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Abstract

Background—The objective of this evaluation is to understand the human health impacts of
mountaintop removal (MTR) mining, the major method of coal mining in and around Central
Appalachia. MTR mining impacts the air, water, and soil and raises concerns about potential
adverse health effects in neighboring communities;exposures associated with MTR mining include
particulate matter (PM), polycyclic aromatic hydrocarbons (PAHSs), metals, hydrogen sulfide, and
other recognized harmful substances.

Methods—A systematic review was conducted of published studies of MTR mining and
community health, occupational studies of MTR mining, and any available animal and in vitro
experimental studies investigating the effects of exposures to MTR-mining-related chemical
mixtures. Six databases (Embase, PsycINFO, PubMed, Scopus, Toxline, and Web of Science)
were searched with customized terms, and no restrictions on publication year or language, through
October 27, 2016. The eligibility criteria included all human population studies and animal models
of human health, direct and indirect measures of MTR-mining exposure, any health-related effect
or change in physiological response, and any study design type. Risk of bias was assessed for
observational and experimental studies using an approach developed by the National Toxicology
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Program (NTP) Office of Health Assessment and Translation (OHAT). To provide context for
these health effects, a summary of the exposure literature is included that focuses on describing
findings for outdoor air, indoor air, and drinking water.

Results—From a literature search capturing 3088 studies, 33 human studies (29 community, four
occupational), four experimental studies (two in rat, one /7 vitro and in mice, one in C. elegans),
and 58 MTR mining exposure studies were identified. A number of health findings were reported
in observational human studies, including cardiopulmonary effects, mortality, and birth defects.
However, concerns for risk of bias were identified, especially with respect to exposure
characterization, accounting for confounding variables (such as socioeconomic status), and
methods used to assess health outcomes. Typically, exposure was assessed by proximity of
residence or hospital to coal mining or production level at the county level. In addition, assessing
the consistency of findings was challenging because separate publications likely included
overlapping case and comparison groups. For example, 11 studies of mortality were conducted
with most reporting higher rates associated with coal mining, but many of these relied on the same
national datasets and were unable to consider individual-level contributors to mortality such as
poor socioeconomic status or smoking. Two studies of adult rats reported impaired microvascular
and cardiac mitochondrial function after intratracheal exposure to PM from MTR-mining sites.
Exposures associated with MTR mining included reports of PM levels that sometimes exceeded
Environmental Protection Agency (EPA) standards; higher levels of dust, trace metals, hydrogen
sulfide gas; and a report of increased public drinking water violations.

Discussion—This systematic review could not reach conclusions on community health effects
of MTR mining because of the strong potential for bias in the current body of human literature.
Improved characterization of exposures by future community health studies and further study of
the effects of MTR mining chemical mixtures in experimental models will be critical to
determining health risks of MTR mining to communities. Without such work, uncertainty will
remain regarding the impact of these practices on the health of the people who breathe the air and
drink the water affected by MTR mining.

Keywords

mountaintop removal mining; coal mining; Appalachia; surface mining; community health;
systematic review; exposure; risk of bias; risk

Introduction

Since its introduction in the 1960s, mountaintop removal (MTR) mining has become a major
method of coal mining in and around Central Appalachia (including parts of Kentucky,
Ohio, Pennsylvania, Tennessee, Virginia, and West Virginia) because it is typically faster,
cheaper, and less labor intensive than underground mining (Holzman 2011). This mining
method involves clearing the area of trees and topsoil and using explosives to blast apart the
mountain rock to access coal seams (Palmer et al. 2010). The excess rock (i.e., mine spoil) is
often pushed into adjacent valleys (i.e., valley fill). The air, water, and soil in the
surrounding area are impacted by these mining practices and contamination due to MTR
mining has the potential to adversely impact human health in the surrounding community
(Acton et al. 2011; Palmer et al. 2010; Simmons et al. 2008). Exposures associated with

Environ Int. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boyles et al.

Methods

Page 3

MTR mining include PM, PAHSs, metals, and other potentially harmful substances (Palmer et
al. 2010).

The overall objective of this evaluation is to understand the human health impacts of MTR
mining by conducting a systematic review of published studies of MTR mining and
community health, occupational studies of MTR mining, and any available animal and in
vitro experimental studies investigating the effects of exposures to MTR-mining-related
chemical mixtures. The Population, Exposure, Comparator, and Outcome (PECO) Statement
includes all human population studies and animal models of human health, direct and
indirect measures of MTR-mining exposure, studies which provided vehicle-only controls in
experimental studies, any health-related effect or change in physiological response, and any
study design type. To provide context for these health effects by characterizing components
of these MTR-mining-related mixtures, a summary of the exposure literature is included as
well. This analysis will identify important areas of future research needs and provide
recommendations to strengthen the design and conduct of future studies assessing the health
effects of MTR mining.

The detailed protocol for conducting this systematic review was drafted in consultation with
experts in the field, registered in PROSPERO (an international prospective register of
systematic reviews, registration number PROSPERO 2016:CRD42016037192 , http://
www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42016037192), and posted
publicly on the NTP website (http://ntp.niehs.nih.gov/go/780611) on April 3, 2016 (Boyles
et al. 2016). A revised protocol with updated exclusion criteria was posted on July 27, 2016
prior to initiating data extraction. The protocol includes: review aims, problem formulation,
literature search strategy, detailed inclusion/exclusion criteria, data extraction process,
individual study quality assessment method (i.e., risk of bias), and strategy for evidence
synthesis and reaching hazard conclusions.

The literature search strategy included 6 databases (Embase, PsycINFO, PubMed, Scopus,
Toxline, and Web of Science) with customized terms and no restrictions on publication year
or language (see Appendix 1 of protocol). This review includes all references identified
through October 27, 2016. Hand searching for additional relevant references was conducted
of the reference lists of relevant reviews and commentaries identified during the initial
search and the reference lists of studies included after the full text review. A Request for
Information on “Mountaintop removal mining (health impacts on surrounding
communities)” including published, ongoing, or planned studies related to evaluating
adverse health outcomes was published in the Federal Register on October 7, 2015 (https://
ntp.niehs.nih.gov/ntp/pressctr/frn/2015/80frn194ntp20151007_htm.pdf) to try to identify
additional references.

Title/abstract and full text screening was conducted by independent screeners (RBB, SBG,
and SM) with two screeners per article. Conflicts were resolved by the lead scientist (ALB).
Detailed inclusion/exclusion criteria are provided in Table 1.
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These criteria reflect the protocol revision to excluded studies that were not directly relevant
to the research question: studies with unspecified type of mining conducted prior to
widespread use of MTR mining or in geographic areas without MTR mining; exposure to
coal samples, dust or leachates /n vitro, descriptive case series of miners without a
comparator group; and conference abstracts. Lists of all included and excluded studies
(including stage of review when excluded and reason for exclusion) were posted to the NTP
project website on September 7, 2016 (updated November 16, 2016).

Data extraction was conducted with structured forms and stored in a database format using
Health Assessment Workspace Collaborative (HAWC, https://hawcproject.org), an open
source, web-based interface (extracted by SBG and SM, reviewed for quality by RBB). The
protocol lists all of the data extraction elements (Appendix 2 Human, Appendix 3 Animal,
Appendix 4 /n vitro), and all study data are publicly available in the Mountaintop Removal
Mining (2016) assessment (https://hawcproject.org/assessment/288/). Individual study
quality was assessed at the study level with the risk of bias tool developed by OHAT using a
parallel approach to evaluate risk of bias in human and non-human animal studies (also
available in HAWC, tool available at: https://ntp.niehs.nih.gov/pubhealth/hat/noms/
index-2.html). Commentaries or letters on specific studies were also reviewed to see if they
contain content that should be noted during data extraction or risk of bias assessment of the
original report. All studies were assessed by two independent reviewers (RBB and SBG)
prior to determining a consensus risk of bias rating. The evaluation criteria were developed a
priori and detailed in the protocol utilizing 7 questions applicable to observational human
studies and 9 questions for experimental animal studies. Each question was rated as one of 4
categories for each study: definitely high risk of bias, probably high risk of bias/not reported,
probably low risk of bias, and definitely low risk of bias. If risk of bias criteria were not
reported, authors were contacted to provide the missing information and all authors
responded. There is no overall quality judgment or summation across elements of risk of
bias, consistent with Cochrane review practice (Higgins et al. 2011).

Studies that measure and characterize the heterogeneous mixture of chemicals and
particulate matter in air, water, or soil that are attributable to MTR mining are critical to the
assessment of potential human health effects, yet do not strictly meet the PECO criteria. A
comprehensive assessment of potential health effects of individual components of the
exposure mixture (e.g., chemical composition of particulate matter and cardiopulmonary
effects) associated with MTR mining is beyond the scope of this review.

Results and Discussion

The literature search retrieved 4,356 references, 3,088 after the removal of duplicates across
databases (updated through October 27, 2016). No additional studies were identified through
hand searching the reference lists of relevant reviews, commentaries, or included studies or
in response to the Request for Information. Figure 1 details how title/abstract and full text
screening identified: 33 human studies, (29 community, four occupational surface mining),
four experimental studies (two in rats, one in human bronchial cell line and mice, and one in
C. elegans), and 58 studies of MTR-mining exposures (nine with the potential for direct
human exposure by air or drinking water, and 49 of other environmental exposures).

Environ Int. Author manuscript; available in PMC 2018 October 01.


https://hawcproject.org
https://hawcproject.org/assessment/288/
https://ntp.niehs.nih.gov/pubhealth/hat/noms/index-2.html
https://ntp.niehs.nih.gov/pubhealth/hat/noms/index-2.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boyles et al. Page 5

Observational studies

The 29 community-based studies included endpoints across a wide range of health outcome
categories (see Table 2). Findings of individual studies summarized in Supplemental Tables
include cardiopulmonary effects (n=7, Supplemental Table 1A), cancer (n=5, Supplemental
Table 1B), reproductive effects (n=3, Supplemental Table 1C), mortality (n=11,
Supplemental Table 1D), general health status (n=5, Supplemental Table 1E), and other
effects (n=7, Supplemental Table 1F).

While most studies reported some significant associations of health endpoints with mining
activity, the results were inconsistent and few studies reported the same endpoint and
exposure. Only one study measured indoor and outdoor particle counts and found elevated
levels of high-sensitivity C-reactive protein (HSCRP) and cardiopulmonary conditions in
residents near active surface coal mining operations (Hendryx and Entwhistle 2015). All
other studies determined exposure to mining by proximity of residence or hospital to coal
mining or production level. These studies likely included case and comparison groups that
overlap across studies. Eleven studies of mortality were conducted with most reporting
higher rates associated with coal mining, but many of these relied on the same national
datasets and were unable to consider individual-level contributors to mortality such as poor
socioeconomic status or smoking. Birth defects represent an outcome with a significantly
shorter relevant exposure window than mortality, and results from two studies of birth
defects (MM Ahern et al. 2011; Lamm et al. 2015) are shown in Figure 2. While Ahern et al.
found significant associations with MTR mining for most types of birth defects (2011),
Lamm et al. identified a potential reporting difference by hospital that may explain the
underlying differences in rates of birth defects by region (2015).

Additional graphs of results across studies are available for other outcome areas where
comparable statistics were available (see Visualizations in HAWC (https://hawcproject.org/
summary/assessment/288/visuals/). All extracted study information and risk of bias
assessments can be viewed in HAWC or downloaded (https://hawcproject.org/
assessment/288/downloads/).

Occupational exposure was the sole focus of four studies, while two other studies considered
health effects self-reported by former coal workers (Supplemental Table 2). Studies of
surface coal workers reported increased silicosis, pneumoconiosis, disability from
occupational injuries and comorbidities, and decreased pulmonary function, but no increases
in self-reported cancer or poor health (CDC 2000, 2012; Hendryx et al. 2012b; Prince and
Frank 1996; Woolley et al. 2015b; Young and Rachal 1996).

Within the last 20 years, MTR mining has spread to impact a larger portion of Appalachia
and all the community health studies identified were published in the last 10 years (2007—
2016). Many of these studies have been conducted in overlapping regions, time frames, and
with similar comparison groups (usually non-mining regions of Appalachia) —essentially
including many of the same communities and cases. In one instance, Borak et al. (2012) re-
analyzed mortality data used in 3 other papers (Hendryx et al. 2008; Hendryx 2009;
Hendryx and Ahern 2009), however the original authors disputed how well the re-analysis
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matched their original geographic area and timeframe (Hendryx and Ahern 2012). Lamm et
al. (2015) proposed an additional factor, hospital of birth, that could have biased outcome
reporting in a previous study of birth defects and included a re-analysis of that study (MM
Ahern et al. 2011). They concluded that there was no increased risk if this factor was
considered. For these non-independent and inconsistent results, risk of bias analysis
assessment offers a systematic consideration of the study design and conduct limitations of
the studies.

Risk of bias assessment of observational studies

For the observational studies (community and occupational), seven risk of bias questions
were applicable. Three of these questions were considered most critical to environmental
health assessments. These were: 1) Did the study design or analysis account for important
confounding and modifying variables?, 2) Can we be confident in the exposure
characterization?, and 3) Can we be confident in the outcome assessment? In each outcome
area, the pie charts in Table 2 show the ratings for these three questions. None of the studies
were rated as low risk of bias for exposure characterization, reflecting the use of indirect
measures of exposure that were inconsistently matched to the timeframe for the outcome
assessment (see Supplemental Figure 1 for percent ratings across all questions). While there
is evidence of exposures in air and water associated with MTR mining in separate
publications (see Exposures from MTR-mining section), the data could not be
incorporated into analyses of health effects, thus the available human health studies were
limited by the exposure assessment methods. Lack of accounting for confounding and
potential modifying variables were rated as high risk of bias for 59% of studies, particularly
when these variables could not be considered because individual participants were not
enrolled in the studies, such as for mortality data. A lack of blinding for self-reported
outcomes, including types of symptoms and general health status, was of concern as
residents likely know if they live near active mining operations and have prior opinions on
its effect on their health. Risk of bias ratings for individual studies and additional visual
displays are available in HAWC.

The results across MTR-mining studies indicate a potential influence of funding source on
the authors’ interpretation or results and conclusions. Funding source is a potential bias that
should be considered (Bero 2013), although it was not part of the risk of bias assessment for
this systematic review. Sixteen studies did not report a funding source, five reported funding
independent of the mining industry, and seven studies reported funding from the energy
sector with a statement that the funders had no role in the study design, conduct, or
publication. The only papers to report no adverse effects of coal mining had energy sector
funding. Publication bias could explain this observation —negative results are often
unpublished —and several of the negative studies were designed to be similar to previously
published significant findings (Borak et al. 2012; Lamm et al. 2015).

This review’s risk of bias assessment found that all the human studies had critical flaws.
Future studies are unlikely to resolve these conflicting results unless they improve exposure
characterization, account for confounding variables, and use blinded, validated outcome
assessment methods.
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Experimental studies

The literature search and screen identified four experimental studies of MTR-mining
mixtures: three rodent studies of exposure to PM collected from active MTR-mining sites
and one worm study of water and sediment collected from MTR-mining-impacted streams
(see Supplemental Table 3). Two studies of adult rats reported impaired microvascular
function and impacts on cardiac mitochondrial function after intratracheal exposure to the
same mixture of PM collected in the vicinity of MTR-mining sites (Knuckles et al. 2013;
Nichols et al. 2015). Cytotoxicity and impaired cell proliferation and migration were
reported in a human bronchial cell line exposed to MTR-mining PM, and transplantation of
these cells into mice promoted tumor growth of co-transplanted human lung carcinoma
H460 cells (Luanpitpong et al. 2014). Several strains of C. elegans had impaired growth
after exposure to water and sediment collected from MTR-mining impacted streams (Turner
et al. 2013).

Risk of bias assessment of these experimental studies found the rodent studies to have
generally strong design and conduct (see Supplemental Figure 2). Failure to blind study
personnel to treatment group at allocation and during the study resulted in definitely high
risk of bias ratings for some questions, while the outcome assessment methods used were
considered acceptable and most studies blinded or used non-subjective outcome assessment
methods (see detailed justifications in HAWC). Blinding during the conduct of an
experimental animal study is uncommon in the field, but has the potential to bias the results
(Macleod et al. 2015).

Experimental evidence of biological effects of MTR-mining PM and water quality support
the plausibility of the observed effects in people living near these sites, but definitive
conclusions could not be reached due to the small number of studies and diverse endpoints
evaluated.

Exposures from MTR-mining

During our literature search, we identified several studies that measured mining associated
contaminants in air and water near MTR mining activities that could directly impact people
in the community or indirectly impact them by effects on the ecology of the area. Nine
studies, dated 1991-2015, examined air and/or drinking water contamination near surface-
mining activities in Virginia, West Virginia, and Kentucky. Details of these studies are
presented in Table 3. Three of these studies compared mining sites with reference/control
sites to determine if there was significantly more contamination due to MTR-mining
activities (Hendryx et al. 2012a; Kurth et al. 2015; Kurth et al. 2014). One study monitored
water quality before and during a blasting event to determine if mining introduced
contaminants (OSMRE 2002). These four studies found significant effects of mining
activities. Five other studies measured contamination at MTR-mining sites of air and/or
water, but not in relation to control sites (Aneja et al. 2012; Aneja et al. 2016; Ettinger and
McClure 1983; Piacitelli et al. 1990; Simonton 2014).
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Impact on air quality

Air quality impacts of mountain top mining are not monitored at the federal and state level
due to the presence of very few air quality monitors in the rural areas (Hendryx 2013; Kurth
et al. 2014; Pope and Wu 2014). As a result, it is difficult to study acute health effects of
rural populations due to acute exposure to air pollution from MTR mining activities in these
areas. The studies of ambient air quality or those measuring particulate matter in and around
MTR mining sites that we identified are discussed below.

Particulate matter (PM) was measured in residential areas near surface mining sites in West
Virginia and compared to nearby sites with no mining-related activity as well as “internal
controls” with non-MTR mining (Kurth et al. 2015; Kurth et al. 2014). Coal mining
activities at these sites included related activities, such as rail and truck transportation,
underground mines, and coal processing facilities. To estimate potential human exposure to
PM, respiratory deposition was calculated as well (Kurth et al. 2014). The authors found that
particle number concentrations and model-predicted deposited lung dose were significantly
greater around mining areas compared with the non-mining area and variations in PM size
related to the time of year (e.g., PM;g peaked during June and July, but PM, 5 mass
concentration peaked only during July) (Kurth et al. 2014). The presence of trace metals was
also determined. During a period of active mining (June 2011), there was pronounced
enrichment in crustal-derived elements at the MTR-mining sites (some at more than ten
times the concentration of the external control sites) that was not present during a period of
MTR mining inactivity (August 2011) (Kurth et al. 2015). Alkylated compounds of low
molecular weight, including low-molecular-weight PAHSs, consistent with coal dust were
also found at MTR-mining sites (Kurth et al. 2015).

In another study (Aneja et al. 2012), PM1 air testing of residential sites near areas of mining
activity in Virginia found ten of twelve samples from one location and half the samples from
another location exceeded the PM1 EPA standard of 150 pg/m3, but this study did not
compare MTR-mining sites with control sites or baseline data (Aneja et al. 2012). Compared
to the U.S. national ambient air quality standard, Aneja et al. (2016) reported higher 24-hour
average PM1g concentrations near coal mines and close to a mining haul road. Another study
found that miners could potentially be exposed to dust/quartz levels above acceptable
permissible exposure limits (PELS): drilling job area dust concentrations were above the 2
mg/m3 limit and over ¥ of samples from highwall drill operators exceeded the 0.1 mg/m3
quartz exposure limit (Piacitelli et al. 1990). Fugitive dust emissions at a contour surface
coal mine in southern West Virginia were higher for several varied mining activities
compared with a similar study in the western United States (Ettinger and McClure 1983).

Impact on drinking water

Sulfide and sulfate in tap water and hydrogen sulfide gas (H,S) in indoor air were measured
inside residences in three communities near mining activity in West Virginia (Simonton
2014). An odor consistent with H,S was observed when running the tap or shower in several
homes and H,S measurements in these homes exceeded health safety standards. The author
concluded that sulfide-contaminated drinking water from aquifers in MTR-mining
communities is released into indoor air as HoS during domestic water use (Simonton 2014).

Environ Int. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boyles et al.

Page 9

Other aspects of water quality have been considered in these communities. Hendryx et al.
(2012a) found significantly more drinking water violations at water treatment facilities near
MTR-mining activities (73.0 violations/system) than near non-surface coal mining activities
(16.7 violations/system) and control areas (10.2 violations/system). The contamination
violation types included: organic compounds, coliform, disinfection by-products, inorganic
elements/compounds, radium, lead, and copper (Hendryx et al. 2012a). A quarterly
monitoring program for domestic wells located near active mining operations found
differences in iron and total suspended solids concentrations during a three-week period
during blasting events (OSMRE 2002). Some studies evaluated ground water quality around
surface mining operations and found the water chemistry to be unfit for human consumption,
but wells or municipal water supplies were not tested (Bonta et al. 1992; Corbett 1977;
Hamon et al. 1979; O'Bara and Don Estes 1985).

Numerous other studies were identified that are not directly relevant to understanding human
health impacts of MTR mining, but provide broader insights into the impact of MTR mining
on the environment (see Supplemental Reference Lists). These include impacts of mining on
the land, water, and stream fauna. These effects may indirectly impact human health through
exposure to chemicals in streams and ground water or through consumption of stream biota
and contaminated fish.

These studies focused on the watersheds, streams, and landscapes near mining operations in
the Appalachian region. Studies were categorized into impacts of coal mining on:

. Land use and geomorphic changes;
. Wetlands and hydrologic changes;
. Water chemistry and quality; and

. Abundance and diversity of benthic macroinvertebrates, and microbial, avian,
fish, and insect species in streams associated with such mining activities.

The methodologies used in these studies included field sampling and analytical chemistry, as
well as modeling, regression, and prediction methods (e.g., generalized additive models,
principal component analysis, satellite data, landscape-based cumulative effects models).
References identified are listed by two categories in the Supplemental Reference Lists:
impact on water chemistry/quality and impact on the aquatic ecosystem.

Impact on water chemistry/quality

Most studies found significant impact on the water quality and chemistry of streams that
were disturbed by MTR-mining operations, including changes in pH, specific conductance,
concentration of metals, trace elements, turbidity, isotopes, dissolved inorganic carbon,
organic carbon, dissolved solids, suspended solids, sediments, hardness, PAHSs, etc. If the
chemical constituents are above the recommended or regulatory exposure levels,
consumption of such poor-quality water could be potentially harmful for humans. However,
none of these studies extrapolated results to specifically predict or estimate the impacts on
human health resulting from this water consumption.
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Impact on the aquatic ecosystem

Abundance and diversity of aquatic species and stream biota were examined in many
studies, including macroinvertebrates, avian, microbial, fish, insect, and amphibian
communities and populations. These studies found significant impacts due to MTR
operations in the mining areas compared to undisturbed areas. Many of these studies
concluded that the impacts of MTR mining on the aquatic ecosystem could directly impact
recreational fishing and indirectly negatively influence a general sense of well-being in local
residents (McGarvey and Johnston 2013; Zullig and Hendryx 2010).

Studies of MTR mining impacts on the air, water, and surrounding ecosystem point to what
impacts might be expected based on established health effects of components of these
exposures. PM, 5, PM1g and other air pollutants contribute to adverse cardiopulmonary
health and premature death (EPA 2009). Hydrogen sulfide is a respiratory irritant at low
levels and may cause long-term central nervous system effects in some people, including
headaches and poor neurological function (ATSDR 2014). Future research in human
populations should include appropriate measures of exposures to these chemical mixtures
and focus on cardiopulmonary or neurological endpoints, particularly indicators of acute
exposure that may contribute to chronic disease.

Limitations of this systematic review

The focus of this systematic review was on MTR mining including studies of surface or
unspecified Appalachian coal mining conducted in the last 25 years (when MTR mining
became predominant). This review did not include related types of coal mining outside of
this region that may be relevant to community health exposures as covered in recent
systematic reviews by Jenkins et al. (2013) of coal mining and cancer and Mactaggart et al.
(2016) of mining in rural communities in high-income countries. Although perhaps limiting,
we felt justified focusing on the potential health effects from MTR mining in the
Appalachian Mountains. MTR mining has been in practice since the 1960s, and ramped up
in the 1990s with amendments to the Clear Air Act, which promoted a reduction of sulfur
emissions from coal plants. Subsequently, low-sulfur, high-efficiency, coal became high in
demand, and mining of low-sulfur coal deposits increased. These deposits are located in the
Appalachian Mountains of West Virginia, Ohio, Kentucky, southern Virginia, and eastern
Tennessee. Improvements to MTR mining techniques have made this method of surface
mining preferable to strip mining, which only extracts surface coal. However, MTR mining
is far more destructive than strip mining, using dynamite to blast mountaintops in order to
access coal seams deep inside mountains, contaminating water and creating “coal dust that
settles like pollen” over residential areas (Baller and Pantilat 2007; Fox 1999). Thus, the
specific surface mining technique of MTR mining, coupled with the Appalachian region’s
unique geography and geology, warranted a specific review of the health effects of MTR
mining in these areas.

Only four occupational studies were identified by our search that met the inclusion criteria,
yet unpublished data likely exists on MTR-mining workers’ exposures and health, perhaps in
work records. The risk of bias assessment considered high-level differences in exposure
characterization (e.g., direct vs. indirect) and did not delve into relative strengths and
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weaknesses of indirect measures - for example, using a geographic information systems
method to estimate community proximity to several coal mining activities versus a county-
level tonnage measure (Hendryx et al. 2010). The protocol was not tailored to distinguish
between these indirect assessments of personal exposure, which is a limitation of the risk of
bias assessment. While the studies of MTR mining-related exposures were included here to
provide context to the health outcome studies, these studies were not critically evaluated for
potential sources of bias in their design and conduct.

The studies of exposures associated with MTR mining indicate that these activities cause the
release of various chemicals and particulate matter into the surrounding air/water. These
chemicals could in turn contribute to the poor health outcomes reported in the exposed areas.
However, a direct link between the exposures and health effects cannot be confirmed, given
the following limitations. The human health effects studies could not be combined
quantitatively in a meta-analysis, as outcomes were either disparate (e.g., cardiopulmonary
studies included a variety of self-reported and hospitalization outcomes) or studies had
significant overlap in subjects such that estimates could not be considered independent (e.g.
mortality in Appalachia). The available health effects studies had exposure assessment
methods that were high risk of bias not tied to individual study participants. Ideally, point
measures of air pollution and water contaminants would occur at the appropriate window of
exposure (prior to the development of the outcome or incorporating information on
longitudinal trends) and consider distribution patterns of air and water through this
mountainous region. Water source (e.g. private well or municipal supply) was also not
available in the human studies. Without individual subject level data, critical confounding
variables (e.g., smoking, socioeconomic status) could not be incorporated into the analysis to
minimize bias. Future studies should be designed to minimize the potential for bias by
enrolling individual subjects and improving exposure assessment methods. While these
types of studies are inherently more challenging to conduct, several well-conducted smaller
studies could be combined through meta-analysis if they use comparable methods.

Conclusion

The aim of this review was to evaluate the existing literature assessing the exposure to and
health effects of chemicals released by MTR mining, identify data gaps, and provide
recommendations to strengthen the design and conduct of future studies. The observational
literature identified by this systematic review was found to include inconsistent associations
of MTR mining with a variety of human health effects (e.g., cardiopulmonary effects,
mortality, and general health status). It was also found that these studies were not designed
to tie individual-level exposure data to individual-level health effects, raising the potential
for bias in the reported results. Experimental studies and measured exposures in the
environment support the plausibility of effects on residents near open coal mining
operations, but observational studies require stronger, more direct methods of exposure
assessment. We identify a critical need for studies that employ direct methods for assessing
individual exposure levels tied to health effects, including early indicators of impacts such as
cardiopulmonary function tests. Particulate matter in the air and contaminants in the water
supply can adversely affect the people who breathe and drink them, but without this
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additional research, the contribution of MTR mining on the health of residents in nearby
communities cannot be fully assessed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Individual mining contaminants associated with previously identified health

Highlights
Identified inconsistent results across a broad range of diverse health effects

Critical limitations in the study design of observational studies in
communities

Experimental animal models support the plausibility of adverse health
outcomes
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Table 1
Detailed PECO study eligibility criteria.

Inclusion Criteria Exclusion Criteria

Participants/Population (human studies or experimental model systems)

. Humans . Free living non-human organisms including wildlife,
. . . . aquatic species, or plants
. Non-human animals, including laboratory animal
studies
. In silico studies or /n vitro models utilizing organs,
tissues, cell lines, or cellular components
Exposure
. Exposure to MTR mining activities including . Exposure to single chemical components of MTR mining
residential proximity or occupational exposure, . . . . i
environmental measures (e.g., air, water levels) . Studies with unspecified type of mining conducted prior
to widespread use of MTR mining or in geographic areas
. Exposure to mixtures collected from MTR mining without MTR
areas in an experimental setting L
. Exposure to coal samples, dust or leachates /n vitro
Comparators
. Vehicle-only treatment controls in experimental . Case series of miners, descriptive without comparator
studies
Outcomes
. Human health-relevant outcomes, including . Environmental impacts
measures of general well-being
Publications (e.g., language restrictions, use of conference abstracts)
. Study must contain original data and must be peer- . Articles with no original data, e.g., editorials, reviews
reviewed
. Non-peer reviewed articles: Conference presentations or
. Studies published in a language other than English other studies published in abstract form only, grant
will be translated for review awards, and theses/dissertations
. Retracted articles

Environ Int. Author manuscript; available in PMC 2018 October 01.



Page 21

Boyles et al.

Environ Int. Author manuscript; available in PMC 2018 October 01.

+
202N
amsodxg
o (eT0Z XA1pusH
{02102 '[e 38 XAIpuaH 800z UIdayy (wuasqe (zT0C
pue xAIpusH /002 ‘[e 18 XAlpusH Sa1pnIs 1sow 10 juasaid) Buluiw Y1 N —GB6T) AM UL Z AM Ul Z 'vd Bun) ‘paodal-y|as
Suipunojuo) ‘TTOZ “[e 18 UBNsLyD) SsaIpnis G Ul J30UED U)IM Pa1eId0SSe 10N ‘Aunod Aq uonanpoid 20 | pue ‘A ‘A U1 Apnis [euoiBal T ‘uoneziendsoy :130ued
+ -
awoNNO
amsodxy
(sT02 auIW 32eyINs
‘e 18 nogjeL ‘GT0Z on pue XAIpusH 3AI110€ JO S3|IW € UIYUM
+ . 'GTOZ 9)3sIymiug pue XAIpusH ‘€102 8ouapIsal ¢ eale elyoeeddy (¥T0Z-0002) swoldwAs
xAIpusH ‘600 B1jInZ pue xAipusH SaIpn}s 1sow -uou Jo elyoejeddy (qussqe AU AN UL T AMULE pue ‘suonezifeldsoy
‘8002 UJayy pue xAIpusH ‘2002 '[e u1 sawodno Areuow|ndolp.ed J0 juasaid) Buluiw Y1 ‘NI PUB ‘Wd ‘AN ‘AM Ul S81pNIS ‘sasoubelp
Surpunojuo) 18 XAIpuaH ‘$T0Z “[e 19 quLg) salpnis 8 9SIAAPE YJIM Pa)RII0SSY ‘Aunoa Ag uononpoud [eo) leuoiBal z ‘Apns euoneu T :Areuowndoipied
*mc_umm_ selg Jo Xsiy suonedljgqnd sbuipui4 sainsodx3 suolrejndod SeW021N0
Salpnis yljeay \Q_c:EEoo 6¢ JO M3INIBAQ
¢ 9lqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 22

Boyles et al.

+
2Wo2N0)

amsodxg

+
Furpunojuo))

‘[e 18 A3]|00/ ‘0T0Z XAJpusH pue

THH '9T0Z PUB|IOH pue XAIpusH ‘€T0C
XAIpUsH 0T0Z ‘18 18 XAIpusH ‘6002
ulayy pue xAIpusH ‘600Z XAIpusH
‘8002 "[e 38 XAIpusH ‘TT0Z XAIpusH
pue yos3 ‘FTOZ ‘I8 18 Yolueyong

'2TOZ ‘[e 19 elog) saipnis TT

‘[esausb

ur Auanod pue eiyoejeddy yum
pajeloosse os[e sem AJjelo
‘(adA1 Aq BuiAien) saipnis 1sow
ur Alferiow Ym panerdossy

eale elyoejeddy

-uou Jo elyoejeddy
(yuasqe 1o Juasaid)

Buruiw ¥ 1IN ‘8ouelSIp
S19 Aq ‘adA3 Aq ‘ended Jad
‘Aunod Aq uononpold o)

(#T0Z—0G6T) ‘AM

UL T AM ULZ SON pUe ‘AN ‘NL
‘WA AM ‘elyoefeddy ul saipnis
|euoibai G ‘salpnis [euolieu g

pue asnea-|je :A1jenoN

sasned o1j109ds

2Wo2N0)

aImsodxg

+

Surpunojuo)

(STOZ ‘[e 18 WweT {TTOZ ' 18 Wsyy
ININ “TTOZ "[e 38 UIayY IN) Sa1pnis €

yuiq Jo [exdsoy

1oy Bunsnipe Jaye s10849p
UHIg YIMm pareIoosse Jou Ing
'S108)3p YMIq swos pue ybram
UUIG MO Y} PaTRId0ssY

(quasqe
10 juasaid) Buluiw Y1 N
:Aunoo Aq uononpoud [eo)

(6002-966T) *AM Ul Z ‘AN pue
‘NL ‘WA AM ul Apns [euoibau T

ybram
UHIg MO| pue s109)8p
yuiq :aAnonpoaday

uney serg Jo sty

suomneal|gnd

sBuipui

sainsodx3

suolirejndod

SaWwI021NO

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Environ Int. Author manuscript; available in PMC 2018 October 01.



Page 23

"selq Jo st ybiy Ajnunap (pas ‘--) Jo ‘seiq Jo s yby

Algeqoud (mojak ‘-) ‘seiq 4o 3sid moj Ajqeqoud (usalb 1ybi| ‘+) ‘seiq o si mo| Ajgnuigap (Usalb yaep ‘++) Se pares a1am Jeyl salpnls 40 Juadlad ay) 101dap SLeYD Bld ¢JUBLUSSASSE BLIO0IN0 8Y) Ul JUBPIIUOI aq
am ue) (g pue ‘¢uoneziialoeleyd ainsodxa ayp Ul JUapU09 ag am ued (z ‘¢sajqerren BulAipow pue Buipunojuod jueniodwi 1oy JUnodde sisAjeue o ubisap Apnis ay pia (T :suonsanb Aay € 10} seiq Jo Xsiy

¥

Boyles et al.

B -
2Wo2N0)
amsodxqg
90UBPISAL
+ Jeau sanifioey Buluiw
J0 Jaquunu ‘ease eiyoeeddy (z102
(TTOZ ‘0T0Z XAIpUBH pUe BIjInZ -uou Jo elyoejeddy :(Juasqe —0002) ‘AM Ul T AM UL T ‘WA SSaU||1 SNOLIBS
a ‘0GT0Z ‘1B 18 A3]100M ‘€T0Z XAIpusH SaIPNIS 1SOW Ul SNJels 1o juasaid) Buluiw 1IN | pue ‘AN ‘ON ‘NL AM Ul Saipnls pue sa|eds payiodal-§|as
SUuIpunojuo’) ‘8002 UJayy pue XAIpuaH) salpnis G p[eay Ja100d LM PalRIdoSSY ‘Aunoa Ag uononpoud [eod leuoiBai Z ‘Apnis [euolteu T 'SNJeIS Y1esH |elauss)
*mc_umw_ selg Jo sty suonealjqnd sbuipuiy saunsodx3 suolye|ndod $3WO02INO

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Environ Int. Author manuscript; available in PMC 2018 October 01.



Page 24

Boyles et al.

©) TT0Z aunr ul sajdwes |\ d Ul Juasaid syuswiaja
PaAIISP-1eISNID JO JUSWYDIIUS Padunouod

]0J3UOJ [BUIBIXS UE 0} pazijewlou sayis Buiuiw (saus g) Butuiw punoibiapun SIEloW 89elL ¢
a9ens ul (Ananoe Buiuiw yo potsad e) TTOZ sung Apueutwopaid : 108 LNOD .. TVNYILNI,, Nd .
Ul N d pajdwes 01 pasedwiod 04U09 [eulslul Ue 0} (saus 9) spoylawW Jaylo pue INOIOI WoLY
pazijewJou sayis Butuiw adepns ul (Alanoeul Buiuiw uonNQIIU0I 10j SMOJe Ing ‘Butuiw Y1 N ™1V ZI0Z 98G-TT0Z ung
40 pouad) TTOZ 3sNBNY ul INd pajdwies pasessosd papino.d 10N Aq pauiw |eod yo Aofew :34NSOIX3 elulBaIA 159 (5T02) YNy
Ane Burinp ayis Buluiw
LA 83U} 18 UOIIRIIUSdU0I SSew SN paseaJoul, (Wbt ' (311S T) paumo ayers S¢INd .
AIn¢ pue aung Buunp ‘62N <W/BT 89 :0TING cW/Brl 10 [e13P3} I PUB] 8L JO 9609~ BI3YM ease .
pue pousad Buijdwes |[esano ayy 104 sas Buluiw 91 .n_mm._. 'S3LIS JOKMZOU ur ‘Ananoe Buiuiw ou :TOYLNOD (seus OTAd
HLIA 8y} Te UoIRIIUSUO0D ssewl Ot d pasealou] . ' w/Brl 2°G :G'ZINd 2) uauiwold a1am (sanu|1oey Buissadoud dsL .
: * _E 2 ey |e0d pue ‘sauiw punolblapun ‘uolrenodsuely
[023U0d LM paseduwiod gw/Brl 9°0T :0TINd g/l L°22 3o} pUE [1e1) SaNIAIYE BuuIW -[e03 JaL10 IV
seare Buiuiw ur asop Bun| paysodap payejnafed -dS1; :S3LIS FJYNSOdX3 pue Buluiw ¥ 1 [N dAI30€ 818YM Sulelunow z10Z AeW-I10Z une
PUE SUONEIUSIUO Jaquinu djoned paseasou), Sjana] WnIXepy Aq papunouins sAajfen :34NSOIX3 IUIBIIA 1S9 (¥702) Yunyy

Buruiw ¥ LA Yy3m sanunod

3y} Ul SUOITBIOIA 83U JO 9S8 0} SUN0IJE spunodwiod
oluebuo Joy buiidwes patinbal 19npuod 01 ainjie4
SauNod

]03U0d pue Buruiw [e0d J8Y10 YIIM asoy) 0] pasedwiod
(SUOITE|OIA ||BJBAOC JO 9%5E/) San|I9e) Butuiw ¥ 1 N

(sanmioey /€T)

Buluiw [e0d ou yuM $81UN0I :TOYINOD
(sanupioey ¥8T) Buluiw Y 1IN Uey Jayio
Buruiw [e0d yum saUN0d 1z IINSOIXT

SUOITR|OIA JaJem BuryuLp
aNand -d3.1vM ONIMNIEA

(san1oey T9T) 6002-T002
LM S3[UN0J UL SUOLEJOIA J0 SI8qLUNU pasestoul, pepioid 10N | Buluiw Y LN Yum s8nunod :T IYNSOdX3 euibin1ssw | (e2T02) XAIpusH
w 29s/6 z'0
€ 34NSOdX3 [04Ju0d ON
1y 02/6% 8°96¥ [e0d pue
234NS0OdX3 | uspingiano Jo Buljney 3oni1 :¢ IHNSOdX3 1snp aAmbn4 .
SeJeIS paliun ulsisam ayy ul Ananoe 1y 02/ 9'18€ puey yo Buipeifal iz 34NSOdX3 ’
Jejiwis yym pasedwiod spiay [eod uelyoejeddy T 34NSOdX3 Buipeoy |eod pue [erowsl UV 66T 089S (€86T) a1n|DN
ur Buiuiw ageyans Aq paanpoud 1snp aARIbny a1o0N sojel UoIssiwg uapangJano ‘Buljjup :T 39NSOdX3 RIUIBIIA 1S9 pue Jsbum3
G'CINd padipald .
w/brt 629 F 8T OMAId
|opowl ayerieA-1INW ay} 03 Buipiodde ‘sAep e/ 3LIS SITTIM 0TNd .
3OS UO p.epUEss £ ¢\ oy WNN uoneziuebio cW/B1 0°GET ¥ 2052 :O'INd 1043U02 ON v
Yl/eaH P10/ 843 Papsadxa = ¢|Nd paldlpald 311S 1139dNVD peoJ [ney e 01 8S0]d ‘SI||IAN 18 ‘pue zroz
(gw/Brl 0GT) paepuels Y43 papaesoxe sejduwres TNd sabelane inoy-gz SauIW [e0d Jeau ‘[jpgqdwe) e :3YNSOdX3 elubnp (9702) elouy
WiNIUaIas pue ‘|ayd1u ‘Aundlaw ‘asauebuew S[elew 8okl .
‘pes| 11egod ‘WNIWOIYD ‘Wniwped ‘wnijjAIaq ‘olussse
‘Auowinue papnjoul sajdwes ay} ul punoy sielsiN [04uo ON OTNd *
alS J3LJ0 aU) oy sajdwes (saus z) panodas sem san|ioey Bujuiw v
8L} JIeY pue 8IS 8UO LWOJ) sa|duLies 8L} Jo Jsow ul cW/Br 1°69% (VN | 90rpINS 20D WO D1yRII HONL) ANESY B1yMm 800z bny
(gw/Br 0GT) paepuels 43 papssoxa sajdures OTNd [a4a] wnuwixepy BaJe [RIIUBPISAI Jeau peol :3YNSOdXT TV (2102) elouy
synsay S|aAsT URUILIRIUOD uolyeziiaoeley) als s|rea@ Bundwes uoneld

Author Manuscript

Author Manuscript

ainsodxa Bululw-Y1 | JO S3IpNIS JUBA3JaJ UY1jeay Allunwiwiod Jo Arewwing

€ 9lqeL

Author Manuscript

Author Manuscript

Environ Int. Author manuscript; available in PMC 2018 October 01.



Page 25

Boyles et al.

1e9]0UN SI SBINIUNWILLOD € 9SO} Ul Sa)Is Buljdwies Jo J8gquinu 19exa ‘SaiIunwWod € Juasaidal salis €

44

uolreaIUNWWO9 Joyine Aq papiAoid sanjeA

4

JInsaJ JuediIubIs Ajjeansiels
¥

'SPIJ0S papuadsns €101 = SS1 ‘SP1JOS PAAJOSSIP |10} = SAL ‘dapy|ns uaboipAy = SCH ‘sajonted papuadsns [€10] = S ‘U0gJed0ipAy d1ewoe 911942A10d = Hvd Jarrew arejnaiued = |Nd

aplIns .
apeyns .
~H3LVM ONIYINIEA
spJiepuels >u®“—hm yijeay pspasadxa sswoy ul SH wdd TZ :S°H ¥V 4O0aNI ScH ‘
siajinbe wdd g°g :apuyns /6w z.¢ [04U00 ON 141V YOOaNI
Jo¥en BUIULIP SSJRUILLBIIOD YOIUM SPIHINS WOy 8sn | :arepng :yF1VM ONIMINING 4, (sas €) suonetado Buiuiw 0} Juadelpe TT02-9002
Jarem onsawop Buninp are Joopul 0jul pasesjad S¢H SJaAS] WNWIXep elyoejeddy Ul S8IIUNWWOI :J3YNSOdXT elubaA 19/ (¥102) UuouoWIS
134 anoge zyenb ajqeidsay .
pasodxa Apsow siadjay pue sioyesado j1p [remybiy snp
13d 224enb papasoxs seade Js||1Ip Ul ssjdwies uIw 02 sjqeaidsey .
©I1|IS Z1enb ajgeuidsas jo uonaodoad ybiy Asan ’ ’
13d Rl
papaadxa sease Buljjup 1sow pue uolesedaid wo.y |043U0d ON 986T-286T
sa|dwes JO 9407 1se3] 1k ‘sT13d Mojaq Ajjensn 1snp AKioBayes qol Aq sanijioey saleIS
auIW [e0d 3|qeaidsay JO SuoIIeIIuadU09 abetany papno.d 10N uonetedaid pue Buluiw dins :34NSOdX3 palUN dy) Ul SaUIW |e0D 3JBLINS (066T) 112M26Id

Sjuana Bunise|q 0} pajejaiun a1am Ing awil

JaN0 Panlasqo atem sabueyd Ayienb syem ybis
s|jam Burionuow

Auew u1 syuana Bunse|q Jaye pue 03 Joid painseaw

/w200 ‘wnuiwn|y
/6w 98'¢ :asauebuey
/6w 0°29 :uouj

1/Bw 166 :aKeyINS
/6w €0T SS1

/6w

|041U02 ON
(sas G) saus Buiuiw adepns 03 Alwixoid

SSL .

sdl .

AeYNS .
S[ejaw aoel | .

‘3 LV ONIINIEA TT1aM
100c 23d-000 "ON

SUONEJIUBIUOD SS.L PUE UOL Ul seouatapid, OLT :SAL S/ens) wiiiixeyy ur sjjam Jajem BuULIp :39NSOXT | Aomusy ‘BIUIBIA 1saM I (z002) FHINSO
$]0J1U0J |euJsiXa pue
[eusaiul e N d Arepuodas 0} pasedwod sayis Buluiw
89e4INS 18 A d a¥edljisoulwnie Arewiad paseaJoul,
S|0J3UOD [BUIBIXd pUB [euJalul 0} pasedwod
salls Buruiw adepns ul (sHwd Buipnjour) spunodwod
pare| e 1yblam-1e|nds|oW-Mo| pasestou| (Sa11S Z) paumo aels 1o [eiapay) SI pue| Jo
(x0T 01 dn) |013U0d 9609~ dJBYM SeaJe Ul ‘wy 09T UIYIM AlIAIoR
Jeusa)xa 0} paJedwod (AnAnoe Buiuiw jo pouad Buluiw ou :104LNOD . TYNYTLXT,s
S1nsay S|aA37] Jueulwelu0D uolleziisydeaey)d aals s|lelsd mc__QEmm uoneld

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Environ Int. Author manuscript; available in PMC 2018 October 01.



	Abstract
	Introduction
	Methods
	Results and Discussion
	Observational studies
	Risk of bias assessment of observational studies
	Experimental studies
	Exposures from MTR-mining
	Impact on air quality
	Impact on drinking water
	Impact on water chemistry/quality
	Impact on the aquatic ecosystem

	Limitations of this systematic review
	Conclusion
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3

