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Abstract

Background: Growing literature linking unconventional natural gas development (UNGD) to 

adverse health has implicated air pollution and stress pathways. Persons with heart failure (HF) are 

susceptible to these stressors.

Objectives: To evaluate associations between UNGD activity and hospitalization among HF 

patients; stratified both by ejection fraction status (reduced [HFrEF], preserved [HFpEF], not 

classifiable) and by HF severity.

Methods: We evaluated the odds of hospitalization among patients with HF seen at Geisinger 

from 2008–2015 using electronic health records. We assigned metrics of UNGD activity by phase 

(pad preparation, drilling, stimulation, and production) 30 days prior to hospitalization or 

frequency-matched control selection date; we assigned phenotype status using a validated 

algorithm.

Results: We identified 9,054 HF patients with 5,839 hospitalizations, with a mean (SD) age of 

71.1 (12.7) years; 47.7% were female. Comparing the 4th to 1st quartiles, adjusted odds ratios 

(95% CI) for hospitalization were 1.70 (1.35 – 2.13), 0.97 (0.75–1.27), 1.80 (1.35–2.40), and 1.62 

(1.07–2.45) for the pad preparation, drilling, stimulation, and production metrics, respectively. We 
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did not find effect modification by HFrEF or HFpEF status. Associations of most UNGD metrics 

with hospitalization were stronger among those with more severe HF at baseline.

Conclusions: Three of four phases of UNGD activity were associated with hospitalization for 

HF in a large sample of HF patients in an area of active UNGD, with similar findings by HFrEF vs 

HFpEF status. Older patients with HF appear particularly vulnerable to adverse health impacts 

from UNGD activity.

Condensed abstract:

This nested case-control study evaluated the adjusted odds of hospitalization among patients with 

heart failure (HF) in relation to four phases of unconventional natural gas development (UNGD) 

activity in the month prior. This study also evaluated whether heart failure phenotype (HFrEF vs. 

HFpEF) and a measure of heart failure severity modified the associations between UNGD activity 

and hospitalization for HF. We found that HF patients in the highest compared to lowest quartiles 

of UNGD activity had an increased likelihood of hospitalization for HF. This association was 

stronger for more severe HF patients, suggesting that UNGD activity could exacerbate HF.

Keywords

Heart failure; Hospitalization; Unconventional natural gas development; Environment

Introduction

Heart failure is a common chronic condition affecting over 25 million persons globally and 

5.7 million Americans (1–4), costing the United States (US) health care system over $30 

billion annually (2,5,6). There are two main heart failure phenotypes: reduced (HFrEF) or 

preserved ejection fraction (HFpEF) (7,8). Both lead to impaired cardiac output, reducing 

blood flow to critical organs (9). This makes patients with heart failure at risk for 

hospitalizations and mortality (10) and susceptible to environmental exposures (11). 

Increasingly, epidemiologic studies report associations of air pollutants (12–15) and noise 

(13) with hospital admissions for heart failure, thought to be due to systemic inflammation, 

direct tissue injury, ischemia, arrhythmias, or thrombosis (11,16).

Unconventional natural gas development (UNGD) is a growing industry worldwide, and 

Pennsylvania in the US has seen over 12,000 wells drilled in the Marcellus shale since 2004 

(17,18). UNGD has a number of environmental impacts, including noise (19) and air 

pollution (e.g., PM2.5, oxides of nitrogen [NOx], oxides of sulfur [SOx], volatile organic 

compounds [VOCs], and polycyclic aromatic hydrocarbons [PAHs]) associated with its 

several stages (20–23): preparation of well pads, drilling, stimulation (i.e., hydraulic 

fracturing, referred to as “fracking”) and production. Combined and cumulative impacts of 

UNGD can adversely affect psychosocial stress and community well-being (24–26).

The purpose of this study was to evaluate associations between UNGD activity metrics, by 

phase of development, and hospitalization among patients with heart failure, overall and by 

HFpEF and HFrEF phenotypes. In post hoc analysis, a measure of baseline heart failure 

severity was used to evaluate whether associations between UNGD activity metrics and 
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hospitalization differed by severity. To our knowledge, no prior epidemiologic studies have 

examined associations between measures of UNGD activity and heart failure outcomes.

Methods

Study population and design

We conducted a case-control study among heart failure patients, comparing persons with and 

without hospitalizations, using electronic health record (EHR) data from Geisinger, an 

integrated health system with multiple inpatient and outpatient centers in Pennsylvania, for 

January 1, 2008 to July 31, 2015, coinciding with active UNGD. The study was approved by 

Geisinger’s institutional review board (IRB) and nested within the general-population-

representative, open, dynamic cohort among persons that have a Geisinger primary care 

provider (27). We identified heart failure diagnoses codes from inpatient, outpatient, or 

emergency department (ED) encounter records and medication order records, excluding 

laboratory orders and the problem list. We identified 16,098 patients with a heart failure 

diagnosis code (International Classification of Diseases [ICD]-9 428.x). After exclusions 

(Figure 1), there were 12,330 individuals eligible for selection.

Case identification

We identified 5,839 of these 12,330 patients who were hospitalized for heart failure. We 

included only incident heart failure hospitalizations.

Control selection

Patients with heart failure were eligible for control selection if they did not have a 

hospitalization for heart failure at Geisinger prior to the date of selection as a control. The 

rationale was to evaluate a control group as similar as possible to the cases except for the 

heart failure hospitalization event, as our goal was to evaluate if UNGD activity was 

associated with an exacerbation. To limit the potential for confounding by age, sex, and year, 

we used 1:1 incidence density sampling with replacement of selected controls and 

frequency-matched cases to control encounters by these variables (28). Control encounters 

included any outpatient visit or medication order that did not include a heart failure 

diagnosis code for that date. Controls were selected once per year in the year of the case’s 

hospitalization for a maximum of five control encounters over the study period. There were 

9,054 persons in the analysis; 3,215 only served as controls.

Covariate assignment

Information for time-invariant patient characteristics (e.g., sex, race/ethnicity) were available 

from the EHR. We calculated time-varying covariates at hospitalization or control selection 

date: age, smoking status (never, previous, current), Charlson index of morbidity (29), and 

receipt of Medical Assistance (a surrogate for family socioeconomic status (30,31)). We 

identified co-morbid conditions based on at least two encounter diagnosis codes on any date 

between January 1, 2008 and the hospitalization or control encounter date.

We calculated duration of care as duration from patients’ first contact with Geisinger and 

date of hospitalization or control date. We identified current medication use by verifying that 
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the date of hospitalization or control encounter was between the start and end dates of the 

medication order (32–34).

We used available height and weight measurements to calculate body mass index (BMI, 

kg/m2) at the date closest to either the heart failure hospitalization or control selection date. 

For individuals without sufficient height and weight data to calculate BMI within one year of 

the case event or control encounter date (n = 339, 3.7% of the 9,054 study patients), we 

imputed BMI for these patients using multiple imputation based on age, sex, and receipt of 

Medical Assistance (35).

Heart failure phenotype assignment

Heart failure phenotypes from the Electronic Medical Records and Genomics (eMERGE) 

Network had been previously assigned for patients who had notation of heart failure in the 

EHR problem list or encounter notes, a diagnosis for heart failure, and measurement of 

ejection fraction (36,37). We evaluated four phenotypic groups: HFpEF, HFrEF, those 

without enough information to be phenotyped (“eMERGE not applied”), and those who had 

information to have the eMERGE algorithm applied but did not have a clear HFpEF or 

HFrEF phenotype (“eMERGE no phenotype”). The primary analysis using phenotype 

evaluated effect modification of the relations of UNGD metrics with hospitalization by 

HFpEF vs. HFrEF status.

In early analysis of the phenotype data, we noticed that patients identified as HFpEF or 

HFrEF by the eMERGE algorithm (vs. those who were not): 1) had a greater proportion of 

patients deceased by the end of the study period; 2) were more likely to be hospitalized 

during the study period; 3) had a higher proportion of persons taking antihypertensive, 

antihyperlipidemic, and anticoagulant medications; 4) had a higher proportion of comorbid 

diagnoses relevant to heart failure; and 5) had a higher mean Charlson index. We interpreted 

this as evidence that phenotyped patients had more severe heart failure than non-phenotyped 

patients. Thus, in a post hoc analysis, we dichotomized the eMERGE phenotypic groups into 

phenotyped vs. not as a measure of disease severity and evaluated effect modification of the 

primary associations by this measure.

Assignment of community metrics

We used patients’ residential addresses to obtain latitude and longitude coordinates as 

previously reported (30,38,39) and located the residence in communities as townships, 

boroughs, or census tracts in cities (40–42). Residential locations were grouped into five 

sub-regions of our 38-county study area consisting of 5 to 15 contiguous counties each 

(northeast, southeast, central, southwest, and northwest) to account for potential spatial 

confounding at a larger scale. We calculated a measure of community socioeconomic 

deprivation (CSD) using six indicators from 2010–2014 data from the US Census American 

Community Survey (39–43).

We obtained the locations of major (i.e., highways) and minor (i.e., arterial and local) roads 

from the Federal Highway Administration and calculated the Euclidian distance (meters) 

from each patient’s residential address to the nearest road. We calculated the distance (m) 

from patients’ residential addresses to the nearest Geisinger hospital or clinic to assess 
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proximity to care. To evaluate associations of greenness with hospitalization, we obtained 

NASA MODIS satellite data for 16-day periods of maximum greenness for each year from 

2008–2015. We assigned the normalized difference vegetation index (NDVI), a measure of 

greenness, to subjects based on the NDVI values in the 1250 m x 1250 m grid surrounding 

their residential address.

UNGD activity assignment

UNGD activity metric data and calculation have been previously reported (39). We used data 

from the Pennsylvania Department of Environmental Protection on UNGD wells for 2008 to 

2015, documenting dates and locations of four phases of activity: well pad preparation (e.g., 

clearing of site, delivery of equipment and personnel), well drilling (i.e., starting at the spud 

date), well stimulation (hydraulic fracturing), and natural gas production. We assigned 

activity metrics that incorporated number, phase, size, and location of wells, and divided by 

the squared distance from residential locations to all wells in the state (38,39,44–46). UNGD 

activity assignments used the following equation (46) where j identified patient, n was the 

number of wells, and d2
ij was the squared distance (m2) between patient j ‘s residential 

address and well i:

Activity metric for patient j = ∑i = 1
n mi

d2ij

For the pad preparation and spud activity metrics, mi = 1. For the stimulation and production 

metrics, mi was total well depth (m) or total daily volume of natural gas (m3) produced for 

well i, respectively (46). We calculated each of these activity metrics for a duration of 30 

days with a one-day lag prior to hospitalization or control encounter date (Supplemental 

Figure 1), hypothesizing that exposures, which encompassed more than just air pollution, 

required 30 days’ duration to contribute to hospitalization (24,47).

Statistical methods

There were three primary goals of the analysis: first, to separately evaluate associations 

between four metrics of UNGD activity and hospitalization for heart failure; second, to 

evaluate effect modification of these associations by HFpEF vs. HFrEF status; and third, in a 

post hoc analysis, to evaluate effect modification of the association between metrics of 

UNGD activity and hospitalization for heart failure by heart failure severity. All analyses 

were conducted using Stata v13.1 (StataCorp LP 2016. Stata/MP 13.1), R (R Core Team, 

2014), or ArcGIS (ESRI 2011. ArcGIS Desktop: Release 10.3).

We compared the distribution of individual-level covariates, community metrics, and UNGD 

activity metrics for cases and controls. We used the melogit function in Stata v13.1 to 

develop multilevel logistic regression models estimating the odds of hospitalization, 

comparing cases to controls, by quartile of UNGD activity. We included random intercepts 

for patient (to account for correlation within individuals over time who were included in 

analysis more than once as control then as case) and community (to account for the 

correlation of measures for persons clustered in communities). We evaluated non-linearity 

for continuous variables by evaluating linear, quadratic, and cubic terms after centering the 
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variable; higher order terms were only included if the association crossed an inferential 

boundary (p < 0.05).

Our initial model included a priori variables sex (female vs. male), age category, race/

ethnicity (nonwhite vs. white), BMI, and Medical Assistance based on evidence of risk of 

heart failure hospitalization (48). Additional models evaluated, in a stepwise fashion, year of 

hospitalization or control selection date; geographic region; year and region; season, 

duration of health care contact, distance to nearest hospital or clinic; and distance to both 

major and minor roads. Aside from the a priori variables, we retained variables in the model 

if they changed the effect estimates for any of the four UNGD activity metrics by more than 

5%.

Evaluation of effect modification by heart failure phenotype (HFpEF vs. HFrEF).

We examined adjusted multilevel logistic regression models of hospitalization that included 

the main effects of each phenotype indicator, quartiles of UNGD activity, and cross-product 

terms between phenotype categories and each UNGD metric. We calculated the global p-

value of the cross-product terms for the HFrEF indicator and UNGD metrics with chi2 tests. 

We generated linear combinations of both main effects and their cross-products to estimate 

stratum-specific odds ratios for hospitalization.

Evaluation of effect modification by heart failure severity.

We evaluated cross-products between each UNGD activity metric and the severity indicator. 

We calculated the global p-value of the cross-product terms with chi2 tests and then 

estimated stratum-specific odds ratios for hospitalization.

Sensitivity analyses

We conducted several sensitivity analyses. First, we evaluated associations between UNGD 

activity and heart failure hospitalization only among patients between the ages of 40 and 80 

years. Second, we evaluated the number of days since a patient’s heart failure diagnosis 

instead of duration of contact to differently measure a patient’s duration of care. Third, to 

evaluate whether spatial confounding could account for our observed associations, we 

conducted a negative exposure control analysis, assigning UNGD activity metrics in a 

temporally nonsensical way, such that the UNGD activity metrics could not have caused 

heart failure hospitalization (49,50). We limited our analyses to events from 2008 and 2009, 

and we assigned UNGD activity to these events from six years after the hospitalization or 

control selection date. Lastly, we evaluated associations with adjustment for NDVI, and with 

UNGD metrics modeled continuously with linear and quadratic terms.

Results

Description of study patients

Of the 12,330 patients eligible for selection into this study (Figure 1), 5,839 had incident 

hospitalization for heart failure between 2008–2015 and were identified as cases. In 

unadjusted analysis, there were small differences between case and control patients for 

duration of contact with the health system, distance to major and minor roads, and 
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distributions of community type, smoking status, and proportion of patients deceased at the 

end of the study period (Table 1). Comparing patients by phenotype groups, there were 

differences by sex, age, comorbid diagnoses, medication use, deceased status, and duration 

of heart failure in unadjusted analyses (Table 2).

Adjusted associations of UNGD activity metrics with heart failure hospitalization

We observed exposure-effect relations, with increasing levels of covariate control, for three 

of four UNGD activity metrics with the adjusted odds of heart failure hospitalization (Table 

3). After adjustment for a priori covariates (Model 1), there were apparent exposure-effect 

relations for the stimulation and production metrics. Addition of year (Model 2) 

strengthened exposure-effect relations for pad preparation, stimulation, and production 

metrics. Addition of a regional indicator variable attenuated all associations (Model 3). 

When region, year (Model 4), observation time, distance to nearest Geisinger hospital or 

clinic, and season (Model 5), were added to models, associations with spud were not 

present, while pad preparation, stimulation, and production metrics evidenced exposure-

effect relations. For example, the OR [95% CI] for quartiles 2–4 of the pad preparation 

metric were: 1.19 (1.01, 1.40), 1.63 (1.35, 1.97), and 1.70 (1.35, 2.13) compared to the first 

quartile.

Effect modification of associations of UNGD activity metrics with heart failure 
hospitalization by heart failure phenotype

We observed exposure-effect associations with increasing quartile of UNGD activity, 

particularly for the stimulation metric, in both heart failure phenotype groups (Table 4), with 

4th quartile associations in both phenotypes for the pad preparation, stimulation, and 

production metrics compared to the first quartile of HFpEF patients. Pad preparation showed 

nonsignificant evidence of effect modification by phenotype (p-value for cross-products = 

0.05).

There was evidence that heart failure severity (i.e., eMERGE phenotyped vs. not 

phenotyped) modified relations of the pad and spud metrics with hospitalization (Figure 2), 

with respective p-values of 0.009 and 0.03. These associations were stronger in the 

phenotyped group for pad preparation and spud metrics.

Sensitivity analyses

Associations from several sensitivity analyses of models with: the random intercept for 

person removed; age restrictions; and adjustment for duration of heart failure instead of 

duration of contact with the health care system did not inferentially change results. The 

negative exposure control analysis did not reveal associations between UNGD activity 

metrics from 2014 and 2015 assigned to events six years before, with the exception of the 

4th quartile of UNGD production activity (OR [95% CI]: 1.35 [1.00, 1.82]). Compared to the 

primary analyses, the negative control analysis resulted in reductions in effect size for 

UNGD metrics by more than 10 %. Modeling the UNGD metrics continuously 

(Supplemental Table 1, Supplemental Figure 2) did not inferentially change our results from 

the primary analysis, and only the pad preparation and production metrics evidenced non-

linearity. Additional sensitivity analyses included additional adjustment for NDVI 
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(Supplemental Table 2) and modeling UNGD metrics as a combined z-score sum 

(Supplemental Table 3), and these also did not change inference of primary findings.

Discussion

Our findings suggested that individuals living with heart failure, when exposed to greater 

UNGD activity, are more likely to be hospitalized. These associations were stronger in 

individuals with more severe heart failure at baseline. This study was motivated by strong 

biologic rationale and a priori hypotheses regarding how the environmental impacts of 

UNGD (44,51,52) could affect cardiovascular health in older adults. This study’s important 

findings are biologically relevant, consistent with a priori knowledge, and thus contribute to 

growing epidemiologic evidence that environmental factors can exacerbate heart failure.

We observed exposure-effect relations across quartiles of UNGD activity and odds of 

hospitalization for heart failure for three of the four UNGD phases evaluated. Stronger 

associations between the pad preparation, stimulation, and production activity are consistent 

with known environmental exposures associated with these phases, including increases in air 

pollution, traffic, and noise (20). These associations were robust to increasing 

spatiotemporal covariate adjustment and multiple sensitivity analyses; effect estimates of 

this size are unlikely to be explained by unmeasured confounding. We observed that persons 

with more severe heart failure had greater odds of hospitalization. We hypothesized that the 

HFpEF phenotype (vs. HFrEF) would modify the association between UNGD activity and 

hospitalization but did not find evidence of this. We did observe stronger associations with 

UNGD activity in these groups compared to the overall sample, but the magnitudes of these 

effect estimates did not appreciably differ between HFpEF and HFrEF patients, suggesting 

that both HFpEF and HFrEF patients are susceptible to exposures related to UNGD activity.

In evaluation of effect modification by heart failure severity, exposure-effect associations 

were present for all four UNGD activity metrics, with three crossing an inferential boundary. 

We believe this heart failure severity measure was valid, because persons who could be 

phenotyped (vs. not) were more likely to die, be hospitalized for heart failure, had other 

relevant diagnoses (e.g., myocardial infarction), were taking more medications, and had a 

higher Charlson index. This suggests that vulnerable persons with severe heart failure might 

be more susceptible to the adverse effects of UNGD activity that could lead to 

hospitalization. This is an important finding for several reasons: first, it underscores the 

importance of our primary associations between UNGD activity and hospitalization; second, 

it alleviates concerns that our primary results could be an artifact of spatial or temporal 

confounding; and third, it suggests that biologic mechanisms due to disease severity likely 

mediate the associations observed between increasing UNGD activity and increasing 

likelihood of hospitalization for heart failure.

This study utilized EHR data from a large, representative population in Pennsylvania living 

with varying intensity of UNGD activity over an eight-year study period. We illustrate that 

the adjustment of year in our primary models was important because our activity metrics 

varied by year. Incidence density sampling of cases and controls by year helped to alleviate 

concerns of residual temporal confounding. Results from our negative exposure control 
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analysis support this, with nonsignificant effect estimates. Lastly, we applied a validated 

phenotyping algorithm to distinguish heart failure subjects with reduced and preserved 

ejection fraction, a limitation of previous EHR-based epidemiologic studies of heart failure 

and environmental epidemiology studies of heart failure outcomes. These findings are 

relevant to persons in the study region yet would need to be evaluated separately in other 

geographies and populations with UNGD activity.

The study also had some limitations. First, we acknowledge that the use of ICD-9 codes to 

identify heart failure cases, while a sensitive measure, is less specific than other methods of 

case ascertainment, however we believe that our phenotype and severity analyses alleviate 

concerns about lack of specificity. Second, we did not have information on dietary intake 

and physical activity, and information on alcohol use was too often incomplete to use, 

however we did not believe that these factors would confound the association between 

UNGD activity and heart failure hospitalization. We did not have information on occupation, 

yet there is no evidence to suggest that current or past occupation would be highly correlated 

with UNGD activity metrics. Given the average age and general health status of these heart 

failure patients, it is unlikely that past occupational status accounts for observed associations 

or that these patients were employed in high exposure positions within the natural gas 

industry, if at all.

Conclusions and future directions

We observed significantly increased odds of hospitalization among heart failure subjects in 

relation to increasing UNGD activity for several phases, including pad preparation, 

stimulation, and production, with stronger associations among persons with more severe 

heart failure. These associations are plausible given environmental (e.g., air pollution (54), 

water contamination (55), noise (56), traffic (57)) and community (57,58) impacts of 

UNGD. Understanding how people living with heart failure are susceptible to environmental 

exposures, is especially important given the growing prevalence of heart failure and 

possibility that environmental factors play a role in clinical heart failure outcomes (10).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BMI body mass index

ED emergency department
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EHR electronic health record

eMERGE Electronic Medical Records and Genomics

HFpEF heart failure with preserved ejection fraction

HFrEF heart failure with reduced ejection fraction

ICD International Classification of Diseases

NDVI normalized difference vegetation index

UNGD unconventional natural gas development
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Perspectives

Competency in Systems-Based Practice:

Exposure to unconventional natural gas development (UNGD) activities, including 

hydraulic fracturing (“fracking”) increases the risk of hospitalization among patients with 

heart failure.

Translational Outlook:

Additional research is needed to understand the pathophysiological mechanisms through 

which UNGD can exacerbate heart failure.
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Figure 1. Schematic of inclusion and exclusion of study subjects.
This flowchart details the inclusion and exclusion criteria used for identifying this study 

population from the electronic health record.
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Figure 2. Associations (OR and 95% CI) of quartiles of UNGD activity metrics with 
hospitalization by heart failure severity.
The “More Severe Heart Failure” group included HFpEF and HFrEF; the “Less Severe 

Heart Failure” group included subjects with the electronic medical records and genomics 

(eMERGE) algorithm not applied and those with no discernable phenotype by eMERGE. 

Reference groups included less severe patients in the first quartile of each unconventional 

natural gas development (UNGD) metric, and colors denote quartiles (Q1= red, Q2 = green, 

Q3 = blue, Q4 = purple) of respective UNGD activity metrics (pad preparation, spud 
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[drilling], stimulation [i.e., “fracking”], and production). Effect modification was present for 

three of the four phases
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Central Illustration. 
Associations between unconventional natural gas development activity and hospitalization 

among heart failure patients in Pennsylvania.
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