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Abstract

Background: Self-reported smoking is the principal measure used to assess lung cancer

risk in epidemiological studies. We evaluated if circulating cotinine—a nicotine metabo-

lite and biomarker of recent tobacco exposure—provides additional information on lung

cancer risk.

Methods: The study was conducted in the Lung Cancer Cohort Consortium (LC3) involv-

ing 20 prospective cohort studies. Pre-diagnostic serum cotinine concentrations were

measured in one laboratory on 5364 lung cancer cases and 5364 individually matched

controls. We used conditional logistic regression to evaluate the association between

circulating cotinine and lung cancer, and assessed if cotinine provided additional risk-

discriminative information compared with self-reported smoking (smoking status, smok-

ing intensity, smoking duration), using receiver-operating characteristic (ROC) curve

analysis.

Results: We observed a strong positive association between cotinine and lung cancer

risk for current smokers [odds ratio (OR ) per 500 nmol/L increase in cotinine (OR500):

1.39, 95% confidence interval (CI): 1.32–1.47]. Cotinine concentrations consistent with ac-

tive smoking (�115 nmol/L) were common in former smokers (cases: 14.6%; controls:

9.2%) and rare in never smokers (cases: 2.7%; controls: 0.8%). Former and never smokers

with cotinine concentrations indicative of active smoking (�115 nmol/L) also showed

increased lung cancer risk. For current smokers, the risk-discriminative performance of

cotinine combined with self-reported smoking (AUCintegrated: 0.69, 95% CI: 0.68–0.71)

yielded a small improvement over self-reported smoking alone (AUCsmoke: 0.66, 95% CI:

0.64–0.68) (P¼1.5x10–9).

Conclusions: Circulating cotinine concentrations are consistently associated with lung

cancer risk for current smokers and provide additional risk-discriminative information

compared with self-report smoking alone.

Key words: Cotinine, biomarker, lung cancer, consortium, case-control, prospective
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Introduction

Lung cancer accounts for 1.69 million deaths every year,1

and 20% of all cancer deaths worldwide.2 Tobacco smok-

ing is the main determinant of lung cancer risk,3 but is typi-

cally self-reported which may underestimate lung cancer

risk estimates in epidemiological studies.4

Tobacco smoke contains more than 7000 chemical

compounds, many of which are carcinogenic.2 Tobacco

also contains nicotine, a highly addictive compound that is

primarily metabolized to cotinine in the liver.5 Circulating

cotinine has a half-life of 7–40 h.6,7 As such, circulating co-

tinine concentrations among active smokers likely reflect

recent smoking intensity,8 whereas circulating cotinine

concentrations in self-reported former or never smokers

may indicate exposure to second-hand tobacco smoke or

active smoking (i.e. misclassification in an epidemiological

study). Cotinine can therefore serve as a biomarker for re-

cent tobacco smoke exposure regardless of self-reported

smoking status, and may provide improved estimates of

lung cancer risk compared with exposure data derived

from self-reported smoking alone. Second-hand smoke is

classified as carcinogenic to humans,9 and nicotine is pre-

sent in second-hand smoke.10 However, it is not yet known

if self-reported never smokers with circulating cotinine

concentrations consistent with second-hand smoke expo-

sure are at increased lung cancer risk.

Only two prospective studies have evaluated the associ-

ation between pre-diagnostic circulating cotinine concen-

trations and lung cancer risk for both sexes and across

smoking categories.11,12 Both the European Prospective

Investigation into Cancer and Nutrition (EPIC) study11

and a prospective study with data from the Janus biobank

in Norway12 report positive linear associations between

circulating cotinine concentrations and lung cancer risk for

current smokers. Despite reasonably large sample sizes

overall, neither previous study had sufficient power to pro-

vide robust risk estimates for never smokers (EPIC: n¼ 96

never smoking cases; Janus: n¼ 53 never smoking cases).

In the current study, we sought to comprehensively

evaluate the association between circulating cotinine

concentrations and lung cancer risk for self-reported cur-

rent, former and never smokers. We used pre-diagnostic se-

rum samples of 5364 case-control pairs from the Lung

Cancer Cohort Consortium (LC3). The LC3 includes 20

prospective cohorts from the USA (US), Europe (EU),

Australia (AU) and Asia. Lung cancer cases in never and

former smokers were intentionally oversampled to allow

for risk-stratified analysis by self-reported smoking status.

We also aimed to evaluate the risk-discriminative perfor-

mance of circulating cotinine alone, self-reported smoking

alone and circulating cotinine combined with self-reported

smoking among current and former smokers separately.

Methods

Study population

All prospective cohort studies with frozen baseline plasma

or serum samples, which were members of the US National

Cancer Institute (NCI) Cohort Consortium in 2009,

were invited to participate in the Lung Cancer Cohort

Consortium (LC3). A total of 20 NCI cohorts met the eligi-

bility criteria and agreed to participate in the LC3. The

combined LC3 cohort population included more than

2 million study participants from the USA, EU, AU and

Asia. The LC3 project was approved by the institutional

review boards of each participating cohort. All LC3 partic-

ipants provided written informed consent. Further infor-

mation about individual LC3 cohorts, including follow-up

procedures, has been previously published.13

Selection of cases and controls

We defined lung cancer cases as all invasive cancers coded

C34.0 to C34.9 in the International Classification of

Diseases for Oncology, Second Edition (ICD-O-2). In all,

11 399 incident lung cancer cases were identified, from

which 5545 cases were selected for the current study.

Former and never smokers were intentionally oversampled

to improve statistical power for smoking-stratified

Key Messages

• Among current smokers, circulating cotinine concentrations are consistently associated with lung cancer risk in a

dose-response manner.

• Among current smokers, cotinine combined with self-reported smoking provides a small but measurable risk-

discriminative performance over self-reported smoking alone.

• Cotinine as a biomarker for recent tobacco exposure reduces misclassification, particularly among self-reported

former and never smokers.
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analyses. Cases and controls were individually matched

(1 case: 1 control) by cohort, sex (male or female), age (ini-

tially 6 1 year, subsequently relaxed to 6 3 years), ethnicity

(US cohorts only), date of blood draw (initially 6 1 month,

subsequently relaxed to 6 3 months) and smoking status

(current, former or never). Former smokers were matched

by time since quitting (<10 years or �10 years) for those

cohorts with available information. Current smokers were

matched by smoking intensity (<15 cigarettes per day

(CPD) or � 15 CPD) for those cohorts with available infor-

mation. The self-reported smoking status variable used in

the current analysis was a composite variable including to-

bacco use from cigarettes, cigars and pipes. Variables used

for smoking intensity and smoking duration were also com-

posite variables including tobacco use from cigarettes, cigars

and pipes. After matching, a total of 5364 case-control pairs

remained and were included in the current analysis.

Circulating cotinine concentrations

Centralized biochemical analysis of free circulating cotin-

ine concentrations was performed by mass spectrometry

(LC-MS/MS)14 at BEVITAL Laboratory in Bergen,

Norway [www.bevital.no]. The lower limit of detection

was 1 nmol/L, within-day coefficient of variation (CV) was

2–3%, and between-day CV was 6%. The intra-class

correlation coefficient of cotinine is 0.89–0.95.15 In the

current study, exposure to second-hand smoke among

non-smokers (former and never) was defined as circulating

cotinine concentrations between 5 and 115 nmol/L (�1 ng/ml

and �20 ng/ml, respectively).8,16 We considered cotinine

concentrations<5 nmol/L as unexposed, and cotinine con-

centrations �115 nmol/L as indicative of active smok-

ing.8,16 Due to the declining prevalence of smoking in

some European countries and in the USA, the most com-

monly reported cut-point for second-hand smoke exposure

is<85 nmol/L (�15 ng/ml).8 Given that the LC3 includes

cohorts from Asia where the smoking epidemic is on the

rise,2 and taking into consideration potential differences in

metabolic efficiency of study participants, we chose to use

the uppermost threshold of circulating cotinine which has

been previously used to define exposure to second-hand

smoke (115 nmol/L �20 ng/ml).8 We did, however, repeat

all analyses using cotinine concentrations<85 nmol/L as a

cut-point, and observed no substantial change in any final

results reported herein (data not shown).

Statistical analyses

We used analysis of variance to test if mean circulating co-

tinine concentrations differed among cohorts and between

cases and controls after stratification by self-reported

smoking status. The association between circulating cotinine

concentration and lung cancer risk was evaluated using con-

ditional logistic regression to calculate odds ratios (ORs) for

each 500 nmol/L increase in cotinine concentration (OR500),

without further adjustment for additional smoking variables

or other risk factors. Risk analyses were performed for the

LC3 study population overall, and stratified by self-reported

smoking status (current, former or never), region (USA, EU/

AU, Asia) and sex (male or female). We assessed heterogene-

ity by region, and interaction by sex with the likelihood-ratio

test. To provide relative risk estimates for specific categories

of cotinine concentration among current smokers, we calcu-

lated ORs for six categories of cotinine (nmol/L: 115< 500,

500< 1000, 1000<1500, 1500<2000, 2000< 2500,

�2500) with 0< 115 nmol/L as the reference category. We

separately adjusted these ORs for smoking intensity at time

of blood draw [continuous, number of cigarettes per day

(CPD)]. Where available, the CPD variable also included

data on number of times per day the participant smoked to-

bacco from cigars or pipes.

To evaluate the association between exposure to second-

hand smoke and lung cancer risk, we estimated ORs for for-

mer and never smokers separately by comparing partici-

pants with circulating cotinine concentrations between

5< 115 nmol/L (exposed) to participants with circulating

cotinine concentrations below 5 nmol/L (unexposed).

We used receiver operating characteristic (ROC) curves

to evaluate the extent to which circulating cotinine could

discriminate between future lung cancer cases and controls

among current and former smokers. We evaluated the area

under the curve (AUC) for three separate risk discrimina-

tion models: (i) cotinine alone (AUCcot); (ii) self-reported

smoking alone (AUCsmoke); and (iii) cotinine combined

with self-reported smoking in an integrated model

(AUCintegrated). We used nonparametric methods according

to DeLong et al.17 to evaluate differences in AUC esti-

mates. The risk models based on self-reported smoking in-

formation included smoking status at time of blood draw

(current or former), smoking duration at time of blood

draw (continuous, number of years participant regularly

smoked tobacco from cigarettes, pipes or cigars), and

smoking intensity at time of blood draw (continuous, num-

ber of cigarettes, pipes or cigars per day (CPD)).

All statistical analyses were conducted using Stata ver-

sion 14.2,18 and RStudio version 3.3.0

Results

Baseline characteristics

The current study population included 5364 lung cancer

cases and 5364 individually matched controls (Table 1).
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The overall male-to-female ratio was similar, with some re-

gional variation by participant sex and self-reported smok-

ing status. US cohorts contributed the most women and the

most former smokers, whereas Asian cohorts contributed

the most men and the most never smokers. Current smok-

ers accounted for nearly half of the overall study popula-

tion (current: 47%, 2519 case-control pairs) with former

and never smokers contributing approximately one-

quarter each (former: 28%, 1518 case-control pairs; never:

25%, 1327 case-control pairs). Median age at cohort

recruitment was 60 years, and median age at lung cancer

diagnosis was 70 years.

Circulating cotinine concentrations

We observed substantial regional variation in mean circu-

lating cotinine concentrations (Table 1). The distribution

of cotinine concentrations in current, former and never

smoking study participants are depicted in Supplementary

Figure 1, available as Supplementary data at IJE online.

For current smokers, we observed slightly higher mean co-

tinine concentrations in both cases and controls among US

participants (cases: 1346 nmol/L; controls: 1172 nmol/L)

compared with participants from the EU/AU (cases:

1257 nmol/L; controls: 1083 nmol/L) and Asia (cases:

1241 nmol/L; controls: 936 nmol/L) (P< 0.001). Former

smoking cases from the EU/AU cohorts had higher mean

circulating cotinine concentrations (225 nmol/L) than for-

mer smoking cases from the US (169 nmol/L) or Asia

(40 nmol/L) ( P < 0.001). For never smoking controls, we

observed higher mean cotinine concentrations in EU/AU

cohorts (40 nmol/L) compared with never smoking con-

trols from the US (5 nmol/L) and Asian (9 nmol/L) cohorts

(P <0.001). Circulating cotinine concentrations consistent

with active smoking (�115 nmol/L) were common in self-

reported former smokers (cases: 14.6%; controls: 9.2%),

and rare in self-reported never smokers (cases overall:

2.7%; controls overall: 0.8%) (Table 1; Supplementary

Figure 1, available as Supplementary data at IJE online). A

sensitivity analysis, whereby we considered circulating co-

tinine concentrations consistent with active smoking to

be�85 nmol/L, did not substantially change the results for

former smokers (cases: 15.5%; controls: 9.4%) or never

smokers (cases: 2.9%; controls: 0.9%).

Cotinine and lung cancer risk in current smokers

For current smokers, higher circulating cotinine concentra-

tions were consistently associated with increased lung can-

cer risk (OR per 500 nmol/L increase in cotinine [OR500]:

1.39, 95% CI: 1.32–1.47) (Figure 1), with a stronger asso-

ciation observed for current smoking women from Asian

cohorts (OR: 2.41, 95% CI: 1.39–4.18) (Pheterogeneity for

continent¼ 0.02; Pinteraction for sex¼ 0.05). We observed a

strong dose-response relationship between cotinine and

lung cancer risk for current smokers, with no apparent pla-

teau in OR at higher cotinine concentrations (Figure 2).

The OR reached 4.15 (95% CI: 2.59–6.66) for current

smokers with cotinine concentrations �2500 nmol/L com-

pared with current smokers with cotinine concentrations

between 0 and 115 nmol/L (Figure 2). These ORs were

only moderately impacted by adjustment for self-reported

smoking intensity (CPD) (Figure 2).

In discrimination analysis for current smokers, the cotinine

only model yielded a similar area under the curve (AUC)

(AUCcot: 0.65, 95% CI: 0.64–0.67) as the self-reported

Figure 1. Forest plot showing odds ratios (OR) and 95% confidence intervals (95% CI) of lung cancer risk per 500 nmol/L increase in cotinine concen-

trations among all current smokers in the Lung Cancer Cohort Consortium (LC3). Pheterogeneity indicates differences in OR estimates between regions

in the overall analysis and between men and women in the stratified analysis.
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smoking model (status, duration, intensity) (AUCsmoke: 0.66,

95% CI: 0.64–0.68) (Figure 3a). We saw a small improve-

ment in discrimination between future lung cancer cases and

controls when cotinine was combined with self-reported

smoking in an integrated model (AUCintegrated: 0.69, 95% CI:

0.68–0.71) (Figure 3a) (P¼1.5x10–9). The integrated model

(cotinine modelþ self-reported smoking model) showed

similar improvement for current smoking men (Figure 3b)

and current smoking women (Figure 3c).

Cotinine and lung cancer risk in former smokers

For former smokers, we observed a positive association be-

tween increasing cotinine concentrations and lung cancer

Figure 2. Odds ratios (OR) and 95% confidence intervals (CI) for lung cancer risk by cotinine concentration before and after adjustment for self-

reported cigarettes per day (CPD) among all current smokers in the Lung Cancer Cohort Consortium (LC3). Where available, the CPD variable also in-

cluded data on number of times per day the participant smoked cigars or pipes. Corresponding mean CPD for each category of cotinine concentration

is given. Current smokers with cotinine levels below 115 nmol/L were used as the reference group.

Figure 3. Receiver operating characteristic (ROC) curve and area under the curve (AUC) for risk-discriminative performance of cotinine alone

(AUCcot), self-reported smoking alone (AUCsmoke), and cotinine combined with self-reported smoking (AUCintegrated) in current smokers overall, and

stratified by sex in the Lung Cancer Cohort Consortium (LC3). This analysis includes current smokers with complete data on cotinine as well as self-

reported smoking status, smoking intensity and smoking duration.
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risk (OR500: 1.17, 95% CI: 1.07–1.28) (Supplementary

Figure 2, available as Supplementary data at IJE online),

which was likely a reflection of the higher proportion of

former smoking cases (14.6%) than former smoking con-

trols (9.2%) with cotinine concentrations indicative of ac-

tive smoking (Table 1). However, when we excluded

former smoking participants with cotinine concentrations

�115 nmol/L (Figure 4), the confidence interval widened

(ORrestricted: 1.18, 95% CI: 0.94–1.48), even though the

odds ratio was not attenuated. This association appeared

to be driven by former smoking men from US cohorts

(ORrestricted US men: 1.67, 95% CI: 1.03–2.69) (Figure 4).

In discrimination analysis for former smokers, an inte-

grated model combining circulating cotinine concentration

and self-reported smoking (status, duration, intensity)

showed no improved discrimination between future lung

cancer cases and controls (AUCintegrated: 0.74, 95% CI:

0.71–0.76) when compared with the model based on self-

reported smoking alone (AUCsmoke: 0.73, 95% CI: 0.71–

0.75) (Supplementary Figure 3, available as Supplementary

data at IJE online).

Cotinine and lung cancer risk in never smokers

For never smokers, we observed a positive association be-

tween circulating cotinine concentration and lung cancer

risk (OR500: 1.64, 95% CI: 1.17–2.30) (Supplementary

Figure 4, available as Supplementary data at IJE online),

but this association was driven by never smoking US men

with cotinine concentrations indicative of active smoking

(cotinine� 115 nmol/L) (OR500 in US men: 2.25, 95% CI:

0.98–5.18) (Supplementary Figure 4, available as

Supplementary data at IJE online). When we excluded

never smoking participants with cotinine concentrations

�115 nmol/L, no association between cotinine and lung

cancer risk was observed (ORrestricted: 0.85, 95% CI: 0.68–

1.07) (Figure 5).

Discussion

We comprehensively evaluated the association between cir-

culating cotinine concentration—an objective measure of

recent tobacco exposure—and lung cancer risk within 20

prospective cohorts from the USA, Europe, Australia and

Asia. Higher cotinine concentrations were consistently as-

sociated with increased lung cancer risk for current smok-

ers in a dose-response manner. In former and never

smokers, cotinine was primarily associated with lung

cancer risk for participants with cotinine concentrations

indicative of active smoking. We further assessed the risk-

discriminative performance of circulating cotinine com-

pared to, and combined with, self-reported smoking. In

current but not former smokers, combining cotinine with

self-reported smoking information in an integrated model

yielded a small improvement in discrimination between fu-

ture lung cancer cases and controls compared with a self-

reported smoking model.

Cotinine and misclassification by self-reported

smoking

Any risk factor based on self-reported information is prone

to misclassification in epidemiological studies, including

self-reported smoking. As our results indicate, circulating

Figure 4. Forest plot showing odds ratios (OR) and 95% confidence intervals (95% CI) of lung cancer risk for former smokers, comparing participants

having circulating cotinine concentrations 5-115 nmol/L with participants having circulating cotinine concentration below 5 nmol/L. Pheterogeneity indi-

cates differences in OR estimates between regions in the overall analysis and between men and women in the stratified analysis.
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cotinine—as an objective biomarker for recent tobacco ex-

posure—has the potential to identify misclassified

self-reported non-smokers (former and never smokers) in

epidemiological studies, and to refine lung cancer risk

estimates.

In our study, cotinine concentrations indicative of ac-

tive smoking (cotinine �115 nmol/L) were rare in never

smokers, but relatively common in former smokers. In

particular, we observed that nearly 15% of former

smoking cases and 9% of former smoking controls had

cotinine concentrations �115 nmol/L. We cannot deter-

mine whether former smokers with high cotinine con-

centrations were misclassified active smokers, or if high

cotinine concentrations in former smokers reflect short-

term abstinence from smoking, the use of nicotine sub-

stitutes such as nicotine patches, or unreported use of

smokeless tobacco, for which future research could pro-

vide a more detailed account. Additional information on

time since last cigarette would also be useful for future

studies. Furthermore, circulating cotinine concentrations

depend on individual differences in both smoking behav-

iour and metabolism;19 additional nicotine metabolites,

such as 3-hydroxycotinine, may provide more accurate

information on smoking exposure.

Cotinine and lung cancer risk in current smokers

This is the largest study to date assessing the association

between cotinine and lung cancer risk, involving 2519

current smoking case-control pairs. For current smokers,

we observed a strong dose-response relationship between

circulating cotinine concentrations and lung cancer risk,

a result that is consistent with previous smaller

studies.11,12,20,21 Compared with self-reported smoking

information, circulating cotinine concentrations among

current smokers may account for other aspects of to-

bacco smoking that influence lung cancer risk, such as

inhalation depth.22

By including circulating cotinine and self-reported

smoking information (smoking status, smoking duration

and smoking intensity) for all types of tobacco into an

integrated model for current smokers, we demonstrated

that it is possible to attain a small improvement in dis-

crimination between future lung cancer cases and

controls.

The US National Lung Screening Trial showed that

lung cancer mortality can be reduced by 20% through

low-dose computed tomography (CT).23,24 The current

screening criterion for ever smokers has important neg-

ative aspects including a high false-positive rate and

poor cost efficiency.23–26 Improving screening criteria

is crucial if CT screening is to be implemented in a

cost-effective manner. Risk biomarkers, including cotin-

ine, may be useful for improving traditional risk pre-

diction models and for refining eligibility criteria for

CT screening. Whereas the use of objective risk bio-

markers for lung cancer screening may seem appealing,

our data indicate that the added benefit of cotinine

alone or cotinine integrated with self-reporting smok-

ing is limited. The impact of cotinine combined with

other independent risk markers will need to be

assessed.

Figure 5. Forest plot showing odds ratios (OR) and 95% confidence intervals (95% CI) of lung cancer risk for never smokers, comparing participants

with circulating cotinine concentrations 5-115 nmol/L with participants with circulating cotinine concentrations below 5 nmol/L. Pheterogeneity indicates

differences in OR estimates between regions in the overall analysis and between men and women in the stratified analysis.
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Cotinine and lung cancer risk in former and never

smokers

This is the largest study to date assessing the association

between cotinine and lung cancer risk, involving 1518 for-

mer smoking and 1327 never smoking case-control pairs.

Second-hand smoke is classified as carcinogenic to

humans,9 and an estimated 21 400 worldwide lung cancer

deaths among non-smokers were attributed to second-

hand smoke exposure in 2004.27 However, our results for

non-smokers (former and never) suggest that circulating

cotinine concentration—as measured in a single serum

sample—may not capture increased lung cancer risk asso-

ciated with second-hand smoking.

We hypothesized that cotinine may be used to assess

lung cancer risk due to second-hand smoke in self-reported

never smokers, but despite our relatively large sample of

more than 1300 self-reported never smoker case-control

pairs, we did not observe any risk increase for participants

with circulating cotinine concentrations consistent with

second-hand smoke exposure (cotinine concentration

5< 115 nmol/L) compared to those with no nicotine expo-

sure (cotinine concentration 0< 5 nmol/L).

Strengths and limitations

This is the largest study to date (5364 smoking-matched

case-control pairs) investigating the association between

circulating cotinine concentration and lung cancer risk.

Our study benefits from centralized biochemical analysis

of pre-diagnostic serum/plasma cotinine concentrations.

We had sufficient power to provide robust OR estimates

for never and former smokers, and a diverse sample allow-

ing for informative stratified analyses by sex and region.

Oversampling of never and former smokers meant that in-

dividual cohorts provided varying proportions of partici-

pants by sex and self-reported smoking status. However,

we believe this has a negligible impact on our findings con-

sidering that we observed no interactions by study region.

Our data allowed for direct intra-individual comparisons

between self-reported smoking status and circulating cotin-

ine concentrations. We were therefore able to estimate the

proportion of misclassified former and never smokers,

which will be of much use for future studies. We lacked in-

formation on nicotine substitution use for the purpose of

smoking cessation, and can therefore not confirm whether

all former smokers with circulating cotinine concentrations

indicative of active smoking were truly misclassified. For

this reason, data on time since last cigarette could have

provided additional important information among former

smokers. Since we did not have access to questionnaire

data on second-hand smoke exposure, our study is limited

to using cotinine as a proxy for second-hand smoke. One

limitation of cotinine as a biomarker is that it only pro-

vides information on recent smoking exposure. Other bio-

markers, such as AHRR gene-methylation,28 may provide

additional information on tobacco smoking over the previ-

ous 10-20 years. Our future work will include risk analyses

for a panel of different biomarkers, including their relative

and combined risk-discriminative performance.

Conclusions

We found higher cotinine concentrations to be consistently

associated with lung cancer risk for current smokers,

whereas associations for former and never smokers were

driven by participants with cotinine concentrations consis-

tent with active smoking. Cotinine may be useful for risk

discrimination purposes among current smokers and to

identify misclassified never and former smokers in epide-

miological studies.

Supplementary Data

Supplementary data are available at IJE online.
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