, we 
randomly selected one event per type, per year, per patient to represent our final set of case 
events.  

Control encounters were frequency matched to case events on patient age group, patient sex, and 
encounter year. We used 1:1 control: case matching for severe events, 2:1 matching for ED 
severe events, and 4:1 matching for hospitalization severe events.  

Covariate Definitions 
Clinical and demographic features of the patient and of the environment surrounding the 
patient’s residence were included as covariates to control for potential confounding. Patient 
residences were extracted by R3 from the electronic health records and geocoded. Addresses for 
residences in rural zip codes were masked (a small amount of uncertainty was added by R3 to the 
latitude and longitude) prior to receipt of the data to avoid potential re-identification.  

We received clinical and demographic covariates including patient sex, family history of asthma, 
and race/ethnicity. We also received clinical and demographic covariates that could change 
depending on the encounter, including age category, year of event, season of event, overweight 
and obesity status, smoking status, and Type II diabetes diagnosis. Event-level covariates 
included: year, season, age, BMI category, smoking status, average maximum temperature 
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(degrees Celsius) recorded in the patient’s county of residence on the day prior to the event, and 
community level socioeconomic deprivation index quartile. Covariate information is shown in 
Table 1. 

Table 1. Covariates Included in the Analysis 
Covariate Definition 
Patient level variables 
Patient sex Male 

Female 
History of asthma in patient’s 
first-degree relatives (parents, 
siblings, offspring) 

Yes 
No 

Race (Self-reported race of the 
patient, categorized from 19 
options) 

White 
Black 
All other races 
Unknown 

Ethnicity (Self-reported 
ethnicity of the patient) 

Hispanic 
Not Hispanic 
Unknown 

Variables that were dependent on the event date  
Event year Calendar year in which the event occurred  
Season in which the event 
occurred (based on month and 
day of the event) 

Winter: December 22 – March 21 
Spring: March 22 – June 21 
Summer: June 22 – September 21 
Fall: September 22 – December 21 

Patient age category Age in years at the time of the event, categorized as: 
5-12, 13-18, 19-44, 45-61, 62-74, 75-90 

Overweight and obesity status Based on BMI calculated based on the weight in pounds and height 
in feet and inches at the event date or averaged across the visits 
before and after the event date29 (Appendix Table 4). 

Smoking status of the patient 
at the time of the event 

Current 
Former 
Never 
Unknown 

Type II diabetes diagnosis Whether the patient had a diagnosis of type II diabetes (ICD-9 code 
250.x0 and 250.x2 or ICD-10 code E11.x) at the time of the event 
(yes, no) 

Maximum temperature on the 
previous day (°C) 

Maximum recorded temperature in degrees Celsius on the date 
prior to the event date from the weather station nearest to each 
patient’s residence. If data were missing for the nearest weather 
station, we used the county-level average maximum temperature. 

Variables that were dependent on the event date and residence 
Community socioeconomic 
deprivation index 

Quartiles (Q)1 – Q4 divided equally by the total number of 
communities in our study area 
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Higher values of the index reflect greater community 
socioeconomic deprivation (Appendix Table 5 for details) 

Exposure Measure 

Unconventional natural gas development 
The primary exposure measure was an inverse distance-weighted index of UNGD 
activity6,8,11,13,15 up to 10 miles (or 16,093.4 m) of patient residence. Due to small numbers of 
asthma cases living within 0.5 miles of wells and the masking of rural geocodes performed by 
R3, we considered four buffer distances: 1 mile, 2 miles, 5 miles, and 10 miles in these models. 
 
There are four phases of UNGD: well pad preparation, drilling, hydraulic fracturing, and 
production, which vary in duration and potential exposures. Information required to calculate the 
UNGD activity metric was obtained from the Pennsylvania Department of Environmental 
Protection (PA DEP) and Pennsylvania Department of Conservation and Natural Resources (PA 
DCNR).  
 

1. Well pad preparation - the process of preparing a site where one or more wells were 
located. It is defined as the period 30 days before the first well on the pad is spudded. 

 
2. Drilling - the creation of the wellbore. This phase begins on the well’s spud date and 

ends on the drilling completion date. 
 

3. Hydraulic fracturing (fracking, stimulation) - the process of injecting large volumes of 
water at high pressure into the wellbore to fracture the shale layer. This period is defined 
as beginning on the stimulation commencement date and ending on the stimulation 
completion date. Hydraulic fracturing may be repeated over time for a given well. 

 
4. Production - the process of collecting natural gas or oil that, following hydraulic 

fracturing, travels through the wellbore to the surface. Production durations are variable; 
produced gas volume was represented as an average daily gas volume. A well was 
defined as being in production for reporting periods when production is indicated and 
reported production volume is non-zero. 

 
Phase-specific UNGD metrics were calculated for each exacerbation using the following 
equations in Table 2. 
 
 
Table 2. Definition of UNGD activity metric phase durations 
Phase  Phase name Calculation of phase-specific activity metric 
1 Well pad 

preparation 
Phase 1 metric for patient j event k = ∑ !

"!"#
$

#
$%!   

Where: 
• n is the number of well pads in development within 10 miles 

of the residence of patient j on the day prior to event k 
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• d2ijk is the squared distance (m2) between well pad i and the 
residence of patient j at the time of event k 

2 Drilling Phase 2 metric for patient j event k = ∑ !
"!"#
$

#
$%!  

Where: 
• n is the number of wells in the drilling phase within 10 miles 

of the residence of patient j on the day prior to event k 
• d2ijk is the squared distance (m2) between well i and the 

residence of patient j at the time of event k 
3 Hydraulic 

fracturing 
Phase 3 metric for patient j event k = ∑ &!

"!"#
$

#
$%!  

Where: 
• n is the number of wells in the hydraulic fracturing phase 

within 10 miles of the residence of patient j on the day prior 
to event k 

• wi is the depth (m) of well i 
• d2ijk is the squared distance (m2) between well i and the 

residence of patient j at the time of event k 
4 Production Phase 4 metric for patient j event k =∑ '!

"!"#
$

#
$%!  

 
Where: 

• n is the number of wells in production within 10 miles of the 
residence of patient j on the day prior to event k 

• vi is the produced gas volume (m3) of well i on the day prior 
to event k 

• d2ijk is the squared distance (m2) between well i and the 
residence of patient j at the time of event k 

 
Figure 1 illustrates the calculation of the phase-specific and buffer-specific metrics. 

 
Figure 1. Well Phase Metric Calculation 
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We defined tertiles for each exposure metric (well pad construction phase, drilling phase, 
hydraulic fracturing phase, production phase) within each buffer distance (1, 2, 5, 10 miles): 
 

• Unexposed: metric = 0 
• Exposed, low: metric >0 and metric <33.3% of non-zero values among the entire 

cohort 
• Exposed, moderate: metric >0 and metric ≥ 33.3% of non-zero values and metric 

<66.7% of non-zero values among the entire cohort 
• Exposed, high: metric >0 and metric ≥ 66.7% of non-zero values among the 

entire cohort 

Data Analysis 

Data cleaning 
We used graphical analyses, descriptive statistics, and exploratory data analysis to identify 
outlying observations, implausible values, and other inconsistencies, which were handled on a 
case-by-case basis, which occurred very infrequently. We examined all data for missingness. We 
computed the proportion of missing data for each variable contributing to the calculation of the 
exposure metric, the outcome variables, and the covariates. We stratified these calculations by 
year to examine patterns of missingness over time. We had no missing outcome information. If 
the proportions of missing covariate data were low (< 5%), we analyzed complete cases. We had 
greater than 5% unknown for BMI and smoking data. For BMI, we averaged BMI from the dates 
one year prior to the event date. Similarly, for smoking status, if a patient did not have a known 
smoking status on the event date, the most recent known smoking status prior to the event date 
was used. 

For the UNGD exposure metric, we imputed missing well data using other available data. 
Missing well depths were imputed using the median well depth among wells not missing this 
measurement. Missing spud dates and stimulation dates were extrapolated using other available 
dates for each well and median phase durations among wells without missing dates. 

Statistical analysis 
We examined the four phases of the UNGD activity metric for correlation. In the event of 
substantial correlation among these four metrics, we would z-score each phase-specific metric, 
and then sum these z-scored phase-specific metrics to obtain a single, overall UNGD activity 
metric for each asthma exacerbation. However, we did not find evidence of correlation between 
the phases, and thus the phase-specific metrics were divided into three tertiles of exposure, 
representing low, moderate, and high UNGD activity, respectively. 
 
We computed descriptive statistics (for continuous variables: mean and standard deviation or 
median and IQR; for categorical variables: frequency) for outcome variables and covariates. 
Descriptive statistics were calculated for each type of asthma exacerbation for cases and controls. 
We assessed differences in these distributions by running univariate logistic models using 
community as a random effect. 
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Our analyses assessed the association the phase-specific UNGD activity metrics (tertiles) with 
each of the three levels of asthma exacerbation severity. To do this, we fit a series of multilevel 
logistic regression models with a random intercept for community, as defined for the 
socioeconomic deprivation index, to account for nesting of patients within communities.  

Each base model included all four phase-specific UNGD activity metrics. We then added to the 
base models: patient sex, year of encounter, race, family history of asthma, age category, 
smoking status, BMI category, season of event, type II diabetes diagnosis, community 
socioeconomic deprivation, and temperature (°C). We evaluated covariates for conditional 
significance (global tests assessing the covariate as a whole) using Wald or likelihood ratio tests . 
We also assessed trend for the tertiles of exposure using a Wald test for the linear form of the 
tertiles of exposure variables. We assessed multicollinearity among model covariates by 
calculating variance inflation factors (VIF).  

Associations were reported as odds ratios comparing the tertile splits of the UNGD activity 
metric(s) to the unexposed group (reference level) with 95% confidence intervals. The odds ratio 
is used to determine whether a particular exposure (e.g., UNGD activity) is a risk factor for a 
particular type of asthma exacerbation, and to compare the magnitude of various risk factors for 
that outcome. Odds ratios (OR) can be interpreted as: 

    OR=1 Exposure (e.g., UNGD activity) does not affect odds of the type of asthma exacerbation 

    OR>1 Exposure (e.g., UNGD activity) is associated with higher odds of having the type of 
asthma exacerbation 

    OR<1 Exposure (e.g., UNGD activity) is associated with lower odds of having the type of 
asthma exacerbation  

We used a two-sided type I error rate of 0.05 for significance testing. No adjustments were made 
for multiple comparisons. Analyses were performed using R version 4.1.2 (2021-11-01) and 
Stata 17 (StataCorp. 2021. Stata Statistical Software: Release 17. College Station, TX: StataCorp 
LLC). Forest plots were produced using GraphPad Prism version 9.5.1 for Windows (GraphPad 
Software, San Diego, California USA, www.graphpad.com). Forest plots are a graphical 
representation of odds ratios to facilitate comparisons across groups. 
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Results 
Cohort Formation 
Figure 3 shows the enrollment flowchart for the asthma cohort. We received 119,648 patients 
from R3, and our final cohort consisted of 46,676 patients.  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

The map (Figure 2) shows the counts for each 
patient community in the cohort. Allegheny 
County, excluding the City 

 

 

 

 

Primary asthma diagnosis: 
N=50,634 

Initial cohort file: 
N= 119,648  

Residence within cohort: 
N=49.732 

No primary asthma diagnosis: 
N= 69,014 

Residence outside study area: 
N=902 

Final cohort: 
N=46,676 

No medication on list 
(Appendix Table 3): 

N=3,056 

Figure 2. Cohort 
Enumeration Flowchart 

Figure 3. Map of Patient Communities 
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Events 
One event per type, per year, per patient was randomly selected for our final set of case events. 
Table 3 shows the number of events per type and the number of controls. There were a total of 
40,627 case and control events included. 

Table 3. Final Counts by Event Type 
Event Type Number of Cases Percent of Events Number of Controls1 

Severe 16,373 86.8 16,373 
ED Severe 2,292 12.1 4,584 
Hospitalization Severe 201 1.1 804 

1- Control events frequency matched to case events by type: 1:1 severe, 2:1 ED severe; 4:1 hospitalization severe 

Figure 4 shows the 
distribution of community 
socioeconomic deprivation 
index by quartile. 
Communities shown in blue 
are Quartile (Q) 1 (least 
deprivation) while 
communities shown in orange 
are in Q4 (most deprivation). 
Much of Allegheny County 
(excluding the City of 
Pittsburgh) and southern 
Butler County are in Q1.  

 

 

 

 

 

 

 
UNGD Exposure 
There were 5,799 wells included in our study from 2000 to 2020 (Figure 5). Through 2020, 
Washington County had the highest number of wells (n=1974), and Beaver County had the 
lowest number (n=141).  

Figure 4. Map of Socioeconomic Deprivation Index by Community 
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Figure 5. Map of UNGD Well Locations 
 

There were fewer than 20 wells spudded in Southwestern Pennsylvania until 2007-2008, when 
production began increasing rapidly. The number of wells spudded peaked in 2014, with 765 as 
shown in Figure 6. 

 

Figure 6. Histogram of UNGD Well Spud Dates by Year 
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Table 4 shows the median phase duration for each of the four UNGD activity metrics. 

Table 4. UNGD Activity Metric Phase Durations 
Phase Phase name Phase length 

1 Well pad preparation 
Minimum (spud date among wells on the pad) + 30 days 
30 days 
 

2 Drilling 
Number of days between the spud and drilling completion 
dates 
Median: 104 days 

3 Hydraulic fracturing 
Number of days between stimulation commencement and 
stimulation completion  
Median: 12 days 

4 Production 

Duration of reporting period during which well reported 
production 
Mean: 2239 days (range 30-8769 days) 
Median: 2193 days 

 

Shown in Table 5 are the cut points used for the tertiles (33.3% and 66.7%) as well as the 
minimum, median, and maximum value by phase and buffer. The production phase, which lasted 
the longest, had the highest metric values. 
 
Table 5. Phase- and Buffer-Specific Cutpoints 
Phase  Buffer 

(mi) 
Min 33.3% Median 66.7% Max 

Well pad 
preparation  

1.0  3.88e-07 5.45e-07 7.96e-07 1.79e-06 7.31e-05 
2.0  9.70e-08 1.37e-07 1.75e-07 2.82e-07 7.31e-05 
5.0  1.54e-08 2.29e-08 3.02e-08 4.77e-08 7.32e-05 
10.0  3.86e-09 5.93e-09 8.38e-09 1.32e-08 7.32e-05 

Drilling  
  

1.0  3.94e-07 1.33e-06 2.05e-06 2.75e-06 3.09e-03 
2.0  9.65e-08 3.13e-07 5.02e-07 7.86e-07 3.09e-03 
5.0  1.54e-08 6.75e-08 1.08e-07 1.66e-07 3.09e-03 
10.0  3.86e-09 2.16e-08 3.56e-08 6.34e-08 3.09e-03 

Hydraulic 
fracturing  
  

1.0  1.38e-03 2.05e-03 2.32e-03 3.23e-03 2.15e-02 
2.0  2.10e-04 5.22e-04 7.08e-04 1.09e-03 2.15e-02 
5.0  3.05e-05 1.10e-04 1.72e-04 2.69e-04 2.15e-02 
10.0  6.47e-06 2.76e-05 4.23e-05 7.01e-05 2.15e-02 

Production  
  

1.0  1.65e-05 1.32e-02 4.46e-02 1.16e-01 3.73e+02 
2.0  3.69e-07 1.61e-02 3.30e-02 6.96e-02 3.73e+02 
5.0  7.23e-09 9.19e-03 2.40e-02 4.74e-02 3.73e+02 
10.0  6.62e-08 1.72e-02 1.72e-02 3.50e-02 3.73e+02 
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Characteristics by event type and case or control status are shown in Table 6, along with p-values 
assessing differences in distributions between the groups except for by sex, age or encounter 
year, which were matching variables. Severe exacerbations had statistically significant 
differences in distributions among cases and controls for all covariates. ED exacerbations had 
statistically significant differences in distributions among cases and controls for all covariates 
except family history of asthma and BMI. Hospitalizations had statistically significant 
differences in distributions among cases and controls in family history of asthma, BMI, and 
socioeconomic deprivation index.  

Hospitalizations had the highest percentage of females. Severe exacerbations occurred most 
frequently among 5–13-year-olds, and ED and hospitalization exacerbations among 19–45-year-
olds. Case events occurred most frequently in the winter and the majority of all patients were 
nonsmokers. More cases than controls were in Q1 (least deprived) and more controls than cases 
were in Q4 of the socioeconomic deprivation index for all event types. 

Counts are also shown by event type by buffer distance, including for the 0.5-mile buffer. As 
shown, counts of exposed within the 0.5-mile buffer were so small as to preclude modeling. For 
all three event types, more case than control events were exposed for every well activity metric 
at every buffer distance for severe exacerbations. The greatest number of exposures occurred for 
the production phase among all events with up to 15% more case events exposed than control 
events.  

Table 6. Descriptive Statistics of Cases and Controls by Asthma Exacerbation Type 
 Severe Exacerbation ED Exacerbation Hospitalization 

Exacerbation 
Characteristic Case, 

n=16,373 (%) 
Control, 

n=16,373 (%) 
Case, 

n=2292 (%) 
Control, 

n=4584 (%) 
Case,  

n=201 (%) 
Control,  

n=804 (%) 
Patient and Event Characteristics 
Female 9476 (57.9) 9476 (57.9) 1435 (62.6) 2870 (62.6) 141 (70.2) 564 (70.2) 
Age in years, time of the event or 
matched encounter 
  5 - <13 
  13 - <19 
  19 - <45 
  45 - <62 
  62 - <75 
  75 - 90 

 
 

5065 (30.9) 
1710 (10.4) 
3425 (20.9) 
3533 (21.6) 
2008 (12.3) 

632 (3.9) 

 
 

5065 (30.9) 
1710 (10.4) 
3425 (20.9) 
3533 (21.6) 
2008 (12.3) 

632 (3.9) 

 
 

258 (11.3) 
178 (7.8) 

1048 (45.7) 
605 (26.4) 
172 (7.5) 
31 (1.4) 

 
 

516 (11.2) 
356 (7.8) 

2096 (45.7) 
1210 (26.4) 

344 (7.5) 
62 (1.4) 

 
 

40 (19.9) 
4 (2.0) 

66 (32.8) 
52 (25.9) 
29 (14.4) 
10 (5.0) 

 
 

160 (19.9) 
16 (2.0) 

264 (32.8) 
208 (25.9) 
116 (14.4) 

40 (5.0) 
Event year 
  2011 
  2012 
  2013 
  2014 
  2015 
  2016 
  2017 
  2018 
  2019 
  2020 

 
1470 (9.0) 
1625 (9.9) 

1787 (10.9) 
2168 (13.2) 
2137 (13.1) 
1640 (10.0) 
1638 (10.0) 
1502 (9.2) 
1507 (9.2) 
899 (5.5) 

 
1470 (9.0) 
1625 (9.9) 

1787 (10.9) 
2168 (13.2) 
2137 (13.1) 
1640 (10.0) 
1638 (10.0) 
1502 (9.2) 
1507 (9.2) 
899 (5.5) 

 
93 (4.1) 

187 (8.2) 
216 (9.4) 
226 (9.9) 

234 (10.2) 
291 (12.7) 
257 (11.2) 
296 (12.9) 
324 (14.1) 
168 (7.3) 

 
186 (4.1) 
374 (8.2) 
432 (9.4) 
452 (9.9) 

468 (10.2) 
582 (12.7) 
514 (11.2) 
592 (12.9) 
648 (14.1) 
336 (7.3) 

 
11 (5.5) 
20 (9.9) 
20 (9.9) 

27 (13.4) 
26 (12.9) 
20 (9.9) 

22 (11.0) 
22 (11.0) 
18 (9.0) 
15 (7.5) 

 
44 (5.5) 
80 (9.9) 
80 (9.9) 

108 (13.4) 
104 (12.9) 

80 (9.9) 
88 (11.0) 
88 (11.0) 
72 (9.0) 
60 (7.5) 

Family history of asthma (yes) 3044 (18.6) 2652 (16.2) 305 (13.3) 620 (13.5) 40 (19.9) 98 (12.2) 
 <0.0001 0.772 0.007 
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 Severe Exacerbation ED Exacerbation Hospitalization 
Exacerbation 

Characteristic Case, 
n=16,373 (%) 

Control, 
n=16,373 (%) 

Case, 
n=2292 (%) 

Control, 
n=4584 (%) 

Case,  
n=201 (%) 

Control,  
n=804 (%) 

Race 
  White 
  Black 
  Other/Unknown 

 
14,669 (89.6) 

1255 (7.7) 
448 (2.7) 

 
14,021 (85.6) 
2, 011 (12.3) 

351 (2.1) 

 
1881 (82.1) 

202 (8.8) 
209 (9.1) 

 
3836 (83.7) 
661 (14.4) 

87 (1.9) 

 
173 (86.1) 
24 (11.9) 

4 (2.0) 

 
682 (84.8) 
105 (13.1) 

17 (2.1) 
 <0.0001 <0.0001 0.973 
Event season 
  Winter: December 22 – March 21 
  Spring: March 22 – June 21 
  Summer: June 22 – September 21 
  Fall: September 22 – December 21 

 
4820 (29.4) 
3979 (24.3) 
2752 (16.8) 
4822 (29.5) 

 
3884 (23.7) 
4045 (24.7) 
3990 (24.4) 
4454 (27.2) 

 
688 (30.0) 
533 (23.3) 
402 (17.5) 
669 (29.2) 

 
1120 (24.4) 
1129 (24.6) 
1144 (25.0) 
1191 (26.0) 

 
59 (29.4) 
48 (23.9) 
40 (19.9) 
54 (26.9) 

 
191 (23.8) 
200 (24.9) 
178 (22.1) 
235 (29.2) 

 <0.0001 <0.0001 0.416 
BMI 
  Underweight or normal weight 
  Overweight 
  Obese 
  Unknown 

 
5427 (33.1) 
3677 (22.5) 
6852 (41.9) 

417 (2.5) 

 
5744 (35.1) 
3559 (21.7) 
6502 (39.7) 

568 (3.5) 

 
636 (27.8) 
613 (26.7) 
997 (43.5) 

46 (2.0) 

 
1252 (27.3) 
1064 (23.2) 
2141 (46.7) 

127 (2.8) 

 
49 (24.4) 
35 (17.4) 

111 (55.2) 
6 (3.0) 

 
233 (29.0) 
200 (24.9) 
351 (43.7) 

20 (2.5) 
 <0.0001 0.126 0.014 
Smoking status 
  Never 
  Current 
  Former 
  Unknown 

 
10,798 (65.9) 

1466 (9.0) 
2730 (16.7) 
1379 (8.4) 

 
9922 (60.6) 
1702 (10.4) 
2827 (17.3) 
1923 (11.7) 

 
1542 (67.3) 
319 (13.9) 
396 (17.3) 

35 (1.5) 

 
2518 (54.9) 
811 (17.7) 
957 (20.9) 
298 (6.5) 

 
122 (60.7) 
24 (11.9) 
43 (21.4) 
12 (6.0) 

 
450 (56.0) 
104 (12.9) 
180 (22.4) 

70 (8.7) 
 <0.0001 <0.0001 0.480 
Community socioeconomic 
deprivation index, quartiles 
  Q1 
  Q2 
  Q3 
  Q4 

 
 

8875 (54.2) 
3365 (20.6) 
2083 (12.7) 
2050 (12.5) 

 
 

8113 (49.6) 
3054 (18.7) 
2104 (12.8) 
3102 (18.9) 

 
 

1315 (57.4) 
413 (18.0) 
337 (14.7) 
227 (9.9) 

 
 

2091 (45.6) 
838 (18.3) 
629 (13.7) 

1026 (22.4) 

 
 

108 (53.7) 
43 (21.4) 
26 (12.9) 
24 (11.9) 

 
 

373 (46.4) 
136 (16.9) 
118 (14.7) 
177 (22.0) 

 <0.0001 <0.0001 0.011 
Type II diabetes l (yes) 920 (5.6) 1599 (9.8) 78 (3.4) 515 (11.2) 25 (12.4) 78 (9.7) 
 <0.0001 <0.0001 0.208 
Avg temperature day prior (°C) 
(SD) 

14.8 (10.3) 16.8 (10.5) 15.1 (10.6) 16.8 (10.7) 15.7 (10.2) 16.2 (11.0) 

 <0.0001 <0.0001 0.522 
Well Activity Metrics 
Exposed within 0.5-mile buffer 
  Construction 
  Drilling 
  Hydraulic fracturing 
  Production 

 
8 (0.05) 
11 0.07) 

0 (0.0) 
351 (2.1) 

 
7 (0.04) 
3 (0.02) 
0 (0.0) 

219 (1.3) 

 
1 (0.04) 
4 (0.2) 
0 (0.0) 

37 (1.6) 

 
1 (0.02) 
1 (0.02) 
0 (0.0) 

55 (1.2) 

 
0 (0.0) 
0 (0.0) 
0 (0.0) 
2 (1.0) 

 
0 (0.0) 
0 (0.0) 
0 (0.0) 

11 (0.01) 
Exposed within 1 mile buffer 
  Construction 
  Drilling 
  Hydraulic fracturing 
  Production 

 
24 (0.1) 
77 (0.5) 
9 (0.05) 

1131 (6.9) 

 
18 (0.1) 
41 (0.3) 
5 (0.03) 

842 (5.1) 

 
4 (0.2) 

10 (0.4) 
1 (0.04) 

119 (5.2) 

 
1 (0.02) 
9 (0.2) 

1 (0.02) 
211 (4.6) 

 
1 (0.5) 
1 (0.5) 
0 (0.0) 

11 (5.5) 

 
0 (0.0) 
0 (0.0) 
0 (0.0) 

30 (3.7) 
Exposed within 2-mile buffer 
  Construction 
  Drilling 
  Hydraulic fracturing 

 
98 (0.6) 

369 (2.2) 
70 (0.4) 

 
70 (0.4) 

262 (1.6) 
62 (0.4) 

 
6 (0.3) 

42 (1.8) 
6 (0.3) 

  
11 (0.2) 
55 (1.2) 
11 (0.2) 

 
1 (0.5) 
3 (1.5) 
2 (1.0) 

 
2 (0.2) 

11 (1.4) 
1 (0.1) 
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 Severe Exacerbation ED Exacerbation Hospitalization 
Exacerbation 

Characteristic Case, 
n=16,373 (%) 

Control, 
n=16,373 (%) 

Case, 
n=2292 (%) 

Control, 
n=4584 (%) 

Case,  
n=201 (%) 

Control,  
n=804 (%) 

  Production 3122 (19.1) 2270 (13.9) 368 (16.1) 637 (13.9) 32 (15.9) 107 (13.3) 
Exposed within 5-mile buffer 
  Construction 
  Drilling 
  Hydraulic fracturing 
  Production 

 
683 (4.2) 

2496 (15.2) 
652 (4.0) 

8646 (52.8) 

 
516 (3.1) 

1883 (11.5) 
491 (3.0) 

6853 (41.9) 

 
73 (3.2) 

302 (13.2) 
78 (3.4) 

1200 (52.3) 

 
117 (2.6) 

512 (11.2) 
111 (2.4) 

1890 (41.2) 

 
8 (4.0) 

28 (14.0) 
5 (2.5) 

99 (49.2) 

 
18 (2.2) 
74 (9.2) 
19 (2.4) 

317 (39.4) 
Exposed within 10-mile buffer 
  Construction 
  Drilling 
  Hydraulic fracturing 
  Production 

  
2706 (16.5) 
7974 (48.7) 
2937 (17.9) 

14,825 (90.5) 

 
2305 (14.1) 
6937 (42.4) 
2391 (14.6) 

13,133 (80.2) 

 
336 (14.7) 

1032 (45.0) 
386 (16.8) 

2075 (90.5) 

 
537 (11.7) 

1841 (40.1) 
610 (13.3) 

3686 (80.4) 

 
34 (16.9) 
89 (44.3) 
29 (14.4) 

183 (91.0) 

 
101 (12.6) 
312 (38.8) 
110 (13.7) 
625 (77.7) 

 

Model Results 
Severe Exacerbation Models 
Adjusted models for severe asthma exacerbations are shown below. For the construction, 
drilling, and hydraulic fracturing phases, there were no consistent associations at any buffer 
distance. For the production phase, there were statistically significantly elevated odds ratios of 3 
to 5 for all buffer distances, some of which increased with increasing intensity of exposure. For 
all buffer distances, both the global and trend p-values were statistically significant. 
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Table 7. Asthma Severe Exacerbation Models by Well Phase Activity Metric 
Buffer  Adjusted OR1 (95% CI) 

Well Pad Preparation Drilling Hydraulic Fracturing Production 
1 mile 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

-- 
1.50 [0.53,  4.25] 
0.96 [0.29,  3.13] 
0.65 [0.21,  1.95] 

0.87 
0.07 

-- 
1.81 [0.92,  3.54] 
1.36 [0.70,  2.65] 
1.58 [0.77,  3.23] 

0.02 
<0.0001 

-- 
0.94 [0.15,  5.88] 
3.44 [0.37, 32.20] 
0.87 [0.12,  6.30] 

0.04 
<0.0001 

 
-- 

3.80 [3.09,  4.67]** 
3.83 [3.13,  4.67]** 
3.81 [3.11,  4.66]** 

<0.0001 
<0.0001 

2 miles 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

-- 
1.49 [0.84,  2.65] 
0.55 [0.32,  0.94] 
1.11 [0.63,  1.96] 

0.15 
0.09 

 
-- 

1.01 [0.75,  1.36] 
1.22 [0.91,  1.63] 
1.05 [0.79,  1.41] 

0.14 
<0.0001 

-- 
0.62 [0.35,  1.11] 
1.11 [0.59,  2.10] 
0.98 [0.51,  1.90] 

0.02 
0.001 

 
-- 

4.52 [3.89,  5.25]** 
5.12 [4.41,  5.95]** 
4.02 [3.45,  4.67]** 

<0.0001 
<0.0001 

5 miles 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

-- 
1.03 [0.83,  1.27] 
1.00 [0.82,  1.23] 
0.93 [0.75,  1.14] 

0.96 
0.36 

-- 
1.12 [0.99,  1.26] 
1.10 [0.98,  1.24] 
1.05 [0.93,  1.19] 

0.25 
0.01 

-- 
1.17 [0.94,  1.45] 
1.06 [0.86,  1.32] 
0.99 [0.80,  1.22] 

0.14 
0.22 

 
-- 

4.41 [3.92,  4.96]** 
4.63 [4.10,  5.24]** 
4.73 [4.14,  5.39]** 

<0.0001 
<0.0001 

10 miles 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

 
-- 

0.97 [0.87,  1.08] 
1.05 [0.95,  1.17] 
0.99 [0.88,  1.10] 

0.69 
0.52 

 
-- 

1.02 [0.95,  1.10] 
1.07 [1.00,  1.15] 
1.07 [0.99,  1.16] 

0.21 
0.12 

 
-- 

1.04 [0.93,  1.15] 
1.11 [1.00,  1.23] 
1.10 [0.99,  1.22] 

0.11 
0.10 

 
-- 

3.53 [3.20,  3.89]** 
4.29 [3.85,  4.78]** 
4.72 [4.18,  5.34]** 

<0.0001 
<0.0001 

1- Models adjusted for SES, encounter year, age category, sex, race, season, BMI category, smoking status, family history of asthma, temperature, and history of type II 
diabetes  

* p<0.05; ** p<0.001 
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The severe exacerbation forest plots by buffer distance for each phase are shown in Figure 7. The 
vertical line at 1 represents a null relationship; dots below 1 indicate reduced risk and dots above 
1 indicate increased risk. 
 

 
Figure 7. Forest Plots of Model Results for Severe Exacerbations 
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ED Severe Exacerbation Models 
The adjusted models for exacerbations requiring an ED visit are shown in Table 8. Some of the exposure characterizations, noted as 
Not Applicable (NA), could not be modeled due to the number of cases and controls within the smaller buffer distances for this 
outcome (see Table 5 for counts of exposed cases and controls at each buffer distance). For the construction, drilling, and hydraulic 
fracturing phases, there were no consistent associations at any buffer distance. For the production phase, there were statistically 
significantly elevated odds ratios between 2 and 6 for all buffer distances, most of which increased with increasing intensity of 
exposure. For all buffer distances, both the global and trend p-values were statistically significant. 

Table 8. Asthma ED Severe Exacerbation Model Results by Well Phase Activity Metric 
Buffer  Adjusted OR1 (95% CI) 

Well Pad Preparation Drilling Hydraulic Fracturing Production 
1 mile 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

NA2 NA NA 

 
-- 

3.44 [1.85,  6.40]** 
3.96 [2.28,  6.87]** 
4.86 [2.90,  8.16]** 

<0.0001 
<0.0001 

2 miles 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

NA 

 
-- 

0.98 [0.43,  2.24] 
1.63 [0.69,  3.85] 
1.19 [0.49,  2.87] 

0.74 
0.22 

NA 

 
-- 

3.42 [2.33,  5.03]** 
3.41 [2.37,  4.92]** 

             4.13 [2.82,  6.05]** 
<0.0001 
<0.0001 

5 miles 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

 
-- 

0.87 [0.51,  1.50] 
1.55 [0.86,  2.81] 
0.72 [0.36,  1.43] 

0.31 
0.16 

 
-- 

0.81 [0.60,  1.09] 
0.93 [0.67,  1.27] 
0.90 [0.63,  1.27] 

0.71 
0.49 

 
-- 

0.98 [0.54,  1.79] 
1.17 [0.68,  2.01] 
0.84 [0.41,  1.71] 

0.77 
0.62 

 
-- 

4.89 [3.65,  6.54]** 
5.01 [3.71,  6.78]** 
4.11 [2.96,  5.70]** 

<0.0001 
<0.0001 

10 miles     
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Buffer  Adjusted OR1 (95% CI) 
Well Pad Preparation Drilling Hydraulic Fracturing Production 

  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

-- 
0.96 [0.72,  1.28] 
1.32 [0.98,  1.77] 
1.13 [0.83,  1.53] 

0.28 
0.10 

-- 
1.08 [0.91,  1.30] 
0.87 [0.72,  1.05] 
0.82 [0.67,  1.01] 

0.07 
0.07 

-- 
0.93 [0.70,  1.24] 
1.23 [0.95,  1.61] 
1.09 [0.82,  1.45] 

0.39 
0.35 

-- 
3.50 [2.75,  4.45]** 
4.49 [3.45,  5.84]** 
4.81 [3.58,  6.47]** 

<0.0001 
<0.0001 

1- Models adjusted for SES, exposure year, age category, sex, race, season, BMI category, smoking status, family history of asthma, temperature, and history of type II 
diabetes 

2- Small sample sizes precluded modeling 
* p<0.05; ** p<0.001
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Figure 8 shows the ED exacerbation forest plots by buffer distance for each phase. The vertical 
line at 1 represents a null relationship; dots below 1 indicate reduced risk and dots above 1 
indicate increased risk. 

 

Figure 8. Forest Plots of Model Results for Emergency Department Severe
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Hospitalization Severe Exacerbation Models 
Adjusted model results for events requiring hospitalization are shown in Table 9. Some of the exposure characterizations, noted as Not 
Applicable (NA), could not be modeled due to the smaller number of cases (n=201) and controls (n=804) for this outcome (see Table 
5 for counts of exposed cases and controls at each buffer distance). Only production could be modeled at the 1- and 2-mile buffers. 
For the construction, drilling, and hydraulic fracturing phases, there were no consistent associations at any buffer distance. For the 
production phase, all odds ratios were elevated and those odds ratios from 3 to 8 were statistically significantly. Most of the odds 
ratios increased with increasing intensity of exposure. For all buffer distances, both the global and trend p-values were statistically 
significant. 

Table 9. Asthma Hospitalization Severe Exacerbation Model Results by Well Phase Activity Metric 
Buffer Adjusted OR1 (95% CI) 

Well Pad Preparation Drilling Hydraulic Fracturing Production 
1 mile 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

NA2 NA NA 

-- 
1.58 [0.30,  8.32]    

4.08 [1.01, 16.48]* 
6.89 [1.54, 30.89]* 

0.001 
0.001 

2 miles 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

NA NA NA 

 
-- 

2.01 [0.77,  5.26]      
  2.33 [0.83,  6.55]      

8.71 [3.09, 24.55]** 
0.0001 

0.01 
5 miles 
  Unexposed 
  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

 
-- 

1.59 [0.35,  7.15] 
0.93 [0.15,  5.79] 
1.75 [0.29, 10.57] 

0.95 
0.52 

 
-- 

0.67 [0.24,  1.86] 
1.32 [0.52,  3.34] 
1.57 [0.66,  3.76] 

0.58 
0.40 

NA 

 
--   

3.68 [1.79,  7.59]** 
3.08 [1.48,  6.42]*   

4.77 [2.18, 10.45]** 
0.0007 

0.01 
10 miles 
  Unexposed 

 
-- 

 
-- 

 
-- 

 
-- 
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Buffer Adjusted OR1 (95% CI) 
Well Pad Preparation Drilling Hydraulic Fracturing Production 

  Low 
  Moderate 
  High 
Global p-value 
Trend p-value 

1.25 [0.61,  2.54] 
0.95 [0.42,  2.15] 
0.83 [0.36,  1.87] 

0.88 
0.94 

0.85 [0.50,  1.45] 
0.64 [0.37,  1.13] 
1.44 [0.81,  2.55] 

0.10 
0.98 

0.94 [0.44,  2.01] 
0.83 [0.37,  1.82] 
0.49 [0.19,  1.26] 

0.51 
0.18 

3.13 [1.69,  5.81]** 
3.64 [1.87,  7.09]** 
4.64 [2.25,  9.58]** 

0.0003 
<0.0001 

1- Models adjusted for SES, exposure year, age category, sex, race, season, BMI category, smoking status, family history of asthma, temperature, and history of type II 
diabetes 

2- Small sample sizes precluded modeling 
* p<0.05; ** p<0.001 
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The hospitalization severe exacerbation forest plots by buffer distance for each phase are shown 
in Figure 9. The vertical line at 1 represents a null relationship; dots below 1 indicate reduced 
risk and dots above 1 indicate increased risk. 

 
Figure 9. Forest Plots for Model Results for Hospitalization Severe Exacerbations
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encountered during other phases. For example, this phase might be associated with more natural 
gas- and shale-derived hydrocarbons as well as produced water and, perhaps to some extent, 
hydraulic fracking fluid flowback. Moreover, this phase is generally the longest phase of well 
development and, thus, provides greater opportunity for chronic and cumulative exposures.  

While this study had many similarities to that of Rasmussen et al, there are some notable 
differences. Rasmussen used a slightly less conservative definition for severe exacerbations of a 
new OCS medication ordered. We used the current ATS recommended definition of an initiation 
or increase of OCS medication in our three types of events. This could have led to less severe 
exacerbations included in the Rasmussen study than in ours. 

Rasmussen et al. included events from 2005 to 2012 compared to 2011 to 2020 in our study. The 
2011-to-2020-time frame was a particularly active time for UNGD development in Southwestern 
PA, but also encompassed technological advancements which may have modified exposure over 
time. We included encounter year as a covariate in our models to help account for these changes. 
Additionally, Rasmussen et al. did not enforce a buffer but included all wells in PA in their 
activity metrics, while this study specifically investigated the impacts at various buffer distances 
and excluded wells further than 10 miles from metric calculations. 

Each study used electronic health records from a large provider in their region. The demographic 
characteristics are similar in Northeastern PA and our eight-county region in Southwestern PA, 
particularly with the exclusion of the City of Pittsburgh. However, Rasmussen et al. had a higher 
proportion of white patients in all case and control groups for all event types except ED cases. 
This study had a higher proportion of patients 5 to 13 years old than did Rasmussen et al. The 
high proportion of events among younger patients provides additional support that these are 
asthma exacerbations and not due to a chronic condition affecting older patients, such as chronic 
pulmonary obstructive disorder.  

Strikingly, while our overall sample sizes were similar (n=46,676 patients in this study; 
n=35,508 patients in Rasmussen et al.), the Rasmussen et al. study had a much higher proportion 
of hospitalizations (n=4782 case events compared to n=201 case events in this study). This could 
be an indication of more poorly controlled asthma in that population which led to a higher 
proportion of very severe events. While we do not have similar information from Rasmussen, all 
of our hospitalization cases also had severe or ED exacerbations; there were no patients who 
only had a hospitalization during this timeframe. Among our severe exacerbations, only 7% 
(n=1122) had an ED or hospital exacerbation and 31.5% of our ED cases had severe (primarily) 
or hospitalization (rarely) exacerbations. This provides additional support that these findings are 
robust and are not being driven by a small number of patients with multiple endpoints. 
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Table 10. Comparison of Adjusted Odds Ratios in Current Study1 with those in Rasmussen et al. (2016)2 

 Severe Exacerbations  ED Exacerbations Hospitalizations 
Pitt SPH 

10-mile buffer   
Rasmussen 2016 
(OCS3 Orders) 

Pitt SPH 
10-mile buffer 

Rasmussen 2016 Pitt SPH  
10-mile buffer   

Rasmussen 2016 

Well Pad Preparation 
  Unexposed 
  Low 
  Moderate 
  High 

-- 
0.97 (0.87,  1.08) 
1.05 (0.95,  1.17) 
0.99 (0.88,  1.10) 

-- 
1.54 (1.37-1.74)* 
1.66 (1.47-1.87)* 
1.59 (1.41-1.81)* 

-- 
0.87 (0.51,  1.50) 
1.55 (0.86,  2.81) 
0.72 (0.36,  1.43 

-- 
1.53 (1.06-2.23)* 
1.77 (1.20-2.60)* 
1.37 (0.94-1.99) 

-- 
1.25 (0.61,  2.54) 
0.95 (0.42,  2.15) 
0.83 (0.36,  1.87) 

-- 
1.26 (1.06-1.50)*  
1.37 (1.15-1.64)*  
1.45 (1.21-1.73)* 

Drilling 
  Unexposed 
  Low 
  Moderate 
  High 

-- 
1.02 (0.95,  1.10) 
1.07 (1.00,  1.15) 
1.07 (0.99,  1.16) 

-- 
1.45 (1.29-1.63)* 
1.45 (1.29-1.63)* 
1.99 (1.75-2.26)* 

0.81 (0.60,  1.09) 
0.93 (0.67,  1.27) 
0.90 (0.63,  1.27) 

-- 
1.53 (1.06-2.21)*  
1.54 (1.04-2.27)*  
1.57 (1.08-2.29)* 

-- 
0.85 (0.50,  1.45) 
0.64 (0.37,  1.13) 
1.44 (0.81,  2.55) 

-- 
1.16 (0.98-1.37)  

1.26 (1.05-1.50)*  
1.64 (1.38-1.97)* 

Hydraulic Fracturing 
  Unexposed 
  Low 
  Moderate 
  High 

-- 
1.04 (0.94,  1.15) 
1.11 (1.00,  1.23) 
1.10 (0.99,  1.22) 

-- 
1.23 (1.09-1.39)* 
2.22 (1.95-2.53)* 
3.00 (2.60-3.45)* 

0.93 (0.70,  1.24) 
1.23 (0.95,  1.61) 
1.09 (0.82,  1.45) 

-- 
1.51 (1.05-2.19)*  
1.74 (1.17-2.61)*  
1.71 (1.16-2.52)* 

-- 
0.94 (0.44,  2.01) 
0.83 (0.37,  1.82) 
0.83 (0.37,  1.82) 

-- 
1.13 (0.96-1.33)  

1.31 (1.10-1.57)*  
1.66 (1.38-1.98)* 

Production 
  Unexposed 
  Low 
  Moderate 
  High 

 
-- 

3.53 (3.20,  3.89)* 
4.29 (3.85,  4.78)* 
4.72 (4.18,  5.34)* 

-- 
1.28 (1.13-1.46)* 
2.15 (1.87-2.47)* 
4.43 (3.75-5.22)* 

 
-- 

3.50 (2.75,  4.45)* 
4.49 (3.45,  5.84)* 
4.81 (3.58,  6.47)* 

-- 
1.47 (1.01-2.14)*  
1.10 (0.74-1.65)  

2.19 (1.47-3.25)* 

-- 
3.13 (1.69,  5.81)* 
3.64 (1.87,  7.09)* 
4.64 (2.25,  9.58)* 

-- 
1.10 (0.92-1.30)  
1.16 (0.97-1.38)  

1.74 (1.45-2.09)* 
1 - Models adjusted for SES, exposure year, age category, sex, race, season, BMI category, smoking status, family history of asthma, temperature, and history of type II diabetes 
2- From Rasmussen: Multilevel models with a random intercept for patient and community were adjusted for age category (5-12, 13-18, 19-44, 45-61, 62-74, >=75 years), sex 

(male or female), race/ethnicity (white, black, Hispanic, or other), family history of asthma (yes vs no), smoking status (never, former, current, or missing), season (spring, 
March 22–June 21; summer, June 22–September 21; fall, September 22–December 21; winter, December 22–March 21), Medical Assistance (yes vs no), overweight/obesity 
status (normal, body mass index [BMI], <85th percentile for children or <25 for adults; overweight, BMI, 85th to <95th percentile for children or 25 to <30 for adults; obese, 
BMI, >=95th percentile for children or>=30 for adults; or BMI missing), type 2 diabetes (yes vs no), community socioeconomic deprivation (across quartiles), distance to nearest 
major and minor arterial road (truncated at the 98th percentile, measured in meters, z transformed), squared distance to nearest major and minor arterial road (truncated at the 
98th percentile, measured in meters, z transformed), maximum temperature on the day prior to event (measured in degrees Celsius), and squared maximum temperature on the 
day prior to event (measured in degrees Celsius). 

3- Oral corticosteroids 
*  Statistically significant
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buffer distances increased, the opportunity for non-well exposures increased. Asthma 
exacerbations could be associated with other additional exposures that may influence air quality, 
such as UNGD infrastructure and non-UNGD exposures.   
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Appendix 

Table A1. List of zip codes located all or in part in the City of Pittsburgh in 
Allegheny County 

Zip code All or part City of Pittsburgh 
15106 Part City 
15120 Part City 
15201 All City 
15203 All City 
15204 Part City 
15205 Part City 
15206 All City 
15207 All City 
15208 All City 
15210 Part City 
15211 All City 
15212 Part City 
15213 All City 
15214 Part City 
15215 Part City 
15216 Part City 
15217 All City 
15218 Part City 
15219 All City 
15220 Part City 
15221 Part City 
15222 All City 
15224 All City 
15226 Part City 
15227 Part City 
15230 All City 
15232 All City 
15233 All City 
15234 Part City 
15235 Part City 
15240 Part City 
15260 All City 
15282 All City 
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Table A2. Study population inclusion and exclusion criteria ICD-9 and ICD-10 
codes 

Name ICD-9 codes ICD-10 codes 
Inclusion criteria 
Asthma 493.00, 493.01, 493.02, 493.10, 

493.11, 493.12, 493.20, 493.21, 
493.22, 493.81, 493.82, 493.90, 
493.91, 493.92 

J45.20, J45.22, J45.21,  J45.990, 
J45.991, J45.909, J45.998, J45.902, 
J45.901 

Exclusion criteria 
Cystic fibrosis 277.00, 277.01, 277.02, 277.03, 

277.09 
E84.9, E84.11, E84.0, E84.19, E84.8 
 

Chronic pulmonary heart 
disease 

416.0, 416.1, 416.2, 416.8, 416.9 
 

I27.0, I27.1, 127.82, I27.2, I27.89, 
I27.81, I27.9 
 

Paralysis of vocal cords or 
larynx 

478.30, 478.31, 478.32, 478.33, 
478.34 
 

J38.00, J38.01, J38.02 
 

Bronchiectasis 494.0, 494.1 
 

J47.9, J47.1 
 

Pneumoconiosis 500, 501, 502, 503, 504, 505, 
506.0, 506.1, 506.2, 506.3, 
506.4, 506.9, 507.0, 507.1, 
507.8, 508.0, 508.1, 508.2, 
508.8, 508.9 
 

J60, J61, J62.8, J63.0, J63.1, J63.2, 
J63.3, J63.4, J63.5, J63.6, J66.0, 
J66.1, J66.2, J66.8, J64, J68.0, J68.1, 
J68.2, J68.3, J68.4, J68.9, J69.0, 
J69.1, J69.8, J70.0, J70.1, J70.5, 
J70.8, J70.9 
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Table A3. Oral corticosteroid medication order exclusion criteria ICD-9 and 
ICD-10 codes 

Name ICD-9 codes ICD-10 codes 
Suppurative and 
unspecified otitis media  

 

382.00, 382.01, 382.02, 382.1, 
382.2, 382.3, 382.4, 382.9 

H66.009, H66.019, H67.9, H66.13, 
H66.23, H66.3X9, H66.40, H66.90 

Non-suppurative otitis 
media and Eustachian 
tube disorders  

 

381.00, 381.01, 381.02, 381.03, 
381.04, 381.05, 381.06, 381.10, 
381.19, 381.20, 381.29, 381.3, 
381.4, 381.50, 381.51, 381.52, 
381.60, 381.61, 381.62, 381.63, 
381.7, 381.81, 381.89, 381.9 

H65.199, H65.00, H65.119, H65.20, 
H65.30, H65.499, H65.90, H68.009, 
H68.019, H68.029, H68.109, 
H68.119, H68.129, H68.139, H69.00, 
H69.80, H69.90 

Contact dermatitis and 
other eczema  

 

692.0, 692.1, 692.2, 692.3, 
692.4, 692.5, 692.6, 692.70, 
692.71, 692.72, 692.73, 692.74, 
692.75, 692.76, 692.77, 692.79, 
692.81, 692.82, 692.83, 692.84, 
692.89, 692.9 

L24.0, L24.1, L24.2, L25.1, L25.3, 
L25.4, L25.5, L57.8, L55.0, L55.9, 
L56.0, L56.1, L56.2, L57.1, L57.5, 
L57.9, L56.5, L55.1, L55.2, L56.8, 
L25.0, L58.9, L23.0, L24.81, L23.81, 
L25.2, L25.8, L25.9 

Other and unspecified 
disorders of back  

 

724.00, 724.01, 724.02, 724.03, 
724.09, 724.1, 724.2, 724.3, 
724.4, 724.5, 724.6, 724.70, 
724.71, 724.79, 724.8, 724.9 

M48.00, M48.04, M48.06, M48.08, 
M54.6, M54.5, M54.30, M54.14, 
M54.15, M54.16, M54.17, M54.89, 
M54.9, M43.27, M43.28, M53.2X7, 
M53.3, M53.2X8, M54.08, M43.8X9, 
M53.9 
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Table A4. BMI cutoff values 

For those aged 20 years or younger, we used the following criteria based on the CDC’s 
recommended youth BMI-for-age cutoffs: 

• Underweight: <5th percentile 
• Normal: 5th to <85th percentile 
• Overweight: 85th to <95th percentile 
• Obese: ≥ 95th percentile 
• Unknown: missing height and/or weight 

For those aged 21 years or older, or when age was missing, we used the following criteria 
based on the CDC’s recommended cutoffs for adults: 

• Underweight: BMI <18.5 
• Normal: BMI ∈ [18.5, 25) 
• Overweight: BMI ∈ [25, 30) 
• Obese: BMI ≥ 30 
• Unknown: missing height and/or weight 

Table A5. Calculation of Community Socioeconomic Deprivation Index 

An index of socioeconomic deprivation incorporating six indicators from the 2015-2019 
American Community Survey 5-year estimates from the US Census: 

• Percent less than high school education 
• Percent in poverty 
• Percent not in the labor force 
• Percent on public assistance 
• Percent does not own a vehicle 
• Percent civilian unemployment 

The six indicators were standardized for direction, natural log-transformed, if necessary, z-
scored using the standard deviations for Pennsylvania, and summed to create the final, unitless 
index for each county, township, or census tract. The total number of communities was 
divided into quartiles of socioeconomic deprivation index. Higher values of the index reflect 
greater community socioeconomic deprivation.  
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B. Detailed Cohort Characteristics 

Patient level 

Patient-level covariates included: race, ethnicity, sex, family history of asthma, and diagnosis of 
type II diabetes. Race, sex, and family history of asthma were time-invariant. Diagnoses of type 
II diabetes was time-varying in that they did not have the condition prior to their first diagnosis. 
Counts shown below for these variables are based on the total cohort of n=46,676 patients. 

Race was self-reported in the EHR and was categorized from 19 options to the following, shown 
in the table below. Approximately 85% of patients identified as white and 12% identified as 
black. 
Patients by collapsed race category  
Race category  Number Percent 
White  39,621  84.9  
Black  5,524  11.8  
Unknown  894  1.9 
All other races  637  1.4  
 

Ethnicity was self-reported in the EHR and categorized as shown in the table below. Due to the 
very small proportion of Hispanic patients, this covariate was not included in the models. 

Patients by collapsed ethnicity category  

Ethnicity category  Number Percent 

Not Hispanic  44,414  95.2 

Unknown  1,887  4.0  

Hispanic  375  0.8  

Self-reported sex was available from EHR. Nearly 60% of patients were female. 

Patients by sex provided in EHR  

Sex Number Percent 

Female 27,337  58.6 

Male 19,339  41.4  

There were n = 7,209 patients (15.4%) with a family history of asthma. Most had a history of 
asthma in their biological mother only or biological father only. 
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Patients by family history of asthma including offspring as first-degree relatives  

Family history of asthma  Number Percent 

No  39,467  84.6  

Yes  7,209  15.4  

About 8% of the cohort has at least one primary diagnosis for type II diabetes. 

Patients by primary type II diabetes diagnosis  

Type II diabetes  Number Percent 

No  42,865  91.8  

Yes  3,811  8.2  

 
Event-level 
Visits by year are shown below. There were a higher proportion of visits in 2014 and 2015 and a 
lower proportion in 2020, which could be indicative of incomplete ascertainment for that year. 

Year Number Percent 
2011 3,274 8.06 
2012 3,911 9.63 
2013 4,324 10.64 
2014 5,149 12.67 
2015 5,106 12.57 
2016 4,253 10.47 
2017 4,158 10.23 
2018 4,002 9.85 
2019 4,076 10.03 
2020 2,377 5.85 

 

Season is shown below. Summer had the fewest number of events. 

Season Number Percent 
Fall 11,425 28.12 
Spring 9,937 24.46 
Summer 8,506 20.94 
Winter 10,762 26.49 
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The frequency and percent by age group are shown below. Ages 5-13 had the greatest number of 
events while ages 75-90 had the fewest number.  

Age Group Number Percent 
[5, 13) 11,105 27.33 
[13, 19) 3,974 9.78 
[19, 45) 10,326 25.41 
[45, 62) 9,141 22.50 
[62, 75) 4,677 11.51 
[75, 90] 1,407 3.46 

 

Information on BMI is shown below. Less than 3% were missing BMI; 42% were obese and 
33% were not overweight or obese.  

BMI Category Number Percent 
Not Overweight or Obese 13,341 32.84 
Overweight 9,148 22.52 
Obese 16,957 41.74 
Missing 1,184 2.91 

 

Smoking status is shown in the table below. The majority of events were associated with never 
smokers, while 9% of events had missing smoking information. 

Smoking Status Number Percent 
Never smoker 25,353 62.40 
Current smoker 4,426 10.89 
Former smoker 7,134 17.56 
Unknown/missing data 3,717 9.15 

 

There were 509 communities represented among the participants. The communities were divided 
into quartiles to form the cut points (approximately 127 communities in each quartile). 
Community-level socioeconomic deprivation index by quartile is shown below. Over half of the 
events were in communities in the highest (best) quartile; 16% were in the lowest (4th quartile).  

SES Quartile Number Percent 
Q1 20,875 51.38 
Q2 7,851 19.32 
Q3 5,297 13.04 
Q4 6,607 16.26 
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