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ABOUT HEI-ENERGY

The Health Effects Institute—Energy was formed to provide a multiyear national research program to identify and
conduct high-priority research on potential population exposures and health effects from development of oil and
natural gas from shale and other unconventional resources (UOGD) across the United States. HEI-Energy plans to
support population-level exposure research in multiple regions of the United States. To enable exposure research
planning, HEI-Energy conducts periodic reviews of the relevant scientific literature. Once initial research is
completed, HEI-Energy will assess the results to identify additional high-priority exposure research needs and,
where feasible and appropriate, health research needs for funding in subsequent years.

The scientific review and research provided by HEI-Energy will contribute high-quality and credible science to the
public debate about UOGD and provide needed support for decisions about how best to protect public health. To
achieve this goal, HEI-Energy has put into place a governance structure that mirrors the one successfully employed
for nearly forty years by its parent organization, the Health Effects Institute (HEI), with several critical features:

= Receives balanced funding from the U.S. Environmental Protection Agency under a contract that funds
HEI-Energy exclusively, and from the oil and natural gas industry. Other public and private organizations
periodically provide support;

= Independent Board of Directors consisting of leaders in science and policy who are committed to fostering
the public—private partnership that is central to the organization;

= Aresearch program that is governed independently by individuals having no direct ties to, or interests in,
sponsor organizations;

= HEI-Energy Research Committee consisting of members who are internationally recognized experts in
one or more subject areas relevant to the Committee’s work, have demonstrated their ability to conduct
and review scientific research impartially, and have been vetted to avoid conflicts of interest;

= Research that undergoes rigorous peer review by HEI-Energy’s Review Committee. This committee will
not be involved in the selection and oversight of HEI-Energy studies;

= Staff and committees that participate in open and extensive stakeholder engagement before, during, and
after research, and communicate all results in the context of other relevant research;

= HEI-Energy makes publicly available all literature reviews and original research that it funds and provides
summaries written for a general audience; and

= Without advocating policy positions, HEI-Energy provides impartial science, targeted to make better-
informed decisions.

HEI-Energy is a separately funded affiliate of the Health Effects Institute (www.healtheffects.org).
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EXECUTIVE SUMMARY

Unconventional oil and natural gas development (UOGD)! has expanded rapidly in the United States in
recent years. Accompanying this expansion has been a growing body of scientific literature about
potential health effects among people who are exposed to chemical and non-chemical agents related to
UOGD operations. This report reviews a subset of this literature, specifically epidemiological research
that assesses whether exposure to UOGD can lead to adverse health effects. The Energy Research
Committee (the “Committee”) of the Health Effects Institute—Energy (HEI-Energy) conducted the review
as part of a larger effort to understand the current state of the science on UOGD exposures and their
potential health effects. The Committee will use results from this review and a companion review of
literature on potential UOGD human exposures (HEI-Energy Research Committee, in press) to inform
HEI-Energy’s planning for future research to better understand exposures associated with UOGD.

APPROACH TO THE SYSTEMATIC REVIEW

The Committee consists of multidisciplinary scientists from across the United States with expertise in air
guality, epidemiology, exposure assessment, hydrology, medicine, petroleum engineering, risk
assessment, and toxicology. Along with HEI-Energy staff, the Committee conducted a systematic review
designed to yield a transparent, reproducible, objective, and critical assessment of the epidemiology
literature. HEI-Energy convened a scoping meeting at the outset of the review to hear from
knowledgeable representatives from federal and state government, the oil and gas industry, environmental
and public health nongovernmental organizations, academia, and community organizations about their
priorities for the literature review.

The resulting review addressed the question: Are there adverse human health effects associated with
environmental exposures originating directly from UOGD?

The Committee reviewed epidemiology studies published between January 2000 and December 2018.
The phrase used to search for literature combined the word “health” with an array of oil- and gas-related
terms to avoid missing relevant studies. The search yielded several thousand studies published during this
period that were broadly responsive to the search phrase. Of these, 25 studies listed as a specific objective
exploring relationships between exposures originating directly from UOGD operations in the United
States and human health outcomes and also met the Committee’s other inclusion criterion of being a peer-
reviewed journal article or gray literature presenting primary research in final and complete form. UOGD
may affect health through indirect, or secondary, exposures (e.g., community disruption), and these may

Although this document was produced with partial funding by the United States Environmental Protection Agency under
Contract No. 6BHERC19D0010 to the Health Effects Institute—Energy, it has not been subject to the Agency’s review and
therefore does not necessarily reflect the views of the Agency, and no official endorsement by the Agency should be inferred.
Private institutions also provided funding to produce this document; however, it has not been subject to their review and therefore
does not necessarily reflect the views of any of the private institutions, and no endorsement by them should be inferred.

LUOGD refers to the wave of onshore development and production of oil and natural gas from shale and other unconventional, or
low permeability, geologic formations as practiced starting around the beginning of the 21st century through multistage hydraulic
fracturing in horizontal wells. UOGD operations include:
= field development: exploration, site preparation, vertical and horizontal drilling, well completion (casing and cementing,
perforating, acidizing, hydraulic fracturing, flowback, and well testing) in preparation for production, and management of
wastes;
= production operations: extraction, gathering, processing, and field compression of gas; extraction and processing of oil and
natural gas condensates; management of produced water and wastes; and construction and operation of field production
facilities; and
= post-production: well closure and land reclamation.
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be captured as part of the exposure assessments of the epidemiology studies. However, the few
epidemiology studies explicitly investigating indirect exposures were beyond the scope of this review.
Further, as is common in systematic reviews of epidemiology studies, the review included analytical
epidemiology studies, which, in contrast to descriptive epidemiology studies, allow associations between
exposures and outcomes to be quantified (CDC 2014). This characteristic of analytical epidemiology
studies makes them more reliable than descriptive epidemiology studies for drawing inferences.

The Committee considered several methodological issues (Box ES-1) in assessing individual study
strengths and limitations, especially factors that might affect interpretation of results. After assessing the
studies individually, the Committee used the questions in Box ES-2 to qualitatively assess the body of
epidemiological evidence by health outcomes. The methodological issues and questions in Boxes ES-1
and ES-2 incorporate concepts that public health scientists commonly use in systematic assessments of
epidemiology literature.

Box ES-1. Methodological Considerations in Box ES-2. Questions Used to Qualitatively Assess

Assessing the Quality of Individual Studies* the Body of Epidemiological Evidence*

= Study population (e.g., specified inclusion and 1. Does evidence link a specific outcome with a
exclusion criteria and studied the same specific UOGD exposure or mix of UOGD
population over the study period). exposures?

= Qutcome assessment (e.g., used valid and
reliable outcome data and outcome assessors
blinded to exposure status).

2. Are findings about associations between
UOGD exposures and adverse health outcomes
reported consistently among independently

= Exposure assessment (e.g., differentiated conducted, high-quality studies, and can
between exposure from UOGD and non-UOGD chance, confounding, and other bias be ruled
sources and allowed for a blologlcally relevant out with a reasonable degree of confidence?

“::je Ia? b;tween the assessment of exposures 3. Do UOGD exposures precede the outcome
and outcomes). diagnosis, and did investigators assess the

= Confounding (e.g., assessed potential appropriate timeframe of exposure for each
confounders, such as non-UOGD sources and outcome of interest?

sociodemographic characteristics).

= Analytical methods (e.g., reported on measures
of precision and variability).

= Presentation and interpretation of results (e.qg.,

provided appropriate and complete interpretation
of results).

4. 1s greater UOGD exposure associated with
increased effects?

5. Is the body of evidence coherent, meaning that
it is consistent with existing theory and
knowledge?

*The Committee developed these questions, taking
into consideration criteria developed by Bradford
Hill along with more recent interpretations (e.g.,
U.S. EPA 2015; Owens et al. 2017).

*The Committee adapted this list of methodological
considerations from guidance prepared by the
National Toxicology Program Office of Health
Assessment and Translation (NTP 2015).

OVERVIEW OF THE EPIDEMIOLOGY LITERATURE

The studies reviewed by the Committee assessed associations between UOGD exposures and adverse
health outcomes among people living in five major oil and natural gas—producing regions of the United
States (Figure ES-1). The study populations ranged from selected individuals living near UOGD
operations to large statewide populations. Investigators took advantage of historical data on exposure and,
in some cases, health outcomes. Because data for estimating exposure were sometimes limited or
unavailable, the investigators used various surrogate measures of exposure to UOGD, such as distance
between residences and UOGD well pads. Some investigators concluded that their findings demonstrated
associations between these surrogate measures of UOGD exposure and a number of health outcomes.
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However, the magnitude and direction of the associations were, in many cases, inconsistent across studies
of the same health outcome.

THE COMMITTEE’S FINDINGS

UOGD has expanded rapidly in recent years. As a result, most research on UOGD exposures and health
effects is relatively new (Figure ES-2), and investigators have had limited opportunities to collect the data
needed for rigorous studies. Nevertheless, the Committee notes that the investigators typically made
thoughtful use of existing sources of data to reconstruct potential historical UOGD exposures and assess
health outcomes. The investigators often used strong study designs despite the limited availability of data.
The studies were subject to both strengths and limitations, something that is common to all epidemiology
studies even as they have the potential to increase understanding. In this review, the strengths and
limitations of the studies affected the Committee’s ability to interpret individual study results and to form
conclusions about the body of literature.

Figure ES-1. Studies shown by location, study design, and assessed outcomes.
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Assessing the Quality of Individual Studies

The Committee assessed the quality of the 25 individual studies using the six methodological
considerations outlined in Box ES-1, and its findings are summarized here.

Study Population. Good study design requires accurate characterization of the study population, such that
the individuals in the study represent the intended population as a whole. Most of the studies incorporated
this important design principle. Across all studies, the inability to account for people moving into or out
of the study area might have influenced the interpretation of the study results. Population mobility
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associated with UOGD, for example, can lead to changing local rates of disease incidence or
hospitalization, which, if left unaccounted for, could bias the results.

Figure ES-2. Number of analytical epidemiology studies selected for inclusion by year of publication (based on
year of electronic publication).
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Exposure Assessment. Ideally, studies would have included rigorous measures of exposure(s) to UOGD.
But for retrospective studies, relevant historical quantitative UOGD exposure data were generally lacking.
As such, none of the investigators assessed exposures to specific chemical or non-chemical agents
originating from UOGD. Instead, they took advantage of available data to define surrogate measures of
exposure. The surrogates varied, ranging from simple distance-based cutoffs to more complex metrics
that combined residential distance to UOGD with, for example, level of UOGD activity. Still others were
based solely on time, comparing health outcome rates before and after UOGD became prevalent in a
given study area.

Surrogate measures have strengths, such as capturing the totality of exposures associated with UOGD and
motivating and guiding further research, as is common in leading-edge areas of environmental
epidemiology research. Some research has been conducted recently to characterize how well the surrogate
measures of UOGD exposure represent actual exposure to chemical or non-chemical agents (Allshouse et
al. 2017; Koehler et al. 2018).

Confounding. A well-designed study addresses confounding, which is the distortion of an apparent
association between an exposure and an outcome by another variable (i.e., a confounder). Nearly all
investigators used various study designs and analytical methods to control for confounding with available
data. However, the Committee determined that the potential for residual confounding remained in many
of the studies that lacked data on important variables such as individual- and community-level
socioeconomic status (SES), baseline health (e.g., co-morbidities and genetic factors), environmental
factors (e.g., non-UOGD sources of exposure), or lifestyle factors (e.g., smoking and diet).

Review of the Epidemiological Evidence

The Committee used the questions in Box ES-2 to assess the evidence presented in the 25 studies,
applying information from its individual study-quality assessments and previous knowledge of possible
chemical and non-chemical agents associated with UOGD and their toxicity and mobility in the
environment. The following section summarizes the Committee’s review across all outcomes; conclusions
specific to individual outcomes are provided later in this report.
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Question 1: Does evidence link a specific outcome with a specific UOGD exposure or
mix of UOGD exposures?

The Committee assessed whether the studies reported an association between a specific outcome and a
specific UOGD exposure or mix of UOGD exposures, even if the outcome might have other possible
causes. As discussed above, all studies relied on surrogate measures of exposure to UOGD, and thus the
Committee could not ascribe any of the reported associations to agents originating specifically from
UOGD, a limitation noted by several of the investigators.

Question 2: Are findings about associations between UOGD exposures and adverse
health outcomes reported consistently among independently conducted, high-quality
studies, and can chance, confounding, and other bias be ruled out with a reasonable
degree of confidence?

Typically, multiple independently conducted, high-quality epidemiology studies involving the same
exposure—health outcome pair are needed to judge the consistency of reported associations; this would
contribute to our understanding of potential health effects of UOGD. However, different approaches to
estimating exposure and defining outcomes were used by the studies and, given the relatively early stage
of research, most of the outcomes were assessed by only one study.

An important exception were the perinatal outcomes, with multiple studies involving birth-weight and
pre-term-birth. Comparison of studies assessing birth weight was limited by the variation in how birth
weight outcomes and UOGD exposures were defined across the studies because effects of UOGD — or
any other environmental exposure — may differ among various outcome definitions (e.g., low birth
weight, small for gestational age, and continuous measures of birth weight). Consequently, the Committee
could not compare results across most of these studies. In comparisons of studies that used similar
exposure and outcome measures, results were inconsistent for both magnitude of association and
statistical precision.

In addition to the issue of consistency of findings across studies, important sources of potential residual
confounding affected interpretation of the studies:

= Socioeconomic Status (SES). Given that SES is a strong predictor of several outcomes assessed in
these studies and may influence who lives near UOGD, control of this factor is needed to accurately
estimate associations that are specific to UOGD and health. Studies generally used imprecise
measures to account for SES or did not account for it at all because of data limitations.

= Non-UOGD Sources of Exposure. Some of the chemical and non-chemical exposures that might arise
from UOGD also originate from other sources — such as conventional oil and gas development, other
industries, and general community roadway traffic — that the exposure surrogate might inadvertently
capture. Identifying and controlling for such sources is important for isolating the potential effects of
UOGD exposures on health outcomes. Some studies did an exemplary job controlling for potential
exposure to non-UOGD sources, whereas other studies provided limited or no such control.

Although some studies used strong study designs and analytical methods to control for potential
confounding, the studies’ overall limited and inconsistent control for confounding did not allow the
Committee to rule out other factors that might explain the studies’ findings.

Question 3: Do UOGD exposures precede the outcome diagnosis, and did
investigators assess the appropriate timeframe of exposure for each outcome of
interest?

Many investigators used designs intended to assess exposures that preceded outcomes and allowed
sufficient time between exposure and occurrence of an outcome (i.e., a latency period). The studies of

Page xi of Xiii



Epidemiology Literature Review HEI-Energy Research Committee

perinatal outcomes, for example, evaluated exposures during the prenatal period, ensuring that the
exposure preceded the outcome.

The Committee was less confident of findings associating UOGD exposures with outcomes appearing
later in life and that required long latencies, such as some cancers and cardiovascular outcomes. Two
cancer studies concluded that UOGD was not associated with cancer even though the study design did not
allow sufficient lag time to clearly observe UOGD-related cancer cases. Studies involving assessment of
exposure and outcome data at one point in time incorporated exposure lags or quantified exposure for the
year before collection of the outcome data. Because the investigators approximated the period of potential
exposure, uncertainty remains about whether exposures originating from UOGD preceded the outcomes
in these studies.

Question 4: Is greater UOGD exposure associated with increased effects?

Evidence of causality between an exposure and an outcome is strengthened when greater levels of
exposure (e.g., shorter distance from a source or greater magnitude of exposure) or longer durations of
exposure produce increased effects, often referred to as a dose—response relationship. Some of the studies
were designed to discern a potential dose—response relationship by defining exposure categories that
represented different levels of exposure. A dose—response relationship was apparent in some studies.
Even where the dose-response relationship was apparent, the strength or direction of the association did
not always hold up under various model specifications. For example, some study results suggested
increasing effects with decreasing levels of exposure. At the current early stage of research, the studies
did not demonstrate a clear dose—response relationship between any exposure surrogate and outcome pair.

Question 5: Is the body of evidence coherent, meaning that it is consistent with
existing theory and knowledge?

In general, epidemiology studies provide one of several lines of evidence for understanding the
relationship between an exposure and a health outcome. Other lines of evidence might be biological,
mechanistic, or toxicological. Some UOGD-related chemicals, for example, exhibit toxicity consistent
with some of the outcomes assessed in the epidemiology literature (e.g., Webb et al. 2016 and Kassotis et
al. 2016a). For example, traffic-related emissions have previously been associated with asthma (HEI
Panel on the Health Effects of Traffic-Related Air Pollution 2010); therefore, findings of adverse
respiratory outcomes would be consistent with this earlier research if the exposure involved UOGD-
related traffic. However, without information on concentrations of specific chemical agents and non-
chemical agents, a full assessment of the extent to which the study findings are consistent with knowledge
from other lines of evidence was not possible. Additional research is needed to assess whether the
exposure surrogates represent specific chemical or non-chemical agents originating from UOGD. The
literature about potential exposures associated with UOGD is reviewed in a companion document (HEI-
Energy Research Committee, in press).

SUMMARY OF COMMITTEE FINDINGS

The current body of epidemiological evidence represents an early phase in research geared toward
understanding the potential health effects of UOGD. In many of these studies, investigators reasonably
pursued research based on what was known about potential exposures to UOGD, and they applied good
study design practices and appropriate and innovative methods to overcome data limitations that are
common in observational studies of humans. Nevertheless, data and study limitations prevented the
Committee from determining whether exposures originating directly from UOGD contributed to the
assessed health outcomes, either within individual studies or across the body of literature. The limitations
include the lack of quantified exposures, the potential for residual confounding, inconsistencies in design
and results across studies, and the limited number of studies for any one outcome. The Committee noted,
however, that given the range of activities and chemicals to which populations surrounding UOGD
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activities may be exposed, it is critical that additional high-quality research be undertaken to better
understand the potential for human exposure and health effects from UOGD.

RECOMMENDATIONS FOR IMPROVED UNDERSTANDING OF POTENTIAL
HEALTH EFFECTS

Given the currently available epidemiological findings and the continuing and expanding UOGD
operations in the United States, the Committee recommends further investigation to improve on the
methodologic limitations noted in this review. Such efforts should seek to characterize associations
between specific UOGD exposures and specific health outcomes. A prerequisite to such research is an
improved understanding of UOGD exposures and opportunity for rigorous research (addressed in our
companion report, HEI-Energy Research Committee, in press).

Importantly, they should include actual measures of chemical or non-chemical agents originating from
UOGD. They should also collect data on outcomes at multiple points in time (i.e., prospective studies),
including collection of individual- and community-level measures of SES, baseline health, individual risk
factors for the outcomes of interest, background exposures, and factors that affect the movement of agents
originating from UOGD in the environment. Prospective studies are especially useful for collecting data
needed to allow investigators to distinguish between increased rates of adverse health outcomes from
UOGD and those that result from other factors (such as SES or non-UOGD exposures). Additional
retrospective analyses might be more useful if better sources of exposure and outcome data become
available.

Future studies should be designed with guidance from multi-disciplinary teams. UOGD practices are not
static but change with technological innovations and in response to community concerns, evolving
regulatory requirements, and fluctuating markets. This variability, combined with variability in the oil and
natural gas resources themselves and in the environmental conditions among oil- and gas-producing
regions, must be recognized during research planning to ensure that the research is broadly relevant to
decision-making. For this reason, epidemiological study design teams should include experts bringing
knowledge of UOGD processes, evolving regulatory frameworks, exposure assessment methods, and
biostatistics, among other disciplines.

Page xiii of xiii



Epidemiology Literature Review HEI-Energy Research Committee

POTENTIAL HUMAN HEALTH EFFECTS
ASSOCIATED WITH UNCONVENTIONAL OIL
AND GAS DEVELOPMENT: ASYSTEMATIC
REVIEW OF THE EPIDEMIOLOGY LITERATURE

1.0 INTRODUCTION

Onshore development of oil and natural gas from unconventional resources (or “unconventional oil and
gas development” [UOGD] as defined in Box 1-1) has expanded rapidly in the United States in recent
years, along with concern about its potential health effects. In 2015, the Health Effects Institute (HEI)
released a Strategic Research Agenda to help guide future research on the potential impacts of UOGD
(HEI Special Scientific Committee on Unconventional Oil and Gas Development in the Appalachian
Basin 2015). HEI-Energy was formed as an HEI affiliate to address a subset of questions in the Research
Agenda related to population-level exposures and health.

This report provides a systematic review of the epidemiology literature related to UOGD. The Research
Committee of HEI-Energy (the “Committee”) will use results from this review and a companion review
of literature on potential UOGD human exposures (HEI-Energy Research Committee, in press) to inform
HEI-Energy’s planning for future research to better understand exposures associated with UOGD.

1.1 MOTIVATION FOR THE REVIEW

This review was conducted as part of a larger effort to understand the current state of the science on
UOGD exposures and their potential health effects and in response to concerns that have arisen due to the
rapid expansion of oil and natural gas development in the United States and earlier research on human
exposures and health effects associated with UOGD.

1.1.1  Increased Rate and Intensity of Oil and Gas Development in the United States

Oil and natural gas development dates back to the mid-1800s in the United States. Historically, oil and
natural gas were extracted either without hydraulic fracturing or with lower volumes of hydraulic
fracturing fluid than are often used today. Changes in technology have altered development practices and
have prompted new questions about exposures and health (Box 1-2).

The scale and rate of oil and natural gas development since the early 2000s differ markedly from those of
the past, because of technologic changes involving increased use of hydraulic fracturing and horizontal
drilling to develop low-permeability (“tight”) geological formations that could not previously be
developed profitably (Soeder 2018). Evolving technology influences where development is economically

Although this document was produced with partial funding by the United States Environmental Protection Agency
under Contract No. 68HERC19D0010 to the Health Effects Institute—Energy, it has not been subject to the Agency’s
review and therefore does not necessarily reflect the views of the Agency, and no official endorsement by the
Agency should be inferred. Private institutions also provided funding to produce this document; however, it has not
been subject to their review and therefore does not necessarily reflect the views of any of the private institutions, and
no endorsement by them should be inferred.

feasible. As a result, UOGD now sometimes takes place in regions unaccustomed to the current scale of
activity. The technology enables a substantial increase in the rate and intensity of development, including

Page 1 of 83



Epidemiology Literature Review HEI-Energy Research Committee

new and modified practices that affect the potential for both positive and negative consequences on oil
and gas workers, people in nearby communities, the structure and function of their communities, and the
local, regional, national, and possibly global environment.

Box 1-1. UOGD Definition

UOGD refers to the wave of onshore development and production of oil and natural gas from shale and other

unconventional?, or tight, geological formations as practiced starting around the beginning of the 21st century.

Industry practices continue to change in response to evolving technologies, regulations, and other factors, with

current practice involving horizontal drilling combined with multistage hydraulic fracturing (i.e., fracturing that

is made to occur in sequential stages along a horizontal wellbore). In the future, UOGD could be used more
widely in both conventional and unconventional geological formations. UOGD operations include:

* Field Development Exploration, site preparation, vertical and horizontal drilling, well completion (i.e.,
casing and cementing, perforating, acidizing, hydraulic fracturing, flowback, and well testing) in preparation
for production, and management of wastes;

=  Production Operations Extraction, gathering, processing, and field compression of gas; extraction and
processing of oil and natural gas condensates; management of produced water and wastes; and construction
and operation of field production facilities; and

= Post-Production Well closure and land reclamation.

UOGD in the context of other oil and gas operations.
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1The terms “conventional” and “unconventional” are widely but not consistently used, creating confusion. Most
people use them to distinguish between the geological formations from which oil and gas are extracted. Others
use them to classify how oil and gas wells are drilled today. Still others talk about them in the context of
emerging oil and gas technology and development. In this report, the Committee uses them as follows:
= A conventional geological formation is one with relatively high permeability, where the oil or gas have
migrated to a reservoir and are held there by a confining rock unit that prevents further migration. Qil and
gas flow readily into the wellbore from conventional formations.
= An unconventional geological formation is one with relatively low permeability (e.g., the Marcellus and
Barnett shales) such that oil and gas do not flow readily into the wellbore without the application of a
well-stimulation technique.
Oil and gas are being extracted from wells drilled into both types of geological formations. Wells in
conventional formations (referred to in this report as “conventional wells”) vastly outnumber wells in
unconventional formations (referred to in this report as “unconventional wells”). However, the scale of
development associated with wells in unconventional formations has been the primary source of many of the
concerns that have been raised in recent years.
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Box 1-2. What Is New About Oil and Gas Development in the 21st Century?

Hydraulic fracturing, horizontal (or directional) drilling, and extraction of oil and gas from unconventional
formations, such as tight sandstone and shale, are not by themselves new.

What is new is the use of high-volume (millions of gallons of water per well) multistage hydraulic fracturing
combined with horizontal drilling (thousands of feet drilled within the target formation). This new combination
has made previously uneconomical oil and gas resources attractive for development.

Today’s unconventional oil and gas wells, with their extensive number of fracture stages along lengthy
horizontal segments, intersect more of the targeted oil- or gas-bearing rock than earlier vertical wells and
consequently require the following:

= Larger well pads with extensive amounts of equipment that must be transported to and from the pad;

= More raw materials that must be transported to the well pad for drilling, cementing, and hydraulically
fracturing the target bedrock formation to produce the oil or gas;

= More liquid and solid waste from multiple wells drilled on one well pad that must be captured,
transported, and treated for reuse or ultimate disposal; and

=  Longer periods of industrial activity required at a single well pad when multiple wells are developed on
it.

In addition, today’s oil and gas development sometimes takes place in regions unaccustomed to the current scale
of activity, including regions that range from densely populated areas to undeveloped forest lands containing the
headwaters of many streams and rivers. UOGD may also occur in areas where groundwater is the primary

source of drinking water.

Typical 21st century horizontal well pad, Typical vertical well pad with

usually having multiple wells, each requiring one well requiring 1to 3 stages
multiple stages of hydraulic fracturing of hydraulic fracturing
Well pad ~ 4-5 acres Well pad ~ 1-2 acres

Black Shale (potential for future development)

8/-/',7@

Vertical depths
2,000 to 9,000 feet deep

Staged well development

4 5 6 7 8 9 10

) Casing (- Stages awaiting perforation and HVHF ---)
awaiting HVHF

Black Shale

* Fresh water - saltwater interface
varies regionally and by topographic
location, but averages ~ 800 feet,
and ranges from 200 to 1,500 feet.

Conceptual layout comparing a vertical well with a horizontal well in the Marcellus Shale. More gas can be
recovered from the horizontal well because it allows multiple stages of fracturing in the productive zone of the
shale formation. Only one vertical well is drilled per well pad versus multiple horizontal wells from a single
modern well pad. Note: The illustration is not to scale, and actual fracture distances vary by depth and type of
resource development. Illustration by William Kappel; used by permission.

Page 3 of 83



Epidemiology Literature Review HEI-Energy Research Committee

The recent controversy about UOGD in the United States — as well as much of the research in response
to it — has been focused largely on potential human exposures, health effects, and climate change.
Substantial efforts are underway within industry, government, and the broader scientific community to
assess the climate change impacts of UOGD (e.g., Allen 2016), but no parallel effort exists for assessing
human exposure and health effects among people living or working near UOGD. The current report and
the broader HEI-Energy program address this gap.

1.1.2  Evidence of UOGD Exposures and Health Effects

Many people in the U.S. live near oil and gas development (Czolowski et al. 2017). With this proximity
comes the potential for people to be exposed to a variety of chemical and non-chemical agents associated
with UOGD, such as vehicle and equipment emissions, noise from drilling and hydraulic fracturing, or
physical hazards such as traffic accidents, explosions, and earthquakes. In addition, these people might
experience social and economic change that can come with the influx of a new or modified industry and
its workers. Understanding how exposures might arise can be challenging.

As the United States shale oil and gas boom accelerated in the early 2000s, scientists began to assess the
potential for human health effects from UOGD exposures (Adgate et al. 2014; Brown et al. 2014;
Czolowski et al. 2017). Since that time, and in addition to the epidemiology literature reviewed here,
numerous publications have explored this topic of inquiry. These publications can be helpful in
determining whether exposures of concern might occur or could plausibly be related to outcomes reported
in the epidemiology literature.

Exposure to UOGD chemical and non-chemical agents. A companion report (HEI-Energy Research
Committee, in press) summarizes the literature on exposure to UOGD chemical and non-chemical agents.
During field development, chemical exposures might be related to oil or natural gas itself; chemicals in
hydraulic fracturing fluid or truck exhaust; emissions from equipment such as compressors and pneumatic
devices; and leaks and spills from chemical or waste storage tanks or trucks. During production
operations, exposures related to well construction, drilling, and completion cease, but some potential
chemical exposures remain. Examples include chemical agents related to oil or natural gas itself,
emissions from equipment such as field compressors and processing facilities, and management of
produced water.

The potential for non-chemical exposures also varies by UOGD phase and can involve sensory agents
(e.g., noise, vibration, odor, and light), physical agents (e.g., naturally occurring radioactive material
[NORM]), biological agents, and safety hazards (e.qg., traffic accidents, induced seismic activity and
earthquakes, explosions, and fires). More broadly, non-chemical exposures can come in the form of
community, landscape, and economic changes.

Hazard Identification. Hazard identification is the process of determining whether exposure to an agent
can increase the incidence of specific adverse health effects and whether the effect is likely to occur in
humans (U.S. Environmental Protection Agency 2019). This process is distinct from epidemiological
research that directly examines the relation between the hazard(s) associated with a particular activity (in
this case, UOGD) and adverse health outcomes.

Hazard identification literature specific to UOGD has summarized the chemicals that are associated with
UOGD, usually components of hydraulic fracturing fluid, produced water, or air emissions, or has
reviewed studies about their potential for adversely affecting human health (Camarillo et al. 2016; Crosby
et al. 2018; Elliott et al. 2017a; He et al. 2017; Inayat-Hussain et al. 2018; Kassotis et al. 2016c¢;
Stringfellow et al. 2014; Stringfellow et al. 2017; Webb et al. 2014; Webb et al. 2016; Webb et al. 2017;
Xu et al. 2019; Yost et al. 20163, b). Most hazard identification literature summarizes evidence for
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specific mechanisms of toxicity, such as endocrine disruption (Balise et al. 2016; Bolden et al. 2018;
Colborn et al. 2011; Kassotis et al. 2016c¢), or categories of effect, such as adverse neurological outcomes
(Webb et al. 2017), cancer outcomes (Elliott et al. 2017b), or respiratory outcomes (Webb et al. 2016).

All of the hazard identification papers were limited by the fact that some chemicals used in UOGD
operations have not been identified (Fisk and Good 2019), while other chemicals have limited toxicity
data (Yost et al. 2016a).

Toxicology. Studies have reported original toxicological data for chemicals associated with UOGD. In
several studies, model organisms or cell lines were exposed to lab-created mixtures of chemicals used in
hydraulic fracturing operations (Boulé et al. 2018; Kassotis et al. 2014; Kassotis et al. 2015; Kassotis et
al. 2016b; Kassotis et al. 2018a; Kassotis et al. 2018b; Sapouckey et al. 2018), or exposed to samples of
surface water that was contaminated by a UOGD wastewater spill (Kassotis et al. 2018a; Wang et al.
2019). The investigators assessed various levels of exposure and a range of health effects, including
endocrine (He et al. 2018; Kassotis et al. 2015; Kassotis et al. 2016b; Kassotis et al. 2018b; Sapouckey et
al. 2018), reproductive (Kassotis et al. 2016a), metabolic (Balise et al. 2019), cardiac (Hansen et al.
2019), and immune system effects (Boulé et al. 2018; Robert et al. 2018; Robert et al. 2019). Crosby et al.
(2018) assessed changes in gene expression in vitro after exposure to pre- and post-injection conventional
and unconventional oil and gas water samples.

Risk assessment. Beginning in 2012, scientists published human health risk assessments and risk-based
screening assessments that combined information about potential UOGD-related chemical concentrations
with relevant toxicity information to predict health risks in communities in Colorado (Coons and Walker
2008; McKenzie et al. 2012), Ohio (Paulik et al. 2016), Pennsylvania (Gradient Corporation 2019;
Pennsylvania Department of Environmental Protection 2018) and the broader Marcellus region (Long et
al. 2019; Mitchell et al. 2016; Rish and Pfau 2018), Texas (Bunch et al. 2014; Ethridge et al. 2015),
Wyoming (Crowe et al. 2016; McClellan and Snipes 2010; Walther 2011), and across the United States
(Gradient Corporation 2013; Regli et al. 2015). Nearly all assessments quantified risk associated with
potential exposure to UOGD-related chemicals in air, but some assessed risks involving water.

Additionally, the Agency for Toxic Substances Disease Registry has conducted several public health
assessments in Colorado and Pennsylvania (Agency for Toxic Substances and Disease Registry 2010,
2016), and the Colorado Department of Health and the Environment conducted a screening health risk
evaluation (Colorado Department of Public Health & Environment 2017a) and continues to conduct
investigations in response to community concerns (Colorado Department of Public Health &
Environment 2016, 2017b, c, 2018a, b, ¢).

Assessments varied in their complexity from screening-level comparisons of chemical concentrations
with health-based benchmarks to more involved assessments measuring potential exposure specific to a
population, including control for baseline, or background, conditions. Conclusions also varied and were
subject to important sources of uncertainty about exposure and toxicity and the judgments made by
authors to address them. Most recommended further study to assess acute and chronic health risks.

Descriptive epidemiology. As detailed below, the current report focuses on analytical epidemiology
studies that tested hypotheses about an association between an exposure and a health outcome by
including a comparison group in the study design. However, an important separate body of descriptive
epidemiology studies has used qualitative methods to collect data on health symptoms and identify
categories of quality-of-life impacts among communities of people living close to UOGD (Fisher et al.
2017; Hirsch et al. 2018; Mickley 2017; Steinzor et al. 2013; Weinberger et al. 2017). These studies are
useful for identifying disease patterns, understanding prominent community concerns and benefits from
UOGD, and generating hypotheses about disease risk. The investigators in many of the analytical
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epidemiology studies reviewed in this report have cited descriptive epidemiology studies as important
resources in formulating research questions and informing study designs.

Reviews of the epidemiology literature. The epidemiology literature related to oil and gas development
has previously been reviewed (Krupnick and Echarte 2017; McMullin et al. 2017; Stacy 2017; Wright and
Muma 2018). The Committee considered these previous reviews and developed the current review to
complement, update, and expand upon them. Specifically, the current review builds on the earlier efforts
by incorporating both peer-reviewed and gray literature and by conducting a systematic review with an
interdisciplinary group of scientists from multiple institutions. This review charts a path forward with
recommendations for research to address important knowledge gaps in the body of UOGD human health
literature.

1.2 APPROACH TO THE REVIEW

The Committee’s approach to the literature review was designed to summarize what is known about the
health effects potentially associated with UOGD and to guide future research.

1.2.1 Objectives

The Committee was charged with assessing the literature on health effects potentially associated with
UOGD among people living in areas where they might be exposed to UOGD-related chemical or non-
chemical agents. The primary objectives for the review were (1) to consider the strengths and limitations
of the epidemiology literature, (2) to draw conclusions on the evidence presented in this literature, and (3)
to advance the science by identifying knowledge gaps about potential exposures and effects that merit
original research. In completing its review, the Committee recognized that the regulatory environment, oil
and natural gas markets, and industry standards of practice continue to evolve, potentially influencing the
relevance of the literature to current conditions in the field.

1.2.2 Steps to Ensure a Comprehensive Review

To ensure that the review was both comprehensive and useful to a wide range of stakeholders, HEI hosted
a public scoping meeting in January 2018 (https://hei-energy.org/meeting/scoping-meeting-human-health-
study-critique-january-2018-boston-ma). The meeting provided an opportunity for participants to engage
in a productive exchange with the Committee and other meeting participants about HEI’s plans for its
review of the epidemiology literature, its companion review of the exposure literature, and future research
challenges and opportunities. Speakers and other meeting participants represented sponsor organizations,
federal and state government, the oil and gas industry, academia, environmental and public health
nongovernmental organizations, community organizations, and HEI’s Committee and staff.

1.2.3  Selection of a Systematic Review Method

In the health research field, systematic review methods were developed initially for clinical research (e.g.,
clinical trials of vaccines or other medical intervention) (Dijkers 2013; Higgins and Green 2011; LaKind
et al. 2014; Moher et al. 2015). These methods were later modified for environmental health research
(Dijkers 2013; Higgins and Green 2011; LaKind et al. 2014; Moher et al. 2015; National Toxicology
Program 2015; Rooney et al. 2014; Woodruff and Sutton 2014). In clinical research studies in general, the
investigator randomly assigns an exposure or intervention to individuals in a study population and then
follows those individuals over time to examine the effects of the exposure. A key advantage of these
studies is the controlled process by which exposure is assigned, allowing for comparison of exposed and
unexposed groups while controlling for other factors.

For environmental exposures studied outside of the laboratory or clinical setting, as with the UOGD
exposures assessed in the studies reviewed here, epidemiologists cannot randomly assign an exposure.
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Instead, epidemiologists observe and compare exposure and disease status in individuals or groups
subjected to varying degrees of exposure that have occurred absent any experimental intervention. This
relatively simple comparison is complicated by numerous factors. Notably, the non-random assignment of
exposure in these studies presents methodological challenges, making them prone to bias and
confounding.

Given these challenges, investigators have developed systematic review methods to examine study
quality, and increasingly, these methods are being adapted for use with environmental epidemiology
studies (Woodruff and Sutton 2014). The Committee considered these methods along with other protocols
and literature reviews (National Toxicology Program 2015; U.S. Environmental Protection Agency 2015;
Woodruff and Sutton 2014) and adapted them to fit the diverse set of studies included in the current
review.
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2.0 LITERATURE REVIEW METHODOLOGY

The Committee used a systematic review approach designed to yield a transparent, reproducible,
objective, and critical assessment of the literature; these attributes are necessary for supporting sound
policy decisions (Bero and Jadad 1997; LaKind et al. 2014). The approach was based on applicable
guidance for conducting systematic reviews of environmental health literature, including study quality-
assessment questions applied to each study (National Toxicology Program 2015). The Committee defined
a nine-step approach for conducting the review (Figure 2-1).

Figure 2-1. Systematic literature review approach followed for this review.

2. Develop study
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2.1 REVIEW QUESTION

A systematic review begins with a clearly stated review question and the identification and grouping of
studies that address the question (LaKind et al. 2014). A well-formulated review question specifies a
population, intervention (or exposure, in the case of environmental epidemiology studies), comparator
group, and outcome (Bishop-Williams et al. 2017; Cimino et al. 2017; Higgins and Green 2011; LaKind
et al. 2014). Formulating a review question with this information allows a feature-by-feature comparison
of studies and formulation of conclusions that are actionable through scientifically informed policy
decisions.

To define its review question, the Committee first specified the population, exposure, comparator group,
and outcome (PECO) characteristics that the question would address to understand the UOGD-related
environmental exposures that may affect human health:

= Population of interest consists of people living in the United States in areas where they might be
exposed to chemical or non-chemical agents originating directly from UOGD and potentially
affecting their health.

= Exposures of interest include anything emitted from or induced by UOGD that might affect health,
such as exposures to chemicals or chemical mixtures (e.g., from hydraulic fracturing fluid, produced
water, oil and natural gas, vehicle emissions), radiation, sensory (e.g., noise, odor, vibration), or
safety hazards (e.g., traffic accidents, explosions, earthquakes).

= Comparator groups, or referent groups, are defined as an unexposed or least-exposed group.
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= Qutcomes of interest encompass all cancer or non-cancer health effects that might arise from an
exposure (or exposures) originating from UOGD.

The Committee identified and reviewed analytical epidemiology studies that had the objective of
guantifying an association between exposures originating directly from UOGD and human health
outcomes and that met the PECO specifications described above. The aim was to address the following
review question:

Are there adverse human health effects associated with environmental exposures originating
directly from UOGD?

UOGD may affect health through indirect, or secondary, exposures (e.g., community disruption) and
these may be captured as part of the exposure assessments of the epidemiology studies. However, the few
epidemiology studies explicitly investigating indirect exposures were beyond the scope of this review.

After reviewing the health outcomes reported in the studies selected for review, the Committee divided
the review question into a series of more specific questions that covered that range of outcomes in the
analytical epidemiology studies:

= Isexposure to UOGD associated with adverse prenatal outcomes, birth outcomes, morbidity, or
mortality in children?

= Isexposure to UOGD associated with cancer?

= s exposure to UOGD associated with asthma exacerbation or other respiratory outcomes?

= |s exposure to UOGD associated with adverse cardiovascular outcomes?

= |sexposure to UOGD associated with transient physiological symptoms (e.g., runny nose and itchy
eyes) or mental health symptoms (e.g., depression symptoms and well-being)?

= Isexposure to UOGD associated with other general health outcomes?

2.2 STUDY INCLUSION CRITERIA

Studies were included in the review if they had an objective of quantifying an association between
exposures originating from UOGD and human health outcomes and fulfilled the criteria listed in Table 2-
1.

2.3 LITERATURE SEARCH

The Committee searched peer-reviewed and gray literature published electronically or in print between
January 2000 and December 2018. The starting date for the search period was selected based on an
understanding of when UOGD began in the United States. Well development data (Gallegos and Varela
2015), well geometry data (e.g., as shown in Figure 2-2), and other information indicated the increasing
development of shale and other tight resources using horizontal wells combined with multistage hydraulic
fracturing. This development began in the early 2000s, peaking around 2014 before declining steeply in
2014, then rising again in 2016.

The Committee identified peer-reviewed literature using three electronic databases: PubMed
(https://www.ncbi.nlm.nih.gov/pubmed/), Web of Science (https://www.webofknowledge.com/), and

1 As is common in systematic reviews of epidemiology studies, the review included analytical epidemiology studies,
which, in contrast to descriptive epidemiology studies, allow associations between exposures and outcomes to be
quantified. This characteristic of analytical epidemiology studies makes them more reliable than descriptive
epidemiology studies for drawing inferences.
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Embase (https://www.embase.com/). Endnote management software was used to download and maintain a
literature library.

Table 2-1. Literature Search Inclusion Criteria

Study Type Analytical epidemiology

Peer-reviewed journal article (published or accepted for publication) or gray

Publication Type . . . .
yp literature presenting primary research in final and complete form

Humans living in areas where they might be exposed to chemical and non-
chemical agents originating from UOGD

Exposures Actual or surrogate measures of UOGD exposure

Data included variation in UOGD-related environmental exposures across
people or over time

Health Outcomes Human health outcomes, including health symptoms and psychosocial stress

Study Population

Comparator

Searches of each database differed slightly in Boolean structure because of individual database search
characteristics, but the same terms were used for each database. Medical Subject Headings (MeSH) were
used to capture literature tagged in PubMed under the specific categories of the oil and gas industry and
natural gas. Specific Boolean searches for each database are below:

PubMed: (("Oil and Gas Industry"[MeSH] OR "Natural Gas"[MeSH] OR unconventional[Title] OR
shale[Title] OR "hydraulic fracturing"[Title] OR fracking[Title] OR "natural gas"[Title] OR "tight
gas"[Title] OR "tight oil"[Title] OR "shale gas"[Title] OR "shale oil"[Title] OR "unconventional
gas"[Title] OR "unconventional oil"[Title] OR "unconventional resource"[Title]) AND (health OR
epidemiology OR symptom))

Web of Science: ((TI=(unconventional OR shale OR "hydraulic fracturing” OR fracking OR "natural
gas" OR "tight gas" OR "tight oil" OR "shale gas" OR "shale oil" OR "unconventional gas" OR
"unconventional oil" OR "unconventional resource™)) OR (TS=("oil and gas industry" OR "natural
gas™)) AND (TS=(health OR epidemiology OR symptom))

Embase: 'oil and gas industry' OR unconventional OR shale OR 'hydraulic fracturing' OR fracking
OR 'natural gas' OR 'tight gas' OR 'tight oil' OR 'shale gas' OR 'shale oil' OR 'unconventional gas' OR
‘unconventional oil' OR 'unconventional resource’) AND (health OR epidemiology OR symptom):ab

To ensure completeness of the search, the Committee used the following methods to identify both peer-
reviewed and gray literature:

= Search the reference lists of included studies, relevant reviews, and other non-research articles.

= Review commentaries on included studies.

= Consult with knowledgeable government officials (e.g., National Institute of Environmental Health
Sciences, U.S. Environmental Protection Agency, and the National Institute of Occupational Safety
and Health), academics (e.g., authors of epidemiology studies and other health scientists), industry
experts (e.g., toxicologists and epidemiologists), nongovernmental organization representatives (e.g.,

environmental health organizations, public health organizations, and community groups), and relevant
websites.
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Figure 2-2. North American well geometry since 1991, showing the increasing prevalence of horizontal
wells over time.!
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A deviated (or directional) well is one that is purposely deviated from the vertical to reach the target
subsurface location. Data source: http://phx.corporate-ir.net/phoenix.zhtml?c=79687&p=irol-
reportsother; accessed March 18, 2019.

2.4 STUDY SELECTION

Figure 2-3 details the screening approach used to select the studies? that would undergo systematic
review. HEI staff screened the titles and abstracts and, where necessary, the full text of peer-reviewed and
gray literature to determine study eligibility using the inclusion criteria in Table 2-1.

The search revealed 25 studies that met the inclusion criteria. Five analytical epidemiology studies were
excluded from this review because they addressed exposures not arising directly from UOGD and were
beyond the scope of this review (Deziel et al. 2018; Komarek and Cseh 2017), did not intend to study
UOGD-related exposures (Pride et al. 2015), or involved UOGD operations dissimilar to current
operations in the United States (Werner et al. 2016; Werner et al. 2017).

An HEI staff member extracted data from the included studies into a Microsoft Excel file, which was
cross-checked by two additional HEI staff.

2 In this review, the term “study” is used as the generic term that corresponds to a single scientific study publication
or report. The Committee recognizes that results from some single scientific studies may be reported in multiple
publications or reports.
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Figure 2-3. Selection of studies (published electronically through December 31, 2018).

— Records identified through Records identified through
Identification electronic database searches other information sources
(n = 3,926) (n=3)
\ 4 \ 4
Screening Remaining records after duplicates removed
(n=3,081)
Records excluded based on
title or abstract
(n=2,807)
\ 4
Eligibility Full-text records assessed for eligibility
(n=274)
Records that did not meet inclusion criteria (n =
249):
* Not epidemiology (n = 166)
+ Descriptive epidemiology (n = 28)
+ Analytical epidemiology (n = 55):
— Conference abstract (n = 1)
— Not UOGD (n =45)
— Not related to exposures originating
directly from UOGD (n =9)
\ 4

Records included in systematic review
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2.5 ASSESSMENT OF THE LITERATURE

After identification of the 25 relevant studies, the Committee and HEI staff assessed the quality of the
studies individually and collectively using the approaches described below.

2.5.1 Approach to Assessing the Quality of Individual Studies

A systematic review includes a careful assessment of the quality of each study using criteria selected a
priori (Liberati et al. 2009). The Committee selected criteria from six categories of methodological issues
(Table 2-2), drawing from previously published instruments (National Toxicology Program 2015; U.S.
Environmental Protection Agency 2015; Woodruff and Sutton 2014). The Committee used the criteria to
assess the design, methods, conduct, and documentation of each study, considering study strengths and
limitations, especially factors that might affect interpretation of results. In its study quality assessment
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instrument (Appendix C), the Committee assessed the studies using the responses to open-ended
guestions and criteria.

Table 2-2. Criteria Used to Assess Study Quality*
Category Criteria

- Study population representative of underlying population

- Inclusion/exclusion criteria specified

- Attrition not systematically different between exposure groups (cohort studies) or
cases and controls (case—control studies)
Control group appropriate to address review question (case—control only)

- Same population over study period

- Baseline characteristics similar between exposure groups (cohort studies) or cases and
controls (case—control studies)

1. Study Population

2. Outcome —  Outcome ascertained using valid and reliable measures
Assessment —  Outcome assessors blinded to exposure status
— No systematic differences in outcome ascertainment or reporting between exposure
groups
3. Exposure - Performed using valid, reliable, and sensitive methods
Assessment - Non-differential between outcome groups

- Included measurements of chemical and non-chemical agents
- Exposure assessed in a way that addresses review question
- Study period sufficient to capture exposure variability
- Selection of exposure groups that represent the full range of variability in UOGD
- Differentiated among UOGD and its various phases
- Differentiated between active and non-active wells
- Timeframe sufficient to expect to see an association between exposure and outcome if
it existed
Potential confounding variables assessed comprehensively and consistently across
exposure groups (cohort studies) or cases and controls (case—control studies)
—  Controlled for background exposures
—  Controlled for baseline conditions
— Assessed time trends
5. Analytical Methods —  Analytical methods appropriate for study design
- Reported measures of precision and variability
- Reported which statistical tests were used
- Perform sensitivity analyses to test robustness of results to alternative specifications,
including effect modification.
6. Presentation and All findings reported for analysis described in paper
Interpretation - Appropriate and complete interpretation of results
— Discussion adequately addressed study limitations
1The Committee adapted this list of criteria from guidance prepared by the National Toxicology Program Office
of Health Assessment and Translation (National Toxicology Program 2015).

4. Confounding

2.5.2  Approach to Assessing the Full Body of Evidence

The Committee used the criteria in Table 2-3 to conduct an overall assessment of the epidemiological
evidence in the 25 studies by category of assessed health outcomes (e.g., perinatal outcomes, cancer, and
respiratory outcomes). The Committee defined the criteria based on those developed by Bradford Hill
(Hill 1965), as interpreted more recently (e.g., Owens et al. 2017; U.S. Environmental Protection Agency
2015). In conducting its assessment, the Committee integrated information about the quality of the
individual epidemiology studies with its knowledge of possible chemical and non-chemical agents of
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exposure associated with UOGD and their toxicity and mobility in the environment. The Committee
chose a qualitative approach to this assessment.

The criteria described in Tables 2-2 and 2-3 incorporate concepts that public health scientists commonly
use in systematic assessments of epidemiology literature.

Table 2-3. Criteria Used to Qualitatively Assess the Epidemiological Evidence!

Criteria Explanation

e Evidence links a specific outcome with a specific UOGD exposure or mix of UOGD
SIBEIIE exposures.
Consistent findings of UOGD exposures associated with adverse health outcomes are
Consistency reported across multiple independently conducted, high-quality studies, and chance,
confounding, and other bias can be ruled out with a reasonable degree of confidence.

Exposure Precedes UOGD exposures precede the outcome diagnosis, and investigators assess the appropriate
Outcome timeframe of exposure for each outcome of interest.

Dose-response Greater UOGD exposure is associated with increased effects.

Coherence The evidence is consistent with existing theory and knowledge.

1The Committee adopted these criteria, taking into consideration those developed by Bradford Hill along with more
recent interpretations (EPA 2015; Owens et al. 2017).

2.5.3 Identifying Knowledge Gaps that Might Merit Research

The last step in the Committee’s nine-step systematic review approach (Figure 2-1) was the identification
of knowledge gaps that remain about the potential for health effects from UOGD, including ones that
might merit original research.
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3.0 DESCRIPTION OF STUDIES

The Committee systematically reviewed 25 epidemiology studies that met the inclusion criteria (Table 2-
1). Appendix A provides a tabular summary of each study, including its design and analytical methods.
Appendix B provides a brief narrative description of each study along a summary of results and the
Committee’s assessment of study strengths and limitations.

3.1 STuUDY DESIGNS, LOCATIONS, AND POPULATIONS

The 25 studies assessed a range of health outcomes using various analytic epidemiology study designs,
including ecologic, cross-sectional, cohort, and case—control designs. Figure 3-1 displays the location,
study design, and assessed outcomes for each study.

Figure 3-1. Studies shown by location, study design, and assessed outcomes.
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All studies focused on study populations living near areas with UOGD; none focused specifically on a
subpopulation of oil and gas workers.

Study populations in seven of the studies were limited to people living in rural or urban areas near oil and
gas wells (McKenzie et al. 2014; McKenzie et al. 2017; McKenzie et al. 2019; Stacy et al. 2015;
Whitworth et al. 2017; Whitworth et al. 2018; Willis et al. 2018). Other studies included statewide
populations (Casey et al. 2018a; Currie et al. 2017; Fryzek et al. 2013; Hill 2018; Janitz et al. 2018; Ma et
al. 2016; Maguire and Winters 2017; Peng et al. 2018).

Page 15 of 83



Epidemiology Literature Review HEI-Energy Research Committee

Four studies included participants in the Geisinger Health System in Pennsylvania (Casey et al. 2016;
Casey et al. 2018b; Rasmussen et al. 2016; Tustin et al. 2017). Three ecologic studies included
Pennsylvania residents living in ZIP codes (Jemielita et al. 2015) and counties (Busby and Mangano
2017; Finkel 2016) in which oil and gas drilling occurred, and one ecologic study included Texas
residents living in ZIP codes with recent UOGD (Mokry 2010). Two cross-sectional studies included
survey respondents living in specified counties (Elliott et al. 2018; Rabinowitz et al. 2015). Descriptions
of the study populations can be found in Appendix A, Table A-1.

3.2 HEALTH OUTCOME ASSESSMENT

Table 3-1 summarizes the health outcomes assessed in the 25 studies; these included perinatal outcomes
(e.g., birth weight, gestational age, and birth defects), several forms of cancer, respiratory outcomes,
cardiovascular outcomes, and physical and mental health symptoms.

One study measured health outcomes with biomarkers of cardiovascular effects, including blood pressure,
augmentation index, and measurements of interleukin (IL)-1p, IL-6, IL-8, and tumor necrosis factor alpha
(TNF-0) in blood (McKenzie et al. 2019).

Studies of physical and mental health symptoms relied on self-report surveys to ascertain health
outcomes, with the exception of one study that tracked Google searches for “anxiety” (Casey et al.
2018a). Maguire and Winters (2017) used data from the publicly available nationwide Behavioral Risk
Factor Surveillance System (BRFSS), which the Centers for Disease Control and Prevention administers
by telephone. Other studies assessed health symptoms using survey instruments and administered either at
the residence (Elliott et al. 2018; Rabinowitz et al. 2015) or by way of a mail-in survey (Casey et al.
2018Db; Tustin et al. 2017).

Investigators in the other studies ascertained health outcomes using available healthcare data from four
major entities: (1) hospital or other health care systems such as labor and delivery notes for birth
outcomes (Casey et al. 2016); (2) medication orders, emergency department visits, and hospitalization
records related to respiratory outcomes, and electronic billing records from clinics to obtain diagnostic
codes (Casey et al. 2016; Rasmussen et al. 2016); (3) files maintained by state governments (birth
certificates from vital record departments and cancer registries) (Busby and Mangano 2017; Currie et al.
2017; Finkel 2016; Fryzek et al. 2013; Hill 2018; Janitz et al. 2018; Ma et al. 2016; McKenzie et al. 2014;
McKenzie et al. 2017; Mokry 2010; Stacy et al. 2015; Whitworth et al. 2017; Whitworth et al. 2018); and
(4) statewide inpatient discharge and outpatient procedure hospitalization records collected and
maintained by state agencies (Jemielita et al. 2015; Peng et al. 2018; Willis et al. 2018).

Table 3-1. Health Outcomes Assessed in the Studies Included in This Review
Outcome Description (as defined by the investigator) Citation
Perinatal
Currie et al. 2017; Hill 2018; Stacy et al.
2015; Whitworth et al. 2017
Casey et al. 2016; Hill 2018; McKenzie et

Birth weight (continuous)

Term birth weight (continuous)

. . al. 2014
Birth weight Low birth weight (<2500 g) Currie et al. 2017; Hill 2018
Term low birth weight (>37 weeks, <2500 @) McKenzie et al. 2014
Small for gestational age (10" percentile sex-specific Casey et al. 2016; Hill 2018; Stacy et al.
weight for week of gestation) 2015; Whitworth et al. 2017
Casey et al. 2016; Hill 2018; McKenzie et
Gestational age Preterm birth (<37 weeks) al. 2014; Stacy et al. 2015; Whitworth et al.
2017; Whitworth et al. 2018;
Gestation (weeks) Hill 2018
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Outcome
Apgar Score

Infant health index

Birth defects

High-risk pregnancy
Mortality

Cancer
All cancer

Lymph

Central nervous system

(CNS)

Thyroid
Urinary bladder
Breast
Respiratory

Asthma

Pneumonia

Upper respiratory
infection

Chronic obstructive
pulmonary disease
(COPD)
Cardiovascular

Biomarkers of
cardiovascular effect

Acute myocardial
infarction (AMI)
Symptoms

Physiological
Symptoms

Mental health
symptoms

Description (as defined by the investigator)

5-minute Apgar Score <7

A combined score of birth weight, preterm birth,

congenital anomalies and other conditions
Congenital heart defects

Neural tube defects

Oral clefts

Structural anomalies; developmental anomalies

Any congenital anomaly

Clinical indication on electronic medical record

Fetal death
Early (0-28 days from birth) infant mortality

All cancer subtypes

All leukemia subtypes

Non-Hodgkin lymphoma
Acute lymphoblastic leukemia
CNS tumors

Thyroid cancer
Invasive and in situ urinary bladder cancer
Breast cancer

Oral corticosteroid order

Emergency department visit for asthma (ICD-9-CM

code 493.x)

Inpatient asthma hospitalization (ICD-9-CM code

493.x)

Inpatient admissions record pneumonia diagnosis (>

4 years of age)

Inpatient upper respiratory infection diagnosis (> 4

years of age)

Inpatient COPD diagnosis

Augmentation index; systolic blood pressure;

diastolic blood pressure; IL1p, IL-6, IL-8, tumor

necrosis factor-oa

Inpatient AMI admission diagnosis

Dermal, respiratory, neurological, gastrointestinal,

cardiac
Stress and fatigue

Current chronic rhinosinusitis, migraines, fatigue

Life satisfaction
Bad mental health days in the last month
Anxiety (Google searches for “anxiety”)

Citation
Casey et al. 2016; Hill 2018

Currie et al. 2017; Hill 2018

Janitz et al. 2018; McKenzie et al. 2014
Janitz et al. 2018; McKenzie et al. 2014
Janitz et al. 2018; McKenzie et al. 2014
Ma et al. 2016

Hill 2018; Ma et al. 2016

Casey et al. 2016

Whitworth et al. 2017

Busby and Mangano 2017

Fryzek et al. 2013 (< 20 YOA¥*)

Finkel 2016 (all ages); Fryzek et al. 2013
(<20 YOA); Mokry 2010 (all ages and <20
YOA)

McKenzie et al. 2017 (<24 YOA); Mokry
2010 (all ages)

McKenzie et al. 2017 (<24 years of age)
Fryzek et al. 2013 (all ages); Mokry 2010
(<20 YOA);

Finkel 2016 (all ages)

Finkel 2016 (all ages)

Mokry 2010 (all ages)

Rasmussen et al. 2016 (5-90 YOA)

Rasmussen et al. 2016 (5-90 YOA)

Peng et al., 2018 (>4 YOA); Rasmussen et
al., 2016 (5-90 YOA); Willis et al., 2018 (2-
18 YOA\);

Peng et al. 2018 (>4 YOA)

Peng et al. 2018 (>4 YOA)

Peng et al. 2018 (>4 YOA)

McKenzie et al., 2019 (>18 YOA)

Peng et al. 2018 (>4 YOA)

Elliott et al., 2018 (>20 YOA); Rabinowitz
etal. 2015 (>17 YOA)

Elliott et al., 2018 (>20 YOA)
Tustin et al. 2017 (>17 YOA)

Maguire and Winters 2017 (18-85 YOA)
Casey et al. 2018a
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Outcome Description (as defined by the investigator) Citation

Mental health . .

symptoms (continued) Depression symptoms and disordered sleep Casey et al. 2018b
Other

Other Inpatient discharge records for all diagnoses (all ages) ' Jemielita et al. 2015

Note: YOA = years of age.

3.3 EXPOSURE ASSESSMENT METHODOLOGIES

None of the studies quantified exposure to specific chemical or non-chemical agents originating from
UOGD. Instead, investigators used various surrogate measures of UOGD exposure (Table 3-2). The
spatial resolution of the surrogates varied among studies, and the timing of exposure assignment and
averaging period was generally based on the outcomes assessed.

Five studies used an intervention study design, comparing periods before and after UOGD became
prevalent in a given study area. These studies either defined “time period” as specific years (Busby and
Mangano 2017; Finkel 2016; Fryzek et al. 2013; Mokry 2010) or as before or after the earliest “spud
date,” which is when the well drilling process begins (Fryzek et al. 2013; Willis et al. 2018). Casey et al.
(2018a) assessed exposure using the monthly number of earthquakes recorded by the U.S. Geological
Survey (USGS). Other studies examined residential distance to the nearest UOGD well pad (Rabinowitz
et al. 2015) or well count within a geographic area (Busby and Mangano 2017; Jemielita et al. 2015; Ma
et al. 2016; Maguire and Winters 2017; Willis et al. 2018).

Twelve studies used surrogates that combined distance between residences and well pads with
information on specific levels of UOGD (e.g., number of well pads), phases of UOGD (e.g., preparation
or drilling), and other measures of well pad activity (e.g., daily production volume) for a given time
period. Seven studies used an inverse distance weighted (IDW) surrogate to incorporate both number of
wells and distance to wells in one surrogate metric (Elliott et al. 2018; Janitz et al. 2018; McKenzie et al.
2014; McKenzie et al. 2017; Stacy et al. 2015; Whitworth et al. 2017; Whitworth et al. 2018). Five
studies modified the IDW surrogate by adding information about UOGD phase and intensity (Casey et al.
2016; Casey et al. 2018b; Rasmussen et al. 2016; Tustin et al. 2017; Whitworth et al. 2018).

McKenzie et al. (2018) used a model that incorporated information about proximity and number of wells,
activity phase, production volume, whether green completion was used on a given well, the number of
tanks on a well pad, and an intensity factor that represented estimated emission rates of selected volatile
organic compounds (VOCs).

Four studies used an indicator variable in regression models representing time (whether the closest well or
well within a geographic unit was active during a specified period) (Currie et al. 2017; Hill 2018; Ma et
al. 2016; Peng et al. 2018), with two adding a spatial indicator (i.e., whether the closest well was within a
specified radius) (Currie et al. 2017; Hill 2018) and one adding a continuous variable for total natural gas
output within a specified time period (Peng et al. 2018).
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Table 3-2. Exposure Surrogates Used in the Studies Included in This Review

Exposure
Metric Type

Earthquakes

Period

Pre- or post-
spud date

Distance

Well count or
density

Product of
spud date and
proximity or
density
component

Intensity

Description

Number of USGS-recorded earthquakes >4 in magnitude

Defined “exposed” as a specified time period

Outcome rate before or after earliest spud date in

geographic unit

Whether nearest well to household is <1 km, 1-2 km, or

>2 km

Distance between household and nearest well, continuous

Any active natural gas well within radius

Total number of wells within geographic area

Total number of wells per land area

Total number of wells per km?

Product of two variables indicating whether (1) an active
well is within the specified radius and (2) the spud date
of the closest well occurred before or after conception

Product of two variables indicating whether (1) spud date
of nearest well occurred before or after birth and either
(2a) active well is within the specified radius or (2b)
density of wells within specified radius

Log of natural gas output from active unconventional

well

Annual tons of emissions from UOGD sites

Radius or Spatial
Resolution

State

County

ZIP code

County

ZIP code

Within study area

3.2 km (2 miles)

ZIP Code

County

ZIP Code

Within 0-1, 1-2, or

2-3 km (0-0.6, 0.6—
1.2, 1.2-1.9 miles) of

residence

Within 2.5 km (1.6
miles) of residence

County

ZIP Code

Time Period
(during which
investigators
average or assign
exposure)

Within month

2000-2004, 2004—
2008, 2008—2012
2003-2006, 2007—
2010

1998-2007, 2007—
2009

Before spud date,
after spud date,
study period

Within the year of
record

At conception date

Within quarter and
year of record

At time of survey
At time of survey
In birth month

Study period

Each quarter and
year of record

Not discussed

Within the 12
months before
survey response

At conception date

Study period

Whether spud date
occurred before or
after conception

Whether spud date
occurred before or
after birth

One-year lag and
within record year

Each quarter and
year of outcome

Citation

Casey et al.
2018a

Finkel 2016

Busby and
Mangano 2017

Mokry 2010

Fryzek et al.
2013

Peng et al. 2018

Ma et al. 2016
Willis et al.
2018
Rabinowitz et
al. 2015

Elliott et al.
2018

Janitz et al.
2018

Jemielita et al.
2015

Willis et al.,
2018

Busby and
Mangano 2017

Maguire and
Winters 2017

Ma et al. 2016
Jemielita et al.
2015

Currie et al.
2017

Hill 2018

Peng et al. 2018

Willis et al.,
2018
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Table 3-2. Exposure Surrogates Used in the Studies Included in This Review

Exposure .
Metric Type Description
Inverse
Distance 1
. IDWa= Y1, —
Weighted A=y,
(IDW)
. IDW= ;Lliz; where a = specified radius; n = number
IDW, distance 4
squared of wells within buffer, d = distance of i"" well from
subject residence
Activity metric for four separate UOGD phases with the
general form:
Metric for patient j = Y7, diz; where d; is the squared-
ij
distance (meters) between well i and patient j
1) Pad preparation and spud/drilling: x =1
2) Stimulation: x = t;; where t; is the total well
. depth (meters) of well i
:)Iﬁ;/;/eactlwty 3) Production: x = vi; where v; is the daily natural

gas production volume (m?®) of well i

Activity metric for two separate UOGD phases:
Metric for patient j = X%, %; where d;? is the squared-

ij

distance (meters) between well i and patient j

1) Drilling: x=1

2) Production: x = natural gas production volume

()

A score that incorporates well-specific information about
location, number of wells, activity phase, use of green
completion, production volume, number of tanks on well
pad, and an intensity factor that represents estimated
emission rates of select VOCs by phase.

Spatiotemporal
activity model

Radius or Spatial
Resolution

Within 5 km (3.1
miles) of residence

Within 16.1 km (10
miles) of residence

Within 16.1 km (10
miles) of residence

Within 5 km (3.1
miles) of residence

Within 0.8, 3.2, 16.1

km (%2, 2 or 10 miles)

of residence
Within 3.2, 8.0, 16.1

km (2, 5, or 10 miles)

of residence

Geisinger Health
Clinic PA catchment
area

Within 0.8 km (%2
mile) of residence

16 km

Time Period
(during which
investigators
average or assign
exposure)

At time of survey

Averaged over
varying years prior
to diagnosis based
on age group

At birth year

At time of survey

Entire pregnancy

Month of birth

Date of or 14 days
before return of
survey

1 day before record
date

Overlapped with
gestation

90 days before
return of survey

Average over
pregnancy and
each trimester

Mean value over 9-
month study period

Citation

Elliott et al.
2018

McKenzie et al.
2017

McKenzie et al.
2014; Stacy et
al. 2015
Elliott et al.
2018

Whitworth et
al. 2017

Janitz et al.,
2018

Casey et al.
2018b

Rasmussen et
al. 2016

Casey et al.
2016

Tustin et al.
2017

Whitworth et
al. 2018

McKenzie et al.
2019

3.4 SUMMARY OF ASSESSED EXPOSURE AND HEALTH OUTCOME PAIRS

Typically, multiple studies involving the same exposure—health outcome pair are needed to judge the
consistency of reported associations but approaches to estimating exposure and defining outcomes varied

across the 25 studies, as shown in Table 3-3.
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Table 3-3. Health Outcomes by Exposure Surrogate Assessed in the Studies Included in This Review

Health
Outcome

PERINATAL

Birth
Weight

Gestational
Age

Apgar Score

Infant
Health
Index

Birth
Defects

Outcome
Definition (as
reported by the
investigator)

Birth weight
(grams)

Term birth weight
(grams)

Low birth weight

Term low birth
weight

Small for
gestational age

Preterm birth

Gestation in weeks

5-minute APGAR
Score <7
Combined score of
birth weight,
preterm birth,
congenital
anomalies, and
other conditions
Congenital heart
defects, neural
tube defects, and
oral clefts
Structural and
developmental
anomalies

Any congenital
anomaly

Earthquake®

Time
Period?

Pre- or Post-
Spud Date®

Ma et al.
2016

Ma et al.
2016

Distance
from Wells*

Janitz et al.
2018

Exposure Surrogate

Well Time and
Count or Intensity® Distance
Density® from Wells”

Currie et al.
2017;
Hill 2018
Hill 2018
Hill 2018
Hill 2018
Hill 2018
Currie et al.
2017;
Hill 2018

Ma et al.

2016

Ma et al. .

2016 Hill 2018

IDW 8

Stacy et al. 2015;
Whitworth et al.
2017

Hill 2018;
McKenzie et al.
2014

Currie et al.
2017,

Hill 2018
McKenzie et al.
2014

Stacy et al. 2015;
Whitworth et al.
2017

McKenzie et al.
2014,

Stacy et al. 2015;
Whitworth et al.
2017

McKenzie et al.
2014;
Janitz et al. 2018

Spatio-
temporal
Activity
Model*

IDW by
Activity
Level®

Casey et al.
2016

Casey et al.
2016

Casey et al.
2016;
Whitworth
etal. 2018

Casey et al.
2016
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Table 3-3. Health Outcomes by Exposure Surrogate Assessed in the Studies Included in This Review

Outcome Exposure Surrogate

Health Definition (as T . Post Dist Well Time and IDW by tSpatio-I
Outcome reported by the Earthquake! Pe:?c])ilz sreljc(j)rDa(;;- frorﬁ\{;\?:ﬁs“ Countor | Intensity® Distance IDW 8 Activity ;E?Sirt?/
investigator) P Density® from Wells’ Level® Model®®
High-Risk C“n;cal |nd_|cat|on Casey et al.
Pregnancy = O electronic 2016
medical record
Whitworth et al.
Fetal death 2017
Mortality Early infant Busby & Bushy &
mortality Mangano Mangano
2017 2017
CANCER
All cancer Fryzek et al.
All Cancer subtypes 2013
Finkel et
All leukemia al. 2016; Fryzek et al.
subtypes Mokry 2013
2010
Lymph Non-Hodgkin Mokry McKenzie et al.
lymphoma 2010 2017
Acute _ McKenzie et al.
lymphoblastic 2017
leukemia
Mokry Fryzek et al.
CNS CNS tumors 2010 2013
. . Finkel et
Thyroid Thyroid cancer al. 2016
Urinary ;?t\lljajlr\iﬁa?nd in Finkel et
Bladder y al. 2016
bladder cancer
Mokry
Breast Breast cancer 2010
RESPIRATORY
Oral corticosteroid Rasmussen
order etal. 2016
Emergency - Rasmussen
department visit etal. 2016
Asthma for asthma '
Peng et al. Peng et
Inpatient asthma 2018; Willis et al. 2018; Rasmussen
hospitalization Willis et al. al. 2018 Willis et etal. 2016
2018 al. 2018
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Table 3-3. Health Outcomes by Exposure Surrogate Assessed in the Studies Included in This Review

Health
Outcome

Pneumonia

URI

COPD

Outcome
Definition (as
reported by the

investigator)

Inpatient
pneumonia
diagnosis

Inpatient URI

Inpatient
admissions record
COPD diagnosis

CARDIOVASCULAR

Biomarkers
of Effect

AMIH

SYMPTOMS

Physiologic
Symptoms

Mental
Health
Symptoms

OTHER

Multiple
Diagnoses

Augmentation
index; systolic
blood pressure;
diastolic blood
pressure; IL1, IL-
6, IL-8, tumor
necrosis factor-a
Inpatient AMI
admission
diagnosis

Dermal,
respiratory,
neurological, Gl,
cardiac

Other (stress and
fatigue)

Current CRS,
migraines, fatigue
Life satisfaction;
bad mental health
days

Google searches
for “anxiety”
Depression
symptoms and
disordered sleep

Inpatient discharge

records for all
diagnoses

Pre- or Post-
Spud Date®

Time

1
Earthquake Period?

Peng et al.
2018

Peng et al.
2018

Peng et al.
2018

Peng et al.
2018

Casey et al.
2018a

Exposure Surrogate

Distance Well Time and
from Wellst |~ countor | Intensity® | Distance
Density® from Wells”
Peng et
al. 2018
Peng et
al. 2018
Peng et
al. 2018
Elliott et al.
2018;
Rabinowitz et
al. 2015
Elliott et al.
2018
Maguire &
Winters
2017
Jemielita
etal. 2015

IDW 8

Elliott et al.
2018;
Rabinowitz et al.
2015

Elliott et al. 2018

Wy e
AI‘_Cet\'/‘gltgy Activity
Model*
McKenzie
etal. 2019
Elliott et al.
2018
Tustin et al.
2017
Casey et al.
2018b
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! Earthquakes: Number of USGS-recorded earthquakes >4 in magnitude.

2 Time period: Exposure defined as a specified date range or whether outcome occurred before or after the spud date.

3 Pre- or post-spud date: Outcome rate before or after earliest spud date in geographic unit.

4 Distance from wells: Distance between a household and nearest well or number of wells within a specified radius.

SWell count and density: Total number of wells within geographic area (e.g., ZIP code, county).

® Intensity: Natural gas output or annual tons of emissions from UOGD sites.

7 Indicator of time and distance: Product of two binary variables indicating (1) if spud date of nearest well occurred before or after birth and (2a) if distance of active well from residence is
within specified radius or (2b) the density of wells within specified radius.

8 IDW: Inverse of distance between a household and each well within a specified radius, summed across all wells within that radius.

9 IDW by activity: Inverse of distance between a household and each well within a specified radius, summed across all wells within that radius and categorized for separate UOGD phases (e.g.,
drilling, production).

10 Spatio-temporal activity model: A score incorporating well-specific information on location, number of wells, activity phase, use of green completion, production volume, number of tanks on
well pad, and intensity.

Abbreviations: AMI: acute myocardial infarction; CNS: central nervous system; COPD: chronic obstructive pulmonary disease; CRS: chronic rhinosinusitis; GI: gastrointestinal; IL:
interleukin; URI: upper respiratory infection.
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4.0 THE COMMITTEE’S ASSESSMENT

The Committee assessed the quality of the individual studies using the criteria in Table 2-2 and the body
of epidemiological evidence using the criteria in Table 2-3. The following section details the Committee’s
findings, organized by category of assessed health outcome.

Some findings common to all assessed health outcomes are summarized in Boxes 4-1 and 4-2 rather than
being repeated in the discussion below of individual outcomes. Box 4-1 and Box 4-2 describe important
aspects of exposure assessment and control for potential confounding, respectively, that the Committee
considered in its evaluation of the strengths and limitations of the studies.

The section uses illustrative examples to convey the Committee’s general findings about the strengths and
limitations. Appendix B provides more detail, with summary descriptions of each study and tabular
summaries of their strengths and limitations.

4.1 PERINATAL OUTCOMES

Ten studies involving a variety of study designs assessed perinatal outcomes, including birth weight,
gestational age, Apgar score, infant health index, birth defects, high risk pregnancy, and infant mortality.
They were conducted in four major oil- and gas-producing states: Colorado, Oklahoma, Pennsylvania,
and Texas.

4.1.1 Assessment of Perinatal Study Quality

Study Population — Perinatal Outcomes

Study population representativeness. The 10 perinatal studies were ecologic or retrospective
investigations, with study populations identified from statewide electronic databases (e.g., vital records)
and electronic records from a private healthcare provider, Geisinger Health System. A strength of drawing
perinatal study populations from statewide vital records is that they include all births during the study
period, ensuring a study population that, if selected randomly, is representative of the state population.
Four studies considered statewide populations (Busby and Mangano 2017; Currie et al. 2017; Janitz et al.
2018; Ma et al. 2016); five studies selected a subsample, including only births with recorded addresses
near UOGD (Hill 2018; Stacy et al. 2015; Whitworth et al. 2017; Whitworth et al. 2018) or in rural areas
(McKenzie et al. 2014). Casey et al. (2016) included births from the Geisinger Health System catchment
area, which is the geographic area served by the provider.*

Birth outcome studies can be subject to selection bias if they are based on records that did not define the
cohort makeup at time zero (i.e., conception). If, for example, the exposure of interest was the cause of
first-trimester miscarriages, birth certificate data would not capture these individuals for any outcome
measures. Potential selection bias resulting from exclusion of fetal deaths would therefore not capture the
population most severely affected by exposures, consequently biasing the results away from seeing an
adverse effect. None of the studies of perinatal outcomes quantitatively evaluated such possible bias.

Population mobility. All studies relied on address-at-birth to assign exposure during the prenatal period;
there may therefore have been exposure misclassification for participants who moved during pregnancy.
Two studies reviewed data from other research involving the same study population to understand how

“The investigators maintained (Casey 2014) that the population corresponding to the Geisinger Health System
catchment area represented the general Pennsylvania population.
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mobility may have affected their results. Citing Hill (2013), investigators found qualitatively similar
results between those who did and did not move during pregnancy (Hill 2018). Casey et al. (2016) noted
that, within a 3-year period, 80% of the population lived at the same address.

Comparability of exposure groups or cases and controls. Balanced characteristics among exposure groups
decrease the likelihood of confounding and strengthen inferences. Some studies reported important
differences among exposure groups, including prenatal care (Whitworth et al. 2018), SES (Casey et al.
2016; Currie et al. 2017; Hill 2018; Ma et al. 2016; Stacy et al. 2015), demographic characteristics (Currie
et al. 2017; Hill 2018; Ma et al. 2016), and lifestyle factors (Ma et al. 2016). Other reported
characteristics appeared to be balanced between exposure groups. Busby and Mangano (2017) and
Whitworth et al. (2017) did not compare characteristics across exposure groups. Whitworth et al. (2018),
the only case—control study among the perinatal research, allowed valid comparisons of outcome rates
between cases and controls.

Outcome Assessment — Perinatal Outcomes

Quality of outcome measures. The use of electronic medical or vital records that include data compiled
through routine administrative procedures is generally regarded as a valid approach to determining health
outcomes (Quan et al. 2004).

Comparability of outcome assessment for exposure groups (cohort studies) and cases and controls (case—
control studies). Ascertainment bias may occur if data are recorded in such a way that one group is more
likely to be included than others. Health professionals who were unaffiliated with the study investigations
recorded perinatal outcome data using routine administrative procedures and were therefore unaware of
the study objectives or exposure status. However, the health outcomes captured by such records were
limited to diagnosed health outcomes; consequently, they did not include stillbirths due to birth defects,
early pregnancy termination, later-in-life diagnosis of birth defects, or subclinical symptoms.

Exposure Assessment — Perinatal Qutcomes

Quality of exposure assessment. The ability to calculate distances between well locations and residences
and to assign exposures during the correct time periods depends on the quality of the data on well
location, spud date and production, birth and conception dates, and the geocoding processes used to
define distances between residences and wells. The perinatal studies generally did not comment on
potential errors inherent in the exposure data (e.g., well location, spud date, and production date). Two
studies (Whitworth et al. 2017; Whitworth et al. 2018) geocoded residential addresses to the street-level,
while other studies did not specify their geocoding procedures. The potential for exposure
misclassification based on well data and residential location is therefore unknown.

In case—control studies, differences in quality of exposure assessment between those with or without a
diagnosis of adverse outcome (i.e., differential exposure misclassification) may result in either an over- or
under-estimate of an association. Differential exposure misclassification could occur if, for example,
recording of addresses was more accurate for birth-defect cases compared with controls. Investigators
attempted to avoid such bias by obtaining exposure and outcome data separately, such that the individuals
recording birth outcome data would have been unaware of the birth exposure status.
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Box 4-1. Exposure Assessment Considerations

Observational studies require robust exposure assessments that characterize the magnitude, frequency, and
duration of exposures to chemical or non-chemical agent(s) of interest. The quality of an environmental
epidemiology study and its ability to make a causal connection between an exposure and outcome are
strengthened if the exposure assessment quantifies the source and magnitude of the chemical or non-chemical
agent(s) leading to adverse health outcomes. Therefore, the Committee viewed both direct measurements and
modeled (i.e., estimated) concentrations of chemical or non-chemical environmental agent(s) originating from
UOGD as the most appropriate methods to answer the review question.

Spatial and Temporal Variability of Exposure

In environmental health research, investigators use various tools to capture spatial and temporal variability in
exposure, including direct measurements of chemicals in environmental media (e.g., soil, air, water, and food),
biomonitoring, and models. Obtaining the desired exposure data can be resource-intensive and burdensome to
study participants. For retrospective studies, concentration data may not be available, limiting the possible use of
these approaches in exposure assessment. Exposure to UOGD-related agents can vary spatially and temporally as
a function of geochemical and hydrological characteristics of shale plays, regional meteorological conditions,
operational practices (e.g., timing and intensity of practices and equipment use), the phase and density of UOGD
operations, and whether UOGD chemical releases to the environment are permitted, accidental, or unauthorized.
The time—activity patterns and characteristics of the study population also determine the magnitude, frequency,
and duration of exposure. The lack of this information limits the ability to assess exposures of study populations.

Interpreting Exposure Surrogates

The Committee recognizes the potential strength of exposure surrogates in providing a holistic measure of UOGD
exposures that can motivate and guide further research. The use of exposure surrogates is common in other
leading-edge areas of environmental health research. For instance, distance to major roadways has been used to
approximate exposure to roadway emissions in many epidemiology studies (Adar and Kaufman 2007; Brauer et
al. 2008; Kim et al. 2008), although the validity of this approach has been questioned (Health Effects Institute
2010). Surrogates assigned on the ecologic scale have an important role to play in identifying neighborhood- or
community-level sources or exposures and for targeting resources and interventions appropriately.

Given the complexity of UOGD emissions over time and space, interpretation of exposure surrogates is
challenging and depends on numerous variables that vary over time: proximity to and number of wells, operational
phases and intensity, location of the study subjects, chemical and physical properties of UOGD chemicals that
dictate their mobility in the environment, environmental conditions (e.g., wind direction and groundwater flow
direction), and contributions from non-UOGD sources. Understanding the fate and transport characteristics of
chemicals potentially emitted from UOGD is important, given that some near-source contributions can drop
rapidly (e.g., nitrogen dioxide), while others may be dispersed regionally (e.g., ozone). Exposures separate from
UOGD operations can occur in tandem with UOGD exposures. Non-UOGD exposures (e.g., traffic, other
industry, and natural sources) may be correlated with both the UOGD exposure and the outcome of interest.
Investigators cannot ascertain any UOGD contribution to adverse health effects without quantitatively controlling
for non-UOGD exposures. These are just some of the variables that determine whether exposures might occur
over brief (acute) or longer (chronic) periods and which cannot be assessed with the proximity- or time-based
exposure surrogates used in the epidemiology studies reviewed here.

Assessment of UOGD exposures. The perinatal studies did not include measurements of chemical or non-
chemical agents. Instead, investigators assessed exposure by using surrogate measures of varying degrees
of complexity to answer their study questions. The perinatal studies did not evaluate the surrogates
against other measured data or models of chemical or non-chemical agents originating from oil- and gas-
related activities.

Investigators of two of the 10 perinatal studies aimed to assess associations between all natural gas wells
in the study area and perinatal outcomes, citing the increased use of advanced technology to extract gas
from unconventional resources as motivation for the studies (Janitz et al. 2018; McKenzie et al. 2014).
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These studies had study periods dominated by conventional development and did not differentiate
between conventional and unconventional wells. McKenzie et al. (2014) restricted their population to
births between 2000 and 2009 in a sensitivity analysis, with results similar to those from their primary
analysis that included births between 1996 and 2009. These attempts to control for temporal trends are
important strengths of the studies. Differentiating between conventional and unconventional oil and gas
development was logistically impossible for Busby and Mangano (2017), who compared early infant
mortality rates during 2007-2010 to those during 2003-2006 in the 10 Pennsylvania counties with the
greatest number of unconventional wells and compared the results with statewide rates. Therefore, the
exposure surrogates used in these studies cannot answer the Committee’s review question (“Are there
adverse human health effects associated with environmental exposures originating directly from
UOGD?”). The remaining perinatal studies aimed to assess associations between unconventional well
development and perinatal outcomes and restricted exposure data to oil and gas wells defined as
“unconventional.”

Of the studies that aimed to assess exposures to UOGD, investigators attempted to differentiate UOGD
from conventional oil and gas development by quantifying the exposure surrogate using UOGD wells
exclusively (Casey et al. 2016; Currie et al. 2017; Hill 2018; Ma et al. 2016; Stacy et al. 2015; Whitworth
et al. 2017; Whitworth et al. 2018), or controlling for other potential environmental sources (Casey et al.
2016; Currie et al. 2017; Hill 2018; Stacy et al. 2015; Whitworth et al. 2017; Whitworth et al. 2018).
Therefore, the exposure surrogates used in these studies can help answer the Committee’s review
guestion.

Spatial and temporal variability of exposure. The perinatal studies used a variety of spatially and
temporally based surrogates. As indicated above, Busby and Mangano (2017) assessed exposure by
comparing county-level early infant mortality between two study periods: 2003—2006 and 2007-2010.
According to fractracker.org, drilling of unconventional wells in the region began in 2005, and
development continued to expand beyond 2010. The study period therefore captured potential exposure
variability during the initial years of UOGD in Pennsylvania. Ma et al. (2016), also an ecologic study,
assessed birth defect rates by ZIP code using two exposure surrogates: (1) whether the earliest spud date
recorded in each ZIP code was before or after conception and (2) well density within each ZIP code. A
strength of Ma et al. (2016) was that the investigators had individual-level data and could assign their
surrogate based on gestational age estimates and maternal residential ZIP code. A limitation of both
studies was the inability to capture temporal variability at diurnal and daily resolutions and the lack of
spatial variability in exposure assignment. For example, an individual or population center may be in a
county with few or no wells, yet it might be near wells in an adjoining county, making these studies
vulnerable to exposure misclassification.

Studies using distance-based exposure surrogates used distance cutoffs ranging from 0.5 to 16 km
between a residence and a well. The investigators did not always support their selected cutoffs in terms of
the potential for exposure to UOGD. This is of concern for studies where the mean or median distance
between residences and the nearest well was large and where factors other than distance (e.g., wind) may
influence exposures. In Casey et al. (2016), for example, the distance was large; the median number of
wells within 20 km of addresses was zero in the first quartile of exposure and eight in the fourth quartile.
In contrast, the median distance between a residence and a well was 2.3 miles in McKenzie et al. (2014).
Some studies (e.g., Whitworth et al. 2017) obtained inconsistent results among distance specifications,
which may have been due to other factors’ being important for exposure.

Currie et al. (2017) and Hill (2018) both used exposure surrogates that included the products of two
variables indicating whether the spud date of the closest well occurred before or after conception (Currie
et al. 2017) or birth (Hill 2018) and whether a well fell within a specified radius from the home. Both
studies modeled their exposure surrogates continuously, thus avoiding cut-point bias. However, by
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assigning exposure based on the spud date of the closest well, the investigators lost information on
potential temporal variability from wells in different phases of development that might have been spudded
several years before birth or conception and were less active at the time of the exposure assignment.
These two studies determined the distance within which an effect from UOGD was plausible, by
examining gradients of low birth weight prevalence (Currie et al. 2017; Hill 2018), change in infant health
index (Currie et al. 2017), and premature birth prevalence (Hill 2018) between 1 and 5 km (Hill 2018) or
1 and 15 km (Currie et al. 2017) from the nearest well (Currie et al. 2017; Hill 2018), using their main
analytical models. Based on a visual assessment of the gradients, Hill (2018) restricted her assessment to
the population living within 2.5 km of the closest well, and Currie et al. (2017) restricted theirs to the
population living within 3 km of the closest well. Currie et al. (2017) also tested different distances (0-1
km, 1-2 km, and 2-3 km). However, in this study, maternal residence could be 0-1 km from one well and
2-3 km from another well; therefore, it is possible that the exposure groups were not mutually exclusive.

Both Casey et al. (2016) and Whitworth et al. (2018) combined data on spud date, well depth, and
production with assumptions about the length of various UOGD phases to assess associations during
these phases. Because phase-specific measures were highly correlated, Casey et al. (2016) collapsed their
surrogate into a summary z-score, whereas Whitworth et al. (2018) presented results for development and
production separately.

Some studies included both active and inactive wells, which could have introduced error (Busby and
Mangano 2017; Ma et al. 2016; McKenzie et al. 2014). Investigators in other perinatal studies included
only active wells in their analyses. Because they relied on spud date to identify active wells, investigators
could not determine whether wells became inactive during the course of the study, resulting in potential
exposure misclassification. In Currie et al. (2017), if a spud date occurred prior to conception but the well
became inactive during pregnancy, there may have been an exposed and an unexposed period during
gestation, and it is unknown how these periods might relate to critical windows of exposure. Both Currie
et al. (2017) and Hill (2018) had data on active and inactive wells and, in a sensitivity analysis, found
similar associations when including both states of well activity.

Time frame of exposure assignment. Whitworth et al. (2018) is the only study that the Committee
included in its review to use temporally resolved well activity data to examine trimester-specific
associations, which can help to delineate exposure outcomes for critical windows during gestation.

Exposure was assigned using spud dates and birth year in Janitz et al. (2018), McKenzie et al. (2014), and
Stacy et al. (2015). As a result, the extent to which the exposure surrogate overlapped with the gestational
period is not known. All other individual-level retrospective studies averaged exposure over an estimated
9-month gestation period.

Confounding — Perinatal Outcomes

Population baseline characteristics. Most studies appropriately collected data on basic covariates, but
investigators were limited in their assessment of confounding by the available data provided in historical
records. Bushy and Mangano (2017) was the only perinatal study that neither controlled for confounding
nor acknowledged the importance of this aspect of study design. Overall, the perinatal studies included
limited-to-no information on several potential confounders, including occupation, detailed lifestyle
factors, genetics, and comorbidities.

An issue common to perinatal retrospective administrative data and ecologic studies is that SES,
comorbidities, and quality of prenatal care can vary by exposure and outcome status. In particular, SES
and prenatal care are strong predictors of adverse birth outcomes (Blumenshine et al. 2010) and may also
be associated with residential proximity to unconventional wells.
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The perinatal studies used available data to control for SES analytically (Casey et al. 2016; Currie et al.
2017; Ma et al. 2016; Stacy et al. 2015; Whitworth et al. 2017; Whitworth et al. 2018), by restricting the
study population (McKenzie et al. 2014) or through matching procedures (Whitworth et al. 2018).
McKenzie et al. (2014) and Stacy et al. (2015) also excluded populations with notable demographic
differences. Casey et al. (2016) included comprehensive control for confounding as compared with the
other cohort studies in this review, including controlling for water source.

Box 4-2. Considerations in Assessing Confounding

Confounder

Exposure —— Health
Outcome

The presence of confounders (factors associated with both the exposure and the outcome) can distort apparent
associations between UOGD exposures and adverse health outcomes (i.e., confounding). Minimizing the potential
for confounding constitutes a major element of good study design. Confounding can be minimized in the design of
the study or confounders can be controlled (i.e., adjusted for statistically) in the analyses.

Certain factors may serve as effect modifiers, in which the magnitude of an effect of the exposure on a health
outcome differs depending on another factor (e.g., genetics and sex). Other factors on the pathway between the
exposure and the outcome should not be included in analytical models. Investigators can use several
epidemiological methods to determine whether they should adjust for a given factor statistically (e.g., directed
acyclic graphs).

One of the limitations of retrospective datasets is that the available data may not lend themselves to the
ascertainment of covariates that should be examined, understood, and possibly controlled for in the analysis to
sharpen comparisons and avoid other types of bias that could limit inference. Major categories of confounding are
population SES and demographic factors (e.g. race/ethnicity and age), which relate to UOGD exposures and may
influence health outcomes of interest. Examples of SES factors include income, educational attainment, housing
tenure and conditions, and occupational measures. SES differences between populations can affect probability of
exposure. For instance, individuals of higher SES may have the resources to take specific steps to reduce exposure,
including moving out of areas with high UOGD. Previous studies have reported that property values near UOGD
decrease in sale price particularly if they are ground-water dependent (Gopalakrishnan and Klaiber 2014;
Muehlenbachs et al. 2015); others have found that high-income populations may move near areas of high UOGD
for employment opportunities (Weber 2012).

Detailed control of SES at both the individual and community level is especially important for studies that assume
that the makeup of the population remains the same over the study period. Assessment of residential mobility into or
out of the study population is needed to correctly assign exposures, select the study sample (selection bias), and
control for baseline exposure and disease status. Mobility is of concern for study areas experiencing rapid economic
development. Incomplete accounting for population mobility into or out of the study area during the study period
might influence changing rates of disease incidence. These areas may attract individuals seeking employment while
driving others out, such as those who can no longer afford to live there or who choose to avoid such development.

Additional factors that may be associated with both UOGD exposures and the assessed outcomes include genetics,
lifestyle factors, and comorbidities. Proper control of temporally varying factors, such as seasonality and time-
varying environmental exposures that change on a day-to-day or month-to-month basis with the exposure of
interest, are also important considerations in minimizing the potential for confounding.
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Background Conditions. Four perinatal studies controlled for roadway proximity (Casey et al. 2016;
Rasmussen et al. 2016; Whitworth et al. 2017; Whitworth et al. 2018) to account for potential co-
exposures from traffic. Other studies controlled for a surrogate measure of vegetation density (Casey et al.
2016) and residential elevation (McKenzie et al. 2014). Seven studies controlled for maternal smoking
status during pregnancy and other important information about prenatal care and pregnancy risk (Casey et
al. 2016; Hill 2018; Ma et al. 2016; Stacy et al. 2015; Whitworth et al. 2017; Whitworth et al. 2018).
Many studies did not account for background exposures that might obscure the relationship between
UOGD and health outcomes (Busby and Mangano 2017; Currie et al. 2017; Hill 2018; Ma et al. 2016),
and none controlled for potential industrial sources or other individual-level exposures, with the exception
of smoking during pregnancy.

Trends in population characteristics, outcomes, and exposure conditions. Confounding in these studies
may have occurred if population characteristics, methods of outcome ascertainment or reporting, or
exposure conditions varied with the exposure and outcome of interest over the study period. By collapsing
exposure surrogates over long study periods, investigators assumed that the magnitude and composition
of potential exposures and operational practices remained stable over time. Although Ma et al. (2016)
analyzed data at the ecologic level, the investigators were able to assess secular trends in birth defect rates
and exposures that may have increased or decreased with time using an analytical method that allowed
comparison of trends before and after ZIP-code-level spud dates. Similarly, Currie et al. (2017) performed
an analysis of a sub-sample of the population that included exposed and unexposed siblings within the
study period. This approach allowed the investigators to quantify associations while controlling for
numerous potential time-invariant maternal confounders (SES, race/ethnicity, and chronic comorbidities)
over two separate exposure periods. To assess secular trends, Hill (2018) evaluated whether maternal
characteristics changed after a spud date.

Analytical Methods — Perinatal Outcomes

Quality of methods. Detailed descriptions of model-building techniques and covariate control
considerations are important to lay the foundation for future studies and allow for methodological
replication. With the exception of Busby and Mangano (2017), which did not report specifics of their
modeling, all perinatal studies used appropriate multivariable statistical models, adapted for continuous or
binary outcomes. The investigators provided varying levels of detail about their statistical modeling. Five
perinatal studies (Casey et al. 2016; Janitz et al. 2018; McKenzie et al. 2014; Whitworth et al. 2017;
Whitworth et al. 2018) described their model-building procedures in detail, with Janitz et al. (2018) using
causal modeling for covariate selection. The perinatal studies in this review may have been affected by
spatially correlated data that arose from proximal geographic areas sharing more similarities than distant
areas for reasons distinct from UOGD-related exposures. Two perinatal studies (Casey et al. 2016;
Whitworth et al. 2017) controlled for such spatial correlation analytically.

Reporting of methods. The absence of random error in a statistical model increases confidence in how
well the model fits the observed data. Reporting measures of precision and variability in an effect
estimate, such as standard errors or descriptive statistics (e.g., range of exposures), allows an
understanding of the uncertainty surrounding a reported effect and, ultimately, interpretation of results.
All of the perinatal studies reported measures of uncertainty (e.g., standard errors) and basic summary
statistics of the population, with the exception of Busby and Mangano (2017), who presented measures of
uncertainty for selected risk ratios.

Sensitivity analyses. Sensitivity analyses are an important addition to a study’s main analytical model to
assess whether the findings were robust to various model or exposure specifications or sensitive to
residual confounding. Casey et al. (2016) performed sensitivity analyses to assess residual confounding
by using negative exposure and outcome controls. Seven other studies re-ran models using different time
periods, exposure definitions, and distances over which exposure was assigned to test the robustness of
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the study results to these assumptions (Currie et al. 2017; McKenzie et al. 2014; Whitworth et al. 2018).
With the exception of Whitworth et al. (2018) and Hill (2018), the perinatal studies did not test for effect
modification (defined in Box 4-2), the importance of which is described in Box 4-2. This lack of
assessment is, at least in part, likely a function of the nascent state of the research.

Presentation and Interpretation of Results — Perinatal Outcomes

Reporting of results. With the exception of Busby and Mangano (2017), the perinatal studies appeared to
have reported all of the analyses described in the study.

Interpretation of results. Investigators provided varied interpretations of their study results. Three studies
did not adequately discuss results of sensitivity analyses that conflicted with their main results or lack of
monotonicity with increasing exposures or decreasing distances from wells (Currie et al. 2017; Hill et al.
2018; McKenzie et al. 2014).

Several study investigators offered insight into the limitations of their studies. Study investigators
acknowledged the drawbacks of not accounting for residential mobility, inability to account for all
important covariates, and use of exposure surrogates rather than measures of exposure (Casey et al. 2016;
Currie et al. 2017; McKenzie et al. 2014; Whitworth et al. 2017; Whitworth et al. 2018). However,
discussions of study findings were generally lacking with respect to alternative explanations for their
reported findings, lack of temporal specificity in exposure estimates, and the potential for residual
confounding. Published commentaries (Cox 2016; Goldstein 2018) have also noted the inadequate
discussion of study limitations by investigators (Busby and Mangano 2017; Casey et al. 2016; Currie et
al. 2017; Ma et al. 2016).

Overall, the investigators clearly highlighted the difficulty of conducting this kind of research with
limited data availability in the early stage of UOGD expansion in the United States.

4.1.2 Assessment of the Epidemiological Evidence for Perinatal Effects

The literature search identified studies that assessed four general perinatal outcome categories: birth
weight, preterm birth, birth defects, and infant and fetal mortality. Most investigators concluded that their
findings provided evidence of associations between their UOGD surrogates and increased risk of adverse
perinatal outcomes while acknowledging that the associations were not necessarily causal.

Criterion 1. Evidence links a specific outcome with a specific UOGD exposure or
mix of UOGD exposures

The Committee considered whether specific outcomes might be linked to a specific UOGD exposure or

mix of UOGD exposures, even if the outcome might have other possible causes. As discussed above, all

perinatal studies relied on surrogate measures of exposure to UOGD that provided no information on the
specific UOGD chemical or non-chemical exposure — or exposure mixtures — that may have given rise
to the reported health outcomes, a limitation also noted by several of the investigators.

Some studies used methods to increase confidence in the study results with respect to the exposure
surrogate representing UOGD (e.g., controlling for secular trends and testing sensitivity of the exposure
surrogate to alternative specifications). Nevertheless, the Committee concludes that it could not ascribe
any of the reported associations with perinatal outcomes to a specific UOGD exposure, a limitation noted
by several of the investigators. At the same time, the Committee acknowledges the value of the exposure
surrogates. Finding an association between surrogate measures of exposure and health outcomes does not
necessarily imply that concern is warranted but provides some basis for more detailed assessment.
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Criterion 2: Consistent findings of UOGD exposures associated with adverse health
outcomes are reported across multiple independently conducted, high-quality
studies, and chance, confounding, and other bias can be ruled out with a reasonable
degree of confidence

Birth Weight

Figure 4-1 shows the main birth weight results, as reported by the study investigators, from the six studies
in which birth weight was similarly defined and results were presented quantitatively and with a measure
of uncertainty (i.e., statistical confidence intervals). The studies assessed birth weight as an outcome using
five different measures: term birth weight (Casey et al. 2016; McKenzie et al. 2014), birth weight for all
weeks of gestation (Currie et al. 2017; Hill 2018; Stacy et al. 2015; Whitworth et al. 2017), probability of
low birth weight (McKenzie et al. 2014; Stacy et al. 2015), probability of term birth weight (McKenzie et
al. 2014), and small for gestational age (Casey et al. 2016; Hill 2018; Stacy et al. 2015; Whitworth et al.
2017). The magnitude of birth weight differences varied considerably between and even within studies
with different model and exposure specifications. Although the inconsistent findings among the studies
may have been a result of variable study designs and methods, they may also be explained by differences
in exposure conditions and confounding.

Ideally, multiple studies involving the same exposure and outcome pair would be available to judge their
consistency and collective contribution to understanding potential health effects of UOGD. Both Stacy et
al. (2015) and Whitworth et al. (2017) used the same outcome and exposure definitions (IDW calculated
within 16.1 km of residence) within different study populations. Both found lower birth weight compared
with the referent (first quartile in Stacy et al. 2015) and no wells within 16.1 km in Whitworth et al.
(2017). Stacy et al. (2015) reported a stronger magnitude of association than Whitworth et al. (2017);
however, results were imprecise in both studies. These studies also included an assessment of small for
gestational age, with Stacy et al. (2015) finding increasing odds of small for gestational age with
increasing exposure, and Whitworth et al. (2017) finding decreasing odds with increasing exposure.

Both Hill et al. (2018) and Currie et al. (2017) used novel methods to assess and control for population
mobility and used similar exposure surrogates. Currie et al. (2017) reported no significant effect among
all model specifications, whereas Hill (2018) reported a significant decrease in birth weight. The
magnitude of effect varied considerably between studies. At the extremes, McKenzie et al. (2014) found a
24-gram increase, and Hill (2018) found a 49-gram decrease in birth weight compared with the referent.
Although the inconsistent findings among studies may be a result of variable study designs and exposure
surrogates, they may also be explained by differences in exposure conditions, population mobility, or
other factors.

Preterm Birth

Figure 4-2 shows the main preterm birth results for studies that estimated odds ratios and presented
results numerically (Hill 2018 and Stacy et al. 2015 are not included in the figure). Comparison of studies
assessing preterm birth is feasible because the outcome was defined the same way in all studies.
McKenzie et al. (2014), Stacy et al. (2015), and Whitworth et al. (2017) used the same exposure surrogate
assigned within the same radius for populations in Colorado, Pennsylvania, and Texas, respectively.
McKenzie et al. (2014) found an inverse association between the exposure surrogate and preterm birth
that was robust under sensitivity analyses, whereas Stacy et al. (2015) and Whitworth et al. (2017)
reported statistically significant associations, with increased odds (~20%) of preterm birth in the highest
exposure groups. Of note, McKenzie et al. (2014) used an exposure surrogate that captured all natural gas
wells. Results remained qualitatively unchanged with the addition of distance to roadway and season of
conception to the models in Whitworth et al. (2017). The discrepant results among these three studies may
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be due to differences in populations, operational practices, extent of control for confounding, or other
factors.

Other preterm birth studies included sensitivity analyses to assess the robustness of their main results. The
magnitude of effect increased in Casey et al. (2016) when year of birth was added to the model, and the
association did not change under various sensitivity analyses to assess residual confounding. The
relatively small number of preterm birth cases reported in Casey et al. (2016) contributed to the large
confidence intervals reported in this study. Whitworth et al. (2018) found minimal differences in
trimester-specific odds ratios, though the analytical sample sizes were smaller for this analysis. When
stratified by preterm birth severity, the association strengthened in the highest exposure group for
extremely preterm birth, and a statistically significant dose—response held for moderately preterm births in
association with both drilling and production phases. Hill (2018) did not find a difference in preterm birth
probability compared with the referent, and this result remained under several robustness tests. Overall,
the studies demonstrated slightly increased odds of preterm birth compared with the referent population,
but with associations close to the null (odds ratio = 1) and with inadequate control of potential
confounding.

Birth Defects

Four studies assessed birth defects, with two of the four (Janitz et al. 2018; McKenzie et al. 2014) using
the same outcome definitions and exposure (IDW within 16.1 km). McKenzie et al. (2014) reported
increased odds of congenital heart defects and neural tube defects in the third tertile compared with the
referent, and a significant, protective effect of oral clefts in the first exposure tertile. These models
involved relatively small sample sizes, which can limit generalizability and reproducibility. Using the
same exposure surrogate as McKenzie et al. (2014), Janitz et al. (2018) did not report any significant
associations or consistent directions of effect. Results of Janitz et al. (2018) were similar across various
buffer distances and exposure specifications. These two studies included all natural gas wells in their
exposure surrogate rather than only unconventional wells. Additionally, the studies used limited control
of potential confounding by community-level factors and prenatal care and did not assess population
change over their relatively long study periods. Both Hill (2018) and Ma et al. (2016) controlled for
secular trends in their analysis and reported null associations between the exposure surrogates and birth
defects in their main analyses.

Infant and Fetal Mortality

Busby and Mangano (2017) and Whitworth et al. (2017) assessed early infant death and fetal death as
endpoints, respectively. Busby and Mangano (2017) provided unclear descriptions of their study design
and methods and did not clearly define the referent populations, so the results of this study are difficult to
interpret. Whitworth et al. (2017) reported a significant, positive association with fetal death in the second
exposure tertile for mothers with wells 1.2 km from their residence. However, the analysis involved a
relatively small number of cases, resulting in imprecise results. The effect estimates were unchanged
under sensitivity analyses.
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Figure 4-1. Summary of reported associations between change in birth weight (grams) and exposure surrogates.l'z’3

1. Plotted from change in birth weight results as presented in each study (excluding supplemental information).

2. Colors represent studies, and shapes represent different models within studies.
3. IDW = inverse distance weighted; Product = product of two variables [(1) any wells within specified radius and (2) whether spud date occurred after conception date];
Well loc. = product of two variables [(1) any wells within specified radius and (2) whether spud date occurred after birth date]; Well dens. = product of two variables [(1)
well density and (2) whether spud date occurred after birth date].
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Figure 4-2. Summary of reported associations between odds of preterm birth (binary variable) and exposure surrogates.t: 234

Radius

1. Plotted from preterm birth results as presented in each study (excluding supplemental information).

2. Colors represent studies and shapes represent different models within studies.
3. Stacy et al. (2015) is not included in figure, as investigators do not present results numerically. Hill (2018) is not included in figure, as the investigators present results as percentage change rather
than as an odds ratio (0.0018 [standard error: 0.00597] in model without maternal characteristics, 0.000354 [standard error: 0.00664] in model including maternal characteristics).
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Criterion 3: Exposure precedes the outcome

Six perinatal studies assigned exposure during the prenatal period, ensuring that exposure preceded the
outcome (Casey et al. 2016; Currie et al. 2017; McKenzie et al. 2014; Stacy et al. 2015; Whitworth et al.
2017; Whitworth et al. 2018). This criterion was not met for the studies in which the exposure surrogate
did not take into consideration the timing of the gestational period (Currie et al. 2017; Hill 2018; Janitz et
al. 2018; McKenzie et al. 2014; Stacy et al. 2015). Because of the ecologic nature of the exposure
assignment in Busby and Mangano (2017), it is unclear whether individual exposure preceded the
outcome.

Criterion 4: Evidence of a dose—response

Many of the perinatal studies aimed to assess whether proximity to wells was associated with increasing
levels or probability of adverse outcomes. Both Stacy et al. (2015) and Currie et al. (2017) found dose—
response relationships with increasing levels of the exposure surrogate or with decreasing distance from
the closest wells. Other birth weight studies did not find a monotonic increase in outcome risk with
increasing exposure.

Results of three preterm studies were suggestive of a positive dose—response relationship with increasing
exposure (Casey et al. 2016 and Whitworth et al. 2017, within 16.1 km; Whitworth et al. 2018, production
phase). Whitworth et al. (2018) reported quantitative evidence of a significant dose—response for both
drilling and production activity, but Casey et al. (2016) and Whitworth et al. (2017) did not. McKenzie et
al. (2014) also employed a statistical trend test, finding increasing odds of congenital heart defects and
preterm birth over increasing levels of IDW well count. Dose—response relationships were not reported in
studies of birth defects.

Criterion 5: Coherence

As discussed in Section 1.1.2, recent laboratory studies have examined associations between UOGD-
related chemicals and developmental and reproductive outcomes, although exposure conditions in those
studies do not necessarily reflect actual human exposures to UOGD.

A considerable body of epidemiological evidence has identified consistent associations between exposure
to ambient air pollution and various birth-outcome measures (low birth weight and small for gestational
age) (Stieb et al. 2012). Much of this evidence is focused on traffic-related emissions (e.g., nitrogen
dioxide) or particulate matter (Health Effects Institute 2010). A review of ambient air quality studies that
were conducted near UOGD sites found that 21 chemicals detected in air near UOGD have been
associated in previous literature with adverse reproductive outcomes and endocrine-disrupting activity
(Bolden et al. 2018). However, without information on concentrations of specific chemical agents and
non-chemical agents, a full assessment of the extent to which the study findings are consistent with
knowledge from other lines of evidence was not possible. Additional research is needed to assess whether
the exposure surrogates represent specific chemical or non-chemical agents originating from UOGD.

Concluding Statement

Some of the perinatal studies reported on a dose—response relationship, employed methods ensuring that
exposure preceded the outcome, and tested for trends over time. However, results of studies with the same
exposure-outcome pairs were inconsistent and the studies employed limited control of potential
confounders, in particular strong measures of SES and lifestyle factors.

The limitations of these studies prevent the Committee from concluding whether environmental exposures
originating directly from UOGD did or did not contribute to the assessed perinatal outcomes. However,
further research on birth weight and preterm birth is warranted based on this early research.
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4.2 CANCER

Four studies using either ecologic or case—control designs assessed cancer outcomes, including cancers of
the lymphatic system (e.g., leukemia), central nervous system, urinary tract, breast, and thyroid. They
were conducted in three major oil- and gas-producing states: Colorado, Pennsylvania, and Texas.

4.2.1 Assessment of Cancer Study Quality

Study Population — Cancer Outcomes

Study population representativeness. The four cancer studies used ecologic (Finkel 2016; Fryzek et al.
2013; Mokry 2010) and case—control designs (McKenzie et al. 2017), with study populations identified
from statewide cancer registries. These registries included information on all cancers within a given study
period. Mokry (2010) assessed whether the incidence of selected cancers in two Texas ZIP codes was
more than expected, given statewide rates. The three other cancer studies assessed the statewide pediatric
population in Pennsylvania (Fryzek et al. 2013) and Colorado (McKenzie et al. 2017) and the statewide
all-age population in Pennsylvania (Finkel 2016). McKenzie et al. (2017) restricted their study population
to people living in rural areas of Colorado in an effort to avoid non-UOGD sources of exposure.

Population mobility. Whether the study population remained stable over the study period is an important
consideration in studies of health outcomes such as cancer, which can have long latencies. Population
mobility associated with UOGD, for example, can lead to changing local rates of disease incidence or
hospitalization, which, if left unaccounted for, could bias the results. The study periods ranged from 12 to
19 years. For the ecologic cancer studies (Finkel 2016; Fryzek et al. 2013; Mokry 2010), the authors did
not have the individual-level data required to account for population mobility. McKenzie et al. (2017) was
also unable to account for population mobility over their 12-year study period. Three of the studies
acknowledged this limitation (Fryzek et al. 2013; McKenzie et al. 2017; Mokry 2010).

Comparability of exposure groups or cases and controls. Control population selection is crucial in case—
control studies to provide a good estimate of baseline exposure status. McKenzie et al. (2017) selected a
population from the cancer registry with a form of cancer other than leukemia as their controls. The
controls were derived from the same cancer registry as the cases, which is common practice in cancer
epidemiology studies that use cancer registries for outcome ascertainment. However, the controls may
differ from cases with respect to susceptibility to developing the cancer under study and may not be
representative of the general population. McKenzie et al. (2017) reported differences in race, sex,
residential elevation, and age between cases and controls but conducted no statistical analyses of the
differences.

Finkel (2016) reported differences in the proportion of the white population between counties, which the
investigators did not control for in statistical analyses. Fryzek et al. (2013) did not report descriptive
statistics of the study sample by exposure groups, and Mokry (2010) was unable to do so because of the
study design. Finkel (2016) and Mokry (2010) obtained the expected cancer incidences from the same
study population from which they derived the study sample. Fryzek et al. (2013) did not provide
sufficient information about their source of data for expected cancer rates, making results difficult to
interpret.

Outcome Assessment — Cancer Qutcomes

Quality of outcome measures. The studies included information from cancer registries on all cancers
(Fryzek et al. 2013)Mckenzie et al 2017), lymph cancers (Finkel 2016; Fryzek et al. 2013; McKenzie et
al. 2017; Mokry 2010), central nervous system tumors (Finkel 2016; Fryzek et al; Mokry 2010), thyroid
cancer, bladder cancer (Finkel 2016), and breast cancer (Mokry 2010).
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Comparability of outcome ascertainment for exposure groups (cohort studies) and cases and controls
(case—control studies). Systematic differences in outcome ascertainment would occur if the process of
cancer diagnosis differed by location or exposure status. Health professionals administering a cancer
diagnosis would not have known the exposure status of the patients.

Exposure Assessment — Cancer Qutcomes

Quality of exposure assessment. The reliability of the exposure assignments in McKenzie et al. (2017)
and Fryzek et al. (2013) depended on the quality of the data on well location, spud date, and cancer
diagnosis date. The investigators did not discuss the quality of the underlying exposure data, and
McKenzie et al. (2017) did not specify their geocoding approach. The latter study relied on residence at
the date of diagnosis, so there might have been exposure misclassification for participants who moved
during the exposure period.

McKenzie et al. (2017) quantified the IDW-surrogate identically for cases and controls. However, the
investigators cited a California study on residential mobility that found that over 60% of children
diagnosed with leukemia moved during the period between birth and diagnosis. The investigators
emphasized that potential exposure misclassification due to residential mobility could bias the results
toward the null. However, the direction of bias may depend on whether the results differ by outcome
diagnosis, which was not addressed by the investigators. The ecologic studies (Finkel 2016; Fryzek et al.
2013; Mokry 2010) used the same temporally based exposure surrogates for all outcome groups.

Assessment of UOGD exposure. The cancer studies used temporally based exposure surrogates (Finkel
2016; Fryzek et al. 2013; Mokry 2010) or surrogates based on number of and distance to wells (McKenzie
et al. 2017). For the ecologic studies that used temporally based exposure surrogates (Finkel 2016; Mokry
2010), differentiating between unconventional and conventional oil and gas development was logistically
impossible. Fryzek et al. (2013) provided data demonstrating that 97.5% of the wells included in the study
were categorized as “non-horizontal” (i.e., conventional). In McKenzie et al. (2017), it is unclear what
proportion of wells included a horizontal component.

Spatial and temporal variability of exposure. The temporally based ecologic studies took place over two
time periods meant to represent periods before and during UOGD (Finkel 2016; Fryzek et al. 2013;
Mokry 2010). The investigators did not provide data on variability in UOGD activity over time (Finkel
2016; Mokry 2010). Given the nature of the temporally based exposure surrogates, the three studies were
unable to differentiate among UOGD activity phases, and Finkel (2016) and Mokry (2010) were unable to
differentiate between active and non-active wells. Fryzek et al. (2013) included wells after their spud date
but did not discuss whether they were able to assess whether a well became inactive during the study
period. A strength of McKenzie et al. (2017) was their ability to identify which wells were active, but the
exposure metric did not capture potential exposure variability among UOGD phases.

McKenzie et al. (2017) used a 16.1-km radius to assess UOGD exposures. The investigators did not
describe the rationale for the chosen radius, but they did test an 8-km radius in a sensitivity analysis. Like
the other studies that used a 16.1-km radius, this distance might include relatively unexposed individuals
in the exposed groups. The investigators also did not test for cut-point bias by modeling exposure on a
continuous scale or testing alternative categorical cut-points. The ecologic studies did not specify
exposure groups.

Time frame sufficient to expect to see an association. An important aspect of epidemiology research
involving cancer outcomes is to capture the appropriate latency period (the time between exposure and
health outcome diagnosis). The childhood cancers investigated in these studies have relatively short
estimated minimum latency periods, ranging from 0.5 years for lymph cancers to 4 years for solid cancers
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(e.g., bone, liver, and endocrine) (Howard 2014). Cancers in adults can have longer latency periods. The
longer latency period for cancer is especially important to consider, because UOGD wells started to be
put in place in the early 2000s in Texas (Mokry 2010) and somewhat later in Pennsylvania (Finkel 2016;
Fryzek et al. 2013). For adult cancers assessed in Finkel (2016) and Mokry (2010) and “all cancers”
assessed in those less than 20 years of age in Fryzek et al. (2013), the potential exposure periods may not
have been sufficient to capture the appropriate latencies for observing an association.

Confounding — Cancer Outcomes

Population baseline characteristics. Residual confounding by unmeasured lifestyle, genetic, and SES
factors is a prominent concern in individual-level (McKenzie et al. 2017) and ecologic studies (Finkel
2016; Fryzek et al. 2013; Mokry 2010) because of missing individual-level data on SES or lack of
sufficiently detailed SES information. Given the limitations of the ecologic studies and their underlying
data, the investigators were unable to collect data on and control for important potential confounders.
Fryzek et al. (2013) controlled for a limited set of confounders in their models, whereas Finkel (2016) and
Mokry (2010) did not control for individual- or county-level confounders. McKenzie et al. (2017)
adjusted their analyses for age, race, sex, SES (ZIP-code level median income), year of diagnosis, and
household elevation.

Background conditions. McKenzie et al. (2017) restricted their study population to a rural population to
reduce potential confounding by traffic emissions. Investigators additionally controlled for maternal
smoking status in a sensitivity analysis that included the portion of the study population for which these
data were available (41%). The ecologic studies (Finkel 2016; Fryzek et al. 2013; Mokry 2010) did not
assess county- or ZIP-code level confounding by other potential environmental sources of exposure (e.g.,
industrial sources, coal mining, and conventional oil and gas wells).

Trends in population characteristics, outcome, and exposure conditions. Mokry (2010) reported that the
study population grew by 55% over the study period (1998-2007). McKenzie et al. (2017) included year
of diagnosis in their model to control for temporal changes in diagnostic procedures over time. Otherwise,
the studies did not explore trends over time or use analytical methods to control for them.

Analytical Methods — Cancer Outcomes

Quality of methods. Investigators in the ecologic cancer studies used analytical models that compared
observed with expected cancer rates. Fryzek et al. (2013) used multivariate models to control for a limited
set of demographic factors (age, sex, and race). The interpretation of the results was largely descriptive in
nature. McKenzie et al. (2017) used a multivariable logistic regression, which was appropriate for the
study design.

Reporting of methods. The cancer studies reported confidence intervals around their effect estimates.
Finkel (2016) did not report on the statistical test used to test for differences in outcome rates between the
time periods.

Sensitivity analyses. Mokry (2010) and Finkel (2016) stratified their analyses by sex. Fryzek et al. (2013)
presented results stratified by well frequency (for all well types) and by well type and number of wells in
each county across all wells. As discussed above, McKenzie et al. (2017) performed a sensitivity analysis
by re-specifying the radius to 8 km and including maternal smoking in the model. The cancer studies did
not include other analyses to test the robustness of their results or the potential for residual confounding.

Presentation and Interpretation of Results — Cancer Outcomes

Reporting of results. McKenzie et al. (2017), Fryzek et al. (2013) and Mokry (2010) were generally
deemed by the Committee to have provided complete documentation of results. The tables presented in
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Finkel (2016) contained numerical errors, such as the standardized incidence ratios (SIRs) not falling
within the reported confidence limits, and lacked clear explanations, making results difficult to interpret.

Interpretation of results. McKenzie et al. (2017) and Mokry (2010) offered insight into the limitations of
their studies, including discussion of low samples sizes, population mobility, and potential for residual
confounding. Both studies provided an appropriate interpretation of their main study results, though
McKenzie et al. (2017) did not include a discussion of similar results found between the various exposure
specifications. Neither Finkel (2016) nor Fryzek et al. (2013) contextualized their findings within the
study limitations, nor did they discuss the impact of latency on their study results.

4.2.2 Assessment of the Epidemiological Evidence for Cancer Effects

Criterion 1. Evidence links a specific outcome with a specific UOGD exposure or
mix of UOGD exposures

The Committee considered whether specific outcomes might be linked to a specific UOGD exposure or
mix of UOGD exposures, even if the outcome might have other possible causes. As discussed above, all
cancer studies relied on surrogate measures of exposure to UOGD that provided no information on the
specific UOGD chemical or non-chemical exposure — or exposure mixtures — that may have given rise
to the reported health outcomes, a limitation also noted by McKenzie et al. (2017).

The ecologic exposure surrogates provided no information on temporal variability overall or spatial
variability within geographic units. Although the individual-level information in McKenzie et al. (2017)
offered advantages over ecologic studies for making causal inferences, the IDW-surrogate used in this
study lacked information on temporal variability over the study period. The Committee therefore
concludes that it cannot ascribe any of the reported cancer associations to a specific UOGD exposure.

Criterion 2: Consistent findings of UOGD exposures associated with adverse health
outcomes are reported across multiple independently conducted, high-quality
studies, and chance, confounding, and other bias can be ruled out with a reasonable
degree of confidence

The cancer studies were unable to account for population mobility or to control for individual-level
confounders, contributing to considerable bias and uncertainty in drawing conclusions. Further, the four
studies assessed different endpoints over different age ranges and employed inconsistent exposure
surrogates or time periods, limiting the ability to conduct an inter-study comparison of results.

In McKenzie et al. (2017), the investigators reported significant associations between their exposure
surrogate and acute lymphoblastic leukemia (ALL) among the study population 5-24 years of age in the
third exposure tertile but found associations consistent with the null for the population 0-4 years of age
and with non-Hodgkin’s lymphoma (NHL) across all age groups. Reported results did not change under
different model and surrogate specifications.

Finkel (2016) also did not find notable differences in SIRs among the three time periods assessed. Mokry
(2010) reported significantly elevated incidence of breast cancer in the two ZIP codes in her study, but
these SIRs did not qualitatively differ between study time periods (1998-2007 and 2007-2009). Fryzek et
al. (2013) also reported that SIRs did not differ before or after the spud date, by well frequency, or well
type. For rare cancers assessed across all studies (e.g., tumors of the central nervous system and bladder
cancer), results were based on very low numbers of observed cancer cases, leading to large confidence
intervals and uncertainty in results.
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Criterion 3: Exposure precedes the outcome

The temporality of exposure assignment is particularly important for cancer outcomes that may take years
to develop. McKenzie et al. (2017) assigned various lag periods to ensure that the exposure preceded the
outcome and that it aligned with the expected latency periods of specific cancers. However, as was noted
by the investigators, averaging well counts over the full study period may have led to erroneous inclusion
of “future” wells (wells that were not in place at the beginning of the study period) in the analysis. The
investigators of the ecologic studies were unable to account for latency periods in their analysis; therefore,
it is unclear whether individual exposures preceded development of cancer.

Criterion 4: Evidence of a dose—response

McKenzie et al. (2017) used a statistical test for trends across exposure groups, reporting significant
increasing odds of ALL, but not NHL, by exposure group for individuals 5-24 years of age. The
association with ALL strengthened slightly when year of diagnosis was added to the model, meaning that
population or diagnostic changes over time may have affected the results. Fryzek et al. (2013) did not
report increasing SIRs with increasing number of county-level wells. The designs of Mokry (2010) and
Finkel (2016) did not allow for a dose—response assessment.

Criterion 5: Coherence

Some chemicals associated with UOGD, such as benzene, are classified as carcinogens. As discussed in
Section 1.1.2, a recent review reported on the potential release of carcinogens from UOGD to air and
water (Elliott et al. 2017b). However, the review did not quantify exposure to carcinogens from UOGD,
so the gquestion remains as to whether the exposures to carcinogens released from UOGD might have
given rise to the cancers observed in the studies reviewed here.

Concluding Statement

The cancer studies lacked strong study designs, notably insufficient allowance for latency periods, and
control for potential confounding. Investigators reported no or weak associations between the UOGD
exposure surrogates and cancer, and there were at most two studies for any one cancer outcome. The
limitations of these studies prevent the Committee from concluding whether environmental exposures
originating directly from UOGD did or did not contribute to the assessed cancer outcomes. More studies
are needed with longer follow-up periods and appropriate lag times.

4.3 RESPIRATORY OUTCOMES

Three studies in Pennsylvania used either ecologic or case—control designs to assess respiratory outcomes,
including asthma, pneumonia, upper respiratory tract infection, and chronic pulmonary obstructive
disease.

4.3.1 Assessment of Respiratory Study Quality

Study Population — Respiratory Outcomes

Study population representativeness. The three studies drew their study populations from Pennsylvania
hospitalization records. The study populations of Willis et al. (2018) and Peng et al. (2018), taken from
statewide hospitalization records, were expected to represent the rural and full Pennsylvania populations,
respectively, as intended. Rasmussen et al. (2016) analyzed records from the Geisinger Health System
catchment area in New York and Pennsylvania, which, in contrast to statewide hospitalization records, are
less likely to represent full statewide populations. The study populations may have been subject to
selection bias if population characteristics differed between those who did and did not visit the hospital
with presentation of respiratory symptoms. The respiratory studies discussed, but did not quantitatively
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assess, selection bias. Rasmussen et al. (2017) cited previous research that, according to the authors,
demonstrates the representativeness of the Geisinger population of the general Pennsylvania population
(Casey et al. 2014).

Rasmussen et al. (2016), a case—control study, provided clear delineations between cases (patients with
asthma who had an exacerbation event) and controls (patients with asthma who did not have an
exacerbation event). The control population may not have been fully representative of the population that
produced the cases, thereby complicating interpretation of results.

Population mobility. The respiratory studies included long study periods, ranging from 8 years
(Rasmussen et al. 2016) to 12 years (Peng et al. 2018), during which exposure and baseline conditions
(e.g., SES or comorbidities) in the study population may have changed over time. Peng et al. (2018)
explored changing study sample characteristics over the study period (discussed below); the two other
respiratory studies did not (Rasmussen et al. 2016; Willis et al. 2018).

Comparability of exposure groups or cases and controls. Rasmussen et al. (2017) matched cases and
controls by basic demographic characteristics, and this study therefore benefited from relatively balanced
patient numbers between groups. Of the unmatched characteristics, family history of asthma was more
prevalent in cases than controls. Willis et al. (2018) reported lower population density and greater
emergency hospitalizations among exposed compared with unexposed populations. Peng et al. (2018)
reported differences in several of the county-level factors for which there were data: poor SES, coal
production, and number of conventional wells were higher in counties “with UOGD” compared to
counties “without UOGD.”

Outcome Assessment — Respiratory Outcomes

Quality of outcome measures. The use of electronic medical records that include data compiled through
routine administrative procedures is generally regarded as a valid approach to determining health
outcomes (Nissen et al. 2017; Quan et al. 2004).

Comparability of outcome ascertainment for exposure groups (cohort studies) and cases and controls
(case—control studies). Systematic differences in outcome ascertainment would occur if the process of
diagnosis of an adverse respiratory outcome correlated with exposure status. This did not appear to be the
case in any of the respiratory studies.

Exposure Assessment — Respiratory Outcomes

Quality of exposure assessment. The respiratory studies used various surrogate measures of exposure.
Rasmussen et al. (2016) used a phase-specific IDW-squared surrogate that incorporated information about
maternal residential proximity to and number of wells, geocoded to the residential address. Peng et al.
(2018) compared hospitalization rates before and after the first spud date within a county. Willis et al.
(2018) tested four different ZIP-code level exposure surrogates within the year and quarter (e.g., January—
March, April-June) of the hospitalization in their main analyses: (1) binary variable indicating newly
spudded wells, (2) binary variable indicating ever-spudded wells, (3) tertiles of ever-spudded wells, and
(4) annual emissions (in tons) of selected pollutants.

All studies assigned exposure using the address on the hospitalization record. The potential for residential
mobility during short time-at-risk periods (e.g., in the 3 days before an asthma exacerbation) was minimal
(Rasmussen et al. 2017; Willis et al. 2018). However, there may have been exposure misclassification due
to residential mobility during longer exposure periods for chronic respiratory outcomes such as COPD,
studied in Peng et al. (2018). Patients with adverse respiratory outcomes, for example, may have been

Page 43 of 84



Epidemiology Literature Review- HEI-Energy Research Committee

more likely to move than the control populations. However, ascertaining residential mobility was not
possible in the studies.

The investigators of the three respiratory studies did not comment on potential errors inherent in the
Pennsylvania Department of Environmental Protection well permitting data, so the potential for exposure
misclassification based on well locations and activity dates is unknown. The quality of the Pennsylvania
Unconventional Natural Gas Emission Inventory used in Willis et al. (2018) depends on operator self-
report; no estimates of reliability of the data were provided.

Assessment of UOGD exposure. The respiratory studies did not collect measurements of chemical or non-
chemical agents. All respiratory studies included only wells labeled as “unconventional” in quantifying
their exposure surrogates.

Willis et al. (2018) assessed the relationship between pollutant-specific emission rates and their exposure
surrogates to evaluate whether the surrogate accurately represented pollutants emitted from UOGD.
Specific analytes (e.g., carbon dioxide and methane) are not known to be associated with respiratory
outcomes and therefore should not have been included in analyses.

Following the publication of Rasmussen et al. (2016), Koehler et al. (2018) performed a principle
component analysis (PCA) to explore whether compressors, impoundments, or well activity phase might
explain spatial variation in exposure among asthma patients within a 5 km x 5 km grid and compared
associations between four different specifications of the distance-based surrogate and asthma
exacerbation. The investigators found that the spatial variability of the distance-based exposure surrogates
was explained equally by presence of compressors, impoundments, and well activity. They also found
that associations with oral-corticosteroid orders during the production phase were attenuated compared
with results in Rasmussen et al. (2016) when compressor stations were added to the exposure surrogate
used in Rasmussen et al. (2016). Consideration of these data enhances interpretation of the exposure
surrogate used in Rasmussen et al. (2016).

Spatial and temporal variability of exposure. The respiratory studies investigating acute outcomes (e.g.,
asthma exacerbation) required exposure assessments with fine temporal resolutions to capture variability
(e.g., shorter-term peaks in concentration). The investigators in the respiratory studies did not have access
to data that allowed for such granularity. Instead, Rasmussen et al. (2016) estimated daily variability in
exposure based on spud date and production data along with assumptions about UOGD phase duration.
Peng et al. (2018) and Willis et al. (2018) did not quantify exposure variability at a scale that would
enable them to address their study question in relation to acute outcomes (see discussion below).

Rasmussen et al. (2016) differentiated among UOGD phases to reflect pad preparation, spud, stimulation,
and production phases using published dates, capturing both spatial and temporal variability in potential
exposure. However, they imputed 35% of stimulation dates and estimated the duration of pad
development, raising questions about whether the estimates truly reflected different phases. Rasmussen et
al.’s (2016) exposure surrogate was further limited by the location of the study population in relation to
UOGD. The median distances to closest spudded well in the highest and lowest exposure groups in
Rasmussen et al. (2016) were 19 km and 63 km, respectively. Given the large distances between well
location and addresses of the study population, there was a possibility for unmeasured spatial
confounding.

Taking into consideration the limitations faced by the ecologic study designs, neither Peng et al. (2018)
nor Willis et al. (2018) differentiated among UOGD activity phases. The three respiratory studies
included only active UOGD wells in the exposure surrogate but did not account for wells that may have
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become inactive during the study period, thus resulting in potential non-differential exposure
misclassification.

Willis et al. (2018) created binary variables from detailed, continuous data on outcomes (acute asthma
exacerbation) and exposures (ever-spudded or newly spudded wells), which might have masked important
exposure variability, making the results difficult to interpret. In the ecologic studies, ZIP codes (Willis et
al. 2018) or counties (Peng et al. 2018) categorized as “unexposed” may have included individuals in
adjacent counties living in close proximity to UOGD, resulting in potential exposure misclassification.
However, both Rasmussen et al. (2016) and Willis et al. (2018) tested for cut-point bias by running
models with continuous (rather than categorical) specifications of the exposure surrogate.

Time frame of exposure assignment. Capturing temporal variability in short-term emissions is critical for
studies that examine associations with asthma exacerbation, a health outcome that is sensitive to short-
term exposure timing. Epidemiology research involving acute outcomes should also capture the potential
time delay between exposure and outcome occurrence, known as lag time. Only Rasmussen et al. (2016)
attempted to assess effects from daily UOGD exposure on asthma exacerbations. The investigators
assigned exposure to each case and control using a 1-day lag and tested additional lags and averaging
periods before the outcome observation date, finding high correlations between all lag specifications.

Willis et al. (2018) averaged exposure at the quarter and annual level and were unable to incorporate a lag
with such coarse resolution. Peng et al. (2018) averaged exposure over the year of the outcome
observation and ran models with and without “one lag,” which may be appropriate for COPD
hospitalizations in the older study sample but not for asthma exacerbations and upper respiratory
infections. Therefore, neither Peng et al. (2018) nor Willis et al. (2018) assigned exposure in a time frame
or resolution sufficient to observe an association for acute outcomes, should they exist, and the period of
exposure may not have overlapped with the time-at-risk.

Confounding — Respiratory Outcomes

Population baseline characteristics. The studies extracted available baseline demographic, SES, and
lifestyle characteristics from hospitalization records, but investigators were limited in their assessment of
confounding by the available data. In addition to using available data from the hospitalization records,
Willis et al. (2018) and Peng et al. (2018) ascertained county-level variables from additional data sources
(e.g., U.S. Census and National Air Toxics Assessment).

To control for unobserved confounding, Rasmussen et al. (2016) matched cases to controls by age
category, sex, and year of outcome observation and controlled for family history of asthma and other
comorbidities. Like perinatal outcomes, respiratory outcomes are associated with SES. Although
Rasmussen et al. (2016) controlled for SES using two variables that considered both individual- and
community-level measures of SES, they were still imprecise measures, so the potential for residual
confounding remained. The study also did not capture factors related to household-level asthma triggers.

Willis et al. (2018) and Peng et al. (2018) were unable to control for individual-level characteristics but
controlled for ecologic-level measures for SES and demographic factors and a county-level comorbidity
index (Peng et al. 2018). The studies did not control for lifestyle factors that may have been correlated
with both the exposure and the outcome.

Background conditions. The respiratory studies included consideration of other potential exposures that
might be correlated with the exposures and the outcomes assessed. Rasmussen et al. (2016) controlled for
residential roadway proximity. However, roadway proximity is a static measure that is likely not relevant
in studies of short-term effects, where data on day-to-day variability in background exposures would be
needed. To address daily variability in background exposures, Rasmussen et al. (2016) considered daily
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ambient temperature but not other short-term co-exposures known to affect asthma outcomes, such as
daily ozone levels.

Peng et al. (2018) controlled for county-level coal production, intensity, and number of conventional
wells but not other potential sources. Willis et al. (2018) controlled for an index quantifying non-UOGD
respiratory hazards using data from 2011 applied to the full study period and non-UOGD wells in
sensitivity analyses and included a covariate for conventional oil and gas development. The investigators
also restricted the study population to addresses in rural areas to reduce potential exposure from urban
sources.

Trends in population characteristics, outcomes, and exposure conditions. Controlling for changing
demographics, data collection practices, and industrial practices is important for studies over long time
periods to limit the potential for residual confounding. Willis et al. (2018) and Peng et al. (2018)
endeavored to control for linear trends by including a variable in analytical models representing ZIP-code
and county-level linear trends, respectively, and performing difference-in-differences analysis to assess
the impact of pre-UOGD trends on results, with Peng et al. (2018) presenting additional visual
assessments of trends over time. Willis et al. (2018) controlled for quarter and year analytically but did
not present results of a trend analysis. Noting high correlations between year and the UOGD exposure
surrogate, Rasmussen et al. (2016) matched cases and controls by hospitalization year. Although Willis et
al. (2018) and Rasmussen et al. (2016) attempted to account for trends over time, it is unclear whether
their methods sufficiently controlled for residual confounding.

Analytical Methods — Respiratory Outcomes

Quality of methods. A strength of the respiratory studies was the use of analytical methods that accounted
for correlations inherent in exposure and outcome data (e.g., mixed models), which reduced bias in
variance estimates around reported results. Examples included accounting for temporal correlations of
multiple hospitalizations of the individuals over the study period (Rasmussen et al. 2016) and spatial
correlations among geographic units (Peng et al. 2018; Willis et al. 2018) to control for time-invariant
characteristics.

Willis et al.’s (2018) choice to collapse the outcome and exposure data from count to binary measures
resulted in uncertainty in interpreting results. For example, a ZIP code with one hospitalization was given
the same weight as a ZIP code with dozens of hospitalizations, masking a potential effect and the impact
of ZIP codes with low hospitalization counts. Further, the investigators did not adjust for multiple
hypothesis testing in the annual emissions analyses, and the publication lacked clarity in its description of
analytical methods.

Reporting of methods. All respiratory studies reported standard errors and basic summary statistics of the
population as well as the statistical tests used.

Sensitivity analyses. Rasmussen et al. (2016) tested for cut-point bias of exposure groups as well as for
residual confounding using a negative outcome control and by dropping analyses with unbalanced
numbers of matched cases and controls. They also examined the impact of exposure misclassification
from imprecise geocoding. Peng et al. (2018) ran several robustness checks to assess the impact of
residual confounding. Both Peng et al. (2018) and Willis et al. (2018) tested for exposure
misclassification.

Reporting and Interpretation of Results — Respiratory Outcomes

Reporting of results. Both Rasmussen et al. (2016) and Peng et al. (2018) provided appropriate and
complete documentation of their results.

Page 46 of 84



Epidemiology Literature Review- HEI-Energy Research Committee

Interpretation of results. Overall, investigators of the respiratory studies accurately interpreted their
results. Two studies (Rasmussen et al. 2016; Willis et al. 2018) provided a thorough discussion of study
design limitations. However, presentation of the difference-in-differences results in Willis et al. (2018)
lacked clarity. Two studies (Rasmussen et al. 2016; Willis et al. 2018) lacked discussion of
inconsistencies between main study results and those presented in sensitivity analyses and lack of a dose—
response. Peng et al. (2018) and Willis et al. (2018) did not discuss impacts of large spatial and temporal
resolutions of the exposure surrogate and outcome.

4.3.2 Assessment of the Epidemiological Evidence for Respiratory Effects

Criterion 1. Evidence links a specific outcome with a specific UOGD exposure or
mix of UOGD exposures

The Committee considered whether specific outcomes might be linked to a specific UOGD exposure or
mix of UOGD exposures, even if the outcome might have other possible causes. As discussed above, all
respiratory studies relied on surrogate measures of exposure to UOGD that provided limited information
on the specific UOGD chemical or non-chemical exposure — or exposure mixtures — that may have
given rise to the reported respiratory outcomes.

Study investigators invested substantial effort in teasing out the environmental agents represented by the
UOGD surrogates. For example, the investigators controlled analytically (Peng et al. 2018; Rasmussen et
al. 2016) and in the study design (Willis et al. 2018) for other possible background sources (e.g.,
conventional oil and gas development, coal production, roadway traffic, and other urban sources). They
controlled for trends over time in the ecologic studies (Peng et al. 2018; Willis et al. 2018) but not in
individual-level assessments (Rasmussen et al. 2016). Willis et al. (2018) assessed the correlation
between the exposure surrogate and tons of annual emissions for select pollutants by ZIP code, but the
emissions dataset lacked sufficient temporal resolution. Methods in all studies were not sufficient to
ascribe the reported respiratory associations to a specific UOGD exposure.

Criterion 2: Consistent findings of UOGD exposures associated with adverse health
outcomes are reported across multiple independently conducted, high-quality
studies, and chance, confounding, and other bias can be ruled out with a reasonable
degree of confidence

The three studies (Peng et al. 2018; Rasmussen et al. 2016; Willis et al. 2018) used identical definitions
for asthma exacerbation. However, the study populations had different age ranges. Further, the studies
used inconsistent exposure surrogates and analytical methods, thus limiting the ability to conduct an
interstudy comparison of results. In addition, Peng et al. (2018) was the only study to investigate COPD,
pneumonia, and upper respiratory infections, and therefore no interstudy assessment could be conducted.

Rasmussen et al. (2016) found increased odds of all asthma exacerbation outcomes assessed for the
production surrogate in the highest, compared with the lowest, exposure group (though with some
exceptions where odd ratios were highest in the middle exposure group). The results were robust to
sensitivity analyses testing for potential unobserved confounding and exposure misclassification but were
attenuated under sensitivity analyses testing the effect of unbalanced numbers between cases and controls
and models including a summed z-score UOGD activity surrogate (rather than stratified by phase). Other
study limitations included lack of control for factors that varied daily, no control of secular trends, and
potential unmeasured confounding, given the large distances between unconventional wells and the study
population.

Like Rasmussen et al. (2016), Willis et al. (2018) reported elevated odds of asthma exacerbation in
patients 2-6 and 13-18 years of age, but not 7-12 years of age, across the three ZIP-code level exposure
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surrogates (contemporaneous and cumulative binary exposure, and tertiles of exposure), which remained
unchanged when conventional well drilling was added to the model. The investigators did not explain
discrepancies in results between age groups. Multiple hypothesis testing, use of a pollutant emissions
dataset that may have been prone to reporting bias (as discussed by the investigators) and incomplete
reporting of how temporal trends may have affected results contributed to uncertainty in drawing
conclusions.

Asthma exacerbation results in Peng et al. (2018) were inconsistent with those of the other two studies.
The investigators found that differences in temporal trends between counties explained associations
between the exposure surrogate and asthma hospitalizations, COPD, and upper respiratory infections
among all age groups and pneumonia among the population younger than 65 years of age. Investigators
found increased pneumonia hospitalizations among patients older than 65 with presence of UOGD
(defined by spud date) in the year before the hospitalization date. These results were robust to control for
linear trends, P-value adjustment, and controlling for number and intensity of conventional wells. Peng et
al. (2018) and Willis et al. (2018) found results consistent with the null for all outcomes with
contemporaneous well count, an alternative exposure surrogate.

Criterion 3: Exposure precedes the outcome

The ability to accurately characterize temporal and spatial variability in exposures is particularly
important for respiratory outcomes that occur from short-term exposures. Rasmussen et al. (2016)
determined daily variability in their exposure assessment and assigned various lag periods to ensure that
the exposure preceded the outcome. However, the investigators were limited to spud and production dates
to assign daily exposure and durations of four UOGD activity phases, resulting in an exposure surrogate
that may not have actually distinguished day-to-day exposure variability very well. Exposure surrogates
of the ecologic studies were quantified over the quarter (Willis et al. 2018) and year (Peng et al. 2018)
and therefore did not allow for assessment of the short-term exposure—outcome associations.

Criterion 4: Evidence of a dose—response

Rasmussen et al. (2016) reported significant increasing odds of asthma hospitalizations by exposure
guartile, suggestive of a dose—response relationship. Willis et al. (2018) found increasing odds of asthma
hospitalizations by exposure tertile in children 2-6 years of age but did not find a dose—response with
increasing tons of individual-level pollutant emissions (presented in quintiles). Neither study
guantitatively assessed evidence of a dose—response. The design in Peng et al. (2018) did not allow for a
dose-response assessment. Overall, these studies did not demonstrate a clear dose—response relationship.

Criterion 5: Coherence

As discussed in Section 1.1.2., previous studies have reported increased truck traffic and potentially
elevated diesel emissions associated with UOGD. The associations presented in the three respiratory
studies are coherent with previous literature demonstrating associations between increased traffic
exposure and asthma exacerbation (HEI Panel on the Health Effects of Traffic-Related Air Pollution
2010). There is substantial evidence that exposure to particulate matter, particularly diesel particulates, is
associated with adverse acute and chronic respiratory outcomes (HEI Panel on the Health Effects of
Traffic-Related Air Pollution 2010). Willis et al. (2018) reported some significant increased odds of
asthma hospitalization with increased tons emitted per year of select pollutants emitted from UOGD.
However, without information on concentrations of specific chemical agents and non-chemical agents, a
full assessment of coherence was not possible. Additional research is needed to assess whether the
exposure surrogates represent specific chemical or non-chemical agents originating from UOGD.

Concluding Statement
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Peng et al. (2018) is notable with its exceptional control for county- and ZIP-code-level temporal trends,
but assessments from one study at the ecologic level are not sufficient to reach conclusions about the
impact of UOGD exposure on morbidity related to COPD, pneumonia, and upper respiratory infections.
All three respiratory studies assessed asthma, but all were subject to potential confounding and lacked
temporal resolution sufficient to observe acute respiratory outcomes. The Committee is therefore unable
to conclude whether environmental exposures originating directly from UOGD did or did not contribute
to the assessed respiratory outcomes. More research will be needed to understand the potential respiratory
effects associated with UOGD.

4.4 CARDIOVASCULAR OUTCOMES

One cross-sectional study (McKenzie et al. 2019) and one ecologic study (Peng et al. 2018) assessed
cardiovascular outcomes in Colorado and Pennsylvania, respectively. McKenzie et al. (2019) assessed
blood pressure and an augmentation index as measures of cardiovascular health and inflammatory
biomarkers as measures of inflammation. Peng et al. (2018) assessed clinically diagnosed acute
myocardial infarctions (AMI) and four respiratory outcomes (COPD, asthma, pneumonia, and upper
respiratory infections) as ascertained from hospitalization records. The strengths and limitations of Peng
et al. (2018) were discussed in Section 4.3.

4.4.1 Assessment of Cardiovascular Study Quality

Study Population — Cardiovascular Outcomes

Study population representativeness. McKenzie et al. (2019) included a study population of 97 residents
of Fort Collins, Windsor, or Greeley, Colorado. The investigators did not discuss their recruitment
methods, the underlying population from which they derived the participants, or whether the participants
and non-participants differed by baseline characteristics, making it difficult to assess the generalizability
of results from this study. The investigators excluded potential participants based on co-exposures, anti-
inflammatory medication use, medical history, and residence outside of the study area. Attrition was
highest among the “low” compared with the “medium” and “high” exposure groups, suggesting potential
for selection bias.

Population mobility. McKenzie et al. (2019) did not discuss whether their exposure assessment accounted
for residential moves within the study period. However, they did perform a sensitivity analysis excluding
participants who moved during the 3 months before the outcome assessment.

Comparability of exposure groups or cases and controls. Participants in the high-exposure group differed
from those in the low- and medium-exposure groups in that they did not live in Fort Collins and that the
group included a greater proportion of non-Hispanic whites and a lower proportion of individuals with
high education attainment.

Outcome Assessment — Cardiovascular Outcomes

Quality of outcomes measures. McKenzie et al. (2019) was the only study to measure health biomarkers
and measures of cardiovascular health (blood pressure and augmentation index) for the purposes of their
study. Investigators used standard methods to measure systolic blood pressure, diastolic blood pressure,
augmentation index, and inflammatory biomarkers (Beevers et al. 2001; Nichols and Singh 2002;
Vasunilashorn et al. 2015).

Comparability of outcome ascertainment for exposure groups (cohort studies) and cases and controls
(case—control studies). Systematic differences in outcome assessment would occur if the analysis or
reporting of blood pressure, augmentation index, or biomarkers differed by exposure status. The
investigators reported that, to prevent potential ascertainment bias, the biomarker analyst was blinded to
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the participant’s exposure status, but they did not specify whether the same applied to the measurement
and reporting of the other outcome indicators.

Exposure Assessment — Cardiovascular Outcomes

Quality of exposure assessment. The investigators used a novel exposure surrogate incorporating
information about proximity to wells, number of wells, activity phase, production volume, whether green
completion was used, and the number of tanks on a well pad. The surrogate also included an intensity
factor based on estimated emission rates of selected VOCs collected during different activity phases
(drilling, flowback, and production) between 2013 and 2016 in the Piceance and Denver-Julesburg basins.
The investigators used precise geocoding methods to pinpoint residential locations and obtained well-
specific data from the Colorado Qil and Gas Information System (COGIS). This exposure surrogate was
developed in a separate study (Allshouse et al. 2017). In this latter study, investigators described COGIS
as having missing dates for the drilling of older wells and potentially inaccurate reported production data.

The investigators also evaluated the model against ambient non-methane hydrocarbon (NMHC) in air
samples by examining correlations between the exposure surrogate, calculated within a 16.1-km buffer of
the sampling locations, and the NMHC concentrations. The investigators reported a correlation coefficient
of 0.74 (P < 0.01) between the exposure surrogate and the NMHC concentrations. This is the only study
included in the Committee’s review with an exposure surrogate that had been evaluated against measured
concentrations; the correlation between the exposure surrogate (Allshouse et al. 2017).

Assessment of UOGD exposure. McKenzie et al. (2019) aimed to assess associations between all natural
gas wells in the study area and cardiovascular outcomes. The exposure surrogate thus did not distinguish
conventional from unconventional wells.

Spatial and temporal variability of exposure. The exposure surrogate incorporated proximity to and
number of wells, similar to other studies that used IDW surrogates. In addition, the investigators
attempted to include information about spatial and temporal variability in exposure by incorporating data
on density of active wells on a well pad, whether green completion methods were used, and estimated
phase-specific emission rates of VOCs to represent intensity of exposure. The investigators calculated the
exposure metric at a monthly resolution within a 16.1-km radius around each residence. They chose a
16.1-km radius to capture the study area but did not support their selected distance cutoff in terms of the
potential for exposure to UOGD. They divided the exposure surrogate into tertiles but did not test the
potential for cut-point bias.

Time frame of exposure assignment. The investigators averaged the exposure surrogate over the 9-month
study period, including 2 months prior to the outcome assessment. This time frame could be appropriate
to see short-term effects on blood pressure. However, it is unclear whether the time frame is appropriate
for observing augmentation index or systemic inflammation effects. This was not addressed by the
investigators.

Confounding — Cardiovascular Outcomes

Population baseline characteristics. The investigators collected information on lifestyle factors, medical
histories, and demographic information for all exposure groups. To control for baseline characteristics,
the investigators excluded potential participants with a history of diabetes, COPD, or chronic
inflammatory disease. Models were adjusted for basic demographic and SES characteristics.

Background conditions. To control for potential confounding from other background exposures, the
investigators excluded individuals who smoked tobacco, were exposed to tobacco or marijuana smoke, or
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experienced certain occupational chemical exposures. Models were not adjusted for any community-level
background exposures.

Analytical Methods — Cardiovascular Outcomes

Quality of methods. Investigators included a detailed description of their model fitting and building
procedures. They used a linear mixed model with random intercepts to adjust for correlations between the
multiple outcome measures within individuals.

Reporting of methods. The investigators reported 95% confidence intervals around coefficients and
reported the statistical tests used for performing hypothesis testing.

Sensitivity analyses. The investigators performed several sensitivity analyses to test the robustness of
their findings within certain subpopulations, including residents of only Greely or Windsor and those
reporting no illness within 24 hours, no alcohol use within 10 hours, or no residential mobility within the
3 months before the outcome assessment. Investigators also assessed effect modification by sex, age,
stress level, physical activity, use of prescription medications, exposure to VOCs, and consumption of
food or drink in the hour before the outcome assessment. Results from these sensitivity analyses were
similar to the main findings. In a separate analysis excluding participants with outlier outcome values, the
tumor necrosis factor-alpha results changed direction of effect in the medium exposure group.

Presentation and Interpretation of Results — Cardiovascular Outcomes
Reporting of results. McKenzie et al. (2019) provided complete documentation of their results.

Interpretation of results. Overall, investigators reasonably interpreted their results, discussing several
important study limitations, such as the small sample size, cross-sectional study design, and lack of
chemical and non-chemical measures. The publication lacked discussion of other confounding
background sources and sources of bias and concluded that they “observe evidence supporting an
association” between the exposure surrogate and outcome measures despite the stated study limitations.

4.4.2 Assessment of the Epidemiological Evidence for Cardiovascular Effects

Criterion 1. Evidence links a specific outcome with a specific UOGD exposure or
mix of UOGD exposures

The Committee considered whether the cardiovascular outcomes might be linked to a specific UOGD
exposure or mix of UOGD exposures, even if the outcome might have other possible causes. As discussed
above, Peng et al. (2018) and McKenzie et al. (2019) relied on surrogate measures of exposure to UOGD.
The exposure surrogate used in Peng et al. (2018) provided limited information on the specific UOGD
chemical or non-chemical exposure — or exposure mixtures — that may have given rise to the reported
respiratory outcomes.

McKenzie et al. (2019) included information about VOC emission rates in the exposure surrogate and
evaluated whether the surrogate correlated with measured air concentrations of NMHCs, finding
agreement. However, the investigators did not discuss whether UOGD was the only source of the
measured NMHC concentrations or whether other sources, such as conventional oil and gas development
or traffic, could have contributed. The Committee therefore deemed these methods insufficient either
collectively or in either study to ascribe the reported cardiovascular associations to a specific UOGD
exposure or exposures.

Criterion 2: Consistent findings of UOGD exposures associated with adverse health
outcomes are reported across multiple independently conducted, high-quality
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studies, and chance, confounding, and other bias can be ruled out with a reasonable
degree of confidence

The investigators in the studies (McKenzie et al. 2019; Peng et al. 2018) assessed different cardiovascular
outcomes and used different exposure surrogates. McKenzie et al. (2019) measured biomarkers of
inflammation, blood pressure, and an augmentation index; Peng et al. (2018) assessed hospitalization
records of AMI. These outcomes were expected to require different time-at-risk periods. The
cardiovascular studies therefore assessed outcomes at different points along the exposure—outcome
continuum, making inter-study comparison of results impossible.

In fully adjusted models, controlling for variables representing SES and demographic characteristics,
McKenzie et al. (2019) reported a 6% difference in augmentation index in the highest exposure group
compared with the lowest. Results for all other outcomes assessed, including diastolic and systolic blood
pressure and inflammatory markers, were consistent with the null. Inferences were similar for sensitivity
analyses within different population subgroups. Peng et al. (2018) endeavored to control for secular trends
in models, a major strength of the study. The investigators found increased risk of AMI hospitalizations
with lagged natural gas output (measured in cubic feet), not controlling for trends, but the results were
attenuated and imprecise once county-specific linear trends were added to the models. Other study
limitations included lack of control for background exposures and small analytical sample sizes in
McKenzie et al. (2019) and the ecologic nature of Peng et al. (2018).

Criterion 3: Exposure precedes the outcome

McKenzie et al. (2019) was a cross-sectional study, in which exposure was averaged over 9 months: the 2
months before outcome assessment and during the 2 months of the three repeated outcome measures.
Because the investigators assessed exposures and outcomes simultaneously, it is not known whether the
exposure preceded the outcome. In Peng et al. (2018), investigators assigned the exposure surrogate using
an annual temporal resolution, which may be sufficient for AMIs that result from chronic exposures.
However, AMI may also occur because of acute exposures, which was not captured in Peng et al. (2018).

Criterion 4: Evidence of a dose-response

Results in McKenzie et al. (2019) did not indicate an increased magnitude of association with increasing
levels of exposure. The investigators reported that they could not quantitatively evaluate evidence of a

dose—response relationship because of small sample sizes. The design of Peng et al. (2018) did not allow
for a dose—response assessment. Overall, these studies did not demonstrate a dose—response relationship.

Criterion 5: Coherence

Previous studies have reported emissions of chemical and non-chemical agents from UOGD activities.
Toxicological and epidemiological evidence exists linking some of these agents, such as potential traffic-
related emissions, to adverse cardiovascular outcomes (Peters et al. 2004; Rosenbloom et al. 2012) and
systemic inflammation (Delfino et al. 2008). Limited information is available on associations between
VVOCs and cardiovascular outcomes. However, without information on concentrations of specific
chemical agents and non-chemical agents, a full assessment of coherence was not possible. Additional
research will be needed to assess whether the exposure surrogates represent specific chemical or non-
chemical agents originating from UOGD.

Concluding Statement

The two studies that sought to assess associations between UOGD and cardiovascular outcomes used
different exposure surrogates, evaluated different health outcomes, and were subject to important
limitations. McKenzie et al. (2019) captured considerable spatial variability in their exposure surrogate,
which was a strength of the study. The studies provide a good starting place for additional research to
understand the potential for cardiovascular effects related to UOGD.
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4.5 SELF-REPORTED SYMPTOMS

Six studies involving cross-sectional or retrospective cohort designs assessed self-reported symptoms
falling into two broad categories of physiological and mental health symptoms. They were conducted in
four major oil- and gas-producing states: Ohio, Oklahoma, Pennsylvania, and Texas.

4.5.1 Assessment of Symptom Study Quality

Study Population - Symptoms

Study population representativeness. The symptom studies recruited their study populations using random
sampling methods (Casey et al. 2018b; Elliott et al. 2018; Maguire and Winters 2017; Rabinowitz et al.
2015; Tustin et al. 2017). Casey et al. (2018a) identified their population as any Google search results of
“anxiety” in Oklahoma.

A chief concern about surveys is whether response rates occur differentially by exposure, outcome, or
potential confounding factors, raising concerns about representativeness and selection bias. Two studies
(Casey et al. 2018b; Tustin et al. 2017) used sampling weights in their analytical methods to decrease

the potential for bias and increase representativeness. However, Tustin et al. (2017) received responses
from 33.1% (7,847 individuals) of mailed surveys, with investigators acknowledging evidence of
selection bias because the survey respondents had poorer health than those who did not respond, based on
characteristics available in the Geisinger Health System. In contrast, Rabinowitz et al. (2015) received
responses from 71% (180 households and 492 individuals) of eligible households, with somewhat similar
response rates across exposure groups. Neither Elliott et al. (2018) nor Casey et al. (2018b) assessed
differences between participants and non-participants. Elliott et al. (2018) acknowledged that the average
age of their population (60 years) was not representative of the underlying population and that those with
poorer health may have been more likely to participate.

Maguire and Winters (2017) aimed to present an analysis representative of the full Texas population;
however, because of data confidentiality concerns, their study population excluded counties with small
numbers of people. Consequently, their findings may not ultimately be representative of the full statewide
population. Further, Maguire and Winters (2017) did not specify whether they incorporated the sampling
weights provided by the Behavioral Risk Factor Surveillance System (BRFSS) into their analysis. Casey
et al. (2018b) and Tustin et al. (2017) intentionally oversampled people at high risk for sinus symptoms
and racial/ethnic minorities, respectively, decreasing the representativeness of their study population
compared with the underlying population, in order to focus on these groups.

Tustin et al. (2017) was a cross-sectional study in which investigators collected exposure and outcome
data at one point in time. The investigators clearly delineated between cases (participants having one or
more of the three outcomes of interest) and controls (the participants did not meet diagnostic criteria for
chronic rhinosinusitis and did not report having migraine or fatigue).

Population mobility. Three studies collected data within a 1-year period (Elliott et al. 2018; Rabinowitz et
al. 2015; Tustin et al. 2017), eliminating the likelihood of population residence change. Casey et al.
(2018b) collected exposure and outcome data and Maguire and Winters (2017) collected outcome data
over 6- and 5-year periods, respectively, but neither study assessed potential changes in the study
population over time. Because of study-design limitations, Casey et al. (2018a) were unable to test the
assumption of population stability.

Comparability of exposure groups or cases and controls. Studies that presented population characteristics
by exposure or outcome groups (Casey et al. 2018b; Rabinowitz et al. 2015; Tustin et al. 2017) reported
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important differences between groups, indicating potential for residual confounding if not properly
controlled (discussed below).

Outcome Assessment - Symptoms

Quality of outcome measures. Studies assessed a variety of symptoms ascertained via self-report surveys,
including anxiety (Casey et al. 2018a), depressive symptoms (Casey et al. 2018b), transient and
neurological symptoms (Elliott et al. 2018; Rabinowitz et al. 2015; Tustin et al. 2017), and well-being and
general mental health (Maguire and Winters et al. 2017). Casey et al. (2018b) also assessed sleep
disorders recorded on electronic medical records.

An advantage of using surveys for outcome ascertainment is the ability to capture subclinical outcomes
not otherwise included in large, administrative datasets. However, studies that use self-reported health
outcomes may be subject to several sources of bias related to outcome ascertainment, including recall
bias, awareness of exposure bias, and selection bias (discussed above). Further, surveys may also produce
inconsistent results across survey respondents, and individuals may provide inaccurate responses for a
variety of reasons (e.g., willingness to report). Casey et al. (2018b), Rabinowitz et al. (2015), and Tustin
et al. (2017) attempted to limit the potential for recall bias by omitting any mention of UOGD in the
survey. Other studies did not address recall bias or differential willingness to report outcomes.

Two studies (Casey et al. 2018b; Tustin et al. 2017) used validated surveys, administered by mail, to
assess health outcomes, thus increasing confidence in the outcome assessment. Elliott et al. (2018)
adapted a survey from Rabinowitz et al. (2015) to collect symptom data, administered in person by
trained research personnel. However, the survey was not validated. Maguire and Winters (2017) provided
no discussion of validity or reliability of outcome ascertainment methods. With the exception of sleep
disorders in Casey et al. (2018b), no studies included medically confirmed health outcomes.

The use of Google searches for “anxiety” at the state level as a proxy for individual anxiety is subject to
substantial outcome misclassification. For instance, individuals may search for “anxiety” for a variety of
reasons separate from exhibiting feelings of anxiety, including general interest in the subject matter.
Investigators attempted to decrease potential outcome misclassification by including only searches that
were followed by a visit to a medical website. This method of outcome ascertainment may be unreliable
and subjective, and study investigators provided limited discussion of the validity of the method.

Comparability of outcome ascertainment for exposure groups (cohort studies) and cases and controls
(case—control studies). The outcome data in Casey et al. (2018b), Maguire and Winters (2017), and Tustin
et al. (2017) were gathered earlier for use in larger studies, separate from the UOGD analyses. Health
professionals and respondents would therefore have been blinded to the exposure status of the study
sample. Rabinowitz et al. (2015) collected information on awareness of an environmental hazard nearby.
Participants who know of an environmental hazard nearby may report their symptoms differently than
participants who are unaware of it, thus resulting in potential information bias. The investigators
attempted to minimize the potential for information bias by controlling for this variable analytically. It is
unclear whether participants in Elliott et al. (2018) knew about the study objectives. Casey et al. (2018a)
assumed that individuals performing Google searches for “anxiety” would have felt earthquakes
(presumably related to UOGD).

Rabinowitz et al. (2015) assessed differential outcome ascertainment by comparing characteristics

between respondents and non-respondents, finding that non-respondents tended to live farther from wells
compared with respondents, indicating potential bias away from the null. In the other symptom studies, it
is unclear whether there was differential outcome reporting by exposure status. The health records used in
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Casey et al. (2018b) and the nationwide surveys used in Maguire and Winters (2017) are not likely to
have been subject to information bias in relation to the hypotheses tested.

Exposure assessment - Symptoms

Quality of exposure assessment. The reliability of the exposure assignment is based on the quality of the
data on well location, spud date, and production. The symptoms studies did not discuss the quality of the
underlying exposure data, so the potential for exposure misclassification is unknown. Casey et al.
(2018b), Rabinowitz et al. (2015), and Elliott et al. (2018) assigned x,y coordinates to each residential
address based on the location of the house rather than a street or ZIP code, thus decreasing the likelihood
of calculating erroneous distances between wells and homes, although the potential for misclassification
remains due to other factors (Box 4-1). Maguire and Winters (2017) and Tustin et al. (2017) did not
discuss their geocoding procedures.

Investigators of all symptom studies avoided potential exposure misclassification with study designs by
ascertaining exposure and outcome data separately. Those performing Google searches for “anxiety”
would have known of their exposure status if the reason for their searches related to earthquakes (Casey et
al. 2018a).

Assessment of UOGD exposure. The symptoms studies did not include measurements of chemical or
non-chemical agents. Instead, the investigators assessed exposure by using surrogate measures of varying
degrees of complexity. The principal aim of Elliott et al. (2018) was to measure concentrations of analytes
in tap water from the homes of the 66 study participants. The investigators did not describe sampling
methods in detail and did not include the water concentration data in their model to examine associations
between analyte concentrations and health outcomes.

The investigators of two of the six symptoms studies assessed associations between all natural gas wells
(both conventional and unconventional) in the study area and symptoms, citing increasing use of
advanced technology to extract gas from unconventional resources as motivation for the studies (Maguire
and Winters 2017; Rabinowitz et al. 2015). Rabinowitz et al. (2015) did not differentiate between well
type, whereas Maguire and Winters (2017) stratified their analyses by well type. Casey et al. (2018a) used
number of monthly earthquakes as the exposure surrogate and therefore did not aim to isolate the effects
of UOGD. Therefore, the exposure surrogates used in Rabinowitz et al. (2015) and Casey et al. (2018a)
cannot help answer the Committee’s review question.

The remaining symptoms studies aimed to assess associations between UOGD and symptoms by
restricting exposure data to oil and gas wells defined as “unconventional.” The investigators attempted to
differentiate between conventional and unconventional wells by including both in the analytical models
(Maguire and Winters 2017) or quantifying the exposure surrogate using UOGD wells exclusively (Casey
et al 2018b; Elliott et al. 2018; Tustin et al. 2017). Therefore, the exposure surrogates used in these
studies can help answer the Committee’s review question.

Elliott et al. (2018) examined whether their UOGD surrogate was correlated with concentrations of
analytes collected in tap water samples, reporting no significant associations between analyte
concentrations and any of the surrogate measures (wells within 1 km or 2 km, IDW, or phase-specific
IDW). Some individual analytes (e.g., toluene and bromoform) were inversely associated with distance to
closest UOGD well. No other symptoms studies investigated whether the exposure surrogate correlated
with chemical or non-chemical agents.

Spatial and temporal variability of exposure. Studies used exposure surrogates that were meant to
represent various degrees of exposure. Casey et al. (2018a) collected data over a period reflecting changes
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in earthquake incidence, as demonstrated from data of the number of earthquakes >4 magnitude over the
study period. Maguire and Winters (2017) defined their exposure surrogate using both county-level well
count and density. A limitation of Maguire and Winters (2017) was the potential for exposure
misclassification from assignment of well locations; for example, an individual or population center may
have been in a county with few or no wells, yet it might be near wells in an adjoining county. Both Elliott
et al. (2018) and Maguire and Winters (2017) modeled their exposure surrogates continuously, decreasing
the likelihood of cut-point bias. Three studies (Casey et al. 2018b; Rabinowitz et al. 2015; Tustin et al.
2017) did not test for cut-point bias.

Ideally, the selection of different distance-based cutoffs between a given residence and a well would be
based on knowledge about transformation and transport of chemical or non-chemical agents. The
investigators used several cutoff distances, ranging from <1 km (Rabinowitz et al. 2015) to no limit on
distances (Casey et al. 2018b; Tustin et al. 2017). Two studies (Elliott et al. 2018; Rabinowitz et al. 2015)
supported their selections of distance cutoffs based on drinking water quality data reported in previous
literature (Osborn et al. 2011). In their primary model, Elliott et al. (2018) used an IDW-squared exposure
surrogate, calculated within 5 km of the residence. The investigators also tested alternative exposure
surrogate specifications (IDW, phase-specific IDW, and distances of 1 and 2 km), finding no differences
between the primary models and the alternative specifications.

Lack of consideration of chemical or non-chemical fate and transport is of particular concern for the two
studies relying on Geisinger Health System data that did not incorporate distance cutoffs (Casey et al.
2018b; Tustin et al. 2017). As acknowledged by the investigators, large distances between well location
and addresses, as mapped in these two studies, increase the possibility for unmeasured spatial
confounding. Although the two studies did not present descriptive statistics on distance to wells, a
separate study of the same study population reported that the median distance in the highest exposure
group was 19 km (Rasmussen et al. 2016). In contrast, the average distance between a residence and a
well was 2.1 km (SD = 1.2 km) and 2 km (median = 1.4 km) in Elliott et al. (2018) and Rabinowitz et al.
(2015), respectively.

Four studies (Elliott et al. 2018; Maguire and Winters 2017; Rabinowitz et al. 2015; Tustin et al. 2017)
included only active wells in their analyses based on spud date. Because the studies relied on spud date to
identify active wells, they were unable to identify whether the wells became inactive during the course of
the study period, resulting in potential exposure misclassification for studies with longer periods of
potential exposure. Casey et al. (2018b) did not report whether included wells were active, and Casey et
al. (2018a) did not include wells as part of their exposure surrogate.

To capture both spatial and temporal variability, Casey et al. (2018b) and Tustin et al. (2017) used spud
date, well depth, and production data to assess associations during four UOGD phases: pad preparation,
spud, stimulation, and production. Because phase-specific measures were highly correlated, the two
studies collapsed their surrogate into a summary z-score, making it impossible to examine which phases,
if any, were related to the highest exposures. Elliott et al. (2018) considered drilling and production
phases in a sensitivity analysis, but the results were unchanged from the primary analysis in which the
UOGD surrogate did not account for phases. A limitation of the phase-specific assessments is the use of
assumptions about individual phase duration, applied uniformly across all included wells, which may
result in exposure misclassification.

Time frame of exposure assignment. Tustin et al. (2017), Maguire and Winter (2017), Casey et al.
(2018b), and Rabinowitz et al. (2015) averaged their exposure surrogates over different time periods prior
to assessment of the health outcome. Tustin et al. (2017) averaged exposure over the 90 days (and
conducted sensitivity to 7- and 365-day averages) before survey response; Maguire and Winters (2017)
and Rabinowitz et al. (2015) averaged exposure in the 12 months before survey response; and Casey et al.
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(2108b) averaged exposure in the 14 days prior to return of the survey for depressive symptoms, and 90
days before disordered sleep diagnosis. Casey et al. (2018a) examined associations between earthquakes
in the month of and before a Google search for “anxiety.” It was unclear in these studies whether the
averaging periods were appropriate for the health outcomes studied, though many of the selected transient
health outcomes are thought to have short latency periods (e.g., chronic rhinosinusitis and dizziness).
Elliott et al. (2018) did not describe the time frame for the exposure assignment.

Confounding - Symptoms

Population baseline characteristics. The self-reported symptoms studies ascertained baseline factors using
surveys (Casey et al. 2018b; Elliot et al. 2018; Maguire and Winters 2017; Rabinowitz et al. 2015; Tustin
et al. 2017), electronic health records (Casey et al. 2018b; Tustin et al. 2017), and collected community-
level data using U.S. Census data (Tustin et al. 2017). As with outcome assessment, self-reporting of
some lifestyle factors may be subjective (e.g., perceptions of environment) or subject to reporting bias
(e.g., alcohol use) by exposure or outcome status.

The use of surveys for data collection allows investigators to collect detailed information on individual-
level characteristics not otherwise captured in electronic health records. Despite the availability of surveys
designed to collect detailed information on baseline conditions, the symptoms studies lacked information
on detailed lifestyle factors, medication use, family history of outcomes assessed, and individual-level
comorbidities. All of the studies attempted to control for confounding analytically, with most controlling
for basic measures of SES, education, race/ethnicity (Casey et al. 2018b; Rabinowitz et al. 2015; Tustin et
al. 2017), body mass index, and current smoking or alcohol use (Casey et al. 2018b; Maguire and Winters
2017; Rabinowitz et al. 2015; Tustin et al. 2017). Tustin et al. (2017) also controlled for community-level
SES and community-level comorbidities; Rabinowitz et al. (2015) additionally controlled for occupation.

Proper control of confounding is particularly important in studies that report differences in baseline
characteristics between exposure groups (Casey et al. 2018b; Rabinowitz et al. 2015; Tustin et al. 2017).
The studies reviewed here analytically controlled for most of these factors. However, Casey et al. (2018b)
and Tustin et al. (2017) did not control for residence in a city, Tustin et al. (2017) did not control for
community-level socioeconomic deprivation, and Rabinowitz et al. (2015) did not control for perceptions
of nearby odors or water appearance, all of which differed between exposure groups, indicating potential
residual confounding.

Potential for residual confounding by baseline factors was also likely in Elliott et al. (2018), in which the
investigators’ use of statistical methods for model building yielded one or two remaining variables in each
model, depending on the outcome assessed (e.g., models of gastrointestinal symptoms controlled for
smoking status only). Models of respiratory and neurological symptoms did not include any control of
potential confounders, leading to considerable uncertainty in interpreting associations. Although this
method of model building is common, it is dependent on data availability, and the potential for residual
confounding remains.

Background conditions. Casey et al. (2018b) controlled for water supply source, and Rabinowitz et al.
(2015) controlled for presence of an animal in the household. Other studies did not control for other
potential sources of exposure that may vary with the exposure and income, such as occupational
exposures or traffic sources.

Trends in population characteristics, outcome, and exposure conditions. Casey et al. (2018a) assessed
potential confounding due to changing trends over time by including two variables in analytical models:
(1) Google search episodes for “earthquakes” in Oklahoma and (2) Google search episodes for “anxiety”
across the United States. Maguire and Winters (2017) collected data from cross-sections of the population
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over 5 years and included month and year in analytical models. Tustin et al. (2017) did not assess or
control for secular trends over the study period. Casey et al. (2018b) collected information on depression
symptoms at one point in time over a 6-year period and restricted their analysis to 1 year in a sensitivity
analysis, finding similar results. These studies did not assess whether characteristics of the study
population changed over time.

Studies that collected data from administered surveys at one point in time (Casey et al. 2018b; Elliott et
al. 2018; Rabinowitz et al. 2015) were not subject to potential confounding from changing trends.

Analytical Methods - Symptoms

Quality of methods. All symptoms studies used multivariable logistic regression models for binary
outcomes (Casey et al. 2018b; Elliot et al. 2018; Maguire and Winters 2017; Rabinowitz et al. 2015;
Tustin et al. 2017) or for time-series data (Casey et al. 2018a). Some studies adapted those models to
account for temporal and spatial correlation (Casey et al. 2018b; Maguire and Winters 2017; Rabinowitz
et al. 2015). The utility of analytical models was strengthened in Casey et al. (2018b) and Tustin et al.
(2017) with the inclusion of sampling weights to account for their sampling design and potential selection
bias.

All studies except for Rabinowitz et al. (2015) provided detailed model-building procedures. No studies
adjusted for multiple hypothesis testing.

Reporting of methods. All symptoms studies reported the tests used for hypothesis testing, standard
errors, and basic summary statistics of the population.

Sensitivity analyses. Tustin et al. (2017) and Casey et al. (2018a) performed sensitivity analyses to assess
residual confounding by using negative outcome controls; Casey et al. (2018a) also tested negative
exposure controls (earthquakes < 2.5 magnitude). Results were robust to these alternative tests. These
studies included re-running of models using different exposure definitions and distances (Elliot et al.
2018), different averaging times (Tustin et al. 2017), and an analytical method that accounted for ordered
outcome data (Maguire and Winters 2017), all finding results similar to those of the primary analyses.

Maguire and Winters (2017) examined associations among subsets of the population: the full sample,
those living in Dallas—Fort Worth (DFW) metropolitan area, the full sample excluding DFW, all cities
excluding DFW, and small cities. The investigators found a notable decrease in life satisfaction and
increase in bad mental health days in the full sample and the DFW population, suggesting either different
UOGD exposures in DFW compared with those in other locations or potential residual confounding by
other DFW-related factors.

Two studies also assessed whether the magnitude of associations differed by a third variable (i.e., effect
modification). Casey et al. (2018b) did not report notable differences in associations among levels of
depression symptom severity. Elliott et al. (2018) did not find differences in associations when stratified
by water source (ground or surface).

Reporting and Interpretation of Results - Symptoms

Reporting of results. Investigators presented all numerical findings of their main analyses. However, it
was unclear whether all health symptom results were reported in Elliott et al. (2018).

Interpretation of results. The study investigators offered insight into the limitations of their studies,
acknowledging the drawbacks of the exposure surrogates, potential for residual confounding, potential for
selection bias, and potential for reporting bias among leaseholders (Casey et al. 2018b; Elliott et al. 2018;
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Maguire and Winters 2017; Rabinowitz et al. 2015; Tustin et al. 2017). The investigators provided
appropriate interpretations of their main study results, given their stated limitations. Casey et al. (2018b)
and Rabinowitz et al. (2015) discussed external factors that may explain their study results. In addition,
the studies did not include discussions about the inability to account for factors that affect fate and
transport of chemical or non-chemical agents, resulting in exposure misclassification. Casey et al. (2018a)
did not discuss the validity of using Google searches to ascertain the health outcome. These discussions
ultimately highlight the difficulty of conducting cross-sectional analyses using surveys and limited data
sources.

4.5.2 Assessment of the Epidemiological Evidence for Symptoms

Criterion 1. Evidence links a specific outcome with a specific UOGD exposure or
mix of UOGD exposures

The Committee considered whether specific self-reported symptom outcomes might be linked to a
specific UOGD exposure or mix of UOGD exposures, even if the outcome might have other possible
causes. As discussed above, all symptoms studies relied on surrogate measures of exposure to UOGD that
provided limited information on the specific UOGD chemical or non-chemical exposure — or exposure
mixtures — that may have given rise to the outcomes assessed.

Some studies used methods to increase confidence in the study results with respect to the exposure
surrogate representing UOGD (e.g., controlling for secular trends and testing sensitivity of the exposure
surrogate to alternative specifications). Elliott et al. (2018) investigated whether the UOGD exposure
surrogates were correlated with UOGD-related chemicals detected in drinking water samples in the
homes of the study participants, finding lower concentrations of analytes with decreasing distance to
wells, contrary to the investigators’ hypothesis. Rabinowitz et al. (2015) included all natural gas wells in
their analysis, limiting the ability to use the information from this study to examine UOGD-outcome
associations.

Criterion 2: Consistent findings of UOGD exposures associated with adverse health
outcomes are reported across multiple independently conducted, high-quality
studies, and chance, confounding, and other bias can be ruled out with a reasonable
degree of confidence

The studies reviewed here included investigations of a variety of self-reported symptoms, with two of the
six studies investigating outcomes with identical definitions, ascertained using the same survey (Elliott et
al. 2018; Rabinowitz et al. 2015). Among these studies, none assessed identical exposure—outcome pairs,
preventing an inter-study comparison of results.

In all of these symptoms studies, the investigators found weak evidence of an association between adverse
symptoms and the exposure surrogates. Casey et al. (2018b) found weak evidence of an association
between the highest UOGD exposure surrogate group and mild depression symptoms but not with
moderate or severe symptoms. They found associations consistent with the null with disordered sleep
diagnosis. Elliott et al. (2018) reported null associations between the IDW-squared exposure surrogate
and respiratory, neurological, dermal, and gastrointestinal symptoms and slightly increased odds of
general symptoms (stress, fatigue, and “other””) with increased levels of the exposure surrogate. All
associations became null under sensitivity analyses. Using the same health outcome definitions,
Rabinowitz et al. (2015) reported significantly elevated odds of dermal and upper respiratory symptoms
for residents living less than 1 km from the nearest oil or gas well compared with residents living more
than 2 km away.

Page 59 of 84



Epidemiology Literature Review- HEI-Energy Research Committee

Tustin et al. (2017) found increased odds of co-occurring symptoms (chronic rhinosinusitis and fatigue,
migraine and fatigue, and all three symptoms) in the fourth quartile, compared with the first quartile of
the phase-specific IDW-squared UOGD metric. They did not find elevated odds of independently
assessed symptoms or evidence of a dose—response association. These main findings were consistent
under different exposure averaging periods and in the negative-outcome control analysis to assess residual
confounding. Other investigators also used sensitivity analyses to assess the potential of residual
confounding in their analysis.

Maguire and Winters (2017) reported significant associations between county-level horizontal well count
and decreased life satisfaction and increased number of bad mental health days among the full population
and among the DFW subgroup but not among males when stratified by sex. Casey et al. (2018a) reported
small-magnitude associations between earthquakes in the present or previous month and changes in the

proportion of Google searches for “anxiety”; these were robust under negative-outcome control analysis.

Although all studies reported some significant associations, the studies were subject to various levels of
selection bias, in which differences between respondents and non-respondents may explain the study
findings and, in some cases, reporting bias (Elliott et al. 2018). Evidence of selection bias was
demonstrated in the two studies that examined differences between respondents and non-respondents
(Rabinowitz et al. 2015; Tustin et al. 2017). Other study limitations included lack of control for important
demographic, SES, and lifestyle factors that may have influenced the subjective health outcomes, limited
to no control of other co-exposures, multiple hypothesis testing, use of unvalidated survey instruments,
and lack of medical confirmation of some outcomes.

Criterion 3: Exposure precedes the outcome

A main limitation of cross-sectional studies is the simultaneous ascertainment of exposure and outcome
data. Five of the six studies averaged the exposure surrogates over various time periods prior to
assessment of the outcome (Casey et al. 2018b; Maguire and Winters 2017; Rabinowitz et al. 2015;
Tustin et al. 2017). However, these studies were unable to verify that the exposure preceded symptom
onset or whether respondents accurately reported the periods of symptom onset. Elliott et al. (2018) did
not consider a temporal component in their analysis, and so an assessment of the relative timing of
exposure and outcome cannot be made.

Criterion 4: Evidence of a dose-response

The symptoms studies aimed to assess whether proximity to wells (or earthquake incidence) was
associated with increasing levels or probabilities of adverse outcomes. The investigators reported
significant, elevated risk or odds of symptoms only in the most highly exposed groups. Studies that used
categorical measures of exposure surrogates did not find clear evidence of dose—response relationships.

Criterion 5: Coherence

The investigators assessed several different health symptoms in the studies. Mental health symptoms
included measures of Google searches for “anxiety,” depression symptoms, stress, bad mental health
days, and life satisfaction. A growing body of descriptive literature documents perceptions of UOGD
related to health risks (Sangaramoorthy et al. 2016) and well-being (Archbold et al. 2018; Mayer et al.
2018) among residents living in proximity to UOGD. Epidemiology studies have reported associations
between air pollution and depression symptoms (Cho et al. 2014; Fonken et al. 2011), and other studies
have reviewed potential negative impacts of noise and light from oil and gas operations on sleep (Blair et
al. 2018; Hays et al. 2016; McGuire and Sarah 2018). Associations have also been reported between
natural disaster incidence and increased anxiety. Therefore, some of the outcomes assessed in these
studies are plausibly related to UOGD. Tustin et al. (2017) stated that there is limited previous knowledge
of relationships between exposure to environmental agents and chronic rhinosinusitis. Overall, as these
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studies did not use data on specific environmental agents in their analyses, the ability to assess coherence
is limited. Additional research will be needed to assess whether the exposure surrogates used in these
studies represent specific chemical or non-chemical agents originating from UOGD.

Concluding Statement

Given the lack of multiple studies for the majority of self-reported symptoms in these studies, the lack of
reported dose—response relationships, and several other important sources of uncertainty, the Committee
is unable to conclude whether environmental exposures originating directly from UOGD did or did not
contribute to the assessed symptoms. Collection of self-reported symptoms is an important tool in
epidemiology; investigator descriptions of the limitations of these six self-reported studies provide a
foundation for designing more robust future studies.

4.6 OTHER OUTCOMES BASED ON HOSPITALIZATION RECORDS

One ecologic study, Jemielita et al. (2015), conducted in Pennsylvania, assessed associations between
ZIP-code level well count or density and hospitalizations. Investigators collected data on thousands of
inpatient diagnoses, grouped into non-specific health outcome categories. The Committee therefore chose
to evaluate this study in a separate section, despite some overlapping health outcomes with other sections
(e.g., respiratory and cardiovascular).

4.6.1 Assessment of Study Quality of Other Outcomes

Study Population — Other Outcomes

Study population representativeness. Jemielita et al. (2015) drew their population sample from all
inpatient diagnoses during their study period in Bradford, Susquehanna, and Wayne counties of
Pennsylvania, each county representing different levels of UOGD activity. The company maintaining the
health records did not include inpatient dentistry records, human immunodeficiency virus (HIV) records,
or neurosurgery diagnoses, potentially limiting generalizability of the study population.

Population mobility. The study included a period (2007-2011) of rapid UOGD growth, during which the
study population may have changed. Because of the ecologic nature of the data (ZIP-code level inpatient
prevalence rates), investigators were unable to monitor residential mobility into or out of the study area.
The investigators also did not explore changing study population characteristics at the ZIP-code level over
the study period.

Comparability of exposure groups or cases and controls. The investigators included basic demographic
and socioeconomic characteristics among hospital patients residing in the three counties and noted
similarities with respect to age, educational attainment, median household income, and sex. Wayne
County (lowest UOGD well count) had a higher proportion of black residents compared with Bradford
and Susquehanna counties. Differences were not evaluated statistically.

Outcome Assessment — Other Outcomes

Quality of outcome measures. Jemielita el a. (2015) used International Classification of Diseases (ICD)-9
diagnosis codes and Medicare Severity Diagnosis Related Group (MS-DRG) codes on inpatient records to
assess health outcomes. The investigators grouped specific codes into 25 health outcome categories.
However, they did not describe their approach to developing the health categories or how they addressed
ICD-9 and MS-DRG codes that overlapped.

Comparability of outcome ascertainment for exposure groups (cohort studies) and cases and controls
(case—control studies). Systematic differences in outcome ascertainment are not expected because
diagnosis code assignment likely occurred separately from the exposure assignment in this study.
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Exposure Assessment — Other Outcomes

Quality of exposure assessment. Jemielita et al. (2015) collected well location and activity information
from data maintained by the Pennsylvania Department of Environmental Protection and used it to
estimate ZIP-code level well count and density. Exposure misclassification may also occur if individuals
live adjacent to ZIP codes with different exposure values. Investigators were unable to account for
residential mobility into or out of ZIP codes, resulting in potential bias if residential mobility depended on
outcome status. The investigators provided clear descriptions of their exposure assessment methods, with
information sufficient for replication.

Assessment of UOGD exposure. To assess the impact of UOGD on inpatient prevalence rates, Jemielita
et al. (2015) included wells categorized exclusively as “unconventional” in the exposure assessment,
meaning that the study can help answer the Committee’s review question.

Spatial and temporal variability of exposure. Jemielita et al. (2015) used an exposure assessment approach
that allowed evaluation of spatial variability among ZIP codes with varying well counts. However, the
investigators masked within-ZIP-code spatial variability by assuming that all individuals within a given
ZIP code experienced the same exposure. Taking into consideration the limitations faced by ecologic-
level data, the exposure assessment also masked temporal variability by averaging exposures over the
study period, assuming that wells remained active throughout the study period, and by not incorporating
information about well activity phase, which the investigators acknowledged as limitations.

Time frame of exposure assignment. The appropriate period over which to average exposures depends on
whether the outcome is acute or chronic and has a latency period. The hospitalization outcomes assessed
in this study likely required varying time frames for exposures to be able to detect an association.
However, the investigators did not consider timing of exposure in relation to the outcomes assessed.

Confounding — Other Outcomes

Population baseline characteristics. A variety of individual- and community-level characteristics affect the
health outcomes assessed in Jemielita et al. (2015) and may also be related to the UOGD exposure
surrogate. The investigators collected basic demographic and SES characteristics at the county level.
However, they did not include any potential confounders in their analytical models. To control for ZIP-
code level attributes that did not change over time, the investigators included fixed effects for ZIP codes
in the regression model. The resolution of the data prevented collection of individual-level factors.

Background conditions. The investigators did not control for any county-level background conditions.
Including ZIP-code fixed effects in analytical models may have controlled for some county-level
background conditions that differed systematically among ZIP codes but limited the amount of variability
that the model could capture. Additionally, the ecologic assessment approach prevented control for
individual-level co-exposures.

Trends in population characteristics, outcome, and exposure conditions. Controlling for changing
demographics, data collection practices, and industrial practices is important for studies assessing
changing outcome rates over time. Jemielita et al. (2015) included year in the model to control for trends
over time. However, this method may not have comprehensively controlled for changing population
characteristics, diagnostic procedures, or exposure conditions over the study period.

Analytical Methods — Other Outcomes

Quality of methods. The investigators used a conditional fixed-effects Poisson regression, which was
appropriate for count data and the inclusion of fixed-effects. The study included 52 separate models,
raising concern about multiple comparisons. The investigators aimed to address this concern by applying
a Bonferroni correction to their level of significance testing (P < 0.00096).
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Reporting of methods. Jemielita et al. (2015) provided a clear explanation of their analytical methods.

Sensitivity analyses. In a sensitivity analysis, the investigators tested removal of ZIP codes with outlier
values and found their results to be similar to those of the main models.

Reporting and Interpretation of Results — Other Outcomes

Reporting of results. Investigators reported results for the 25 major outcome categories for both the well
count and density analyses. They did not report results from analyses including well count as a quadratic
term, which they stated had a better model fit compared with linear models for ophthalmology and
neurology categories. The investigators also did not specify which outcome categories they omitted from
analysis but that were included in the original phase of data collection, raising concerns about selective
reporting of results. Notably, the investigators presented P values to denote a significant association but
did not present measures of uncertainty surrounding effect estimates, such as confidence intervals, which
limits interpretation of the reported associations.

Interpretation of results. The investigators discussed implications of several important limitations on their
study results, including population mobility, exposure misclassification, and inability to account for
secular trends. However, the investigators did not discuss potential impacts of residual confounding on
study results nor whether their untargeted analysis of multiple outcomes addressed their study objectives.

4.6.2 Assessment of the Epidemiological Evidence for Other Outcomes

Criterion 1. Evidence links a specific outcome with a specific UOGD exposure or
mix of UOGD exposures

The Committee considered whether specific outcomes might be linked to a specific UOGD exposure or
mix of UOGD exposures, even if the outcome might have other possible causes. As discussed above,
Jemielita et al. (2015) relied on UOGD well count and density but did not evaluate their exposure
surrogate against measurements of chemical or non-chemical agents.

Criterion 2: Consistent findings of UOGD exposures associated with adverse health
outcomes are reported across multiple independently conducted, high-quality
studies, and chance, confounding, and other bias can be ruled out with a reasonable
degree of confidence

The investigators did not find evidence of an association between the UOGD exposure surrogate and the
outcomes assessed. After a P value correction, they reported a significant association with “cardiology”
hospitalization outcomes. However, the effect estimate was small in magnitude (risk ratio: 1.0007).
Jemielita et al. (2015) assessed cardiovascular and respiratory outcomes also evaluated by Peng et al.
(2018) and Willis et al. (2018). These studies defined the outcomes identically but used different exposure
surrogates at the ecologic level, limiting the ability to conduct an interstudy comparison of results. In
addition, Jemielita et al. (2015) was the only study to investigate many of the included health outcomes
(e.g., endocrine, gynecology, and nephrology outcomes), preventing an assessment of findings across
multiple studies. Other study limitations included limited control for potential confounding and limited
temporal and spatial variability captured in the exposure assessment.

Criterion 3: Exposure precedes the outcome

The exposure surrogate in Jemielita et al. (2015) was assigned over the full exposure period, and the
temporality of exposure assignment was not considered. The Committee therefore cannot confirm that the
exposure preceded the outcomes.
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Criterion 4: Evidence of a dose—response

The investigators modeled well density as exposure tertiles, finding increasing risk of cardiology- and
neurology-related outcome categories with increasing levels of well density. The investigators did not use
a statistical test to assess evidence of a dose—response.

Criterion 5: Coherence

Many of the outcome categories assessed in the study have been associated with chemical and non-
chemical agents released from other sources of exposure. The strength of the evidence varied between
outcome categories, and the relevance of those associations for exposures released from UOGD is known.
However, concerns remain about conducting multiple, untargeted tests of association. The Committee
was therefore unable to determine whether all of the outcomes included in the study were plausible with
respect to UOGD exposures.

Concluding Statement
Jemielita et al. (2015) made use of available data to explore associations between UOGD and rates of
several different inpatient hospitalization outcomes. The use of a non-targeted study design at the
ecologic level makes this study useful for generating hypotheses in this early phase of research.
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5.0 CONCLUSIONS

The current body of epidemiological evidence represents an early phase in research geared toward
understanding the potential health effects of UOGD. In many of these studies, investigators reasonably
pursued research based on what was known about potential exposures to UOGD, and they applied good
study design practices and appropriate and innovative methods to overcome data limitations that are
common in observational studies of humans. Nevertheless, data and study limitations prevented the
Committee from determining whether exposures originating directly from UOGD contributed to the
assessed health outcomes, either within individual studies or across the body of literature. The limitations
include the lack of quantified exposures, the potential for residual confounding, inconsistencies in design
and results across studies, and the limited number of studies for any one outcome. The Committee noted,
however, that given the range of activities and chemicals to which populations surrounding UOGD
activities may be exposed, it is critical that additional high-quality research be undertaken to better
understand the potential for human exposure and health effects from UOGD.
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6.0 RECOMMENDATIONS TO ADDRESS
KNOWLEDGE GAPS

This section summarizes the Committee’s recommendations for research to address important knowledge
gaps identified in the current review of the epidemiology literature.

6.1 RESEARCH RECOMMENDATIONS

The Committee recommends that the limitations identified in the 25 epidemiology studies be carefully
considered when designing future studies of potential exposures and health effects associated with
UOGD. The Committee’s research recommendations supplement those outlined by the Health Effect
Institute’s Special Scientific Committee on UOGD in the Appalachian Basin in its Research Agenda (HEI
Special Scientific Committee on Unconventional Oil and Gas Development in the Appalachian Basin
2015) and those garnered from participants of HEI’s public scoping meeting for this review.

Improve exposure assessment methods. Enhanced characterization of actual UOGD exposures is required
to understand whether adverse health effects are associated with UOGD and to characterize specific
exposure—outcome associations. Future studies should incorporate exposure assessment approaches that
include air and water measurements, biomonitoring, and methods to link measured concentrations to
UOGD sources. They should also characterize temporal variability in exposure, measure personal
exposure and time—activity information, and consider the fate and transport of chemical and non-chemical
agents associated with UOGD. In addition, future studies should aim to better characterize the differences
in exposure between “typical” emission profiles and accident-related conditions (e.g., spills).

Chemical and non-chemical agents associated with UOGD have other natural (e.g., naturally occurring
metals) and anthropogenic sources (e.g., conventional oil and gas development, traffic, and other
industries). Thus, future study designs should include the ability to characterize exposures before, during,
and after UOGD operations. Although some efforts are underway to obtain this kind of information
(detailed in the companion report, HEI-Energy Research Committee 2019), these data also need to be
collected as part of epidemiological studies.

Replicate independent and high-quality epidemiology studies. Typically, multiple, independently
conducted, high-quality epidemiology studies are needed to make judgments about causal associations.
Ideally, they should be designed with adequate power to address a priori hypotheses about associations
between specific UOGD exposures and health outcomes. As noted by the U.S. Environmental Protection
Agency (2016), “[a]n inference of causality is strengthened when a pattern of elevated risks is observed
across several independent studies. The reproducibility of findings constitutes one of the strongest
arguments for causality.” The Committee therefore recommends that investigators design studies with
replicability in mind.

Design studies to carefully control for confounding. The Committee recommends that future studies
collect sufficiently granular data such that they can effectively control for alternative explanations for
associations. ldeally, future studies should include prospective analyses involving collection of a
comprehensive set of individual- and community-level measures of SES, individual risk factors for the
outcomes of interest (e.g., smoking and diet), baseline health status, background exposures, and factors
that affect the fate and transport of agents originating from UOGD. Prospective studies can be useful for
distinguishing between increased rates of adverse health outcomes from UOGD and those from other
factors, such as variability in SES or non-UOGD exposures. It is also possible that additional
retrospective analyses will be useful if better sources of paired exposure and outcome data are available
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and if studies carefully assess and control for population mobility and trends over time, using methods
similar to those employed in Currie et al. (2017) and Hill (2018).

Define study populations carefully. Studies should include well-defined and targeted study populations,
as opposed to relying on convenience samples. The populations should represent a range of exposures and
be large enough to have sufficient statistical power to detect any true effects. Studies should — to the
extent possible — include a stable population (i.e., the composition of the study population does not
change during the period of study).

Assess generalizability. The regulatory environment and UOGD operating conditions are continually
changing, and the extent to which these changes influence exposures is not well understood. However,
they may affect the generalizability of older study results (e.g., reduced truck trips and implementation of
measures to reduce air emissions may mean that older data are not reflective of current air quality
conditions). To the extent possible, future studies need to include approaches that enhance the
generalizability of their results to other populations, operating conditions, and locations.

Design studies with guidance from a multidisciplinary team. UOGD practices are continually evolving in
response to technological innovations, community concerns, fluctuating markets, and regulatory
requirements. In addition, there is variability in the oil and natural gas resources themselves and
environmental conditions among oil- and gas-producing regions that must be recognized during research
planning to ensure that the research is broadly relevant to decision-making. For this reason, study design
teams should be multidisciplinary. In addition to experts in epidemiology, teams should include experts
bringing knowledge of UOGD processes, evolving regulatory frameworks, exposure assessment methods,
and biostatistics, among other disciplines.

6.2 NEXT STEPS

This systematic review of the epidemiology literature constitutes an initial step in a multi-step process
aimed at identifying important knowledge gaps in human exposures and effects associated with UOGD
and recommending research to fill those gaps. As a separate effort, the Committee reviewed exposure
literature related to UOGD (HEI-Energy Research Committee, in press). The HEI-Energy Research
Committee will use results from this review and the companion review of literature on potential
exposures (HEI-Energy Research Committee, in press) to inform HEI-Energy’s planning for research to
better understand potential exposures for people living in areas where they might be exposed to chemical
or non-chemical agents originating from UOGD. The Committee will also periodically update this review
of the epidemiology literature to include new research and insights from the broader literature.
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