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ABSTRACT: Lung cancer rates in Appalachian Kentucky are almost twice national rates; colorectal cancer rates
are also elevated. Although smoking prevalence is high, it does not explain all excess risk. The area is characterized
by poverty, low educational attainment, and unemployment. Coal production is a major industry. Pyrite contami-
nants of coal contain established human carcinogens, arsenic (As), chromium (Cr), and nickel (Ni). We compared
biological exposure to As, Cr, and Ni for adults living in Appalachian Kentucky with residents of Jefferson, a non-
Appalachian, urban county. We further compared lung and colon cancer rates, demographics, and smoking preva-
lence across the study areas. Toenail clipping analysis measured As, Cr, and Ni for residents of 23 rural Appalachian
Kentucky counties and for Jefferson County. Reverse Kaplan-Meier statistical methodology addressed left-censored
data. Appalachian residents were exposed to higher concentrations of As, Cr, and Ni than Jefferson County resi-
dents. Lung cancer incidence and mortality rates in Appalachia are higher than Jefferson County and elsewhere in
the state, as are colorectal mortality rates. Environmental factors may contribute to the increased concentration of
trace elements measured in residents of the Appalachian region. Routes of human exposure need to be determined.
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I. INTRODUCTION

The state of Kentucky has elevated incidence rates
of both lung and colorectal cancers compared to the
United States as a whole. Based on recent compara-
tive data across the 50 states for the period 2002—
2006,' Kentucky ranks highest for lung cancer mor-
tality for men and women (54% and 39% higher
than the United States as a whole, respectively), and
second and third highest for colorectal cancer, for
men and women, respectively (15% and 14% higher
than corresponding national rates). In addition, the
Appalachian region of eastern Kentucky (Appala-
chian KY) has high rates of these cancers compared
to the non-Appalachian region of the state.?
Residents of Appalachian KY, on average, have
lower socioeconomic status, higher smoking rates,
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and higher rates of obesity than the state as a whole.
A study in Appalachia found that living in areas of
heavy coal mining was associated with increased risk
of lung cancer, beyond that explained by smoking or
socioeconomic variables.’ The region has a unique
geology that has long supported the country’s en-
ergy needs with high-quality bituminous coal. Envi-
ronmental exposures to various trace elements, such
arsenic (As),* chromium (Cr) VI, and nickel (Ni)®
have been associated with increased risk of cancers.
These trace elements can often be found in pyrite
associated with coal from the region, and may con-
tribute, at least in part, to the increased cancer rates
found among Appalachian KY residents.® Despite
the potential for trace metal exposure via ingestion,
inhalation, and/or dermal routes in this region, there
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have been no population-based measurements of
biological exposure to trace elements.

Toenails have been shown to be an appropriate
biological sample to assess environmental expo-
sures to trace elements or other chemicals.”® Since
toenails have a relatively slow growth rate, it has
been estimated that toenail measurements usually
represent exposures over the last 3—12 months,
and are relatively stable over time.’ In particular,
toenail As concentrations have been shown to be
a good biomarker of environmental exposure to
As.'"2 The concentration of Cr in toenails has also
been used as a biomarker of exposure in epidemio-
logic studies,'*'* as well as concentrations of Ni
in toenails'® and fingernails,!” although to a lesser
extent than As or Cr.

For this study, toenail samples that had been
collected from a statewide, colon cancer case-
control study in Kentucky were made available
for analysis. We present the results of an analy-
sis of As, Cr, and Ni concentrations in toenails of
residents from selected Appalachian KY counties,
compared to residents living in another region of
the state distant from the Appalachian region, as
a first approach to assess potential environmental
exposures to these trace elements. We also present
an ecologic analysis of lung and colorectal cancer
as well as demographics of the study regions.

Il. METHODS

The participants for this study were selected from
the controls of a colon cancer case-control study
conducted in Kentucky, previously described,'
following the methodology of other studies draw-
ing from controls as a representative group of
healthy individuals to assess environmental expo-
sures using toenail samples.'™"” Briefly, potential
colon cancer cases were identified through the Sur-
veillance, Epidemiology, and End Results (SEER)
Kentucky Cancer Registry (KCR), which covers
all residents of the state of Kentucky at the time of
diagnosis. The KCR was queried every 3 months
to identify all incident primary colon cancer cases
reported within 6 months of diagnosis. Random-
digit dialing was used to recruit a population sam-
ple of controls representative of Kentucky. All sub-
jects were recruited between July 2003 and March
2009. Controls were required to be aged >30 years,
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with no personal history of cancer other than skin
cancer. For both cases and controls, those with
self-reported inflammatory bowel diseases, history
of familial adenomatous polyposis, and hereditary
non-polyposis colorectal cancer were excluded.
The participation rates were 72.2% for the cases
and 62.5% for eligible controls. Each participant
was mailed a kit for self-collection of toenail spec-
imens, including instructions for clipping them, a
sealable plastic bag to store the specimens, and a
return envelope for mailing them. Toenail samples
were stored at Case Western Reserve University
for future analysis.

For the pilot study reported here, a subgroup
of controls from the larger case-control study was
selected based on geographical location of resi-
dence. Specifically, 2 factors were considered for
the selection of the potentially exposed subjects:
1) the high rates of lung and colon cancer in the
Appalachian region of Kentucky; and 2) the fact
that the mountainous, Appalachian region of the
state is known to have a unique geology that con-
tains high-quality bituminous coal naturally rich in
trace elements.?’ This led to investigating whether
residents of the Appalachian region of Kentucky
had higher exposures to As, Cr, and Ni as reflected
by concentrations in toenail samples, which could
in turn support the hypothesis that environmental
exposure to these trace elements may partially ex-
plain the high lung and colon cancer rates. There-
fore, for this analysis we included subjects from
23 contiguous rural counties in the Appalachian
region of the state, selected for their high colon
and lung cancer rates and their location within the
geologically rich bituminous coal region. A com-
parison group was selected from Jefferson County,
the largest, most urban county in Kentucky, which
includes the city of Louisville and is located on
the Ohio River about 100 miles northwest of the
Appalachian region. Another relevant factor that
set apart the Appalachian counties from Jefferson
County was the high percentage of the population
using private versus public water supply.

Toenail samples from 253 controls residing in
the target counties were selected for trace element
analysis, of which 102 participants were from the
Appalachian counties (henceforth referred to Ap-
palachian) and 151 controls were from Jefferson
County (henceforth referred to as Jefferson). We
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excluded two counties that were not contiguous
to the core of mountainous Appalachian ones, are
more urban, and have an oil refinery in the vicinity
(introducing potential exposures from other sourc-
es). Therefore, our final study group included 88
Appalachian and 151 Jefferson participants. Basic
demographic data for these participants was ob-
tained from the larger case-control study.

The Institutional Review Boards of the Uni-
versity of Kentucky and Case Western Reserve
University/University Hospitals of Cleveland ap-
proved this study. All participants provided written
informed consent.

A. Laboratory Analysis

Elemental analyses of toenails were performed fol-
lowing the methods of Heck et al.?' External con-
tamination was removed from the toenails first by
ultrasonication in acetone, second in 1% citranox
(metal free acidic detergent), and finally in 18 MQ
de-ionized water. The samples were then dried to a
constant weight at 60°C. A microwave reaction sys-
tem (MARS Xpress; CEM, Matthews, NC, USA)
was used to digest the samples in ultra-pure nitric
acid in trace-metal clean polypropylene centrifuge
tubes, ramping the temperature to 100°C and hold-
ing for 10 minutes. Total elemental analyses were
performed after dilution using inductively coupled
plasma mass spectrometry (ICP-MS) (Agilent
7500cx; Agilent Technologies, Santa Clara, CA,
USA). The ICP-MS is equipped with an octopole
collision cell that was pressurized with helium (for
Cr and As) to minimize polyatomic interferences.
Quality control parameters included analyses of
reagent blanks, dilution replicates, samples spiked
with a second source standard, and monitoring of
isotope ratios where possible. These quality assur-
ance/quality control procedures follow the guide-
lines set forth by the U.S. Environmental Protec-
tion Agency (EPA) method 6020a.2> The quality
control criterion for matrix spike recovery was
80%—110%.

B. Detection Limits

Method detection limits (MDLs) depended on
sample mass. Detection limits were calculated us-
ing 3 times the standard deviation of the reagent
blanks and then were converted to an equivalent
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dry mass concentration in each toenail based on
the actual dry mass of the sample. The dry mass
of collected toenail varied widely between study
participants; in general, nearly two thirds of the
collected toenail samples weighed <20 mg.

C. Statistical Analysis

Standard descriptive statistics were used to sum-
marize distributions for age, race, gender, smok-
ing status, and amount of dry toenail mass between
Jefferson and Appalachian samples. Distributions
for these variables were compared between the 2
regions using the 2-sample #-test for age and toe-
nail mass and Fisher’s exact test for gender, race,
and smoking status.

As is often the case with environmental con-
taminant data, a portion of the values for each trace
element in our data set fell below the MDL and
are referred to as “non-detects.” Such values are
characterized in the statistical literature as being
left-censored. An MDL value was calculated for
each sample independent of whether it was left-
censored. The analysis described in this report uti-
lizes the MDL only when there was a non-detect
value present.

Due to the relatively high presence of non-de-
tects for As (70.7%), Cr (57%), and Ni (71%), sim-
ple methods of substitution (such as using MDL/2)
or simple imputation are considered inadequate for
statistical analysis.??* A more appropriate method
to compare distributional differences is the use
of the reverse Kaplan-Meier estimator.** This es-
timator is a left-censored analog to the common
Kaplan-Meier estimator. This is a nonparametric
method that makes no distributional assumptions
regarding the trace elements. It also accounts for
the non-detects and has been advocated as a pre-
ferred method over other more popular ad hoc
methods based on “filling in” a value for the non-
detect (e.g., fill in the MDL or ¥4 x MDL).**

The reverse Kaplan-Meier estimator is an ap-
propriate method if there is substantial overlap in
the distribution of the actual trace element val-
ues and the MDL values for the non-detects. This
amount of overlap can be seen by constructing
side-by-side box-and-whisker plots. These plots
are included in this report (Fig . 1) and show a sub-
stantial amount of overlap, which indicates that the
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reverse Kaplan-Meier method is quite suitable for
this application.

Distributions of trace elements were summa-
rized by computing the 10th, 25th, 50th, 75th, and
90th percentiles, and were compared between the 2
groups (Appalachian and Jefferson), as well as by
gender and 2 age groups (below and above the me-
dian of 61 years). Several of the percentiles <25th
percentile could not be estimated precisely for any
of the trace elements. Where this was the case, we
followed the procedure recommended by others,*
and report an upper bound based on the minimum
trace element value observed (e.g., 0.02 was the
minimum observed arsenic value in both Appala-
chian and Jefferson, and thus “<0.02” is the value
reported for the 10th percentiles in the results. As
is the case with the Kaplan-Meier estimator, the
reported P values based on reverse Kaplan-Meier
estimation reflect overall group differences in trace
element distributions between the relevant groups.

D. Ecologic Data Analysis

In addition to the toenail analysis, we also analyzed
secondary data sources to characterize the study re-

Arsenic

Chromium

gion with respect to other variables available from
the KCR, the Behavioral Risk Factor Surveillance
System (BRFSS), the Kentucky Division of Water
(DOW), and the 2000 Census. For these compari-
sons, we grouped counties geographically as fol-
lows: Appalachian KY (the 23 counties for which
we present toenail trace element analyses), the rest
of the Appalachian KY counties, as classified by the
Appalachian Regional Commission (31 counties),?
non-Appalachian KY counties (the remaining 69
counties combined), and Jefferson County. KCR
data were used to derive colorectal and lung cancer
incidence and mortality rates for 1995-2007. The
BRFSS, a national program from the Centers for
Disease Control and Prevention, administered by
each state, is based on a yearly telephone survey and
seeks to obtain information on a number of behav-
ioral risk factors, preventive screening, and health
status of the adult population (aged >18 years).?® In
Kentucky, it is administered through a contract with
the University of Kentucky and the full data set is
obtained yearly, which allows for grouping across
counties and calendar years, as well as across vari-
ables, to meet data analysis requirements. In this
case, we used it to calculate prevalence rates of
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FIGURE 1. Box plots provide side-by-side distributions for actual values (values > LOD) and non-detects (values
< LOD) for arsenic, chromium, and nickel. The lower end of the box corresponds to the 25th percentile, the middle
line corresponds to the median, and the upper end to the 75th percentile. The diamond provides the estimate of the
mean and the whiskers extend to the most extreme value that is within 1.5 times the interquartile range of each end
of the box. The left-most vertical axis in each of the 3 panels corresponds to values (in ug/g) of arsenic, chromium,

and nickel, respectively.
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smoking, being overweight, and consuming >3
servings of fruits and vegetables over the 3 most
recent years of available data (2007-2009). DOW
data were used to estimate private well water us-
age and Census data were used to characterize the
regions by education (percentage of adults without
a high school diploma) and poverty levels (percent-
age below the poverty line).

Ill. RESULTS

A total of 239 controls from the original case-
control study, who had submitted toenail samples
and were residents of the 23 selected Appalachian
(n=88) and of Jefferson (n=151) counties, were in-
cluded in this analysis. As shown in Table 1, on av-
erage the Appalachian participants were younger
than those from Jefferson County (mean 58.2 vs.
61.5, respectively; P = .016), had a slightly lower
proportion of women (59.8% vs. 64.9%), and a
higher representation of whites (94.3 vs. 84.0%, P
=.008), reflecting the differences in racial distribu-
tion between the 2 regions. In terms of smoking
rates, there were no significant differences across
the 2 groups, although Appalachian subjects were
more likely to be current smokers (20.5% vs.

15.9%), also reflecting the smoking patterns across
the 2 regions.

The analysis of toenail samples showed that
the total self-collected mass was generally small,
averaging 18.2 g (slightly higher in Jefferson com-
pared to Appalachian, 19.5 vs. 16.1). This resulted
in 70.7% (169/239) of the samples being classi-
fied as below the detection limit (DL) for As, 57%
(137/239) for Cr, and 71% (170/239) for Ni. Even
in the presence of a large portion of below DL sam-
ples, the reverse Kaplan-Meier method can offer
advantages over many of the ad hoc substitution
methods such as substituting with half the detec-
tion limit. The utility of the Kaplan-Meier method
depends on the overlap between the distribution of
the actual trace element values and the distribution
of the below DL for the corresponding non-detects.
As can be seen in Figure 1, there is substantial
overlap in these 2 distributions for all 3 trace ele-
ments, indicating that the Kaplan-Meier method of
analysis is appropriate for these samples.

The results of the reverse Kaplan-Meier esti-
mations show that, for the 3 trace elements con-
sidered, concentrations tended to be higher among
the Appalachian than the Jefferson subjects (Table
2). In particular, for As the differences in concen-

TABLE 1. Comparison of Appalachian and Jefferson control study subjects by age,

race, and smoking status

Variable Appalachian Jefferson P value
Age,y
n 88 151
Mean 58.2 61.5 0.016
SD 9.54 10.51
Min 36 33
Max 89 86
Race, %
White 94.30 84.00 0.082
Black 2 13.00
Other 3.40 3.00
Female, % 59.80 64.90 0.094
Smoking status, %
Current smoker 20.5 15.9 0.55
Former smoker 35.2 411
Never smoked 443 431
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tration were notably higher in Appalachian in the
75th and 90th percentiles. Similar results were ob-
served for Cr and Ni starting at around the 50th
percentile.

Interesting patterns were observed when
participants were stratified into 2 groups by age
(above and below the median age of 61 years) and
by gender. Although the overall P values for age
or gender distributional differences were not sig-
nificant for As, the younger group had higher toe-
nail As concentrations in both Appalachia and Jef-
ferson, with samples from younger Appalachians
having considerably higher concentrations across
the 75th and 90th percentiles. No differences were
observed with respect to gender. For Cr, higher
concentrations were observed for the older Ap-
palachian group (P = .0367), whereas the reverse
was true in Jefferson samples. Men were found to
have higher Cr levels than women in both regions,
although these differences were not statistically
significant. Finally, observed Ni levels were higher
among the younger group in both Appalachia and
Jefferson (the difference being higher in Appala-
chia) but neither of these differences reached sta-
tistical significance.

The results of the ecologic-level analysis by
region are presented in Table 3, comparing the fol-
lowing groups of counties: the 23 Appalachian,
coal-rich counties for which toenail results were
presented; the remaining Kentucky Appalachian
counties; all of the non-Appalachian counties in
Kentucky combined; and Jefferson County alone.
The comparison of age-adjusted cancer rates indi-
cates that colorectal cancer incidence is higher in
Appalachia than in Jefferson, and colorectal cancer
mortality is higher in the 23-county area than the
rest of Appalachia or Jefferson. Lung cancer inci-
dence and mortality rates are higher in the 23 Ap-
palachian counties than in the rest of Appalachia,
which in turn is higher than in Jefferson. Smoking
rates are also higher in Appalachian counties, but
no difference was observed among the 2 Appala-
chian groups. A similar pattern was observed for
overweight rates and consumption of fruits and
vegetables. The poverty levels were highest in the
23-county region, followed by the rest of Appala-
chia, and in stark contrast with Jefferson; a simi-
lar pattern was observed for education (although
not much difference between the 2 Appalachian

Volume 30, Number 3, 2011

TABLE 3. Age-adjusted incidence and mortality Rates per 100,000 for lung and colorectal cancer, by region (2003-2007) and BRFSS

prevalence rates for smoking, overweight, and consumption of 23 servings of vegetables per day (2007-2009)
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groups). In terms of water supply, clear contrasts
were observed, with <50% of the population of the
23-county region as a whole receiving public water
supply, versus 66% in the rest of Appalachia and
98% in Jefterson.

IV. DISCUSSION

The results of this pilot study show that residents
from the selected region of Appalachian KY tend to
have higher toenail As, Ni, and Cr concentrations
than residents from Jefferson County. The inter-
pretation of these results is complex, and involves
consideration of potential exposure pathways as
well as comparison of the concentrations with other
studies. For these reasons, we will first give a gen-
eral characterization of the 2 regions and then ad-
dress each of the 3 trace elements separately.

Exposure to these trace elements has been as-
sociated with increased risks of various cancers
across a spectrum of exposure sources globally,
and the evidence in the area suggests that the high
lung cancer risks (almost twice than those in the
United States as a whole) can only be partially
attributed to the higher smoking rates in Appala-
chian KY.?’ In addition, colorectal mortality rates
are elevated compared to other parts of the state,
although not as much as lung cancer.

Among the specific trace elements analyzed
in this study, As is likely the most clearly estab-
lished as both an occupational and environmental
carcinogen. Data from copper smelter workers
several decades ago demonstrated increased lung
cancer associated with arsenic inhalation, and
similar findings have been reported among other
occupations, including mining.*?® Environmental
exposure to As, mainly from ingestion of naturally
contaminated drinking water, has been found to
increase the rates of several cancers, particularly
lung and bladder neoplasms.?**

Arsenic is metabolized through a methylation
process and excreted primarily through the urine,
while also accumulating in keratin-rich tissues
such as hair and nails, due to its affinity for sul-
phydryl groups.* Several studies have shown that
toenail arsenic concentrations are a useful indica-
tor of As exposure over several months.'? A New
England study established a correlation of 0.65 (P
< .001) between As concentrations in well water
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and toenails of residents consuming water above
1 pg/L." Their regression line shows that at a wa-
ter concentration of 10 pg/L, the EPA’s maximum
contaminant level for As,” the predicted toenail
value would be, on average, around 0.2 pg/g. In
our pilot study, the 90th percentile toenail concen-
tration of 0.29 pg/g interpolated from the same re-
gression line'® would be equivalent to the exposure
expected from drinking water containing around
30 pg/L of As, which is 3 times higher than the
EPA standard.

It is important to clarify that we do not have
any environmental measurements related to the
participants who provided the toenail samples,
and there are limited quantified data on direct hu-
man exposures to As in the region. Therefore, we
cannot ascertain if the As exposures that resulted
in the higher toenail As concentrations in the Ap-
palachian participants are from ingestion of con-
taminated drinking water, occupational or environ-
mental dust inhalation or dermal exposures, food
grown or hunted locally, or a combination of vari-
ous sources. Since over half of the population of
the region uses privately owned well water, which
is not subject to As testing and regulation, there
is scant information on drinking water chemical
contaminants. A small study in the region,*? includ-
ing several of the Appalachian counties from our
study, reported that some wells had arsenic water
concentrations between 0.5-10 pg/L, with only 2
higher than 10 pg/L. It is therefore quite possible
that other routes of exposure are contributing to the
body burden of As reflected in the toenail samples.
Inhalation may be one of those routes, given that
the geometric mean of As in coal from this region
is almost twice that of the coal in the United States
as a whole (11 vs. 6.1 ppm),° and that surface min-
ing, increasingly common in the area, liberates
large amounts of dust into the environment,**-* in
which pH and other factors may increase the avail-
ability of bioaccessible arsenic.’

Chromium can occur in several valences, but
only the trivalent Cr III and Cr VI have environ-
mental stability.*® Human exposures to these 2
forms seem to have very different effects. Cr VI is
an established human carcinogen, based on a num-
ber of inhalation studies in occupational settings?;
Cr VI by ingestion is recently being recognized as a
possible carcinogen,*® although a meta-analysis of
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studies of occupational exposure to Cr VI showed
no association with cancers of the gastrointestinal
tract.”” Recent experimental evidence suggests a
role for Cr VI in gastrointestinal tumors.*® On the
other hand, Cr III is considered to be an essential
element. Several studies have found low biological
concentrations of Cr to be related to different ad-
verse health outcomes. Lower toenail Cr concen-
trations have been associated with increased risk
of diabetes'* and myocardial infarction,*® whereas
a recent study showed that higher blood concentra-
tions of Cr associated with increased risk of oral
cancer.”” Other studies have shown no association
between toenail Cr and melanoma'® or breast can-
cer.” An important limitation of finding associa-
tions between total Cr measurements and specific
health effects is separating the beneficial, protec-
tive effects of Cr III and the adverse effects of Cr
VI. Moreover, in some cases, such as drinking wa-
ter, Cr III can oxidize to Cr VI under certain con-
ditions, thus rendering the final human exposure
product a higher toxicity.*

The results of our pilot study showed that
residents in Appalachian KY had higher toenail
Cr concentrations than those in Jefferson, suggest-
ing the possibility that environmental exposures
could account for some of the observed differ-
ences. However, even the median concentration
for Appalachia, of 0.27 pg/g, was lower than that
found in other studies with values around 1.2* and
1.40." In a sample of the large Health Profession-
als Follow-Up Study of men aged 45—75 years, the
toenail median for Cr was 0.50.'* Since the data do
not allow us to elucidate if the source of the toe-
nail Cr is Cr III or Cr VI, we are not able to draw
conclusions regarding either lower dietary Cr III
intake in general and/or higher environmental Cr
VI exposures in Appalachia.

Inhalation is the main route of elevated expo-
sures to Ni, and is most often associated with occu-
pational exposures to dust or airborne particles.*!
Based on a number of epidemiologic studies, inha-
lation of Ni was established as a lung carcinogen
in the 1990s.> A recent study also showed higher
concentrations of blood Ni, along with Cr, associ-
ated with oral cancer.*?

Although there are no published studies show-
ing toenail Ni concentrations in relation to health
outcomes, there are a few publications with nail
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and toenail measurements for different groups.
A Danish occupational study found the relative
Ni fingernail concentrations to be higher among
heavily exposed workers (median 29.9 pg/g) than
among moderately exposed workers (median 13.8
ng/g),'” and in turn were much lower among a con-
trol group (median 0.49 pg/g). On the other hand,
a reference study in Detroit, Michigan, showed the
median concentration of Ni in non-exposed sub-
jects’ toenails to be 37.4 pg/g. It is difficult to in-
terpret our findings within the context of these few
published results and the lack of apparent valida-
tion of toenail Ni as an adequate biomarker of ex-
posure. However, it is worth noting that the levels
were higher among Appalachian participants.

One of the main limitations of this study was
the collection and analysis of the toenail samples,
particularly the large percentage of non-detects for
all 3 trace elements. In general, with accurate mea-
surement techniques, such as the one used in our
laboratory analysis, non-detects can be considered
almost synonymous to low concentrations. How-
ever, this is dependent on having sufficient sample
mass. The presence of a non-detectable value was
dependent, in part, on the amount of mass (toenail
weight) available, and this varied from sample to
sample. Non-detects were also present in many
samples that had sufficient mass indicating low
exposure. The reverse Kaplan-Meier statistical ap-
proach allows for use of this “partial” information
to the extent that one knows that the trace element
level was at least no greater than the detectable
limit value itself.

Since the study subjects were a subgroup of
those from a colorectal cancer case-control study,
some selection bias could have occurred in the in-
clusion of study participants. However, since we
only included controls, identified through random-
digit dialing, the two main sources of bias would
be having a land-line telephone and agreeing to
participate. Since the study covered an area of 23
counties in Appalachia, there is no reason to be-
lieve that either of these conditions would differ-
entially select individuals who are more, or less,
likely to be environmentally exposed to the trace
elements investigated. The same is true for Jeffer-
son County participants.

Another limitation of this pilot study is the
limited information we had on the study subjects
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that did not allow us to explore if the differences
in Cr toenail concentrations, for example, were as-
sociated with differences in dietary practices, or if
differences across the 3 trace elements could be at
least partially explained by differences in occupa-
tional activities.

The results of the ecologic data analysis show-
ing higher lung cancer risks in the coal-rich Ap-
palachian region, despite having the same smoking
rates as the rest of Appalachian, Kentucky, support
a possible role of arsenic as a contributor, based on
the established evidence of arsenic as a lung car-
cinogen.* The findings are also consistent with a
recent study in the West Virginia coal-producing
region.*

ACKNOWLEDGMENTS

We acknowledge support from Grant NCI
ROI1CA136726, and thank Ms. Amy Christian for
assistance with manuscript preparation.

REFERENCES

1. American Cancer Society. Cancer facts & figures 2010.
Atlanta (GA); 2010.

2. Kentucky Cancer Registry. Cancer incidence rates.
Available from: http://www.ker.uky.edu/.

3. Hendryx M, O'Donnell K, Horn K. Lung cancer mortal-
ity is elevated in coal-mining areas of Appalachia. Lung
Cancer. 2008;62(1):1-7.

4.  World Health Organization. International Programme
on Chemical Safety: arsenic and arsenic compounds.
Finland; 2001.

5. International Agency for Research on Cancer. IARC
monographs on the evaluation of the carcinogenic risk
of chemicals in humans: chromium, nickel and welding.
Vol. 49. Lyon, France; 1990.

6. Tuttle ML, Goldhaber MB, Ruppert LF, Hower JC.
Arsenic in rocks and stream sediments of the central
Appalachian basin, Kentucky. Open-File Report 02-28.
Denver (CO): U.S. Geological Survey; 2002.

7.  He K. Trace elements in nails as biomarkers in clinical
research. Eur J Clin Invest. 2011;41(1):98-102.

8. Yaemsiri S, Hou N, Slining MM, He K. Growth rate
of human fingernails and toenails in healthy Ameri-
can young adults. J Eur Acad Dermatol Venereol.
2010;24(4):420-3.

9. Garland M, Morris JS, Rosner BA, Stampfer MJ, Spate
VL, Baskett CJ, Willett WC, Hunter DJ. Toenail trace
element levels as biomarkers: reproducibility over a
6-year period. Cancer Epidemiol Biomarkers Prev.
1993;2(5):493-7.

222

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

Karagas MR, Tosteson TD, Blum J, Klaue B, Weiss JE,
Stannard V, Spate V, Morris JS. Measurement of low lev-
els of arsenic exposure: a comparison of water and toe-
nail concentrations. Am J Epidemiol. 2000;152(1):84-90.

Slotnick MJ, Meliker JR, AvRuskin GA, Ghosh D,
Nriagu JO. Toenails as a biomarker of inorganic arsenic
intake from drinking water and foods. J Toxicol Envi-
ron Health A. 2007;70(2):148-58.

Slotnick MJ, Nriagu JO. Validity of human nails as a
biomarker of arsenic and selenium exposure: a review.
Environ Research. 2006;102(1):125-39.

Garland M, Morris JS, Colditz GA, Stampfer MJ,
Spate VL, Baskett CK, Rosner B, Speizer FE, Wil-
lett WC, Hunter DJ. Toenail trace element levels and
breast cancer: a prospective study. Am J Epidemiol.
1996;144(7):653-60.

Rajpathak S, Rimm EB, Li T, Morris JS, Stampfer MJ,
Willett WC, Hu FB. Lower toenail chromium in men
with diabetes and cardiovascular disease compared with
healthy men. Diabetes Care. 2004; 27(9):2211-6.

Vinceti M, Bassissi S, Malagoli C, Pellacani G, Alber
D, Bergomi M, Seidenari S. Environmental exposure to
trace elements and risk of cutaneous melanoma. J Expo
Anal Environ Epidemiol. 2005;15(5):458-62.

Slotnick MJ, Nriagu JO, Johnson MM, Linder AM,
Savoie KL, Jamil HJ, Hammad AS. Profiles of trace ele-
ments in toenails of Arab-Americans in the Detroit area,
Michigan. Biol Trace Elem Res. 2005;107(2):113-26.

Peters K, Gammelgaard B, Menne T. Nickel concentra-

tions in fingernails as a measure of occupational expo-
sure to nickel. Contact Dermatitis. 1991;25(4):237-41.

. Li L, Plummer SJ, Thompson CL, Tucker TC, Casey

G. Association between phosphatidylinositol 3-kinase
regulatory subunit p85alpha Met326lle genetic poly-
morphism and colon cancer risk. Clin Cancer Res.
2008;14(3):633-7.

Slotnick MJ, Meliker JR, Kannan S, Nriagu JO. Effects
of nutritional measures on toenail arsenic concentra-
tion as a biomarker of arsenic exposure. Biomarkers.
2008;13(5):451-66.

Goldhaber M, Lee R, Hatch J, Pashin J, Treworgy J.
Role of large scale fluid-flow in subsurface arsenic en-
richment. In: Welch AH, Stollenwerk KG, editors. Ar-
senic in groundwater. Boston: Kluwer Academic Pub-
lishers; 2003. p. 475.

Heck JE, Andrew AS, Onega T, Rigas JR, Jackson BP,
Karagas MR, Duell EJ. Lung cancer in a U.S. popu-
lation with low to moderate arsenic exposure. Environ
Health Perspect. 2009;117(11):1718-23.

U.S. Environmental Protection Agency. Method 6020a:
Inductively coupled plasma - mass spectrometry. Wash-
ington (DC): 1998.

Lubin JH, Colt JS, Camann D, Davis S, Cerhan JR, Sev-
erson RK, Bernstein L, Hartge P. Epidemiologic evalu-
ation of measurement data in the presence of detection
limits. Environ Health Perspect. 2004;112(17):1691-6.

Journal of Environmental Pathology, Toxicology and Oncology



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

N. JOHNSON ET AL.

Gillespie BW, Chen Q, Reichert H, Franzblau A, Hedge-
man E, Lepkowski J, Adriaens P, Demond A, Luksem-
burg W, Garabrant DH. Estimating population distribu-
tions when some data are below a limit of detection by
using a reverse Kaplan-Meier estimator. Epidemiology.
2010;21(4):S64-70.

Appalachian Regional Commission. Counties in Ap-
palachia. Available from: http://www.arc.gov/counties.
Centers for Disease Control and Prevention. Behav-
ioral Risk Factor Surveillance System. Available from:
http://www.cdc.gov/brfss/.

Christian WJ, Huang B, Rinehart J, Hopenhayn C. Ex-
ploring geographic variation in lung cancer incidence
in Kentucky using a spatial scanstatistic: Evidence of
elevated risk in the Appalachian coal mining region.
Public Health Reports. In press.

International Agency for Research on Cancer. IARC
monographs on the evaluation of the carcinogenic risks
to humans: some metals and metallic compounds. Vol.
23. Lyon, France: 1980.

National Research Council. Arsenic in drinking water.
Washington, DC: National Academy Press; 2001.
Hopenhayn C. Arsenic in drinking water: impact on hu-
man health. Elements. 2006;2:103-7.

U.S. Environmental Protection Agency. Drinking wa-
ter contaminants. Available from: http://water.epa.gov/
drink/contaminants/index.cfm#list.

Shiber JG. Arsenic in domestic well water and health
in central Appalachia, USA. Water, Air, and Soil Pollu-
tion. 2005;160(1):327-41.

Ghose MK, Majee SR. Characteristics of hazardous air-
borne dust around an Indian surface coal mining area.
Environ Monit Assess. 2007;130(1-3):17-25.

Jones T, Blackmore P, Leach M, Berube K, Sex-
ton K, Richards R. Characterisation of airborne par-
ticles collected within and proximal to an opencast
coalmine: South Wales, U.K. Environ Monit Assess.
2002;75(3):293-312.

Pumure I, Renton JJ, Smart RB. Ultrasonic extraction
of arsenic and selenium from rocks associated with

Volume 30, Number 3, 2011

36.

37.

38.

39.

40.

41.

42.

43.

mountaintop removal/valley fills coal mining: estima-
tion of bioaccessible concentrations. Chemosphere.
2010;78(11):1295-300.

Stern AH. A quantitative assessment of the carcino-
genicity of hexavalent chromium by the oral route
and its relevance to human exposure. Environ Res.
2010;110(8):798-807.

Gatto NM, Kelsh MA, Mai DH, Suh M, Proctor DM.
Occupational exposure to hexavalent chromium and
cancers of the gastrointestinal tract: a meta-analysis.
Cancer Epidemiol. 2010;34(4):388-99.

Tsao DA, Tseng WC, Chang HR. The expression of
RKIP, RhoGDI, galectin, c-Myc and p53 in gastrointesti-
nal system of Cr(VI)-exposed rats. J Appl Toxicol. 2011;
Mar 25. doi: 10.1002/jat.1621. [Epub ahead of print].
Guallar E, Jimenez FJ, van 't Veer P, Bode P, Riemersma
RA, Gomez-Aracena J, Kark JD, Arab L, Kok FJ, Mar-
tin-Moreno JM. Low toenail chromium concentration
and increased risk of nonfatal myocardial infarction.
Am J Epidemiol. 2005;162(2):157-64.

Chiang CT, Chang TK, Hwang YH, Su CC, Tsai KY,
Yuan TH, Lian IB. A critical exploration of blood and
environmental chromium concentration among oral
cancer patients in an oral cancer prevalent area of Tai-
wan. Environ Geochem Health. 2011;33(5):469-76.

Seilkop SK, Oller AR. Respiratory cancer risks associat-
ed with low-level nickel exposure: an integrated assess-
ment based on animal, epidemiological, and mechanis-
tic data. Regul Toxicol Pharmacol. 2003;37(2):173-90.
Yuan TH, Lian IeB, Tsai KY, Chang TK, Chiang CT, Su
CC, Hwang YH. Possible association between nickel and
chromium and oral cancer: a case-control study in central
Taiwan. Sci Total Environ. 2011;409(6):1046-52.
Hendryx M, Fedorko E, Anesetti-Rothermel A. A geo-
graphical information system-based analysis of can-
cer mortality and population exposure to coal mining
activities in West Virginia, United States of America.
Geospat Health. 2010;4(2):243-56.

223






