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The objective of this US study was to assess the association of toenail nicotine level as a novel biomarker with
lung cancer risk independent of reported smoking history. A nested case-control study of 210 male lung cancer
cases and 630 matched controls aged 40–75 years participating in the Health Professionals Follow-up Study was
conducted. Toenail samples collected in 1987 were analyzed for nicotine levels, and incident lung cancer cases
were diagnosed between 1988 and 2000. Mean toenail nicotine level among cases was 0.95 ng/mg compared with
0.25 ng/mg among controls (P < 0.0001). In univariate analyses, the relative risk of lung cancer for the highest
versus lowest quintiles of toenail nicotine level was 10.50 (95% confidence interval: 5.61, 19.64; P for trend <
0.0001). When the authors adjusted for pack-years from reported smoking history in multivariate analyses, the
relative risk for toenail nicotine levels in the highest quintile was still significant in predicting lung cancer risk: 3.57
(95% confidence interval: 1.73, 7.37; P for trend< 0.0001). In conclusion, the toenail nicotine biomarker was found
to be a strong predictor of lung cancer independent of smoking history, suggesting that the adverse effects of
cigarette smoke may be underestimated in studies based on smoking history only.

cohort studies; lung neoplasms; nails; nicotine; tobacco

Abbreviations: CI, confidence interval; RR, relative risk.

Lung cancer is a well-established consequence of smoking
tobacco, and about 90% of lung cancer cases are attributed to
smoking (1–3). The risk has been estimated by comparing
active smokers with never smokers. Exposure to secondhand
tobacco smoke, a well-established lung cancer risk factor,
among never smokers is often neglected when never smokers
are used as the comparison group for active smokers. This
factor, and the imperfect measurement of the actual amount
of tobacco smoke exposure among active smokers (including
error in reporting amounts and difficulty in accounting for
variation in depth of inhalation (4, 5)), lead to attenuation of
risk (6). These factors that lead to misclassification and at-
tenuation are difficult to avoid when using questionnaires as
the method of tobacco exposure assessment. The information
on exposure to tobacco smoke collected by questionnaires
nevertheless has advantages in studies of risk of chronic dis-
eases because of feasibility and the ability to capture infor-
mation on past exposure.

Biomarkers are being developed for tobacco exposure
assessment because they can potentially reduce measure-

ment error and biases in reporting. However, most available
tobacco biomarkers, such as urine and salivary cotinine (7–
9), are short-lived. One of the longer-term biomarkers for
tobacco exposure is 4-aminobiphenyl adducts to hemoglo-
bin (10, 11), but it has limited value in epidemiologic
studies because of lack of specificity, cost, and poor pre-
diction of lung cancer risk (12, 13). Other tobacco-specific
nitrosamines such as 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanol have recently been used to determine lung cancer
risk for heavy smokers (13, 14), but they are prone to
significant metabolic variability because of age and other
factors, a nonlinear association with exposure, and the need
for sophisticated laboratory analyses and caution in han-
dling these carcinogenic chemicals (15, 16). Furthermore,
they require collection and special storage of urine or blood
samples.

More recently, 2 tobacco biomarkers have been devel-
oped that show promise for wider use in research. The hair
nicotine biomarker initially used for forensic or experimen-
tal purposes has become more widely adopted because of
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more cost-effective analyses, ease of collection, no need for
special storage and handling procedures, and the ability to
reflect long-term exposure (17–20). In addition, the toenail
nicotine biomarker has some additional advantages because
it has a relatively long half-life because of the slow growth
rate of toenails (about 1 cm per year) and the ability to be
collected easily by study participants (21, 22).

In this study, toenail samples were collected from men
participating in the Health Professionals Follow-up Study at
the beginning of follow-up. Using a nested case-control de-
sign, we examined the relation of toenail nicotine levels to
incidence of lung cancer during 12 years of follow-up. We
hypothesized that toenail nicotine levels will strongly pre-
dict risk of lung cancer.

MATERIALS AND METHODS

The Health Professionals Follow-up Study is a prospective
cohort of men initiated in 1986, when 51,529 predominantly
white men aged 40–75 years of age answered a detailed
questionnaire by mail on diet and medical history (23). This
cohort consists of dentists, veterinarians, pharmacists, op-
tometrists, osteopathic physicians, and podiatrists. All 50
US states were represented, and no exclusions were made
by race. Every 2 years, follow-up questionnaires were
mailed to all surviving cohort members to collect data on
lifestyle and anthropometric measures. In 1987, a majority
of the participants (n ¼ 33,737) also provided samples of
toenail clippings.

Study design

To assess the association between toenail nicotine levels
and lung cancer risk, only those men participating in the
Health Professionals Follow-up Study who provided toenail
samples in 1987 were included. We utilized a nested case-
control design by identifying lung cancer cases diagnosed
between 1988 and 2000, after the toenail samples were col-
lected, and matching them to 3 controls randomly selected
from the remaining cohort who did not develop lung cancer.
Both cases and controls had to have toenail samples avail-
able for the study, and we excluded men with any history of
cancer before the date of return of the nail specimens. Con-
trols were matched on age and month of nail return. Most
individuals with lung cancer are active smokers; therefore, 3
controls were used to be able to include 1 of 3 as a smoker
and therefore an approximately comparable number of ac-
tive smokers as among the cases.

A total of 221 lung cancer cases were matched to 666
controls (including extra controls) within the Health Pro-
fessionals Follow-up Study population, for a total sample
size of 887. Among those cases, 3 did not have enough
toenail tissue for analyses and were excluded along with
their matched controls. Another 35 samples were excluded
because data on smoking status for these men were not
available. The final analyses included 210 cases and 630
controls for a total sample size of 840. The institutional
review boards for both Harvard University and University
of California, San Diego approved this study.

Case ascertainment

On each biennial questionnaire, participants were asked
whether they had been diagnosed with lung cancer during
the previous 2 years. The follow-up rate with respect to the
incidence of cancer was 96% of the total possible person-
years. After permission from identified cases (or next of kin
for decedents) was received, hospital records and pathology
reports were obtained and reviewed by a physician for his-
tologic confirmation. Information on lung cancer cell type
was available for approximately 80%. Deaths in the cohort
were ascertained through family members and the National
Death Index (24).

Smoking and covariates

Participants reported their smoking status in 1986 as
never, past, or current. A past smoker was defined as some-
one who had smoked more than 20 packs of cigarettes and
had quit at the time of the survey. For current smokers, they
selected the category that represented their daily number
of cigarettes smoked (1–4, 5–14, 15–24, 25–34, 35–44, or
�45). We collapsed the categories for number of cigarettes
into 1–24 and 25 or more cigarettes per day because of small
numbers. Cigarette consumption for the pack-years calcula-
tion was based on determining how many cigarettes per day
smokers on average smoked during each decade of their life
(by selecting the midpoint of smoking category) and multi-
plying that value by the total number of years of cigarette
consumption and then dividing by 20.

Current weight was requested on questionnaires in 1986,
and body mass index (weight (kg)/height (m2)) was calcu-
lated with the use of the height reported at baseline. Physical
activity was calculated as metabolic equivalent task-hours
per week (1 metabolic equivalent task-hour is equivalent to
1 hour of resting) from time spent in various leisure-time
activities (e.g., walking, running, biking, or playing tennis)
as reported on the 1986 questionnaire.

Laboratory analyses

Toenail samples were analyzed at the Wellington Hospital
(New Zealand) biochemistry laboratory using the high-
performance liquid chromatography with electrochemical
detection method (25). The within-batch coefficient of
variation percentage in this study was less than 10.4%
throughout the analyses. Laboratory staffs were blinded to
case-control and smoking status. Cases and controls were
submitted to the laboratory as matched sets. To reduce ran-
dom error, all samples were run in duplicate when there
were enough toenail samples (87%).

Statistical analyses

The toenail nicotine levels were not normally distributed
and we therefore used the nonparametric Wilcoxon rank
sum test to assess the difference in nicotine levels between
cases and their controls. The chi-square test was used to
assess categorical variables in relation to lung cancer. We
used the PHREG procedure in SAS software (SAS Institute,
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Inc., Cary, North Carolina) for conditional logistic regres-
sion analyses for matched analyses to model the indepen-
dent predictors of lung cancer.

Toenail nicotine levels were initially analyzed as quintiles
using indicator variables, with the lowest quintile as the
referent group. We also modeled nicotine level as a contin-
uous log-transformed variable for our analyses. The models
assessed the smoking variables in relation to lung cancer,
which included smoking status (never, past, current), pack-
years (0, 1–9, 10–19, 20–29, 30–39, �40), and smoking
status with number of cigarettes smoked included (never,
past, current 1–24 cigarettes/day, current �25 cigarettes/
day). In the multivariate analyses, these variables were in-
cluded one at a time with quintiles of toenail nicotine levels
and a continuous log-transformed nicotine variable. Physi-
cal activity was also included in the model as a covariate
because of its association with toenail nicotine levels and
lung cancer risk in our study.

The aim of including the reported smoking variables with
toenail nicotine levels in the same model was to assess the
association of toenail nicotine levels with lung cancer in-
dependent of the risk predicted by reported smoking. The
different reported smoking variables were not included in
the same model because of colinearity.

Potential interaction by smoking status category (never,
past, and current separately) and toenail nicotine levels was
assessed by using a cross-product term in multivariate
models so that the effect of log-nicotine in each smoking
stratum was represented by these interaction terms and also
by including smoking status as indicator variables in the
model. We also carried out stratified analyses for the asso-
ciation between toenail nicotine levels and lung cancer ac-
cording to smoking status (never smokers, past smokers,
current smokers) using the LOGISTICS procedure in SAS
software (SAS Institute, Inc.). Tests of linear trends for in-
creasing quintiles of nicotine levels were conducted by as-
signing the median value for categories and treating them as
a single continuous variable. Reported P values are based on
2-sided tests.

RESULTS

The distribution of potential lung cancer risk factors in
the study population according to quintile of toenail nicotine
is shown in Table 1. Men in the highest quintile of toenail
nicotine were slightly younger than men in the lower toenail
nicotine quintiles. Men in the highest quintiles of nicotine,
who were more likely to be smokers, were less likely to be
physically active. There was no difference in body mass
index between quintiles. The percentage of pack-years dis-
tribution in the study population was as follows: 0 pack-
years, 36.3%; 1–9 pack-years, 9.9%; 10–19 pack-years,
10.8%; 20–29 pack-years, 13.5%; 30–39 pack-years, 9.8;
and �40 pack-years, 19.8%. Across quintiles of nicotine,
mean pack-years increased with higher quintiles. Never and
past smokers were less likely to have nicotine levels in the
highest quintile, whereas the majority of smokers had nic-
otine levels in the highest quintile (Table 1).

As expected, age was not significantly different between
cases and controls because it was a matching variable

(Table 2). Body mass index was also not different between
cases and controls, but controls were significantly more
physically active than cases (P ¼ 0.009). Toenail nicotine
levels were significantly higher among cases compared
with controls. The mean toenail nicotine levels ratio for
cases and controls was 3.6:1; for pack-years, the ratio of
the means was 3:1. The distribution of never, past, and
current smokers varied greatly according to cases and con-
trols. Only 9.1% of cases were never smokers, and only
6.2% of controls were current smokers. The percentage of
cases who were past smokers was only slightly higher
(54.1%) than that among controls (48.4%).

Table 3 includes the univariate models matched for age
and date of toenail return and the multivariate models addi-
tionally adjusted for tobacco smoke variables to assess the
association between reported smoking variables and mea-
sured nicotine levels in relation to risk of lung cancer. All
these variables showed a highly significant dose-response
association with lung cancer risk in both the univariate
and multivariate analyses. The highest relative risks were
for those who smoked for 40 or more pack-years (relative
risk (RR) ¼ 26.05, 95% confidence interval (CI): 13.90,
48.81; P for trend < 0.0001) and for current smokers smok-
ing 25 or more cigarettes per day (RR ¼ 50.70, 95% CI:
23.72, 108.36; P for trend < 0.0001). Regarding toenail
nicotine levels, the men in the fifth quintile versus first quin-
tile had a relative risk of 10.50 (95% CI: 5.61, 19.64; P for
trend < 0.0001).

In the multivariate analyses, which included the bio-
marker with one of the reported tobacco exposure variables,
all relative risks were decreased, but the tests for trend were
still highly significant for both the toenail nicotine levels and
smoking variables. The highest relative risk in either of the
models was for current users who smoked 25 cigarettes or
more per day (RR ¼ 20.59, 95% CI: 8.52, 49.75; refer to
Table 3, model 1). Men in the highest quintile of nicotine
had a relative risk of 3.57 (95% CI: 1.73, 7.37) compared
with men in the lowest quintile when pack-years was in-
cluded in the model and a relative risk of 3.16 (95% CI:
1.49, 6.73) when smoking status and intensity were included
in the model.

The log-transformed nicotine levels were able to signifi-
cantly predict lung cancer risk (RR ¼ 2.10, 95% CI: 1.80,
2.45) in the univariate analyses. In the multivariate analyses,
the relative risks for an increase in log-transformed nicotine
levels were 1.60 (95% CI: 1.34, 1.91) with the inclusion of
pack-years and 1.53 (95% CI: 1.26, 1.87) with the inclusion
of smoking status and intensity in the model.

We also assessed the association between log-trans-
formed toenail nicotine levels and lung cancer risk as an
interaction term for each smoking status with toenail nico-
tine level in the same model while adjusting for physical
activity. The toenail nicotine levels had a similar influence
in predicting cancer regardless of smoking status, and we
found no interaction between toenail nicotine levels and
smoking status (P ¼ 0.90). In the stratified multivariate
analyses according to smoking status (and adjusting for
age and for date of nail return in the model as the matching
variables), the association between log-transformed nicotine
levels and cancer risk was consistently positive, although it
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did not reach statistical significance for never smokers
(Figure 1). When we adjusted for pack-years in the model
for current smokers, the cancer risk from log-transformed
nicotine levels was still significant (RR ¼ 1.72, 95% CI:
1.06, 2.80).

DISCUSSION

We found that levels of nicotine in toenail samples from
our study population independently predicted lung cancer
risk, with a clear dose-response relation for men with higher
toenail nicotine levels having a higher risk of lung cancer.
Our data indicate that toenail nicotine levels reflect exposure

burden of tobacco not captured entirely through reliance on
reported smoking history. Established smokers tend to
maintain their level of tobacco use that is driven by their
addiction to nicotine. As demonstrated in controlled labora-
tory experiments, smokers can reduce their number of cig-
arettes smoked but still maintain their level of nicotine
through topographic behavior of smoke-puff ratio and depth
of inhalation (4, 26). Such higher intake of nicotine and
tobacco carcinogens cannot be estimated when relying on
reported number of cigarettes smoked. Similarly, for past
smokers, our study demonstrates that they are still being
exposed to substantial nicotine levels after they have quit,
although fewer of them were exposed to the highest level of
nicotine. This finding suggests that some are being exposed
to low secondhand smoke levels while others are being ex-
posed to higher levels, presumably from their fellow
smokers who have not quit. It could also indicate that some
of them are still occasionally smoking or that the measure of
toenail nicotine reflects residual nicotine for recent quitters.

More than 10% of men with the highest levels of toenail
nicotine in our study were never smokers. In a previous study
(27), never smokers exposed to heavy secondhand smoke had
levels of nicotine equivalent to those of active smokers, al-
though misclassification was much higher than in this study.
Thus, previous risks of lung cancer due to smoking have
likely been underestimated. The same conclusion applies to
all other tobacco-related diseases for which assessment of
risk has relied on questionnaire measures only.

Two recent studies determined 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanol in urine and serum of heavy smokers
and found it predictive of lung cancer risk (13, 14). To our
knowledge, the first study to assess biomarkers of tobacco
and lung cancer risk was a case-control study from Norway
by Boffetta et al. (28), in which frozen serum samples from
lung cancer cases and their matched controls were analyzed
for cotinine levels. They found a significant association with
cotinine but did not adjust for reported smoking history in
any of their analyses; thus, it is not clear whether serum
cotinine was able to predict lung cancer risk independent
of reported smoking.

Table 1. Age-adjusted Characteristics of USMen in 1986 Participating in the Health Professionals Follow-up Study

According to Quintile of Toenail Nicotine Level

Toenail Nicotine Quintile, ng/mg

1 2 3 4 5

No. of men 179 164 163 166 168

Median toenail nicotine, ng/mg 0.04 0.07 0.10 0.20 1.28

Age in years, mean (SD) 62.8 (8.8) 62.7 (8.0) 63.8 (7.5) 63.8 (7.1) 60.7 (8.0)

Physical activity, METs 19.2 21.0 18.8 19.6 15.0

Body mass index, kg/m2 25.0 25.0 25.2 25.5 24.7

Pack-years of smoking, no. 11.2 12.7 15.8 19.3 37.3

Smoking status, %

Never smoker 29.2 24.0 23.6 17.5 5.7

Past smoker 21.6 21.3 21.5 23.0 12.6

Current smoker 0.0 1.2 1.1 12.6 85.2

Abbreviations: MET, metabolic equivalent task-hour; SD, standard deviation.

Table 2. Age-adjusted Distribution of Lung Cancer Risk Factors at

Baseline (1986) in the Health Professionals Follow-up Study for

Cases Diagnosed Between 1988 and 2000 and Their Matched

Controls

Cases
(n 5 210)

Controls
(n 5 630) P Valuea

Mean (SE) % Mean (SE) %

Nicotine
level, ng/mg

0.95 (0.09) 0.25 (0.02) <0.0001

Age, years 62.5 (0.6) 62.9 (0.3) 0.52

Physical activity,
METs

15.8 (1.2) 19.6 (0.8) 0.009

Body mass
index, kg/m2

25.1 (0.2) 25.1 (0.1) 0.9

Pack-years of
smoking, no.

38.7 (1.6) 12.9 (0.7) <0.0001

Smoking status

Never smoker 9.1 45.3

Past smoker 54.1 48.4

Current smoker 36.9 6.2 <0.0001

Abbreviations: MET, metabolic equivalent task-hour; SE, standard

error.
a P value for continuous variables is from the Wilcoxon rank sum

test and for categorical variables is from the chi-square test.
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Another recent nested case-control study of lung cancer
from the Shanghai Cohort Study assessed the ability of coti-
nine in urine to predict lung cancer risk and found a significant
association in the unadjusted model (29). However, when the
authors adjusted for reported smoking history, the highest
tertile of the urine cotinine biomarker failed to significantly
predict lung cancer risk (odds ratio¼ 2.1, 95% CI: 0.9, 5.0;P
for trend ¼ 0.08). Cotinine is a metabolite of nicotine and is
highly variable because of interindividual metabolic and ex-
cretion differences and a short half-life of 17 hours (9, 30). A
greater stability over time could explain the ability of the
toenail nicotine biomarker to predict lung cancer indepen-
dent of reported smoking history in our study.

A previous study reported on the ability of toenail nico-
tine levels to predict coronary heart disease among women
independent of reported smoking history (31). There was
a dose-response association, and the women in the highest
quintile of toenail nicotine level had a 42% increase in the
risk of coronary heart disease compared with women in the
lowest quintile (RR ¼ 1.42, 95% CI: 1.33, 1.52).

Although toenail nicotine levels can add to the prediction
of lung cancer risk independent of smoking history, as
shown in our study, reported number of cigarettes smoked
and pack-years of smoking were strongly associated with
risk independent of toenail nicotine. Cumulative exposure,
which is most relevant to lung cancer, may suffer less mis-
classification than current or period-specific average expo-
sure. However, in our results, high intensity of smoking of
25 cigarettes or more per day predicted a higher risk of lung
cancer than the highest pack-years of cumulative exposure.
Pack-years does not differentiate between high-intensity
shorter duration of smoking and low-intensity longer duration
and may explain the lower risk.

The toenail nicotine biomarker should reflect factors such as
passive smoking and depth of inhalation not captured by re-
ported smoking habits. However, nicotine is not carcinogenic;
therefore, using it as a proxy for the carcinogenic constituents
of tobacco is based on the assumption that the internal dose of
these constituents delivered to the lung is proportional to nic-
otine levels measured in nails. This assumption has been

Table 3. Relative Risks and 95% Confidence Intervals for the Tobacco Predictors of Lung Cancer Risk in

Univariate and Multivariate Analyses for Men Participating in the Health Professionals Follow-up Study (Followed

Between 1986 and 2000)

Variable

Multivariate Analysis

Univariate Analysis Model 1a Model 2b

RR 95% CI RR 95% CI RR 95% CI

Smoking status

Never smoker (19 casesc) 1.00 1.00

Past smoker (113 cases) 5.42 3.21, 9.15 4.99 2.91, 8.57

Current smoker, 1–24 cigarettes/day
(10 cases)

11.61 4.28, 31.51 5.62 1.94, 16.34

Current smoker, �25 cigarettes/day
(67 cases)

50.70 23.72, 108.36 20.59 8.52, 49.75

P for trend <0.0001 <0.0001

Pack-years of smoking

0 (19 cases) 1.00 1.00

1–9 (12 cases) 2.18 0.98, 4.84 1.92 0.83, 4.44

10–19 (9 cases) 1.46 0.62, 3.47 1.36 0.55, 3.34

20–29 (30 cases) 5.44 2.82, 10.51 4.66 2.35, 9.24

30–39 (35 cases) 10.39 5.28, 20.44 7.68 3.75, 15.73

�40 (105 cases) 26.05 13.90, 48.81 15.80 8.06, 30.97

P for trend <0.0001 <0.0001

Nicotine quintile

1 (26 cases) 1.00 1.00 1.00

2 (21 cases) 1.02 0.52, 1.99 0.82 0.40, 1.69 0.83 0.38, 1.82

3 (26 cases) 1.43 0.74, 2.75 1.23 0.61, 2.47 1.09 0.51, 2.34

4 (40 cases) 2.10 1.12, 3.93 1.34 0.68, 2.67 1.30 0.62, 2.73

5 (97 cases) 10.50 5.61, 19.64 3.16 1.49, 6.73 3.57 1.73, 7.37

P for trend <0.0001 0.0004 <0.0001

Abbreviations: CI, confidence interval; RR, relative risk.
a Model 1: included smoking status with nicotine quintile and physical activity.
b Model 2: included pack-years with nicotine quintile and physical activity.
c Cases matched on age and on date of return of toenail samples.
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demonstrated by comparing toenail nicotine levels with toenail
levels of the tobacco-specific-nitrosamine 4-(methylnitrosa-
mino)-1-(3-pyridyl)-1-butanol; they were well correlated
(r ¼ 0.68; P < 0.0001) (32).

Nevertheless, toenail nicotine levels represent exposure
during the past year, which does not reflect the total cumu-
lative exposure assessed by pack-years of smoking. Notably,
however, the relative risk of toenail nicotine in relation to
lung cancer was not substantially influenced when replacing
pack-years with current smoking level in the model. In both
models, there was an additional 50%–60% risk of lung can-
cer with each natural log unit of toenail nicotine, reflecting
additional unmeasured risk that is independent of reported
smoking. This finding was consistent even when limiting the
analyses to smokers in multivariate analyses adjusting for
pack-years.

By using toenail nicotine levels, we are assuming that
they reflect usual exposure over time, with less error than
existing biomarkers that reflect only a few hours or days of
exposure. We have shown that toenail nicotine levels are
closely correlated with smoking status 6 years prior to col-
lection of samples (22), despite the expected variability in
smoking and tobacco exposure over this period. This finding
indicates that toenails are a stable biomarker of average
exposure over time. Toenail nicotine levels could also reflect
the interindividual variability in nicotine metabolism in re-
lation to lung cancer risk.

The population we studied was a group of health profes-
sionals with lower than average exposure to tobacco smoke,
which could explain the inability of lower quintiles of toe-
nail nicotine levels to significantly predict lung cancer risk.
We would expect a higher predictive ability of toenail nic-
otine levels in other more exposed populations. Neverthe-
less, we were still able to demonstrate a relative risk of 10.5
for the highest quintiles in the univariate analyses and a rel-
ative risk of 3.6 in the multivariate analyses. Categories of

pack-years of less than 20 were also not significantly related
to lung cancer risk. It will be interesting to see the results
replicated in studies from other populations.

When we stratified according to smoking status, toenail
nicotine levels were still able to predict lung cancer risk. For
never smokers, this would reflect passive smoking exposure.
A limitation of our study is that no information was col-
lected about passive smoking. Another source of nicotine is
from nicotine replacement therapy. However, in 1987, when
the toenails were collected, use of nicotine gum was negli-
gible, and such a source is unlikely to have influenced the
results of this study (33).

Development of the toenail nicotine biomarker as a clin-
ical tool to assess future risk may provide motivation for
smokers to quit and for individuals heavily exposed to sec-
ondhand smoke to limit their exposure. Toenails are easily
collected by participants and can be stored at room temper-
ature for an extended period of time, making it a feasible
tool for large population studies.

In conclusion, our study demonstrated that toenail nico-
tine levels provide a biomarker that can predict the risk of
lung cancer independent of reported smoking history. Sim-
ilarly, we found that smoking history predicted lung cancer
risk independent of toenail nicotine level. The risk accord-
ing to toenail nicotine level could be predicted for never,
past, and current smokers, suggesting that previous studies
that have determined risk of lung cancer from tobacco use
by using only reported active smoking may have underesti-
mated the true effects of tobacco smoke.
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