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Abstract

Background—Pediatric asthma is a common chronic condition that can be exacerbated by 

environmental exposures, and unconventional natural gas development (UNGD) has been 

associated with decreased community air quality. This study aims to quantify the association 

between UNGD and pediatric asthma hospitalizations.

Methods—We compare pediatric asthma hospitalizations among zip codes with and without 

exposure to UNGD between 2003 and 2014 using a difference-in-differences panel analysis. Our 

UNGD exposure metrics include cumulative and contemporaneous drilling as well as reported 

emissions by site.

Results—We observed consistently elevated odds of hospitalizations in the top tertile of pediatric 

patients exposed to unconventional drilling compared with their unexposed peers. During the same 
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quarter a well was drilled, we find a 25% increase (95% CI: 1.07, 1.47) in the odds of being 

hospitalized for asthma. Furthermore, ever-establishment of an UNGD well in their zip code, our 

pediatric population is at a 1.19 (95% CI: 1.04, 1.36) increased odds of an asthma hospitalization. 

Our results further demonstrate that specific air emissions from UNGD sites are associated with 

increased risks of pediatric asthma hospitalizations (e.g. 2,2,4-trimethylpentane, formaldehyde, x-

hexane). These results hold across multiple age groups and sensitivity analyses.

Conclusions—Community-level UNGD exposure metrics were associated with increased odds 

of pediatric asthma-related hospitalization among young children after controlling for UNGD-

specific air pollution, demographic covariates, and competing exposures as well as secular time 

trends. This study provides evidence that additional regulations may be necessary to protect 

children’s respiratory health from UNGD activities.
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1. Background

Unconventional natural gas development (UNGD) industry has exponentially grown 

throughout the United States (US) to accommodate growing domestic energy requirements, 

increasing from under 26,000 drilling sites in 2000 to over 300,000 drilling sites in 2015 

(U.S. Energy Information Administration 2017b). Recent estimates indicate that 17.6 

million Americans now live within one mile of an active drilling site, which includes 

UNGD, thus there is a clear need to ascertain the children’s health effects of living in a 

community with UNGD exposure (Czolowski et al. 2017).

Drilling for fossil fuel resources can be categorized in two ways: conventional (CONGD) 

and unconventional (UNGD) (U.S. Energy Information Administration 2017a). CONGD 

involves drilling vertically to pump oil or gas out of a pocket found within geological 

formations. However, natural gas can sometimes be trapped within layers of shale, 

necessitating UNGD techniques such as hydraulic fracturing with high volumes of high 

pressure fluids and horizontal drilling parallel to the surface to extract natural gas. This new 

advance in UNGD technology has allowed communities with no previous drilling activity to 

be inundated by the industry. UNGD technology enabled increased shale gas production 

worldwide in countries such as the United States, Canada, China, Argentina, Algeria, and 

Mexico (U.S. Energy Information Administration (EIA) 2016). Within the United States, 

one of the most productive geological formations is the Marcellus Shale in rural 

Pennsylvania, yielding about 18 percent of total domestic natural gas production (U.S. 

Energy Information Administration 2017a).

Throughout UNGD processes, numerous toxic air pollutants are emitted that may cause 

adverse respiratory health outcomes. Existing environmental monitoring studies demonstrate 

air pollution above background levels in communities with UNGD sites for chemicals 

associated with UNGD processes, many of which are known respiratory irritants (McKenzie 

et al. 2012; Colborn et al. 2014; Macey et al. 2014; Swarthout et al. 2015; Webb et al. 2016). 
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Specific toxicants that have been previously associated with air or water pollution from 

UNGD include particulate matter (diesel PM, PM10); volatile organic compounds (benzene, 

ethylbenzene, formaldehyde, n-hexane, toluene, and xylene); polycyclic aromatic 

hydrocarbons (naphthalene, chlorobenzene, phenol); and other pollutants (ethylene glycol, 

methanol) (Colborn et al. 2010; Adgate et al. 2014; Elliott et al. 2017; Paulik et al. 2016; 

Macey et al. 2014; McKenzie et al. 2012; Korfmacher et al. 2013; Colborn et al. 2014). 

Children are especially sensitive to environmental toxicants and associated adverse health 

outcomes (Faustman et al. 1999).

Asthma is a common chronic illness that currently affects 8.4 percent of children and youth 

under eighteen in the US, or about six million children (CDC 2017). This condition is 

characterized by recurrent episodes of cough and wheeze related to the narrowing of the 

airways and inflammation of the lungs (US Department of Health and Human Services; 

National Institutes of Health; National Heart, Lung, and Blood Institute 2014). Pediatric 

asthma has a substantial impact on functional outcomes, as it is a key contributor to school 

absenteeism, lower quality of life, and limitation of physical activity (Stridsman et al. 2017). 

Patients under 18 years old cost 1.99 billion dollars per year in the United States, so this 

outcome represents a substantial burden to communities (CDC 2005). Asthma prevalence 

varies by age group at 9.6% for children between 5 and 11, 10.3% for young teenagers 

between ages 12 and 14, and 9.8% for older teenagers between 15 and 17 (CDC 2017). 

Asthma outcomes for children are typically considered within different age groups because 

the course of asthma can change over time, and a child’s response to exposures and 

treatments may vary by age. The national guidelines for asthma management includes 

recommendations for control assessments and stepwise treatments based on child age 

category (NHLBI 2007).

Although there are numerous triggers for asthma exacerbations, some types of outdoor 

environmental air pollution are known respiratory irritants (Adams et al. 2011; Pennsylvania 

Department of Health 2016). Many chemicals that have been found at increased levels in 

areas located close to UNGD sites have also been implicated as environmental asthma 

triggers (Marrero et al. 2016; McKenzie et al. 2012; Pennsylvania Department of Health 

2016; Swarthout et al. 2015). It remains unclear what aspects of UNGD may be most 

associated with pediatric asthma such as the initial drilling of a new site or the ongoing 

activities as the site produces natural gas (Adgate et al. 2014; Czolowski et al. 2017).

Only one previous study exists on UNGD and respiratory health outcomes and it utilizes a 

Pennsylvania sample between ages 5 and 90 (Rasmussen et al. 2016). Their analyses find 

odds ratios ranging from 1.10 (95% CI: 0.92, 1.30) to 1.74 (95% CI: 1.45, 2.09) depending 

upon exposure metric. Additional community concern regarding the health effects of 

UNGD-related air pollution have also been raised, but no studies to date have examined 

specific components of UNGD air pollution and linked this information to population health 

effects (Macey et al. 2014; Maskrey et al. 2016; Paulik et al. 2016; Rabinowitz et al. 2015).

Our study demonstrates how age groups within the pediatric population may be at differing 

risks from exposure to UNGD-related air pollution and examining specific UNGD pollutants 

from reported site emissions. We take into account potential co-exposures for our population 
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such as pre-existing respiratory irritants and conventional oil and natural gas development 

(CONGD). Our results add to the body of literature on how UNGD is associated with 

asthma exacerbations among a vulnerable population of children.

2. Methods

Study Population

We obtained data on individual inpatient hospitalization for the entire state of Pennsylvania 

(67 total counties) from the Pennsylvania Health Care Cost Containment Council 

(Pennsylvania Healthcare Cost Containment Council Inpatient Discharge Data). Each record 

contains the patient’s residential zip code, which we used to assign exposure status. We 

included the zip codes in counties fully located on the Marcellus Shale, as zip codes not 

located on the Marcellus Shale have no potential for UNGD and may be inherently different 

than areas located on the Marcellus Shale. Furthermore, we excluded counties designated as 

urban by the Pennsylvania Department of Health’s Asthma Prevalence report due to the 

large differences in urban versus rural air quality and other co-exposures (Pennsylvania 

Department of Health 2016; Strosnider 2017). By limiting our sample population to rural 

counties located on the Marcellus Shale, we are reducing the potential for residual 

confounding in our final risk estimates.

Study Design

We use a difference-in-differences design to account for pre-existing time trends in pediatric 

asthma hospitalizations that may be present prior to the introduction of UNGD. This study 

design permits the comparison of trends in the outcome before and after the introduction of 

UNGD in a zip code, as well as contrast the trends to zip codes unexposed to UNGD over 

the entire study period.

Exposure Metric

We obtained complete drilling wells dataset from the Pennsylvania Department of 

Environmental Protection (PADEP) and assigned wells’ coordinates to specific zip codes 

and counties (PADEP 2016b). Unlike residential-specific proximity exposure metrics, zip 

code and county exposures can consider how macroeconomic changes from UNGD may 

benefit the local area (e.g. decreased unemployment, increased private insurance), so these 

derived exposure metrics represent an effective community-level estimate of UNGD 

exposure. The database contains a field that indicates if a well site is permitted as 

unconventional as well as the exact date that drilling began, the combination of which we 

use to determine exposure status.

To assess exposure to UNGD within a zip code, we examined the number of wells drilled in 

the zip code in a specific quarter of a calendar year. We hypothesize that the immediate 

effect of a newly drilled well is more likely to affect local air quality and cause an asthma 

exacerbation than the long term cumulative effect of wells. However, the effect of an 

increasing amount of drilling activity in the zip code may create more air pollution for a 

longer period. Both exposure metrics have been used in previous epidemiologic work 

(Jemielita et al. 2015; Rasmussen et al. 2016; Tustin et al. 2016). Since there is little 
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literature supporting either framework, we chose to create three metrics of UNGD exposure 

by zip code for each quarter and year observation: a binary contemporaneous variable for a 

newly spudded (initially drilled) well, a binary cumulative variable for ever-spudded wells, 

and tertiles of cumulative count of the wells ever drilled. We also incorporate similar 

exposure metrics for conventional oil and natural gas development (CONGD) to account for 

known co-occurrence of CONGD and UNGD.

We also leverage the Pennsylvania Unconventional Natural Gas Emission Inventory to 

assess the association between specific reported UNGD air pollutants and our pediatric 

asthma outcomes (PADEP 2016a). This database contains annualized emissions data from 

all UNGD sites from 2011 through 2014 reported by companies for a number of pollutants: 

2,2,4-trimethylpentane, benzene, carbon monoxide, carbon dioxide, ethylbenzene, 

formaldehyde, methane, nitrous oxide, nitrogen oxides, PM2.5, PM10, toluene, volatile 

organic compounds x-hexane, and xylenes. Although individual volatile organic compounds 

are in the emissions data, Pennsylvania regulates volatile organic compounds as a 

heterogeneous category and requires emissions to be reported as specific volatile organic 

compounds as well, thus we evaluate this category in both ways. All pollutants are reported 

in tons emitted per year. This database is one of the only ones that contains pollution by site 

from the UNGD process since UNGD sites are not subject to the national Toxic Release 

Inventory during our study period (US EPA 2016). For all reporting UNGD sites, we linked 

our spud data from DrillingInfo to the emissions data by matching on company names, site 

names, and counties by year and determine how much pollution is being reported per zip 

code on an annual basis. This allows us to assess the annual sum of pollution in tons by 

chemical at the zip code level as an additional exposure metric in separate models. Our main 

models explore pollution in a log-sum framework to ascertain how different levels of 

emissions may affect our pediatric population.

Other Respiratory Hazards

We control for pre-existing respiratory hazards via the 2011 National Air Toxics Assessment 

(NATA) respiratory hazard index (RHI), a composite index of over 180 hazardous air 

pollutants from mobile and stationary sources (US Environmental Protection Agency 2015). 

This data is available for the entire nation by census tract centroid, so we applied inverse 

distance interpolation to estimate NATA RHI for each zip code centroid in our analysis. To 

our knowledge, no other studies on respiratory health effects of UNGD have incorporated a 

composite metric for non-UNGD respiratory hazards.

Outcome Metric

The Pennsylvania Healthcare Cost Containment Council (PHC4) hospitalization data 

include the diagnostic codes assigned to each patient upon discharge in Pennsylvania. Our 

analysis includes patients between the ages of 2 and 18 years with a 493.X ICD-9 code, 

which indicates acute asthma exacerbations. We excluded children under the age of 2 years 

from this analysis because an asthma hospitalization in this age group may be reflective of a 

viral illness, not a typical asthma case (Adams et al. 2011). Our outcome is a binary 

indicator of whether there is a pediatric asthma hospitalization in a specific zip code-quarter-

year observation.
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We stratified asthma-related hospitalizations into three age-specific categories (2–6, 7–12, 

and 13–18 years) to better examine the differences in asthma exacerbations throughout 

childhood and adolescence. These categorizations somewhat align with the age stratification 

scheme that the Center for Disease Control uses to report asthma incidence, but we 

categorize them into tertiles due to the exclusion of the children under 2 years (CDC 2017). 

Hospitalizations were analyzed by year and quarter per zip code, thus considering 

spatiotemporal patterns. We also extracted patient sex, race, ethnicity, and insurance status 

for inclusion in our models.

Statistical Analysis

The maximum number of observations in this analysis is fixed at the quantity of (Number of 
years of data)*(Number of quarters per year)*(Number of zip codes). To account for the 

hierarchical nature of the data, we fit mixed effects logistic regression models with a random 

intercept for zip code and fixed effects for year and quarter. While a similar study used fixed 

effects Poisson regression due to the count nature of hospitalizations, we hypothesize that a 

mixed effects logistic regression model is more appropriate due to our rare outcome and has 

been previously used to study associations between UNGD and asthma (Jemielita et al. 

2015; Rasmussen et al. 2016). We assume that absence of an ICD-indicated asthma 

hospitalization within the zip code during a specific quarterly timeframe indicates that a 

contemporaneous event did not occur.

For our analysis of reported emissions, we subset our hospitalizations to only 2011 through 

2014, which aligns with the only available years of emissions data. We substitute our UNGD 

exposure metric for each annualized pollutant available in these four years of data but 

maintain the same models in all other regards, including the quarterly temporality to account 

for seasonal variation within a year.

Covariates in all of our asthma models include annual proportion of hospitalizations for sex, 

race, ethnicity, and insurance type by zip code derived from the individual-level PHC4 

hospitalization data; zip code-level population density from the 2010 US Census and 

background respiratory hazard index from the 2011 National Air Toxics Assessment; and 

annual county-level unemployment, poverty for children under 18 years of age, and median 

household income from the US Census Small Area Income and Poverty Estimates 

(Surveillance, Epidemiology, and End Results Program 2017, IPUMS NHGIS; US 

Environmental Protection Agency 2015). Additional analyses stratify by pediatric age 

groups (2–6, 7–12, and 13–18 years) to examine potential heterogeneity across different 

stages of development. Our pollutant-specific models follow the same specifications.

In addition to assessing our results in calendar time, we also developed models to examine 

our results in terms of event time, which allows us to examine how the asthma 

hospitalization risk may change after the initial UNGD activity began. We collapse our data 

to the annual level and convert our data into years before and after UNGD started in each zip 

code. Our reference year is four quarters prior to the first UNGD site is spudded in the zip 

code. We limit this analysis to only eight years of before and after spudding since very few 

zip codes experience UNGD activity for greater than eight years of time in our study period.
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Sensitivity Analysis

First, we include a covariate for conventional oil and gas development (CONGD) to adjust 

for potential co-exposure effects. Second, we fit models using conditional likelihood logistic 

regression to confirm that the random intercept did not influence our effect estimates. Third, 

we examine cumulative count of UNGD wells within the zip code prior to hospitalization to 

estimate the effect of each additional well on asthma hospitalization. Fourth, we examine the 

relationship between the number of reporting UNGD sites regressed on the sum of emissions 

in each zip code by pollutant, which helps us ensure that these reported emissions are 

indicative of the number of sites in the zip code. Finally, we fit regressions for the quintile 

framework (lowest vs. highest quintiles) of specific pollutants to explore the association 

between our UNGD pollution and pediatric asthma hospitalizations for our most and least 

exposed communities.

3. Results

Descriptive Statistics

Our inclusion criteria yield 29 counties containing 571 zip codes in Pennsylvania, which 

generates 27,296 observations by zip code, quarter, and year. In Pennsylvania between 2003 

and 2014, new UNGD wells annually increases from 3 to 1,372 with spuds drilled in 274 zip 

codes per year at its peak in 2011 (Figure 1). In total, 5,649 UNGD wells are drilled in our 

sample between 2003 and 2014, with CONGD wells co-occurring within many zip codes 

across our study period (Figure 2).

In total, 15,837 pediatric asthma-related hospitalizations are included. Our exposure 

distribution yields 1,070 hospitalizations in 532 zip codes exposed to UNGD compared with 

14,767 unexposed hospitalizations in 6,794 zip codes, and most demographic information is 

similar among patients exposed and unexposed to UNGD activity (Table 1). We note that 

patients exposed to UNGD tended to live in areas with slightly lower population densities.

Association of UNGD with Pediatric Asthma Hospitalizations

We first determine that a logistic model is appropriate by graphing our hospitalizations 

counts means per quarter and zip code in a histogram (eFigure 1). After adjusting for secular 

time trends, children and adolescents exposed to newly spudded UNGD wells within their 

zip code have 1.25 (95% CI: 1.07, 1.47) times the odds of experiencing an asthma-related 

hospitalization compared with children who did not live in these communities (Table 2). 

When stratified by patient age, those between 2 and 6 years have the greatest odds of an 

asthma-related hospitalization (OR=1.44; 95% CI: 1.18, 1.75) followed by ages 13 to 18 

(OR=1.34, 95% CI: 1.13, 1.60).

In the binary cumulative exposure framework, we observe similar results to the 

contemporaneous analysis (Table 2). Children and adolescents residing in a zip code with 

any current or previous drilling activity have 1.19 (95% CI: 1.04, 1.36) times the odds of 

experiencing an asthma-related hospitalization compared with children who do not live in 

these communities. Children between the ages of 2 and 6 have the most elevated odds ratio 
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(OR=1.35; 95% CI: 1.14, 1.60) followed by children ages 13 to 18 (OR=1.29, 95% CI: 1.11, 

1.49).

We conduct additional analyses using the number of UNGD sites ever drilled within a zip 

code to examine the effect of additional wells on pediatric asthma-related hospitalizations. 

The tertiles of exposure by number of wells ever drilled in the zip code is 1–2, 3–10, and 

>11. The highest tertile of exposure is associated with increased odds of pediatric asthma 

hospitalizations for all age groups (OR=1.39, 95% CI: 1.14, 1.71), while middle and lowest 

tertiles of exposure did not demonstrate clear dose-response (Table 2). Results for children 

between ages of 2 and 6 show the strongest evidence of dose-response, and in the highest 

tertile of exposure, UNGD is associated with a 1.73 higher odds (95% CI: 1.34, 2.23) of an 

asthma-related hospitalization compared with the no UNGD exposure group. Finally, we 

observe increases in the odds of an asthma-related hospitalization for years after the initial 

drilling begins (Figure 3).

Association of UNGD Site Emissions with Pediatric Asthma Hospitalizations

Our pollutant-specific emissions models demonstrate consistent increased risks of pediatric 

asthma hospitalizations across most of our models when we compare the lowest to highest 

quintiles of exposure (Table 3). Full descriptions of the pollutant distributions are available 

in our supplemental data (eTable 1). Briefly, we find odds ratios ranging from 1.16 (95% CI: 

1.02, 1.33) for carbon dioxide to 1.42 (95% CI: 1.22, 1.66) for VOCs. Specific reported 

pollutants with associations across our all-ages models include 2,2,4-trimethylpentane, 

carbon dioxide, formaldehyde, x-hexane, nitrous oxide, and volatile organic compounds. 

Ages 2 to 6 hospitalizations are also associated with exposure to carbon monoxide, methane, 

nitrogen oxides, PM2.5, PM10, toluene, and xylenes while hospitalizations among children 

ages 7 to 12 and adolescents 13 to 18 are associated with no additional pollutants.

Sensitivity Analyses

Given the high quantity of conventional drilling occurring within our study time frame 

across our study area (Figure 2), we adjust for CONGD exposure within the zip code in an 

additional set of analyses. For the binary exposure analysis, results remain similar in both 

analyses after adjusting for CONGD (Online Supplement eTable 2). For the tertile analysis, 

all results maintain similar, if slightly attenuated, risk estimates after controlling for 

CONGD. Our results likewise remain qualitatively similar when we use a fixed effects 

logistic regression instead of a mixed effects framework (Online Supplement eTable 3). We 

also find similar effect sizes for our cumulative UNGD metric for each additional well 

among the 2–6 age group but not others (Online Supplement eTable 4). In regressions of the 

sum of pollution on the number of reporting UNGD sites in a zip code, we find consistent 

positive associations, which demonstrates that the number of UNGD sites is sufficiently 

correlated with the self-reported emissions data (Online Supplement eTable 5). Our 

regression results for specific emissions in a quintile exposure framework also demonstrate 

similar, if higher, associations with wider confidence intervals between each pollutant and 

our pediatric asthma outcome (Online Supplement eTable 6).
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4. Discussion

We conducted a difference-in-differences analysis of pediatric asthma-related 

hospitalizations in Pennsylvania using an administrative database from 2003 through 2014, 

which corresponds to the rapid development of the Marcellus Shale. This study examines the 

relationship between pediatric asthma hospitalizations and UNGD. In addition, this study 

shows how specific UNGD emissions may be linked to respiratory health outcomes. We are 

able to break down pediatric asthma hospitalizations by age group to examine the effects of 

UNGD across the child developmental stages and demonstrate that specific pediatric age 

groups respond differently to UNGD in their community. Pediatric asthma hospitalization 

rates may be changing in our study period for reasons unrelated to UNGD, thus our analysis 

ensures that these secular trends are not influencing the results. Furthermore, we restrict our 

analysis to a relatively homogenous rural population in counties that are located on the 

Marcellus Shale, so our analysis reduces external confounding factors. We control for pre-

existing respiratory health risks, which we adjust for via the National Air Toxics Assessment 

(NATA) respiratory hazard index (RHI). This method is more effective than controlling for 

individual ambient pollutants since the NATA RHI considers over 180 hazardous air 

pollutants from stationary and mobile sources at the local level. Our results appear to be 

driven by the highest exposure tertile, which insinuates that the intensity of pollution from 

UNGD is more important than the initial introduction of UNGD into a community.

Our results remain consistent with the existing literature on UNGD and respiratory health, 

though we observed attenuated estimates across all age groups and exposure levels 

(Rasmussen et al. 2016; Rabinowitz et al. 2015). The results presented in this study build 

upon the associations found in Rasmussen et al. 2016 by using the population of inpatient 

pediatric asthma hospitalizations between 2003 and 2014. We also show that the risk of a 

pediatric asthma hospitalization remains increased for years after the introduction of UNGD. 

Our findings further demonstrate that children between 2 and 6 years old are more 

susceptible to experiencing an asthma-related hospitalization in a UNGD zip code. After 

controlling for co-occurrence of CONGD, we continue to find an elevated risk of asthma-

related hospitalizations with exposure to UNGD, which has not been previously shown. 

These results provide support that increased drilling activity may be associated with an 

increased risk of pediatric asthma hospitalizations.

In our analysis of individual pollutants from the emissions reports, we find evidence of 

specific pollutants from UNGD processes that may be driving increases in pediatric asthma 

hospitalization, including several known respiratory irritants such as volatile organic 

compounds and formaldehyde (Gordian et al. 2010; Kampa and Castanas 2008; Webb et al. 

2016). These results imply that the pollution from the UNGD sites themselves, as opposed 

to only UNGD-related traffic, may be contributing to pediatric asthma hospitalizations. 

Although this data is self-reported by the UNGD companies themselves, this data likely 

represents an underreporting of true UNGD site emissions, thus our results may be 

underreporting the risk of pediatric asthma from specific UNGD pollutants. We interpret 

these results with caution due to the self-reported nature of the emissions data; however, 

these results provide preliminary insights into the effects of specific UNGD pollutants on 

pediatric asthma hospitalizations.
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Shale gas development has previously been implicated in decreased air quality, but these 

assessments have focused on UNGD and did not assess the CONGD co-exposure 

(Czolowski et al. 2017; Marrero et al. 2016; McKenzie et al. 2012; Swarthout et al. 2015; 

Walters et al. 2015). Any reductions in air quality are likely to be adversely experienced by 

the most vulnerable asthmatic patients in the local population, whom we captured in our 

study via their hospitalization records. Pediatric patients experiencing breathing difficulties 

are usually taken to the hospital, even in rural settings. The administrative nature of our data 

allows us to capture exacerbations among young patients, who are hard to access otherwise. 

Importantly, these episodes represent not only a significant event for the patient and his or 

her family, but also are associated with missed days of school and work, and substantial 

healthcare cost.

The present study has some limitations. Exposure and outcome were examined at the zip 

code level, which contributes to potential exposure misclassification. Our tertiles of drilling 

exposure by zip code attempt to examine the dose response relationship, but this imprecise 

exposure metric is not ideal for individual exposures since we cannot assess exactly where 

the patients reside in relation to the UNGD sites. However, our results indicate that 

community-level UNGD is associated with decreased respiratory health, which can be more 

easily translated into local policy decisions. Our results are further bolstered by our use of 

the UNGD emissions data in addition to accounting for background respiratory hazards, 

where we demonstrate that specific pollutants are more likely to be associated with pediatric 

asthma hospitalizations. Additionally, the reliance on hospitalization data did not permit the 

investigation of how patients with less severe asthma may be affected, which previous 

literature has shown to be susceptible to UNGD-related air pollution (Rasmussen et al. 

2016).

Our analysis is focuses on asthma-related hospitalizations to adequately control for pre-

existing outcome trends that occurred prior to the introduction of UNGD and focus on 

pediatric respiratory health. We also leverage a unique database of UNGD pollution to 

examine specific chemicals with respect to respiratory health outcomes, which has not been 

done in the UNGD and human health literature to date. Difference-in-differences designs 

can take these time trends into account, so future analyses of other outcomes should 

incorporate pre-existing outcome trends into their models to minimize spatiotemporal 

confounding. We supplement our results with models that demonstrate specific UNGD 

pollutants that may be creating the higher risks of pediatric asthma hospitalizations 

associated with community UNGD exposures. We also assess CONGD co-exposures with 

respect to a health outcome. Our populations of patients were relatively homogenous in 

terms of socio-demographic factors, and all had to be at risk for UNGD, which should 

reduce potential unmeasured confounding. Furthermore, our outcome data come from a 

standardized source and we focus on the children most vulnerable to air pollution increases. 

Finally, the zip code nature of our exposure allows for a community-level assessment of 

UNGD and demonstrate that community-level exposures to UNGD are associated with 

increased risk of pediatric asthma hospitalizations, which may better measure the amount of 

drilling exposure for policy implications.
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5. Conclusions

Previous studies observe associations between UNGD and poorer local air quality. This 

study examines the associations between community-level UNGD activity and pediatric 

asthma while considering pre-existing time trends, co-occurrence of CONGD, and UNGD 

site-specific emissions reports. Additional work is needed to understand how UNGD air 

pollution may affect respiratory health, which could include detailed exposure assessments 

for UNGD and CONGD sites.
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Highlights

• Unconventional natural gas development may be linked to pediatric asthma

• Specific air pollutants from drilling emissions may be driving these 

associations

• Associations remain for up to eight years after drilling begins in a community
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Figure 1. 
Newly Spudded UNGD Sites by Zip Code 2003–2014
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Figure 2. 
Spatial Distribution of UNGD and CONGD in Pennsylvania 2003–2014
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Figure 3. 
Odds Ratios for Pediatric Asthma Hospitalizations by Years Before and After First Spudded 

UNGD Site in Zip Code
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Table 1

Individual, Zip Code, and County Demographic Information for Participants by Exposure Status

Unexposed a Exposed

Individual

Total Asthma Patients 14,767 1,070

Age Group

 2 to 6 31% 30%

 7 to 12 25% 20%

 13 to 18 44% 50%

Zip Code b

Female (%) 42% 42%

Race/Ethnicity (%)

 White 88% 90%

 Black 6% 4%

 Hispanic 2% 1%

 Other 4% 5%

Insurance (%)

 Medicaid 51% 52%

 Private 46% 45%

 Uninsured 2% 2%

 Other or Missing 1% 1%

Hospitalization Quarter

 1 (Jan, Mar) 25% 23%

 2 (Apr, Jun) 25% 25%

 3 (Jul, Sep) 25% 27%

 4 (Oct, Dec) 25% 26%

Hospitalization Type (%)

 Emergency 50% 44%

 Urgent 38% 45%

 Elective 12% 11%

Respiratory Hazard Index b 1.1 1.2

County

Median Income ($) c 41,059 43,596

Population Density d 48.0 34.5

Poverty Under 18 (%) c 20% 21%

Unemployment Rate (%) 7% 8%

a
Exposure status determined by any UNGD well drilled in a zip code contemporaneously with the asthma hospitalization

b
Zip code demographics determined using all pediatric hospitalizations in each zip code over the course of the study period

c
Derived from annual U.S. Census Small Area Income & Poverty Estimates

d
Derived from annual U.S. Intercensal County Population Data
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e
Derived from annual U.S. Bureau of Labor Statistics
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Table 3

Associations between log-sum UNGD emissions and pediatric asthma hospitalizations by pollutant

Pollutants a All Ages 2 to 6 7 to 12 13 to 18

2,2,4-Trimethylpentane 1.29 1.30 1.04 1.41

(1.01, 1.64) (1.07, 1.58) (0.83, 1.30) (1.12, 1.77)

Benzene 1.12 1.09 1.08 1.04

(0.99, 1.27) (0.98, 1.21) (0.96, 1.23) (0.92, 1.17)

Carbon Monoxide 1.08 1.20 1.07 1.03

(0.93, 1.26) (1.05, 1.37) (0.93, 1.25) (0.90, 1.19)

Carbon Dioxide 1.16 1.20 1.17 1.11

(1.02, 1.33) (1.05, 1.36) (1.01, 1.37) (0.97, 1.28)

Ethylbenzene 1.11 0.94 1.01 1.07

(0.95, 1.30) (0.82, 1.08) (0.87, 1.17) (0.93, 1.23)

Formaldehyde 1.20 1.18 1.06 1.12

(1.06, 1.36) (1.06, 1.31) (0.94, 1.20) (1.00, 1.25)

Methane 1.10 1.17 1.05 1.04

(0.96, 1.26) (1.04, 1.31) (0.92, 1.19) (0.92, 1.18)

Nitrous Oxide 1.17 1.19 1.16 1.07

(1.02, 1.33) (1.06, 1.34) (1.00, 1.34) (0.94, 1.22)

Nox 1.21 1.23 1.088 1.20

(0.98, 1.48) (1.05, 1.45) (0.90, 1.32) (0.99, 1.45)

PM2.5 1.06 1.18 1.04 1.02

(0.92, 1.22) (1.04, 1.34) (0.90, 1.20) (0.89, 1.16)

PM10 1.08 1.23 1.03 1.04

(0.94, 1.24) (1.09, 1.40) (0.90, 1.19) (0.91, 1.18)

Toluene 1.09 1.14 0.99 1.05

(0.97, 1.24) (1.03, 1.26) (0.88, 1.12) (0.94, 1.18)

SOx 1.09 1.08 1.05 1.11

(0.96, 1.24) (0.98, 1.21) (0.93, 1.19) (0.99, 1.25)

Volatile Organic Compounds 1.42 1.34 1.12 1.32

(1.22, 1.66) (1.17, 1.54) (0.97, 1.29) (1.15, 1.52)

x-Hexane 1.23 1.13 1.129 1.25

(1.05, 1.43) (0.99, 1.30) (0.97, 1.32) (1.08, 1.44)

Xylenes (Isomers & Mixtures) 1.16 1.18 1.09 1.13

(0.98, 1.36) (1.03, 1.35) (0.94, 1.27) (0.98, 1.31)

a
Models only include data 2011 through 2014. Multilevel logistic regression models with a random intercept for zip code adjusted for sex, race, 

year, quarter, insurance status, zip code respiratory hazard index, county median household income quartile, county unemployment, county poverty 
under 18 years old, and county log population density
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