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Hospitalisations for cardiovascular and respiratory disease
among older adults living near unconventional natural gas
development: a difference-in-differences analysis

Kevin S Trickey, Zihan Chen, Prachi Sanghavi

Summary

Background During 2008-15, the Marcellus shale region of the US state of Pennsylvania experienced a boom in
unconventional natural gas development (UNGD) or “fracking”. However, despite much public debate, little is known
about the effects of UNGD on population health in local communities. Among other mechanisms, air pollution from
UNGD might affect individuals living nearby through cardiovascular or respiratory disease, and older adults could be
particularly susceptible.

Methods To study the health impacts of Pennsylvania’s fracking boom, we exploited the ban on UNGD in neighbouring
New York state. Using 2002-15 Medicare claims, we conducted difference-in-differences analyses over multiple
timepoints to estimate the risk of living near UNGD for hospitalisation with acute myocardial infarction (AMI),
chronic obstructive pulmonary disease (COPD) and bronchiectasis, heart failure, ischaemic heart disease, and stroke
among older adults (aged =65 years).

Findings Pennsylvania ZIP codes that started UNGD in 2008-10 were associated with more hospitalisations for
cardiovascular diseases in 2012-15 than would be expected in the absence of UNGD. Specifically, in 2015, we estimated
an additional 11-8, 21-6, and 20-4 hospitalisations for AMI, heart failure, and ischaemic heart disease, respectively,
per 1000 Medicare beneficiaries. Hospitalisations increased even as UNGD growth slowed. Results were robust in
sensitivity analyses.

Interpretation Older adults living near UNGD could be at high risk of poor cardiovascular outcomes. Mitigation
policies for existing UNGD might be needed to address current and future health risks. Future consideration of

UNGD should prioritise local population health.

Funding University of Chicago and Argonne National Laboratories.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND

4.0 license.

Introduction

The extraction of natural gas from tight shale rock using
hydraulic fracturing (“fracking”), or unconventional
natural gas development (UNGD), has grown rapidly in
the USA during the past two decades.! However, public
oversight has been limited, as major federal acts that
protect air and water exempt the UNGD industry.** Given
the frequent proximity of hydraulic fracturing to
residential areas, local population health might be
affected by water contamination from fracture fluids**
and air pollution through truck exhaust, drill and pump
combustion, and completion venting, which can
produce fine particulate matter (PM, ), volatile organic
compounds, and nitrogen oxides.”” Yet, despite the many
potential pollution pathways and the level of public
interest, few studies have systematically evaluated the
health risks of living near UNGD sites.

Although most previous research in this area has impor-
tant limitations, it consistently suggests an association
between UNGD and poor health outcomes.*® Researchers
have detected elevated levels of airborne hydrocarbons
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and other pollutants, including BTEX (benzene, toluene,
ethylbenzene, and xylene) compounds, methylene chlor-
ide, and polycyclic aromatic hydrocarbons, near UNGD.**
A recent analysis found higher all-cause mortality for
individuals living near and downwind of UNGD.” In
epidemiological studies, UNGD has been connected
with birth outcomes, including preterm birth,” low birth-
weight,*” and congenital heart defects.” Studies of
paediatric and adult asthma have reported increased risk
associated with UNGD.** Likewise, two analyses that
examined acute myocardial infarction (AMI)* and heart
failure” also found positive associations with UNGD. More
generally, research investigating adult health outcomes
has suggested possible associations between UNGD and
increased risk of cardiology procedures,® pneumonia
events,” and genitourinary diagnoses,” but most of this
work has used broad disease categories.

We focused on the northern Marcellus shale region
of Pennsylvania, which experienced a fracking boom
between 2008 and 2015. Our study combines improve-
ments to the existing literature in four areas. First, our
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Research in context

Evidence before this study

Despite the many potential pollution pathways, few studies have
systematically evaluated the health risks of living near
unconventional natural gas development (UNGD) or “fracking”
sites. Researchers have detected elevated levels of airborne
hydrocarbons and other pollutants, including BTEX (benzene,
toluene, ethylbenzene, and xylene) compounds, methylene
chloride, and polycyclic aromatic hydrocarbons, near UNGD.

A recent analysis found individuals who lived downwind of
UNGD had significantly higher mortality risk. Other studies have
indicated an association between UNGD and acute myocardial
infarction (AMI), heart failure, and asthma. However, more often,
research investigating adult health outcomes has grouped
conditions into broad diagnosis categories, and has suggested
possible associations between UNGD and a range of outcomes,
including increased risk of pneumonia events and genitourinary
disease. Finally, in addition to adult health studies, research has
also linked UNGD activity to birth outcomes, including preterm
birth, low birth weight, and congenital heart defects.

Added value of this study

We exploited a fracking ban in New York state to assess health
outcomes of people aged 65 years and older in neighbouring
regions of Pennsylvania that experienced a fracking boom
between 2008 and 2015. With one exception, researchers have
not been able to take advantage of this setup, in part due to the
challenges of obtaining data from both states. Further,

study design exploited the fracking ban in neighbouring
New York state, which was formalised in 2015 by the state’s
Department of Environmental Conservation,” but had
existed in practice as a moratorium for many years.” Thus,
our study design compared ZIP codes in Pennsylvania and
New York over a 14-year time period before and after the
fracking boom. Second, we obtained hospitalisation claims
data of 100% of Medicare fee-for-service beneficiaries from
both states during 2002-15, which provided high-quality
information on older adults, who might be particularly
susceptible to disease caused or exacerbated by pollutants.”
Third, our statistical methods were responsive to growing
concerns about identification and interpretation in two-
way fixed effects models and instead applied an
econometrics approach more suitable for difference-in-
differences analysis with multiple time periods.** Finally,
we assessed five specific cardiovascular and respiratory
health outcomes for associations with UNGD in the
Marcellus shale region, identified by a priori examination
of the current literature on air pollution near UNGD
sites.*“*

Methods

Data sources
We obtained UNGD data from the Pennsylvania
Department of Environmental Protection Oil and Gas

in recognition of the growing concern in econometrics about
identification and interpretation of two-way fixed effects
models, we applied a recently developed approach for
difference-in-differences analysis with multiple time periods.
Finally, we assessed five specific health outcomes, including
AMI, chronic obstructive pulmonary disease and bronchiectasis,
heart failure, ischaemic heart disease, and stroke, in parallel
analyses. Some of these outcomes have not previously been
rigorously studied; others were the only outcomes studied in
the particular analysis and thus comparisons across conditions
have been challenging due to differences in datasets,
comparison groups, and modelling approaches. Our findings
indicate that in 2015 alone, there were an additional 11-8, 21-6,
and 20-4 hospitalisations for AMI, heart failure, and ischaemic
heart disease, respectively, per 1000 Medicare beneficiaries,
than would have been expected in the absence of UNGD. These
results were robust to multiple model specifications and tests of
our assumptions.

Implications of all the available evidence

The scientific evidence to date indicates that UNGD is
associated with poor health outcomes across a range of
diseases in both infants and older adults. Policies that can help
mitigate the current and future health risks of existing UNGD
are likely needed, and any future consideration of UNGD
should take into account the potential health impacts for the
local population.

Reports’ SPUD Data Report, including the spud date (the
first date of drilling) and the location of every UNGD
well in Pennsylvania from 2002 to 2015.* Since the
construction, drilling, and abandonment phases might
be major sources of air pollution,” we included all drilled
UNGD wells even if they were later plugged or inactive.
We joined each well location with the Census Bureau’s
2015 Cartographic Boundary File of 5-digit ZIP Code
Tabulation Areas (ZCTA).*

We used hospitalisation data (MedPAR) of 100% of
Medicare fee-for-service beneficiaries from Jan 1, 2002,
to Dec 31, 2015, and extracted admission dates and up
to 25 discharge diagnoses.” Medicare is a US national
public insurance programme for people aged 65 years or
older; younger individuals with specific disabilities and
diseases, such as end-stage renal disease, can also
qualify, but we did not include these individuals. We
obtained each beneficiary’s enrolment and demographic
information, as well as their mailing ZIP code, from the
Master Beneficiary Summary Files. We required
beneficiaries to be enrolled in Medicare Parts A and B
during the month of their admission. Additional county-
level socioeconomic and health utilisation indicators
were obtained from the Small Area Income and Poverty
Estimates programme and intercensal population
estimates for 2002 and 2015.
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Exposed and unexposed regions

We selected 36 ZIP codes in Bradford, Susquehanna, and
Tioga counties in northern Pennsylvania as exposed areas
based on the beginning of UNGD between 2008 and 2010
(figure 1, appendix p 6). Specifically, we included 16 ZIP
codes that started UNGD in 2008 and ten each in 2009
and 2010. We identified two unexposed neighbouring
regions in New York state with similar demographics and
rural economies as the Pennsylvania region. These New
York regions experienced no UNGD between 2002 and
2015, due to a statewide moratorium, and later ban, on
fracking permits. To minimise “off-target” UNGD
exposure (eg, air pollution or truck traffic from
Pennsylvania) in the control ZIP codes, we selected as our
main control the New York region (60 ZIP codes) that
does not directly border Pennsylvania (the northern of the
two regions in figure 1). The appendix (pp 2, 10) includes
analysis with the second New York region (68 ZIP codes)
that directly borders the exposed area.

Health outcome measures

We selected five specific health outcomes based on
strength of evidence in the academic literature for possible
short-term air pollution effects. Existing literature
on PM,,, volatile organic compounds, and general
traffic-related pollution” suggested chronic obstructive
pulmonary disease (COPD)** and bronchiectasis,™*
general ischaemic heart disease,**** acute myocardial
infarction (AMI),** stroke,**** and heart failure®”*** ag
likely candidates for UNGD-related health outcomes.
We applied Chronic Conditions Data Warehouse (CCW)
algorithms to identify these outcomes through
International Classification of Diseases, Ninth Revision,
Clinical Modification (ICD-9-CM) and Tenth Revision,
Clinical Modification (ICD-10-CM) diagnosis codes
(appendix pp 2, 7-8).7%" Since the CCW algorithms
grouped COPD and bronchiectasis together, we also
joined these two diagnoses under the category of COPD.
The switch from ICD-9-CM to ICD-10-CM occurred on
Oct 1, 2015, affecting the last 3 months of our dataset.
While AMI cases were a particular subset of ischaemic
heart disease cases, the other outcomes were defined by
mutually exclusive codes.

We separately analysed cases that had a primary
diagnosis, defined by a diagnosis in the first two diagnosis
code fields, from cases in which any of the 25 diagnosis
codes identified the condition. Primary diagnoses indicate
a leading reason for the hospitalisation, whereas
secondary diagnoses might capture comorbid conditions
or even past occurrences. We tabulated the number of
hospitalisations for each outcome by ZIP code and year,
as determined by the admission date.

Statistical analysis

We applied difference-in-differences (DID) analysis for
multiple timepoints as described by Callaway and
colleagues.* This approach avoids the identification and
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[ New York (main control)
[ New York (alternative control)
[ Pennsylvania (exposed region)

Figure 1: UNGD wells by region, 2002 and 2015

Maps of Pennsylvania and New York show the locations of drilled UNGD wells (red dots) in Pennsylvania by the end
of 2002 (one total well) and by Dec 31, 2015, the end of our study period (9596 total wells). The southernmost
group of ZIP codes in Pennsylvania (yellow) were all exposed to UNGD activity and the 36 of these that started
UNGD between 2008 and 2010 were included in the study. The two northern groups, labelled the main (blue,
further north) and alternative (red) control regions, were UNGD-free, due to a statewide ban on UNGD, although
the alternate control might have experienced air pollution-related exposure due to proximity. ZIP codes that were
included in the study are listed in the appendix (p 6). UNGD=unconventional natural gas development.

interpretation challenges of the commonly used two-way  See Online for appendix
fixed effects models that are now being recognised in the
econometrics literature.®****  Fundamentally, these
papers argue that because two-way fixed effects models
average across comparisons in multiple directions
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(within-unit across time, across-unit within time, across-
unit across time), conceiving the counterfactual scenarios
under study is difficult. The methods proposed by Callaway
and colleagues extend the usual DID analysis, which can
have a clear interpretation when appropriately used, and
are increasingly being used in economics research.”*%

Specifically, for each outcome, we conducted multiple
LNIPN DID analyses across which the treatment and control
groups, as well as the pre-period, stayed fixed, but the
37 | post-period shifted forward 1 year at a time. Thus, each
linear regression model took the standard form:

COPD

hospitalisation,, = o treated, +7y post,+f3 (treated,

N X post,) +¢€
—m— New York (main control) p t) 2t

—e— New York (alternative control) . . . .
o : : : : Pennsylvania (exposed region) where hospitalisation , was the per 100 beneficiary count

of hospitalisations in ZIP code z and year ¢ for the
IHD Heart failure diagnosis, treated, was a binary indicator of UNGD
activity in the ZIP code, post, was an indicator for
whether the year was in the pre-period or post-period,
and ¢, was the error term. The model was weighted
by the Medicare population of each ZIP code. Our
quantity of interest was f3, interpreted as the change in
hospitalisation rate between the pre-period and post-
period in Pennsylvania beyond what would be expected
in the absence of UNGD. Although we used linear
models for our main analyses to allow easier
interpretation, the appendix (pp 2, 11) includes negative
binomial models, which are often used in air pollution
studies,” with hospitalisations specified as counts.
AMI (subset of IHD) Stroke Additionally, the appendix (pp 3, 12) includes results
159 ] adjusted for multiple testing using a multiplier bootstrap

o A procedure.
\k ,/k Although exposure was defined based on starting
< ) UNGD in 2008, 2009, or 2010, relatively few wells were
7 ‘\\/K‘ \_/ i N actually developed in 2008 and 2009 (see figure 2). Since
exposure would have been minimal in those years, we
chose to consider 2009 as the pre-period point for all
05 - 36 ZIP codes in our main analyses. One large, exposed
group instead of three smaller groups starting treatment
at different times allowed us to use the data more
efficiently and only made our estimates more conservative

Hospitalisations per 100 Medicare beneficiaries

Hospitalisations per 100 Medicare beneficiaries

0 T T T 1 T T T 1

>

}/./'

Hospitalisations per 100 Medicare beneficiaries

0 ' ' ' ! ' ' ' ! should there have been some exposure in the pre-period.
2500 -
" 2000 T Figure 2: Hospitalisation rates by disease and UNGD activity by study region,
§ 2002-15
8 1500 i Hospitalisations for each outcome per 100 beneficiaries across all ZIP codes in
P4 each study region are plotted for each year, 2002-15. Only cases identified using
o primary diagnosis codes (first two codes) are included. In 2015, we used both
g 1000 — B 1CD-9-CM and ICD-10-CM codes to identify each health outcome. Yellow
E triangles indicate hospitalisation rates among the 36 Pennsylvania ZIP codes
o included in the study, which were exposed to UNGD (shown in the bottom
500 7 plots). Blue squares and red circles represent hospitalisation rates in the main
New York and alternative New York control regions, respectively. The alternative
o control region directly borders the exposed ZIP codes and might be partially
2000 2004 2008 2012 2016 2000 2004 2008 2012 2016 affected by Pennsylvania UNGD activity. AMI cases were a subset of IHD cases.

AMI=acute myocardial infarction. COPD=chronic obstructive pulmonary disease.

Year Year A ! ) i
IHD=ischaemic heart disease. UNGD=unconventional natural gas development.
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2002 2015

Pennsylvania New York New York Pennsylvania New York New York
(exposed region)  (main control) (alternative control)  (exposed region)  (main control) (alternative control)

UNGD activity

Annual new wells 0 0 0 146 0 0
Cumulative wells 0 0 0 2473 0 0
Total land area, square miles 2194 2601 2790 2194 2601 2790
Characteristics of study population: Medicare beneficiaries

Number of beneficiaries 16703 31978 72468 21119 40033 82328
Percent male 44-9% 432% 42-4% 46-7% 452% 44-6%
Mean age, years (SD) 72:8 (11-6) 72:9 (12:0) 731(11:9) 71:9 (11-8) 72:0 (12:1) 71.9 (12-8)
Percent White 99-1% 97-8% 97-4% 97-9% 95-2% 94-8%
Percent dual-eligible with 20:3% 18-8% 19-6% 20-0% 22:2% 237%
Medicaid*

County-level characteristics

Counties used Bradford, Chenango, Broome, Chemung, Bradford, Chenango, Broome, Chemung,
Susquehanna, Cortland, Steuben, Tioga Susquehanna, Cortland, Steuben, Tioga
Tioga Schuyler, Tioga Schuyler,
Tompkins Tompkins
Total population 146633 217502 443626 144951 218099 429396
Percent older than 65 years 15-8% 12:0% 155% 20-5% 15-4% 17-7%
Poverty rate 11-2% 11:9% 11-9% 12.9% 16-0% 15:9%
Median income (2002 dollars)t  $34 457 $35920 $36413 $37171 $39621 $36801

Characteristics are presented comparing the different study regions defined in figure 1. UNGD data were obtained from the Pennsylvania Department of Environmental
Conservation. Demographic characteristics of the study population were extracted from Medicare claims data, which are also used for outcome measurements. County-level
characteristics were obtained from the Small Area Income and Poverty Estimates (SAIPE) programme and intercensal population estimates. County and ZIP code geographies
are not exact overlaps, so the county-level characteristics reported here are approximations to our study regions only. UNGD=unconventional natural gas development.

*The percent of beneficiaries dual-eligible with Medicaid was not available to us before 2006, so values reported under 2002 are for 2006. TMedian incomes are reported as

the population-weighted median income across the three or four counties.

Table 1: UNGD activity, Medicare population, and county-level characteristics of exposed and unexposed study regions

Nonetheless, the appendix (pp 3, 13-18) includes analysis
of the three groups using the group-time average
treatment effects methods by Callaway and colleagues.

For our context, in which UNGD and thus potential
pollution exposure increased each year, this method-
ological approach was especially fitting because it allowed
assessment of whether any observed increases in
hospitalisation rates were sustained or increased in the
face of UNGD growth. If so, it might build confidence in
an association between hospitalisation and UNGD, while
a decreasing rate would diminish it.

Finally, the DID analysis rests on the assumption that
trends in hospitalisation rates would be parallel between
the exposed and unexposed ZIP codes in the absence of
UNGD. To test this assumption, we conducted two sets
of DID analyses.® In the main parallel trends analysis,
we assessed changes between Pennsylvania and New
York hospitalisation rates for each condition between
2009 (the post-period) and each year in turn between
2002 and 2008 (the pre-period). In the second analysis,
included in the appendix (pp 4, 19), we compared each
year in the pre-period with the previous year—eg, 2003
versus 2002, 2004 versus 2003.

Data analysis was performed in Python 3.76, R 3.5.0,
and R 4.1.2 for the did package, version 2.1.1. All code and
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non-identifiable data are available online and are
described in the appendix (pp 20-22).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Northern Pennsylvania experienced rapid UNGD
growth during the study period (figure 1). The first
UNGD in these ZIP codes was in 2005, with only
nine total spuds by 2007 However, 69 new spuds were
developed in 2008, and between 217 and 861 spuds
were drilled annually for the next 7 years, with peak
drilling in 2010 (764) and 2011 (861).

Although DID analysis requires parallel trends between
treatment and control groups in the absence of treatment,
it does not explicitly require groups to be similar
otherwise. However, the parallel trends assumption is
much more plausible if the groups share similar levels
and trends of observed characteristics. Table 1 shows
average characteristics of the treatment and control ZIP
codes for 2002 and 2015, the beginning and end of our
study period. By 2015, there were on average 1-13 UNGD
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Primary diagnoses* Any diagnosist
AMI COPD and Heart failure Ischaemic heart ~ Stroke AMI COPD and Heart failure Ischaemic heart ~ Stroke
bronchiectasis disease bronchiectasis disease
(including AMI) (including AMI)
2010 0-06 -0-05 0-26 018 0-09 0-03 0-23 0-37 0-60 0-11
(-022t0034) (-0-45t00:35) (-024t00:77) (-032t00-69) (-018t0036)  (-026t0032) (-039t00-85) (-0-47t0121) (-0-24t01-45) (-0-19t0 0-41)
2011 014 0-03 0-41 -0-09 0-26 0-19 078 0-73 1.31% 0-26
(-022t00:51)  (-0-45t00-51)  (-022t01-04)  (-0-59t00-42) (-0-05t0056)  (-0-17t00-55) (-0-10t01-67) (-0-28t01.74)  (0-24t02:38)  (-0-02t0 0-54)
2012 0-44% 0-44 0-48 0-35 0-20 0-53% 1.23F 1374 1-90% 0-23
(012t00-77)  (-0-02t00-90)  (-033t01:30)  (-0-34t01-03)  (-0-05t00-46)  (0-17t00-88)  (036t0210)  (0-23t02:52)  (0-56t0325)  (-0-08t0 0-54)
2013 0-49% 0-37 0-45 0-27 0-20 0-80% 1-89% 1.91% 2.20% 0-18
(023t0075)  (-017t00-90)  (-030t0120) (-030t00-85) (-0-08t0048)  (0-49t0112)  (079t02:99)  (0-73t03:09)  (0-82t03-58)  (-0-10to 0-47)
2014 0-61f 038 0-63 0-55 0-10 0-91F 1-24% 1.74% 1.19% 0-16
(029t00-93)  (-011t00-87) (-022t01-49) (-0-01to111) (-017t0038)  (0-52t01:30)  (013t02:34)  (057t02:91)  (0-15t02:22)  (-0-14t0 0-46)
2015§ 0-7749 0-23 0-88% 0-77% 011 118% 078 2:16% 2-04% 0-12
(045t0110)  (-026t00-72)  (016t01-60)  (0-17t0137)  (-020t00-42)  (0-81t0156)  (-0-25t01-81) (110t03-22)  (1-14t02:94)  (-0-19t0 0-43)
95% Cls are shown in brackets. Each health outcome was measured by the number of hospitalisations divided by the total Medicare fee-for-service population within the ZIP code and multiplied by 100.
The control region was the main New York control in this table. The model was weighted by the Medicare population of each ZIP code. AMI=acute myocardial infarction. COPD=chronic obstructive pulmonary
disease. UNGD=unconventional natural gas development. *Health outcomes were determined by the first two diagnosis codes in MedPAR hospital admissions data. THealth outcomes were determined by all
diagnosis codes in MedPAR hospital admissions data. $Estimates are statistically significant at an alpha level of 0-05. SThe outcome values in 2015 were determined by both ICD-9-CM and ICD-10-CM codes due
to the transition to ICD-10-CM on Oct 1, 2015. §[Estimate can be interpreted as: in 2015, compared with 2009, exposed ZIP codes in Pennsylvania experienced 7-7 additional hospitalisations for AMI per
1000 Medicare beneficiaries than would have been expected in the absence of UNGD.
Table 2: Difference-in-differences analysis: associations between hospitalisation rates and UNGD in Pennsylvania, in each post-treatment year compared with 2009, relative to changes
over the same time period in New York

e192

wells per square mile in the exposed region. Over this
time, the population of Medicare beneficiaries in the
exposed region grew by 26% and in the main control
region by 25%. Both regions experienced similar, slight
demographic shifts including increases in male
representation of about 2 percentage points, decreases in
the White majority by 1-3 percentage points, and
decreases in average beneficiary age by about 1 year.
County-level indicators also show similar trends in all-age
population (0-3% decrease), percentage of population
older than 65 years (2-5 percentage point increase), and
poverty rate (2—4 percentage point increase).

Hospitalisation rates for our diagnosis groups followed
relatively parallel decreasing trends between 2002 and
2008, the beginning of the UNGD boom in the
Pennsylvania region (figure 2). After 2009, the
hospitalisation rates of the three regions appear to
diverge, with the highest hospitalisation rates in the
exposed region and the lowest in the main control region
in all diagnosis groups. However, formal analysis is
required to know if these differences are statistically
significant.

Table 2 shows the results of the DID analyses,
separately for cases identified using primary diagnosis
codes only and any diagnosis code. For AMI, the
association between hospitalisation rates and UNGD
grew consistently in magnitude between 2012 and 2015
in both primary and any diagnosis cases. Specifically,
among primary diagnosis cases, we estimated an
additional 4-4 and 7-7 hospitalisations per 1000 Medicare
beneficiaries in 2012 and 2015 (relative to 2009),
respectively, than would be expected in the absence of

UNGD; among any diagnosis cases, these estimates
are 5-3 and 11-8 hospitalisations. We do not find
any statistically significant associations between hospi-
talisation rates and UNGD for COPD determined by
primary diagnosis. Although COPD hospitalisation rates
using any diagnosis code do seem to exhibit an increase
over the expected rates between 2012 and 2014, these
estimates waver in magnitude and by 2015 are not
statistically significant.

In the cases of both heart failure and ischaemic heart
disease, 2015 hospitalisation rates indicate a positive
association with UNGD when only primary diagnoses
are considered. Between 2013 and 2015, the magnitudes
of the associations increase with each year, but are not
statistically significant. However, when any diagnosis
code is included, which substantially increases sample
size (appendix pp 2, 9), hospitalisation rates in each
year between 2012 and 2015 are higher by between
13-7 to 21-6 cases per 1000 beneficiaries for heart failure
and 11-9 to 22-0 cases for ischaemic heart disease than
would be expected in the absence of UNGD, albeit with
some fluctuation between years. We did not observe any
indication of an association between stroke-related
hospitalisations and UNGD.

The indications of an association between hospi-
talisation rates and UNGD in the cases of AMI, heart
failure, and ischaemic heart disease warrant further
examination in the pre-period. Figure 3 shows the results
of repeating the DID approach from the main analyses,
but with 2009 as the post-period and each year between
2002 and 2008 as the pre-period in turn. The AMI
analysis in 2002 (any diagnosis) and 2004 (any diagnosis
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and primary diagnosis), the heart failure analysis in 2002
(primary diagnosis), and the ischaemic heart disease
analysis in 2005 (any diagnosis) and 2004 (primary
diagnosis) all have statistically significant associations.
The appendix (p 19) contains an additional parallel trends
analysis suggested by Callaway and colleagues,* in which
pairs of years were assessed, and shows only statistically
significant associations in the 2004-05 AMI and the 2003
and 2008 heart failure analyses. Altogether, these
findings do not threaten the validity of our main results.

The appendix contains additional sensitivity analyses.
The comparison with the New York alternative control
(appendix p 10), which we were concerned might also
have been exposed to UNGD-related air pollution,
generally shared the same direction of results as with the
New York main control. However, with the exception of
AMI, these hospitalisation rates were not statistically
different from Pennsylvania’s rates between the pre-
period and post-period. Our findings for AMI and heart
failure when applying a negative binomial regression
model (appendix p 11) were similar to the main results,
while our estimates for ischaemic heart disease were
more sensitive. Adjustment for multiple testing
(appendix p 12) and estimating group-time average
treatment effects (appendix pp 13-18) produced results
similar to our main findings.

Discussion
UNGD had a strong association, robust to multiple
sensitivity analyses, with increased hospitalisation for
AMI among Medicare beneficiaries in the Marcellus
shale region of Pennsylvania, relative to neighbouring
regions in New York where fracking was banned.
Specifically, in 2015, there were 11-8 more AMI-related
hospitalisations per 1000 beneficiaries in areas with
UNGD compared with 2009, than would be expected in
the absence of the fracking boom during this time. We
also found strong indications of associations between
UNGD and heart failure and ischaemic heart disease,
although these results exhibited some sensitivity to
alternative specifications and assumptions. UNGD was
not associated with COPD or stroke. Our study indicates
that impacts on local population health should be high
priority in the management of existing wells and a key
factor in consideration of future UNGD.

Our study design had important strengths. We exploited
a unique policy of New York state, a fracking ban, to study

Figure 3: Pre-period parallel trends analysis, using difference-in-differences
analysis of hospitalisation rates in Pennsylvania vs New York (main control),
between 2009 (the post-period) and each year between 2002 and 2008
(the pre-period)

Confidence intervals that include 0 indicate no statistically significant difference
in hospitalisation rates could be estimated by these two sets of simultaneous
comparisons (Pennsylvania vs New York and 2009 vs the pre-period year).
AMI=acute myocardial infarction. COPD=chronic obstructive pulmonary disease.
IHD=ischaemic heart disease.
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outcomes in neighbouring Pennsylvania. The 100%
sample of Medicare fee-for-service beneficiaries gave us
high-quality, consistent information about outcomes from
both sides of the state line. The long timespan of our
analysis, which included the explosive period of UNGD
growth, allowed an in-depth assessment of the parallel
trends assumption in our methodological approach.
Finally, we applied DID analysis to multiple timepoints
using methods that avoid the identification and
interpretation problems of two-way fixed effects models
that are gaining attention in the econometrics literature.**
This DID approach fit the problem at hand, which included
increasing levels of exposure to UNGD over time. It also
allowed us to base our inference on analysis of both
sampling uncertainty and patterns of association over
time. Hence, we did not draw strong conclusions about
COPD, even though multiple associations between COPD
hospitalisations and UNGD were statistically significant.

Our findings have similarities and differences with
those from the relatively few previous investigations of
UNGD and chronic disease outcomes. A study by Peng
and colleagues reported significant increases in
pneumonia and some model-sensitive increases in AMI
and COPD associated with UNGD, among other
outcomes.” However, Peng and colleagues used as
controls all non-exposed Pennsylvania counties, includ-
ing urban and suburban centres like Philadelphia and
Harrisburg, which might experience differential trends
over time in characteristics compared with rural areas. In
contrast, our control areas were demographically and
economically similar to the largely rural exposed areas.
Our departure from the traditional econometric methods
for panel data analysis, used by Peng and colleagues,
could also partly explain our different findings.

A more recent analysis assessed just AMI outcomes
using state hospital discharge data from Pennsylvania
and New York and offers a comparison point for our
AMI results based on Medicare claims.” In their work,
Denham and colleagues also find statistically significant
and positive associations between AMI hospitalisation
rates and UNGD, but methodological differences make
precise comparison of magnitudes difficult. Denham
and colleagues applied a two-way fixed effects model we
previously discussed. There were also differences in
their treatment specification, the identification of
treatment and control groups, and examinations of
time. In an epidemiological study, researchers applied
case-control methods to investigate the association
between heart failure and UNGD, using electronic
health records data from a Pennsylvania health system.”
Here too, despite differences in datasets, populations,
and methodological approaches that make precise
comparisons challenging, both of our analyses indicate
people living near UNGD are at higher risk of heart
failure hospitalisation.

Our estimates for AMI hospitalisation rates steadily
increased from 2012 to 2015, suggesting that the

increasing number of wells over time might be associated
with wider divergence of AMI hospitalisations in
Pennsylvania compared with unexposed areas. More
generally, AMI, heart failure, and ischaemic heart disease
hospitalisation rates in Pennsylvania continued to
diverge from those of the unexposed regions even in
years past peak development. The initial construction,
drilling, and fracturing phases of UNGD are thought to
generate the most air pollution and generally occur well
within 1 year of the spud date.*® However, these findings
would suggest pollutants from operational wells, which
involve trucking for production and waste disposal, also
play a significant role in poor health outcomes. Therefore,
existing wells should not be ignored in UNGD-related
policy development, especially as the number of
abandoned, sometimes unplugged wells increases amid
UNGD bankruptcies.”

This study has limitations. We only analysed inpatient
admissions, which generally represent only the most
serious cases, as opposed to outpatient or physician
visit claims. Likewise, our study assessed air pollution-
related health effects in the short term, without
consideration of potential long-term ramifications of
UNGD-related air pollution on these same outcomes,
other diseases such as cancer, or conditions more
closely related with water contamination.” Likewise, we
did not quantify magnitudes of exposure, although our
assessment of changes in association between health
outcomes and UNGD over time offers some limited
insight that we previously described. We also did
not study specific mechanisms or interventions. Thus,
although we focus on air pollution as a mechanism
that would be consistent with the outcomes that
we studied, it is possible that the health associations we
observed were produced in part by other downstream
consequences of UNGD.”

Although we removed time-invariant and ZIP code-
invariant confounders, it is possible that a time-varying
ZIP code characteristic could have confounded our
results. However, we are not aware of a characteristic that
would produce the patterns we observed with AMI,
without being a consequence of UNGD itself (such as
income or employment rates)”” and thus a post-treatment
effect. While some have suggested that ZIP code-level
measures might be subject to confounding from
demographic changes associated with a migrating
UNGD workforce, it is unlikely that adults older than
65 years would be part of this migration.”* We also
investigated New York state policies that might have led
to concurrent changes in hospitalisation rates and found
one possibility, a trans-fatty acids restriction in eateries.”
However, this policy was not implemented in any
counties in our main control and only one county in the
alternative control area. Finally, since well locations were
based on ZCTAs and hospitalisations based on ZIP
codes, some misalignment could have occurred.
However, we used a binary specification for treatment
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status and any such misalignment would only have
occurred within the treatment area, in which most ZIP
codes had at least one well.

Despite the level of public debate and concern, few
robust academic studies have assessed the associations
between local population health and UNGD. We found
Medicare Dbeneficiaries in northern Pennsylvania
experienced negative cardiovascular health outcomes
associated with rapid and dense UNGD in the region.
Importantly, hospitalisation rates grew even as UNGD
was slowing, suggesting that operational and
abandoned wells might be significant sources of
pollution. Policy makers should urgently address the
safety of existing wells, including by surveilling local
health, and prioritise local population health when
considering any new UNGD.
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