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A B S T R A C T

Previous research has documented that persons living near surface coal mining activity are at risk for

poor health outcomes. The current study measured blood inflammation among adults (N = 51) living

close to surface coal mining sites versus persons living farther away in Indiana and West Virginia, USA.

None of the participants were smokers or coal miners, and none reported current acute illness.

Participants completed a health interview and were tested for high sensitivity C-reactive protein as a

measure of inflammation. We also collected indoor and outdoor particle counts and mass estimates at

each residence. Results showed that mean C-reactive protein levels were significantly higher for

residents who lived near mining, controlling for other risks (adjusted mean = 4.9 mg/L in the mining

group and 0.9 mg/L in the non-mining group, p < .03). Mining residents also reported significantly more

cardiopulmonary disease conditions and more illness symptoms. Particle counts were higher in the

indoor and outdoor mining locations, and were most disparate for outdoor counts of particles in a

respirable range between 0.5 mm and 5.0 mm. The results provide the first evidence that persons who

live close to active surface coal mining show significantly elevated blood inflammation. Implications of

results are discussed.

� 2015 Elsevier Ltd. All rights reserved.
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1. Introduction: proximity to surface coal mining and blood
inflammation

Previous research has documented that persons living near coal
mining sites have poor self-reported health outcomes and elevated
population mortality rates (Hendryx, 2009; Hendryx and Ahern,
2009; Hendryx and Zullig, 2009). Limited evidence also documents
poor environmental conditions in coal mining communities relative
to control sites, including higher levels of particulate matter and
relatively high presence of mining related constituents such as
crystalline silica (Knuckles et al., 2013; Kurth et al., 2014b).
Elevations in particulate matter from mining operations may be a
contributing factor to poor population health in mining communi-
ties. However, no study to date has reported on direct biological
markers of illness among people living in coal mining communities.

C-reactive protein (CRP) is an inflammatory marker produced in
the liver in response to cytokine signaling (Black et al., 2004; Gabay
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and Kushner, 1999). High levels of CRP are predictive of an
increased risk of cardiovascular disease (Ridker et al., 2000; Rutter
et al., 2004) and poor lung function (Anderson, 2006; Folchini et al.,
2011). High CRP may result from a variety of behavioral and
environmental conditions. Smoking and obesity both increase risk
for elevated CRP (Melbye et al., 2007). Environmental agents,
notably particulate matter from traffic or industrial sources, has
been found to be associated with elevated CRP on a chronic
(Hoffmann et al., 2009) and acute (Chuang et al., 2007; Huttunen
et al., 2012; Peters et al., 2001) basis, however, not all studies have
observed this relationship (Rudez et al., 2009). Most studies of
environmental conditions and inflammatory markers have been
conducted in urban settings, and studies of associations for rural
populations are relatively unexplored. Coal mining is predomi-
nately a rural-based activity and is known to increase localized
ambient particulate matter (Ghose and Majee, 2007; Kolker et al.,
2012; Kurth et al., 2014a,b).

The purpose of the current study was to test whether levels of
C-reactive protein were significantly elevated in a rural sample
living proximate to surface coal mining activity. Secondary goals
were to gather additional evidence on levels of particulate matter
and self-reported health for mining and non-mining community
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residents. To place the contribution of the study in perspective, we
first offer a review of previous research on this topic.

2. Impacts of coal mining on public health: a review of the
evidence

Despite a large body of evidence documenting occupational
health problems for coal miners (Castranova and Vallyathan, 2000;
Coggon and Taylor, 1998; Graber et al., 2014; Laney et al., 2012),
until recently, little research had investigated possible public
health consequences for persons living near coal mining activities.
Among the earliest studies on this topic, Temple and Sykes (1992)
showed increases in medical visits for asthma in conjunction with
the opening of a surface mine in Great Britain. Also in Great Britain,
Brabin et al. (1994) documented significantly higher respiratory
symptoms among children exposed to coal dust, and a few years
later, Pless-Mulloli and colleagues reported weak but significant
associations between surface coal mining and children’s respira-
tory health (Howel et al., 2001; Pless-Mulloli et al., 2000).

With the advent of large scale mountaintop removal (MTR) coal
mining in the Appalachian US in the 1990s, anecdotal evidence
(Burns, 2007; Goodell, 2006) began to emerge for its public health
impacts, but empirical data were at first lacking. MTR is a
particularly aggressive form of surface mining involving use of
explosives and heavy machinery to remove hundreds of feet of
rock and soil (i.e., overburden) above coal seams in steep terrain.
The first study on the environmental public health impacts of US
coal mining may be a study of hospitalization patterns associated
with mining (Hendryx et al., 2007), followed shortly by an
investigation of self-reported health indicators in association with
higher levels of coal mining in Appalachian West Virginia (Hendryx
and Ahern, 2008). A series of epidemiological studies emerged,
some relying on ecological designs and/or secondary data (Ahern
and Hendryx, 2012; Ahern et al., 2011a,b; Christian et al., 2011;
Hendryx, 2009, 2011, 2013; Hendryx and Ahern, 2009; Hendryx
and Innes-Wimsatt, 2013; Hendryx and Luo, 2014; Hendryx et al.,
2008, 2012; Hendryx and Zullig, 2009; Zullig and Hendryx, 2010,
2011). All of these studies were limited to analysis of mortality
statistics, morbidity self-reports, or secondary records of hospi-
talizations or birth certificate data. None included direct measures
of environmental conditions in mining communities or direct
measures of personal exposures. Nevertheless, the resulting
pattern showed not only that a variety of health problems were
significantly elevated in mining versus control communities after
statistical control for other risks (e.g., age, sex, poverty, education,
smoking, obesity, etc.) but also showed that health problems were
proportional to tonnage of mining in a dose-response fashion, and
that health problems were concentrated in MTR areas relative to
areas where other forms of mining were practiced.

Meanwhile, a second research thread investigated the ecologi-
cal impacts of coal mining on water quality (Lindberg et al., 2011;
Palmer et al., 2010; Pond et al., 2008) and on air pollution (Ghose,
2007; Ghose and Banerjee, 1995; Pandey et al., 2014; Reynolds
et al., 2003). Studies in this vein focused on assessments of
environmental conditions rather than effects on humans and did
not collect measurements specifically to assess conditions in
human settlements. Regarding MTR specifically, important studies
have documented serious and long term impairment to surface
waters caused by MTR (Lindberg et al., 2011; Palmer et al., 2010;
Pond et al., 2008). Air pollution specifically from MTR was not
investigated.

Given the long history of coal mining, it is perhaps surprising
that it took so long to examine what the environmental conditions
in these communities actually were. A few studies have started to
examine environmental conditions in residential mining commu-
nities and find evidence of elevated air and water pollution (Kurth
et al., 2014a,b; Orem et al., 2012). Kurth et al. (2014a,b) have
shown that MTR communities relative to controls have elevated
levels of ultrafine material, and that elevated particulate matter in
mining communities is predominantly a consequence of overbur-
den removal from mining sites.

As these US studies were beginning to emerge, studies in other
countries have also been published that show community health or
environmental impacts from coal mining. These include a Turkish
study of children’s lead and cadmium exposure (Yapici et al., 2006),
soil contamination in China (Liu et al., 2012; Wang et al., 2010),
elevated rates of neural tube defects in China (Liao et al., 2010),
impaired air quality in Columbia (Huertas et al., 2012), and
environmental and health impacts in Australia (Higginbotham
et al., 2010).

Most recently, going beyond mortality statistics or morbidity
self-report, and beginning to merge environmental data with
health data, particulate matter collected from ambient air
sampling in MTR residential communities has been used in two
laboratory studies. The first of these showed impaired microvas-
cular function in rats upon respiratory exposure to MTR particulate
matter (Knuckles et al., 2013). A second study found that
particulate matter from MTR communities, but not from control
communities, promoted tumor development and progression in
human lung cells in vitro (Luanpitpong et al., 2014). Still, no US
studies have collected data on biological health parameters for
persons residing in communities near surface coal mining. The
current study offers that new contribution.

3. Methods

3.1. Design and sample

We conducted a cross-sectional investigation of high sensitivity
C-reactive protein (hsCRP) among adults living in rural communi-
ties within three miles of active surface coal mining compared to
adults living farther away. Two surface coal mining areas in the
eastern United States were included, one in Indiana and one in
West Virginia; control participants were drawn from rural non-
mining communities in the same states.

A total of 51 adults participated in the study. All samples were
collected in August, 2014. Participants were recruited using a
referral sampling approach beginning with initial contacts estab-
lished by members of the research team. Participants then referred
others who lived in mining and non-mining locations. All
participants were non-smokers, not pregnant, and reported no
current acute illness. No study participant used coal as a home
heating source. Three adults who reported current employment as
coal miners were excluded, resulting in a final sample of 48 including
23 in Indiana and 25 in West Virginia. There were 33 participants
from households close to mining and 15 from non-mining control
sites. Participants received modest financial incentives for partici-
pating in data collection activities. All participants underwent
informed consent, and the study was reviewed and approved by the
university Institutional Review Board.

Each individual was visited in their home where the blood
sample was drawn, a health interview conducted, and air quality
assessments made. The latitude and longitude of each household
was recorded and the straight line distance was found between the
residence and the boundary of the nearest active surface mining
site. Wind speed and direction were recorded using data from the
nearest weather monitoring station.

3.2. Measures

High sensitivity C-reactive protein (hsCRP) mg/L was measured
using capillary finger sticks to collect dried blood spot samples. The



Table 1
Descriptive summary of study participants by mining location and total.

Variable Mining Non-mining Total

Covariates

Mean age* 55.1 39.3 50.2

Percent female 57.6 60.0 58.3

Percent obese 48.5 46.7 47.9

Percent married 78.8 73.3 77.1

Percent with college

education*

54.6 86.7 64.6

Percent former smoker 42.4 13.3 33.3

Percent second hand

smoke exposure

9.1 13.3 10.4

Percent with prior work

experience as a coal miner

15.2 0 10.4

Mean stress score 11.9 11.6 11.8

Dependent variables

Mean hsCRP mg/L 4.3 2.8 3.8

Percent with hsCRP*

<1.0 mg/L 42.4 66.7 50.0

1.0–3.0 mg/L 27.3 6.7 20.8

>3.0 mg/L 30.3 26.7 29.2

Percent with one or more

cardiopulmonary conditions*

60.6 6.7 43.8

Mean number of symptoms* 5.2 2.3 4.3

* p < 0.05 based on 2-tailed Fisher’s Exact test or two-tailed t-test.
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sampling kits were provided by ZRT Laboratory (Beaverton, OR).
Sampling collection, storage and shipping protocols specified by
the lab were followed. Briefly, each participant collected their own
sample using a lancet and test card with assistance from the
researchers as needed. Drops of blood were saved to the card,
frozen at �4 8C until shipping, and shipped overnight for analysis
using an enzyme-linked immunosorbent assay (ELISA). Internal
laboratory quality control tests indicate that dried blood spot assay
results correlate with serum samples collected at the same time at
R = 0.99 (ZRTLab, n.d.).

In addition to hsCRP we collected measures on self-reported
health indicators and residential ambient air quality. The measures
of air quality included one indoor and one outdoor sample at the
time of blood sampling; each of the indoor and outdoor samples
included a particle count estimate and a mass estimate. Sampling
was done using MetOne Aerocet 531 samplers (Grants Pass, OR).
Particle counts included counts per cubic foot for particles
>5.0 mm, and for particles >0.5 mm. We also calculated counts
within a respirable range by finding the difference between the
0.5 mm and 5.0 mm counts. Mass estimates included PM2.5, PM10,
and total suspended particles. Date, time of day, relative humidity,
and temperature were recorded for each observation. Ideally,
measures of particulate matter would be taken on a continuous
basis for a period of at least 1–5 days prior to blood sampling for
CRP (Gabay and Kushner, 1999) but the logistics and limited
resources of our study did not permit this. For this reason, we
would not necessarily expect levels of particulate matter to
correlate to levels of hsCRP on the level of the individual person;
rather, we used the air samples to gather preliminary indications
as to whether particulate matter on average was higher in the
mining versus the non-mining locations.

Finally, a self-report health survey was collected. The survey
included information on demographics, height and weight to
calculate Body Mass Index (BMI), former smoking (all participants
were current non-smokers), current exposure to second hand
smoke in the household, and previous occupational exposure as a
coal miner. Health questions included whether the respondent had
been diagnosed with myocardial infarction, angina or coronary
heart disease, stroke, hypertension, diabetes, asthma (lifetime and
current), or chronic obstructive pulmonary disease (COPD). In
addition, participants were asked to report the presence of
symptoms that they were currently experiencing or had experi-
enced in the last month; a total of 32 symptoms were counted that
represented seven types (respiratory, cardiovascular, musculo-
skeletal, gastrointestinal, skin, neurological, and other). Partici-
pants also completed the 10-item Perceived Stress Scale, with a
higher score indicating more perceived stress (Cohen et al., 1983).

3.3. Analysis

Descriptive summaries of study variables were calculated.
Group differences unadjusted for covariates were tested using
Fisher’s Exact test or t-tests. Linear or logistic regression models to
control for covariates were examined. Because of the small sample
size the number of possible covariates that could be modeled was
limited. For this reason we first tested covariates for inclusion in
linear regression models of health outcomes and hsCRP using a
forward inclusion criterion with a p < 0.10 standard for inclusion.
Residence in the mining community was not included as a variable
in building the confounder models. Possible covariates included
time of day, age, sex, obesity (BMI > 30), diabetes, college
education (yes/no), marital status (married or not), prior occupa-
tional history as a coal miner (yes/no), former smoker (yes/no),
current exposure to second hand household smoke (yes/no), and
stress. Linear regression models for levels of particulate matter
controlled for time of day, relative humidity and temperature;
inclusion of these variables was again dependent on meeting
forward inclusion criteria of p < 0.10.

4. Results

4.1. Descriptive summary of participants

A summary of study participants is provided in
Table 1. Participants from the mining areas were on average older
than participants from the non-mining control areas, and were less
likely to have a college education. Differences in former smoking
were significant at p < 0.06.

Before controlling for covariates, mining area participants
reported a greater number of symptoms and were more likely to
report the presence of one or more cardiopulmonary disease
conditions. Cardiopulmonary conditions were measured dichoto-
mously as the presence of one or more of myocardial infarction,
angina, stroke, hypertension, current asthma, or COPD. Mining area
residents had higher average hsCRP levels (4.3 versus 2.8 mg/L),
but this difference did not achieve statistical significance before
covariate adjustment. When hsCRP was divided into three
categories (<1, 1–3, or >3 mg/L), mining area residents were
significantly more likely to fall into the higher CRP categories
(p < 0.02).

4.2. Particulate matter, meteorology and distance

Mean particle counts per cubic foot were higher for households
near mining compared to households farther away. Particle counts
were statistically higher controlling for time of day, relative
humidity and temperature for all comparisons except larger indoor
particles (see Table 2). Results for mass estimates (not shown) did
not find significant differences on any of the indoor or outdoor
samples between mining and non-mining households.

Wind speeds were generally light (mean = 2 mph, range = 0–
9 mph). Temperature averaged about 25 8C, and relative humidity
on average was 51% for indoor samples and 64% for outdoor
(range = 34–89%). Average distance between households and mine
boundaries was 1.1 miles in the mining group (sd = 0.7,
range = 0.2–2.8). Among the non-mining group the mean distance
was 40.2 miles (sd = 13.1, range = 6.4–48.0).



Table 2
Mean particle counts per cubic foot, indoor and outdoor samples in mining and non-

mining locations. Means adjusted for time, relative humidity, and temperature.

Mining Non-mining

Indoor

Particles � 0.5 mm* 469,609 151,018

Particles � 5.0 mm 3768 2715

Respirable range (0.5 mm–5.0 mm)* 466,159 147,507

Outdoor

Particles � 0.5 mm** 594,061 334,071

Particles � 5.0 mm* 2031 829

Respirable range (0.5 mm–5.0 mm)** 591,899 333,600

* p < 0.05.
** p < 0.01.
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4.3. HsCRP levels and health survey results adjusted for covariates

The forward inclusion linear regression model for hsCRP
identified age and female sex as covariates meeting the
p < 0.10 criterion. The final model with residence near the mining
site, age and sex as independent variables identified living near
mining as a significant independent risk for higher hsCRP (Model
F = 6.09, df = 3.44, p < 0.002). The least squares adjusted means for
hsCRP were 4.9 mg/L in the mining group and 0.6 mg/L in the non-
mining group (p < 0.03).

Forward inclusion linear and logistic regression models for
current symptoms and cardiopulmonary conditions, respectively,
identified the following covariates: age, diabetes, second hand
smoke exposure, stress and obesity (symptoms); age, female sex,
and college education (cardiopulmonary conditions). With the
inclusion of these covariates, living in a mining area was
significantly associated with both health outcomes. In the case
of symptoms, the mining variable was significant at p < 0.006, and
the least squares adjusted means were 4.6 symptoms in the mining
group compared to 1.8 symptoms in the non-mining group. The
odds ratio for one or more cardiopulmonary conditions associated
with residence in a mining area was 10.7 (95% CI = 1.1–107.9).

5. Discussion

We observed that persons living within three miles of active
surface coal mining operations had significantly elevated levels of
C-reactive protein compared to persons living farther away. All
persons tested were non-smokers and non-miners without
reported acute illness, and statistical analyses controlled for a
set of potential confounders. A cut-point above 3.0 mg/L has been
used to identify persons at risk for cardiovascular disease and other
conditions (Ridker, 2003); we found that the average adjusted C-
reactive protein level for residents near mining operations
exceeded this cut-point at 4.9 mg/L, compared to 0.6 mg/L in
the non-mining control sample.

We also observed that persons living in communities near
surface mining had significantly elevated odds of a self-reported
cardiopulmonary condition, a significantly greater number of
current or recent reported symptoms across organ systems, and
had significantly higher counts of respirable particles in ambient
indoor and outdoor air samples. Mass estimates were not
significantly elevated in the mining samples during these one-
time sampling observations.

Our study was limited in number of ways. The sample was small
and may not be representative of all members of the study
populations. We were only able to collect one-time air quality
samples at the same time as the assessments of C-reactive protein.
The cross-sectional nature of the design does not allow us to
conclude definitively whether elevated CRP levels result from
exposure to particulate matter or result from other unmeasured
influences. Future research should conduct ambient air assess-
ments on a more continuous basis for a period of several days
before assessing CRP. Our air quality assessments were also limited
by the instrumentation that was available to us; previous research
has suggested that ultrafine (aerodynamic diameter <0.1 mm)
particle counts may be especially elevated in coal mining
communities (Kurth et al., 2014b) but in the current study the
available instruments were able to detect particles only larger than
0.5 mm. It is interesting, however, that the observed disparity in
particle counts near mining operations was most pronounced for
the smaller particle range in outdoor samples. Higher particle
counts in the smaller size distribution, rather than conventional
mass estimates, appear to be of more potential concern in rural
mining communities. Mining operations generate particulate
matter from blasting, draglines, coal crushing, wind erosion, and
fossil fuel combustion from motor vehicles and other equipment
(Ghose and Majee, 2007; Kurth et al., 2014b). The smaller particles
may result from primary sources from explosives and machinery
and secondary organic sources (Devlin et al., 2014).

Despite the limitations, this study is the first of its kind to
demonstrate an elevated biological marker of poor health among
persons who live near surface coal mining operations. All tested
persons were non-smokers and non-miners. Results cannot be
attributed to other risk variables including age, sex, co-occurring
diabetes, obesity, education, exposure to second hand smoke, and
others. C-reactive protein is an inflammatory marker that is
predictive of risk for cardiovascular disease (Ridker et al., 2000;
Rutter et al., 2004), respiratory illness (Anderson, 2006; Folchini
et al., 2011) and other conditions, and may be a marker of exposure
to mining activities.

6. Conclusion

An analogy of a partially completed jigsaw puzzle may serve as
illustration of the overall state of evidence in this area. Some of the
puzzle pieces represent environmental evidence for impaired air
and water quality caused by mining and present in mining
communities. Some represent epidemiological evidence from
mortality and morbidity data. Some represent laboratory evidence
of biological harm caused by particulate matter from mining
communities. The newly discovered piece presented in this paper
shows evidence for biological impact among people living in
mining communities. All of these pieces are not yet put together
into a single picture. The missing connectors will measure
environmental exposure, dose, and biological impact all among
the same persons who live in mining communities versus controls
who do not. But even though all of the pieces are not connected, we
can look at the partially completed puzzle and know what the
picture is, if not yet all of the details. It is a picture of human health
harm caused by surface mining to the people who live near the
mining sites. The precautionary principle in environmental science
argues that prudent steps are required when there is evidence of
environmental harm and corresponding public health problems,
even if all causal links are not understood (Kriebel et al., 2001).
Such is certainly the case for surface mining of coal. Prudent steps
include more effective regulatory control over surface mining
practices, or in the case of MTR, the complete termination of the
practice altogether (Palmer et al., 2010).
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