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Exploring Geographic Variation in Lung
Cancer Incidence in Kentucky Using a
Spatial Scan Statistic: Elevated Risk in
the Appalachian Coal-Mining Region

W. Jay CHRISTIAN, MPH? ABSTRACT

Bix Huane, DRPH®P .. . . — .
JorN RINEHART, MD* Objectives. We examined geographic patterns of lung cancer incidence in

CLAUDIA HOPENHAYN. MPH Kentucky. Recent research has suggested that the coal-mining industry contrib-
PuD™! utes to lung cancer risk in Appalachia. We focused on the southeastern portion
of the state, which has some of the highest lung cancer rates in the nation.

Methods. We implemented a spatial scan statistic to identify areas with lung
cancer incidence rates that were higher than expected, after adjusting for age,
gender, and smoking. The Kentucky Cancer Registry supplied information on
cases (1995-2007). The U.S. Census (2000) and several years of Behavioral Risk
Factor Surveillance System data (1996-2006) provided county-level population
and smoking data. We compared the results with coal-mining data from the
Mining Safety and Health Administration and public water utility data from the
Kentucky Division of Water.

Results. We identified three clusters of counties with higher-than-expected
rates. Cluster 1 (relative risk [RR] = 1.21, p<<0.01) included 12 counties in
southeastern Kentucky. Cluster 2 (RR=1.17, p<0.01) included three nearby
counties in the same region. Several of the 15 counties in Cluster 3 (RR=1.04,
p=0.01) were part of the Louisville, Kentucky, or Cincinnati, Ohio, metropolitan
areas. All of the counties in Clusters 1 and 2 produced significant amounts of
coal.

Conclusion. Environmental exposures related to the coal-mining industry could
contribute to the high incidence of lung cancer in southeastern Kentucky. Lack
of evidence for this effect in western Kentucky could be due to regional differ-
ences in mining practices and access to public water utilities. Future research
should collect biological specimens and environmental samples to test for the
presence of trace elements and other lung carcinogens.
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In 2009, Kentucky had the highest prevalence of ciga-
rette smoking in the United States, at about 25.6%
of the adult population.! Age-adjusted rates of lung
cancer incidence and mortality in Kentucky are also
among the highest in the nation, at 97.7 and 74.6 per
100,000 residents, respectively, in 2007.> These fig-
ures vary widely across the 120 counties in Kentucky;
however, counties in the southeastern portion of the
state generally have higher rates of smoking and lung
cancer incidence. Many of these counties are part of
Central Appalachia, a subregion of Appalachia noted
for its high poverty and low educational attainment.?
The Appalachian region as a whole, which includes
counties in 13 states from New York to Mississippi,
has a higher rate of lung cancer than the general
U.S. population, and Central Appalachia (including
West Virginia, eastern Kentucky, and adjacent parts
of Tennessee and Virginia) has the highest rates of
lung cancer in the region and the nation.*® A recent
multistate study suggests, however, that high rates of
lung cancer mortality in coal-mining areas of Central
Appalachia cannot be explained by tobacco use alone,
even after adjusting for several potential confounders.”
Thus, we suggest that environmental exposures related
to the coal-mining industry could be contributing to
risk in the region. This study explored this issue among
counties in Kentucky.

Smoking undoubtedly contributes more than any
other factor to the high rates of lung cancer found
throughout the state. This contribution is especially
true in Appalachian Kentucky, where smoking preva-
lence is higher and a larger percentage of smokers
smoke more than a pack a day, relative to the rest
of the state.® Besides tobacco use, however, several
occupational and/or environmental exposures might
influence lung cancer patterns. For example, a large
proportion of residents in the Appalachian region
rely on private wells for drinking water,” which might
put them at risk of exposure to trace elements from
natural or man-made sources (e.g., arsenic, chromium,
and nickel), which are known or suspected lung car-
cinogens.'” Workers in the extensive mining industry
are likely exposed to coal and silica dusts, which have
been linked to a variety of lung diseases.!! Radiation
may also contribute to lung cancer incidence in Ken-
tucky—much of the state lies within the Environmental
Protection Agency’s Radon Zone 1, where indoor radon
levels are generally expected to exceed the remedia-
tion level (4 picocuries per liter);'? and workers at the
Paducah Gaseous Diffusion Plant in McCracken County
have produced enriched uranium for military or com-
mercial use since 1952. Furthermore, although largely
rural, Kentucky has several counties that belong to large

metropolitan areas where exposure to air pollution
might influence lung cancer incidence."”

The purpose of this study was to identify regions of
the state where the contribution of these factors could
produce measurable effects on lung cancer incidence.
Our primary focus was Appalachia, due to its extremely
high rates of incidence and mortality. Nevertheless, we
also addressed patterns of incidence across the entire
state to understand how much higher lung cancer
incidence really is in Appalachian counties, and what
the possible cause(s) might be.

To investigate the extent to which non-tobacco fac-
tors contribute to Kentucky’s high rate of lung cancer
incidence, especially in the Appalachian region, we
explored county-level patterns of lung cancer inci-
dence, while adjusting for three risk factors: age, gen-
der, and a history of cigarette smoking (i.e., lifetime
smoking). The distribution of these factors varies widely
by county, and all are related to lung cancer risk, so
adjusting for their distribution among counties pro-
vides relative risk (RR) estimates that reveal the influ-
ence of other factors. We compared these patterns of
risk with county-level data on coal-mining intensity to
determine whether this industry could play a significant
role in the etiology of lung cancer in Kentucky.

METHODS

We employed a spatial scan statistic to determine
whether lung cancer incidence in any region of Ken-
tucky was elevated after adjusting for county-level gen-
der and age distribution, as well as lifetime cigarette
smoking prevalence.'* Several other researchers have
used this cluster detection and evaluation method to
identify geographic variations in the incidence and
mortality of cancers, including brain cancer," colorec-
tal cancer,'® lung cancer, and several others."”

Briefly, the spatial scan statistic compares the rate of
a disease or other event within a scan window with the
rate outside of it. In a county-level study such as this,
circular scan windows with continuously varying radii
are successively centered upon each county’s centroid,
or geographic center. Nearby counties with centroids
that fall within the circle are included in a cluster.
Increasingly larger circular scan windows will create
larger clusters as more county centroids are included,
up to a predetermined maximum population size. The
rate of cases in the population of each resulting cluster
of counties is compared with the rate in the remainder
of the state. Monte Carlo simulation and hypothesis
testing, which compares the observed spatial pattern of
cases with many replicated patterns generated under
the null hypothesis (i.e., spatial randomness after
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adjusting for covariates), identifies those clusters of
counties with rates that are significantly higher than
would be expected. In this study, we identified clusters
of counties with significantly higher incidence rates of
lung cancer than the rest of the state, after adjusting
for variations in age and gender distributions, as well
as lifetime smoking prevalence. A great advantage of
this technique is that it allows one to identify patterns
of incidence among geographic areas of varying size,
rather than at the county level alone.

Implementing the spatial scan statistic required two
data files: one describing cases and another describ-
ing the population. We obtained data for lung cancer
cases from the Kentucky Cancer Registry (KCR), a
population-based cancer registry that is based at the
University of Kentucky and is part of the National
Cancer Institute’s Surveillance, Epidemiology, and End
Results program.'® For the population file, we used
data from the U.S. Census, which we combined with
cigarette smoking data from the Behavioral Risk Factor
Surveillance System (BRFSS). The BRFSS is an annual
population-based health behavior survey funded by the
Centers for Disease Control and Prevention and con-
ducted by all 50 states and several territories.'” These
data were obtained from the Kentucky Cabinet for
Health and Family Services, Kentucky Department of
Public Health, which conducts the BRFSS in Kentucky.

The KCR provided data on all lung cancer cases in
Kentucky from 1995 to 2007 for the case file. The case
file we produced from the KCR data contained the
age group (<50, 50-59, 60-69, 70-79, and =80 years
of age), gender, lifetime smoking status (yes/no), and
county of residence for each lung cancer case. Ciga-
rette smoking data indicated only whether or not the
case had a history of tobacco use, regardless of current
usage. These data showed that 74.0% of cases were
known to be smokers at some point in their lives and
that 5.7% were known to be never-smokers. Smoking
data were missing in the remainder (20.3%) of cases,
and for these we assumed the person was a lifetime
smoker. Because about 90% of lung cancer cases have
a history of cigarette smoking,? misclassification bias
would likely affect a larger percentage of cases if we
instead assumed that those with missing smoking data
were never-smokers. Regardless, we created an alter-
native case file to explore how our assumption with
regard to missing smoking data affected our results.
In this alternative case file, “unknown smokers” were
assumed to be neversmokers and coded as such for
an otherwise identical analysis.

We prepared the population data file by estimating,
for each county, the number of lifetime smokers (and
never-smokers) in the same age and gender groups as

in the case file. Doing so required population data from
the U.S. Census 2000 and multiple years of BRFSS data.
Although the U.S. Census 2000 data we used for this
research are now about 11 years old, they were collected
toward the middle of the time period we addressed in
this study. We used these data to determine county-level
population figures by age and gender.

We combined 11 years of BRFSS data, 1996-2006,
to estimate lifetime smoking by gender in each county.
Aggregating many years was necessary to obtain stable
prevalence rates, as several counties in Kentucky have
very small populations and, therefore, few respondents
to the BRFSS. For these data, we defined lifetime
smoking as answering “yes” to the following question
from the BRFSS survey: “Have you smoked at least 100
cigarettes in your entire life?” We multiplied county-
and gender-specific lifetime smoking percentages from
the BRFSS by the U.S. Census 2000 population in
each county’s age and gender groups to produce the
population file. This file thus contained 2,400 records,
one for each age, gender, and smoking combination in
each of Kentucky’s 120 counties. These data enabled
calculation of the expected number of lung cancer
cases in each county based on its age, gender, and
smoking distributions. Lastly, we created an alternative
population file using current smoking rates (assessed
using a standard calculated variable from the BRFSS)
so that we could assess how our choice of tobacco use
variable might have affected our results.

We also created alternative case and population files
containing data for women only. Because occupations
in some mining, manufacturing, and other industries
are known to confer an increased risk of lung disease,
analyzing data for women only should considerably
reduce the influence of such exposures, which are
more often encountered by men.?"*?

All case and population data files were imported
into SaTScan™ version 9.0, free software developed
specifically for implementing spatial scan statistics.'*#
We conducted all analyses using a discrete Poisson
model using SaTScan’s default settings: a circular scan
window, a maximum cluster size of 50% of the total
population, and 999 Monte Carlo replications.

After completing the spatial scan statistics, we com-
pared the lung cancer clusters they identified with
county-level data on coal mining and public water util-
ity service. We obtained data collected by the Mining
Safety and Health Administration (MSHA) to identify
how much coal has been mined in each county in
Kentucky in the past few decades. The file we produced
from these data lists, by county, the amount of coal (in
tons) mined per square mile from 1983 to 2007, in
all types of mines. We used these data to compare the
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geographic variation in coal-mining intensity and, thus,
the concentration of related environmental contami-
nation in each county, with identified clusters of lung
cancer. We also examined data procured previously
from the Kentucky Division of Water regarding the
proportion of each county’s households with public
water service in 2000.°

We created maps displaying our results using ArcGIS
version 9.3, layering clusters identified using SaTScan
over county-level maps displaying () crude lung
cancer incidence using the KCR data and (2) tons of
coal produced per square mile using the MSHA data.

RESULTS

The Table displays the age, gender, and lifetime smok-
ing history of lung cancer cases from the KCR. We
identified a total of 54,532 lung cancer cases from 1995
to 2007. Approximately 59% were men, and two-thirds
of cases were 60-79 years of age. As mentioned previ-
ously, 20.3% of cases had no smoking data, but these
were assumed to be lifetime smokers for our primary
analysis. The Table also displays statewide population
characteristics from the BRFSS and the U.S. Census
2000 for comparison.

Table. Characteristics of lung cancer cases in
Kentucky (1995-2007) compared with the
general Kentucky population (2000):

Lung cancer cases Kentucky
Characteristic N Percent® Percent
Gender
Male 32,141 58.9 48.9
Female 22,391 411 51.1
Total 54,532 100.0 100.0
Age (in years)
<50 3,369 6.2 71.8
50-59 9,166 16.8 11.6
60-69 17,322 31.8 7.7
70-79 17,479 32.1 5.8
=80 7,196 13.2 3.1
Total 54,532 100.0 100.0
Lifetime smoker
Yes 40,366 74.0 53.5
Unknown 11,074 20.3 NA
No 3,092 5.7 46.5
Total 54,532 100.0 100.0

*Gender and age group data for Kentucky came from the U.S.
Census 2000; lifetime smoking data for Kentucky came from the
2000 Behavioral Risk Factor Surveillance System.

Percentages may not add to 100 due to rounding.
NA = not applicable

Analysis in SaTScan indicated three high-rate lung
cancer clusters with significant pvalues ($<0.05), each
comprising multiple counties. Figure 1 displays a map
of all three high-rate clusters and their circular scan
windows, as well as crude lung cancer incidence rates.
Cluster 1 ($<<0.01) is located in southeastern, or Appa-
lachian, Kentucky. It includes Knott, Perry, Letcher,
Floyd, Breathitt, Magoffin, Leslie, Pike, Johnson, Har-
lan, Martin, and Wolfe counties, with a total of 5,040
cases during the study period. The total population
of the counties in this cluster was a little more than
300,000 in 2000. For residents of this area, the RR of
developing lung cancer was 1.21 compared with the
rest of the state.

Cluster 2 (p<0.01), comprising 1,428 cases, is also
in southeastern Kentucky. Located near Cluster 1, it
includes Whitley, Knox, and McCreary counties and
had a combined population of 84,740 in 2000. Lung
cancer incidence for this cluster (RR=1.17) was very
similar to that of Cluster 1.

Cluster 3 (p=0.01), with a total of 16,444 cases dur-
ing the 13-year study period, is located in north-central
Kentucky. It includes 15 counties: Carroll, Trimble,
Henry, Gallatin, Owen, Oldham, Grant, Boone, Shelby,
Franklin, Kenton, Scott, Pendleton, Jefferson, and
Campbell. This region, home to about 1.27 million
residents in 2000, includes several counties in the Lou-
isville, Kentucky, and Cincinnati, Ohio, metropolitan
areas, as well as the capital of Kentucky (Frankfort).
Within this region, the RR of developing lung cancer
was 1.04 when compared with the rest of Kentucky.

All three alternative analyses produced results
similar to those from the primary analysis, with signifi-
cant or nearsignificant high-rate clusters in the same
regions, though sometimes including fewer counties.
In the Appalachian region, Breathitt, Floyd, Knott,
Letcher, and Perry counties were part of a significant
cluster in every analysis. These are five of the six coun-
ties wholly within the boundaries of the circular scan
window for Cluster 1 (Figure 1).

We did not identify significant clusters of high lung
cancer incidence centered in south-central or central
Kentucky, the regions associated with high radon
levels,'? or in McCracken County, where the Paducah
Gaseous Diffusion Plant is located.

Figure 2 displays coal production (quintiles) per
square mile by county, as well as the three lung cancer
clusters we identified in the primary analysis. All of
the counties in Clusters 1 and 2 produced coal, and
most of them were in the two highest quintiles. Of
the 15 counties in these clusters, only two were not in
the top two quintiles of coal production. Similarly, 13
of 17 southeastern Kentucky counties with high coal
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Figure 1. Unadjusted lung cancer incidence rates in Kentucky by county (1995-2007),

with high-rate clusters® identified by spatial scan statistic

Crude lung cancer incidence per 100,000, 1995-2007
[ Jess-890

7] 91.7-107.9

V7] 1096-1263

77 127.8 - 160.1

Cluster 3

Cluster 2
RR=1.17
p<0.01

2Circles and bold outlines indicate counties in high-rate clusters.

production (top two quintiles) were included in Cluster
1 or Cluster 2. Eight of nine counties with very high
coal production (top quintile) were in Cluster 1. None
of the coal-mining counties in western Kentucky were
part of a lung cancer cluster, and none of the counties
in Cluster 3 mined any coal.

Relative to the rest of the state, access to public
water service was low in the Appalachian region,
and ranged from 10.4% to 61.9% among counties
in Cluster 1, with <50% of households in nine of
12 counties having access to public water service. In
Cluster 2, 59.9%-77.9% of households had access to
public water. All counties in the Western Coal Field
had public water service for at least 75% of households,
with most counties offering public water service for at
least 85% of households.

DISCUSSION

This exploratory analysis suggests that the very high
lung cancer incidence in several southeastern Ken-
tucky counties could be related to coal-mining activity.
Furthermore, our women-only analysis suggests that
the elevated lung cancer risk we found in this region
does not reflect only the influence of occupational
exposures, which occur primarily among men. Almost
all of the counties in Clusters 1 and 2 in southeastern
Kentucky produce relatively large amounts of coal,

which could increase the likelihood of environmental
exposures to contaminants related to the coal industry.

Environmental exposures could include airborne par-
ticulates from dust or diesel exhaust generated at mines,
but exposure to trace elements is another possibility that
especially warrants further investigation. Coal from the
Central Appalachian region can contain a relatively high
concentration of arsenic,”?* so occupational or envi-
ronmental contact with the coal, its waste products, or
contaminated ground- or surface water could conceivably
result in arsenic exposure. Arsenic is a well-known carcino-
gen associated with numerous health effects, including
bladder, kidney, liver, and lung cancers.?® Because much
of Appalachian Kentucky is rural, and a large majority
of residents in some counties do not have public water
service, future research might focus on potential exposure
to arsenic and other trace elements through drinking
water. An analysis of water specimens from a convenience
sample of private wells in the region demonstrated that
some water contained low-to-moderate concentrations of
arsenic.” Additionally, a preliminary analysis of trace ele-
ments in toenail specimens has demonstrated that some
residents of the region might be exposed to moderate
levels of arsenic, as well as nickel (Unpublished data.
Hopenhayn C, Johnson N, Shelton B, Tucker T, Unrine
J, Huang B, et al. Concentrations of arsenic, chromium,
and nickel in toenail samples from Appalachian Kentucky
residents. University of Kentucky 2011).
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A recent study by Hendryx et al.” similarly suggests
that the prevalence of tobacco use alone cannot explain
the high rate of lung cancer mortality in the rural coal-
mining regions of Central Appalachia. It should be
noted, however, that their study focused on mortality
rather than incidence. Because it is related to survival,
mortality might be influenced by many factors, includ-
ing the presence of comorbid conditions and smoking
status at diagnosis.” In their study, Hendryx et al. used
prevalence rates for current cigarette smoking from the
BRFSS to adjust for lung cancer risk associated with
tobacco use. However, this method might have led to
an underestimation of lung cancer risk in areas with a
high proportion of former smokers among nonsmok-
ers, as former smokers will always have a higher risk of
developing lung cancer than never-smokers. Our study
addressed these limitations and, although we employed
an alternative methodology, seems to confirm the find-
ings of Hendryx et al.

Although the crude lung cancer incidence rates in
Figure 2 seem to show a cluster among coal-producing
counties in western Kentucky, we did not identify any
significant clusters after adjusting for age, gender, and
lifetime smoking prevalence. This finding might be due
to differences in topography, geology, and/or mining
practices that exist between the Western and Eastern
Coal Fields. Exposure to coal products and wastes from

western Kentucky might not present the same risks,
or might not occur at all given local circumstances.
For example, a closer look at the MSHA data shows
that surface mining is practiced more intensely in the
Eastern Coal Field. Further, the type of surface mining
known as “mountaintop mining with valley fill” is more
common in Central Appalachia, and has been noted
for its potential for stream degradation.’ Also, access
to public water systems differs substantially among
regions and could play a role in exposure. The data
we obtained from the Kentucky Division of Water show
that most counties in Cluster 1 had fewer than 50% of
households on public water systems in 2000, but more
than 80% of households in the Western Coal Field had
access to public water systems.

Cluster 3, while statistically significant, had only a
slight increase in risk (RR=1.04) associated with it.
This cluster includes many counties in the Louisville
metropolitan area, including Louisville itself, as well as
several counties in the Cincinnati metropolitan area.
The high population and, therefore, high number of
cases likely contributed to identification of this cluster,
despite the slight elevation in risk, by increasing power.
Nevertheless, this RR estimate could reflect greater
population exposure to air pollution related to automo-
tive transportation and/or industry, which is generally
more concentrated in large metropolitan areas.'®

Figure 2. Coal production among Kentucky counties (1983-2007),

with high-rate clusters? identified by spatial scan statistic

Tons of coal produced per square mile, 1983-2007
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Cluster 3
RR=1.04

N\ N RR=1.21
9 AN D p<0.01

Cluster 2
RR=1.17
p<0.01

Circles and bold outlines indicate counties in high-rate clusters.
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Limitations

This study had several limitations. First, we relied on
lifetime smoking to adjust for tobacco exposure among
counties’ populations. This methodology could lead
to overestimation of risk in areas with lower rates of
cessation, and there is some evidence indicating that
Appalachian smokers are less likely to have tried to
quit smoking.* We conducted a separate analysis using
current smoking rates, however, and the results were
similar to what we presented from the primary analysis.
Thus, we do not believe this methodology substantially
influenced our findings.

Another potential limitation results from our han-
dling of the missing data on tobacco use from the KCR.
Because about 20% of cases (approximately 11,000
total) were missing information regarding cigarette use,
we assumed that all of these cases were smokers. It is
likely, however, that several cases were misclassified, as
research has demonstrated that approximately 10% of
lung cancer cases are never-smokers.? To investigate
this possibility, we conducted a separate analysis that
assumed those without smoking information were
nonsmokers. As noted previously, these results were
not substantially different from our primary analysis.

The spatial scan statistic as a technique is also some-
what limited by its circular scan window, which might
not be able to identify clusters of linear or irregular
shape. SaTScan provides an elliptical scan window
option that can help with the former, but we chose to
run our analysis using the default settings, given the
exploratory nature of this research. Regardless, we do
not feel that this limitation has greatly influenced this
study’s findings, as it should tend to make clusters more
difficult, rather than easier, to discern.

Lastly, this study was limited by a lack of direct
measurement of environmental contamination within
the region, or exposure to individuals who live in the
region. Collecting these data is very expensive and,
thus, is beyond the scope of an exploratory analysis
of existing data. However, other studies have dem-
onstrated elevated levels of arsenic and nickel in the
region (Unpublished data. Hopenhayn C, Johnson
N, Shelton B, Tucker T, Unrine ], Huang B, et al.
Concentrations of arsenic, chromium, and nickel in
toenail samples from Appalachian Kentucky residents.
University of Kentucky 2011).%

CONCLUSION

This study presents suggestive evidence of a link
between the coal-mining industry and lung cancer
incidence in Kentucky. Future research should include
collection of biological specimens (e.g., toenails, urine,

and blood) and environmental samples (e.g., air, water,
and soil) to determine the presence of trace elements
and other lung carcinogens, detailed smoking histories
to account for the prominent influence of tobacco, and
other data elements reflecting the variety of potential
risk factors and confounders for developing lung can-
cer. Furthermore, future studies should also address
the possibility that exposure to relatively low levels of
contaminants might be interacting with other factors
to increase risk. Smoking, for example, has been shown
to interact synergistically with arsenic, so that smokers
are at greater risk of arsenic-related metabolic and
health effects than nonsmokers.*>* The population of
Appalachian Kentucky might thus be especially sensitive
to this or similar environmental exposures due to the
high prevalence of heavy tobacco use.®

This study was funded in part by the Kentucky Lung Cancer
Research Program. The authors thank Dr. Susanne Arnold and
the members of the Lung Cancer Research Initiatives working
group at the University of Kentucky Markey Cancer Center for
their guidance and encouragement. This study was Institutional
Review Board exempt.
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