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Abstract

Background: The changing prevalence and patterns of tobacco use, the advent of novel nicotine 
delivery devices, and the development of new biomarkers prompted an update of the 2002 Society 
for Research on Nicotine and Tobacco (SRNT) report on whether and how to apply biomarker veri-
fication for tobacco use and abstinence.
Methods: The SRNT Treatment Research Network convened a group of investigators with expertise in 
tobacco biomarkers to update the recommendations of the 2002 SNRT Biochemical Verification Report.
Results: Biochemical verification of tobacco use and abstinence increases scientific rigor and 
is recommended in clinical trials of smoking cessation, when feasible. Sources, appropriate 
biospecimens, cutpoints, time of detection windows and analytic methods for carbon monoxide, 
cotinine (including over the counter tests), total nicotine equivalents, minor tobacco alkaloids, and 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol are reviewed, as well as biochemical approaches to 
distinguishing cigarette smoking from use of electronic nicotine delivery devices (ENDS).
Conclusions: Recommendations are provided for whether and how to use biochemical verifica-
tion of tobacco use and abstinence. Guidelines are provided on which biomarkers to use, which 
biospecimens to use, optimal cutpoints, time windows to detection, and methodology for biochem-
ical verifications. Use of combinations of biomarkers is recommended for assessment of ENDS use.
Implications: Biochemical verification increases scientific rigor, but there are drawbacks that need 
to be assessed to determine whether the benefits of biochemical verification outweigh the costs, 
including the cost of the assays, the feasibility of sample collection, the ability to draw clear con-
clusions based on the duration of abstinence, and the variability of the assay within the study 
population. This paper provides updated recommendations from the 2002 SRNT report on whether 
and how to use biochemical markers in determining tobacco use and abstinence.

D
ow

nloaded from
 https://academ

ic.oup.com
/ntr/article/22/7/1086/5579733 by guest on 09 April 2024

mailto:neal.benowitz@ucsf.edu?subject=


1087Nicotine & Tobacco Research, 2020, Vol. 22, No. 7

Introduction

Whether to employ biochemical verification of cigarette smoking 
(i.e., as a study inclusion criterion) or abstinence (i.e., as a treatment 
outcome) is a critical decision for tobacco researchers. The pros of 
biochemical verification include the potential for increased rigor and 
validity compared to self-reported smoking abstinence. However, 
biochemical verification has limitations, including the inability to 
confirm long-term abstinence, implementation challenges, cost, and 
the need for analysis plans to address missing verification data. The 
goal of this paper is to provide the necessary technical information 
regarding biochemical markers of various forms of tobacco use to 
allow researchers to make this important decision.

Is Bioverification of Baseline Smoking Status 
Necessary?
Smoking cessation clinical trials typically and laboratory studies 
sometimes require that participants report a minimal level of 
smoking exposure (e.g., 5 or 10 cigarettes per day). Researchers 
must decide whether biochemical verification of smoking status is 
necessary to ensure that participants are, indeed, smokers. This prac-
tice may be particularly important for trials that involve contingency 
management or trials involving switching to alternative tobacco 
products (e.g., electronic cigarettes) that require biochemical veri-
fication of reduced exposure. Thus, some researchers have included 
bioverification as an inclusion criterion.1,2

Is Bioverification of Quitters Necessary?
Identifying participants who have quit smoking is a critical smoking 
cessation clinical trial outcome. In the 2002 SRNT Subcommittee on 
Biochemical Verification paper, the authors stated that, “Biochemical 
verification has been generally recommended for clinic-based ran-
domized trials.3 However, empirical data have been lacking to sup-
port this recommendation.” In the absence of special circumstances, 
self-report has often been considered adequate, especially in large 
trials. This practice has often been justified by a historically low rate 
of nonvalidation of self-reported abstinence in the general popula-
tion of smokers, typically less than 5%.4–6 However, a 1994 meta-
analysis of 51 comparisons between self-report and biochemical 
verification revealed a mean sensitivity of 89%, meaning 11% of 
participants were not able to biochemically confirm abstinence.7 
The idea that 1 in 10 smokers report abstinence that cannot be bio-
chemically verified would suggest the need for this additional step in 
validating the primary outcome of treatment studies. More recently, 
a clinical trial reported carbon monoxide (CO) verified abstinence 
rates that were less than half of the self-reported rates (e.g., 6.0% vs. 
18.4%),8 suggesting that misreporting may be more common than 
previously thought.

Special attention to the need for validation has often been based 
on characteristics of the population being studied, the type of inter-
vention (e.g., minimal contact vs. face-to-face clinical contact), and 
demand characteristics (e.g., bogus pipeline effects).9 For instance, 
biochemical verification is considered especially important for 
smokers who may be especially vulnerable to demand characteris-
tics10 and those who have demonstrated high misclassification rates 
(smokers who are classified as nonsmokers), including smokers who 
have participated in an intensive cessation trial,8 those with med-
ical conditions related to smoking, for example, those with cancer, 
respiratory disease, cardiovascular disease, women who are preg-
nant,11–16 veterans,17 hospitalized smokers,18,19 smokers with no 

more than a high school education, young smokers (both due to 
lighter smoking and tendency to misreport),20 smokers who are not 
White (vs. White), and those with incomes of less than $20 000.8 
The growing number of specific treatment groups and other indi-
vidual difference variables that are related to a lack of biochemical 
verification of abstinence lends further support to the recommenda-
tion to include biochemical verification of abstinence in treatment 
study protocols, whenever feasible. One option to reduce the burden 
on both research resources and participants is to attempt to collect 
biochemical verification data from a subsample of the participants 
rather than the entire sample. We recognize that in some research de-
signs, such as quitline-based cessation trials, biochemical validation 
may not be feasible.

History of Biochemical Verification 
Recommendations
In 2002, the first SRNT Subcommittee on Biochemical Verification 
assessed the utility of biomarkers of tobacco use and cessation 
and made recommendations for their application in clinical trials.3 
Since this report was published, the nicotine and tobacco landscape 
has changed greatly. The prevalence of cigarette smoking has con-
tinued its decline and the proportion of light smokers among active 
smokers has increased.21 Nonsmokers’ exposure to other people’s 
smoke has decreased substantially,22 reflecting policy changes on 
smoking in public places and the wider adoption of home smoking 
rules. Analytic sensitivity for some biomarkers has increased, and 
some new biomarkers have been developed. New analyses of the 
population distribution of some biomarkers have been performed, 
potentially leading to updated recommendations for cutpoints to 
discriminate smoking status.23 The advent of electronic nicotine 
delivery systems (ENDS), heat-not-burn and other novel nicotine 
consumer products, is transforming the ways nicotine is consumed 
across the world, leading to new challenges in ascertaining nico-
tine and tobacco use status. No longer will the question be simply: 
have people quit cigarettes (with or without the aid of nicotine re-
placement), but have they transitioned partially or completely to a 
noncombustible form of nicotine delivery, and how is that move re-
flected in exposure markers? Given these changes, it is timely to re-
visit these issues in an updated report.

This update of the 2002 paper, based on the authors’ review of 
relevant published literature through the end of 2018, discusses the 
recognized biomarkers of tobacco exposure, including their sources, 
selection of biofluids for testing and biospecimen handling, sources 
of interindividual variability and analytic chemistry considerations. 
We also review the time window within which each biomarker is 
able to assess tobacco use after cessation of such use. The window of 
detection depends on the initial biomarker level prior to cessation, 
the half-life of the biomarker, and the cutpoint that is used to deter-
mine nonsmoking. Half-life refers to the time it takes for blood levels 
of a biomarker to decline by 50%. Thus, after one, two, three, and 
four half-lives, the blood levels of a biomarker would be 50%, 25%, 
12.5%, and 6.25%, respectively (Figure 1). Finally, we review bio-
markers of noncombusted tobacco products, including ENDS. For a 
recent detailed review of biomarkers of tobacco exposure in general, 
the reader is referred to Schick et al.24

The authors also recommend optimal cutpoints to distinguish 
active smoking from not smoking, where possible, for each bio-
marker (Table 1). Cutpoints are informed by consideration of 
sensitivity (the ability of a test to correctly identify those who are 
smokers, i.e., true positive rate), specificity (the ability of the test to 
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correctly identify nonsmokers, i.e., true negative rate), positive pre-
dictive value (the probability that smokers who exceed the cutpoint 
are indeed smoking), and negative predictive value (the probability 
that smokers who do not exceed the cutpoint are indeed abstinent). 
Ideally, data on sensitivity, specificity, and positive and negative 
predictive values would be used to estimate cutpoints but, unfor-
tunately, such information is not always available. Thus, the term 
cutpoint is not as definitive as the name suggests, and data from a 
given study should be considered in the context of the study popula-
tion and study limitations.

Biochemical Verification of Tobacco Use and 
Cessation Using CO

Burning organic matter gives rise to CO as a byproduct of combus-
tion. CO can be used as an indicator of recent smoke absorption 
from combustible tobacco products (cigarettes, cigars, pipes, and 
hookah) but not smokeless tobacco or most ENDS. The concentra-
tion of CO can be measured in exhaled breath (eCO) in parts per 

million (ppm) or in blood (carboxyhemoglobin in percent hemo-
globin saturation). These two methods are very highly correlated 
(e.g., r = 0.95).26 Exhaled CO can be measured easily using a rela-
tively inexpensive portable device and has become a widely used 
method for assessing tobacco smoke exposure and validating self-
reports of smoking cessation.

CO is also present in ambient air that contains common pollu-
tants (e.g., automobile exhaust and smoke from home barbeques). 
CO can also be produced in the human body (largely via heme-
oxygenase-1); however, endogenous formation typically only con-
tributes 1–2 ppm.27 Therefore, CO levels need to be assessed in the 
context of potential environmental exposures. In countries that 
largely ban smoking in public places and have relatively strong pro-
hibitions on air pollution, nonsmokers typically have eCO in the 
lower part of the range 0–5 ppm.28 However, in large industrial cities 
in countries without comprehensive smoke-free air policies, never-
smokers often have eCO readings in the range 2–8 ppm.29,30 Smoking 
marijuana is also a potential source, producing CO levels similar 
to tobacco smoking, and information on recent marijuana smoking 
should be elicited if possible when measuring CO levels in research 
studies.31 CO typically has a half-life of around 4 hours, but this 
half-life is influenced by pulmonary ventilation and, therefore, by 
exercise,32 with a half-life of 2 hours during exercise and as long as 
8–10 hours during sleep.33 Thus, CO may reach a “nonsmoking” 
cutpoint in a regular smoker in 6–24 hours, depending on activity, 
and light and intermittent smokers will often have an exhaled CO 
level below 6 ppm.34

The 2002 SRNT Subcommittee on Biochemical Verification re-
port recommended cutpoints for eCO to distinguish a smoker from 
someone who is abstinent in the range 8–10 ppm.3 Since that time, 
however, several studies have presented data suggesting that a lower 
eCO cutpoint would be more accurate. Perkins et  al studied 261 
adult smokers who attempted to quit smoking over 5 days on two 
separate occasions, with smoking and eCO being recorded on each 
day.35 A cutpoint of <5 ppm was able to detect smoking days with 
83% sensitivity and verify nonsmoking days with 87% specificity, 
whereas a cutpoint of <9 ppm had only 60% sensitivity and 97% 
specificity to detect nonsmoking in the past 24 hours. This study 
used a BreathCO (MD Spiro, Lewiston, ME) CO monitor following 
a 20-second breath hold and did not include cotinine validation. 
A  similar study by Javors et  al using a Vitalograph CO monitor 
(Lenexa, KS) found the highest combined sensitivity and specificity 
with a CO criterion of <3  ppm. Other clinical trials using simul-
taneous cotinine validation also recommended reducing the CO 
cutpoint. Cropsey et al studied the relationship between eCO (using 
a Vitalograph monitor) and urine cotinine (using a qualitative OTC 
COT device)36 among 662 participants in a smoking cessation clin-
ical trial, all under some form of criminal justice supervision in the 
community. This study found that a CO cutoff of <3 ppm most ac-
curately distinguished smokers from nonsmokers (97% correct clas-
sification). Emery and Levine assessed eCO (using a Vitalograph 
monitor) and saliva cotinine (Salimetrics LLC; cutpoint of <15 ng/
mL) in a relapse prevention trial among 208 postpartum women and 
found that cutpoints of <2 ppm or <3 ppm (at different timepoints) 
had higher sensitivity plus specificity than higher eCO cutpoints 
when compared to saliva cotinine.37

Exhaled CO levels are influenced by breathing rate (minute ven-
tilation); since minute ventilation increases in pregnancy, the op-
timal eCO cutpoint to verify abstinence might need to be lower in 
pregnancy. Higgins et al measured both eCO and urine cotinine at 

Figure 1. (a) Simulated blood or saliva cotinine concentrations over time, 
assuming an initial concentration of 300 ng/ml, and different half-lives. The 
dashed line represents a nonsmoking cotinine level cutoff of 15 ng/ml. Cutoff 
would be reached at 130, 70, and 35 hours if cotinine half-life was 30, 16, 
and 8 hours, respectively. (b) Similar simulation to (a) but starting from a 
baseline cotinine level of 100 ng/ml. Cutoff would be reached at 83, 44, and 
22 hours if cotinine half-life was 30, 16, and 8 hours, respectively. Reprinted 
with permission from Benowitz N, Jacob P, Ahijevych K, et al. Biochemical 
verification of tobacco use and cessation. Nicotine and Tobacco Research. 
2002; 4:149–159.
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the same timepoints throughout a clinical trial.38 Classifications of 
smoking status based on eCO were in relatively poor agreement 
with cotinine (which has a much longer half-life than CO) at the 
same timepoints. Sensitivity and specificity (<87%) for eCO was 
best at 4 ppm. Another study comparing self-report status to eCO 
levels in pregnant women showed that, using a cutpoint of 8 ppm, 
only 1% of nonsmokers were incorrectly identified as smokers, but 
only 56% of smokers were identified as such.39 At 4 ppm, 8% of 
nonsmokers were identified as smokers but 90% of smokers were 
identified correctly.

One caveat in recommending a single “gold standard” cutpoint 
for eCO is that CO readings may differ when using different types 
of eCO monitors.25,40 Karelitz et al reported a literature search from 
2004 to 2014 using keywords “CO monitor” and “smoking” and 
found that 58% of the studies did not report the type of CO monitor 
used. Of the 311 studies that disclosed the type of monitor, 61% 
used a Bedfont monitor and 35% used a Vitalograph. Karelitz et al 
studied 78 smokers who were attempting to abstain from smoking.25 
Participants provided eCO samples using both the Bedfont piCO+ 
Smokerlyzer (Kent, UK) and the Vitalograph BreathCO moni-
tors, collected 5–10 minutes apart, using the manufacturer’s in-
structions, plus instructions to exhale slowly for consistency. The 
Bedfont monitor gave mean eCO readings 3.8  ppm higher than 
the Vitalograph monitor, although the difference was smaller 
(1.7 ppm) among those who reported abstaining in the prior 12–24 
hours compared to those who were smoking regularly (mean dif-
ference = 5.6 ppm). Importantly, when the Vitalograph values were 
<5 ppm, only 48.5% of the Bedfont values were also <5 ppm. These 
differences may have related to the particular model of the Bedfont 
monitor. We recommend that different types of monitors should not 
be used interchangeably in the same study, and the optimal cutpoints 
from studies that used the Vitalograph CO monitor may not apply 
to other models of monitors as noted above for the Bedfont piCO 
model used in the Karelitz et al study.

Given the multiple factors influencing eCO in addition to re-
cent tobacco smoking (e.g., environmental exposure and type of 
eCO monitor), rather than recommending a specific cutpoint for 

distinguishing recent tobacco smokers from nonsmokers, we prefer 
to recommend a range of reasonable cutpoints, along with sugges-
tions of situations in which these cutpoints may be appropriate. The 
choice to use one cutoff over another will depend, in part, on the 
purpose of assessing smoking status. For example, it may be pre-
ferred to use a lower CO cutoff of <3  ppm when smoking is an 
important exclusion criterion (e.g., attempting to exclude pregnant 
smokers from a trial of a new drug). Alternatively, studies aimed at 
evaluating new smoking cessation interventions may prefer to use a 
higher CO cutoff (e.g., <6 ppm) to reduce the risk of incorrectly re-
jecting successful approaches.37 We also recommend that authors of 
research papers in which eCO is measured always report the brand 
and model of the monitor used in the study. See Table 1 for our range 
of recommendations.

Nicotine Metabolites: Cotinine and Total 
Nicotine Equivalents

All tobacco products deliver nicotine to the user, making nicotine 
a highly specific biomarker of use of tobacco products, ENDS, or 
nicotine replacement products. However, due to its relatively short 
half-life (about 2 hours), nicotine is not a very useful quantitative 
indicator of nicotine intake. Cotinine is the major proximate metab-
olite of nicotine and is the most widely used biomarker of nicotine 
intake.41 The half-life of cotinine can vary from 8 to 30+ hours due 
to genetic, hormonal, and other factors as discussed in detail later 
in this section. Assuming an initial cotinine blood level of 200 ng/
mL, it would take five half-lives for the level to decline below 5 ng/
mL (Figure 1). For individuals with half-lives of 8, 16, or 30 hours, it 
would take 40, 90, and 150 hours to reach the cutpoint. Therefore, 
a smoker who has a short cotinine half-life could have a cotinine 
level below cutpoint in only 2 days but, given the potential for a 
long half-life, to minimize false positivity, it is reasonable to allow 
6–7 days to assess compliance with nonsmoking.

Cotinine can be measured in a variety of biological fluids, 
including blood (serum, plasma, or whole blood), saliva, and urine. 
Cotinine is present in biological fluids as free cotinine and cotinine 

Table 1.  Cutpoints and time after smoking cessation to reach cutpoint to distinguish smokers and nonsmokers (based on average 
precessation levels, cigarette smoking, and U.S. population data)

Detects Cutpoint Average half-life
Approximate 
time to cutpoint

Free cotinine plasma, 
saliva, and urinea

Exposure to nicotine from all sources  
(e.g., combustible, noncombustible, and NRT)

 3–10 ng/ml 
30–50 ng/ml

16 h 80–100 h

CO (exhaled air) Consumption of combustible tobacco and  
nontobacco (e.g., marijuana) products

 5–6 ppmb 2–8 h 
depends on physical 

activity level

12–24 h 

Minor tobacco  
alkaloids (urine)

Exposure to tobacco-derived nicotine products  
(e.g., cigarettes, cigars, and smokeless) 

Anabasine 2 ng/ml 16 h 80 h
Anatabine 2 ng/ml 10 h 50 h 
Nicotelline ? 2–3 h 10 h

NNAL (urine) Exposure to cured tobacco (e.g., cigarrettes,  
cigars, and smokeless) 

 10–40 pg/ml 10–40 days 2–3 months

NNAL = 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; NRT = nicotine replacement therapy. 
aUrine provides the highest concentration of cotinine and, thus, has the greatest sensitivity but also more between-sample variability. Plasma and saliva provide 
similar results, with lower concentrations, but with more between-sample stability. 
bAt one end of the continuum (e.g., in a country with high smoking prevalence and relatively weak legislation requiring smoke-free public places in industrial cities 
with high levels of air pollution), we recommend that the previous cutpoint of <10 ppm to validate a self-report of smoking abstinence for at least 24 h may still 
be appropriate. At the other end of the continuum (e.g., in places with strong smoke-free legislation, low smoking prevalence and relatively low levels of air pollu-
tion), we recommend that a cutpoint as low as <5 ppm will be more appropriate. Investigators should select the appropriate cutpoint (from 4 to 10 ppm) for their 
research and clinical purposes bearing these known factors (as well as brand/model of monitor) in mind.25
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glucuronide. Serum and saliva levels are generally reported as free 
cotinine, while urine values may be reported as either free cotinine 
or the sum of the free and glucuronide forms, termed total cotinine. 
Serum levels of free cotinine in daily smokers typically average from 
100 to 250  ng/mL, while levels in those exposed to secondhand 
smoke (SHS) are usually <3 ng/mL.23 Concentrations in saliva and 
blood are highly correlated; saliva/plasma ratios range from 1.04 
to 1.27 in different studies.4,42–44 Saliva cotinine concentration is af-
fected by salivary flow rate; higher flow rates result in lower concen-
trations. Urine and blood concentrations are also highly correlated 
but not as strongly as saliva and blood. The average urine/plasma 
ratio for urinary free cotinine to plasma cotinine is 4.6 (4.0–5.3), and 
the ratio is influenced by urine flow rate and urine pH.45 Thus, urine 
cotinine has a higher cutpoint than blood or saliva (see Table 1).

The optimal cutpoint to distinguish cigarette smokers from 
nonsmokers is influenced by the prevalence and intensity of SHS 
exposure and may also be affected by race and physiologically re-
lated metabolic differences. The most recent large-scale analysis of 
the optimal cutpoint in the United States was based on the parti-
cipants in the National Health and Nutrition Examination Survey 
(NHANES) from 1990 to 2004.23 Data from 3078 smokers and 
13 078 nonsmokers were analyzed using the receiver operator curve 
approach. Based on self-reported smoking status of cigarette smoking 
or not smoking, the optimal cutpoint for serum cotinine among adults 
was 3 ng/mL (sensitivity 96.3; specificity 97.4%). Racial/ethnic dif-
ferences in cutpoints were observed: 5 ng/mL for non-Hispanic White 
individuals, 6 ng/mL for non-Hispanic Black individuals, and 1 ng/
mL for Mexican-American individuals. For adolescents, the optimal 
cutpoints were 3, 3, and 1 ng/mL for the same racial-ethnic groups.

Another large population-based analysis of the optimal saliva 
cotinine cutpoint to discriminate cigarette smoking from nonsmoking 
was conducted in the United Kingdom on 58  971 people aged 4 
or older between 1996 and 2004.46 The optimal cutpoint was de-
termined to be 12 ng/mL (sensitivity 95.8%; specificity 96.9%). Of 
note, the optimal cutpoint was higher if there were other smokers 
in home or not (18 vs. 5 ng/mL) and progressively higher with in-
creased social disadvantage (gradient 8 to 18 ng/mL). Most likely 
the differences in cutpoints between the U.S.  and UK studies also 
relate to differences in heaviness of smoking (heavier in the United 
Kingdom based on higher cotinine levels) and levels of secondhand 
smoke exposure (higher in the United Kingdom).

The optimal cutpoint concentrations determined in the NHANES 
and UK studies were lower than the 15  ng/mL cited in the 2002 
SRNT Working Group report. This cutpoint was based on a pub-
lication by Jarvis conducted in the United Kingdom in the 1980s, 
when the prevalence of active smoking and SHS exposure were 
much higher than at present.47 Fortunately, varying cutpoints within 
the range 3–15  ng/mL makes little difference to the classification 
of individuals as nonsmokers or smokers, since most self-reported 
nonsmokers who are classified as smokers have cotinine concentra-
tions well above these levels.46

Cutpoints can be affected by physiological differences (e.g., preg-
nancy and disease states), race/ethnicity, genetic differences, and 
environmental factors (e.g., hormone status and drug interactions). 
Pregnancy is associated with changes in cigarette consumption, ex-
tent of secondhand smoke exposure, and physiological and meta-
bolic changes that can affect optimal cutpoints for detection of 
smoking. For example, the metabolism of nicotine and cotinine are 
accelerated during pregnancy.48 When comparing “self-report” by 
pregnant women of smoking status to salivary or serum cotinine, 

studies evaluating optimal sensitivity and specificity have recom-
mended cutpoints of 13,49 12.9,50 10,51 and 5.3  ng/mL.52 Another 
study in 377 Alaskan Native women showed that the sensitivity and 
specificity was best at 1.07 ng/mL.53 Together, these studies suggest 
that 5–10 ng/mL may be a reasonable cutoff for pregnant smokers, 
but this value may differ by population characteristics.

Cotinine is generated from nicotine primarily via the liver en-
zyme CYP2A6.41 This enzyme is subject to considerable genetic 
variability and is also influenced by hormonal, drug, and other en-
vironmental factors. Cotinine blood levels also depend on the rate 
of cotinine metabolism, driven by the enzymes CYP2A6 (to trans-3’ 
hydroxycotinine [3HC]) and UGT2B10 (to cotinine glucuronide), 
the latter of which is also genetically polymorphic.54 The preva-
lence of slow metabolism variants of the CYP2A6 gene is higher in 
Asians and African Americans, so these groups convert less nicotine 
to cotinine and do so more slowly than Caucasians, and these groups 
metabolize cotinine more slowly.55,56 Sex hormones also strongly in-
fluence cotinine levels. Estrogen induces CYP2A6 activity as well 
as cotinine glucuronidation.48 The same changes are produced by 
chronic alcohol abuse.57 Consequently, for these groups cotinine 
levels are lower for any given daily nicotine intake. These metabolic 
differences explain in part differences in cotinine cutpoints by race/
ethnicity. Interpretation of nicotine metabolites as biomarkers of 
combusted tobacco use needs also to consider the use of blunts—
hollowed out cigars filled with marijuana. Blunt use can result in 
cotinine levels consistent with active smoking or heavy secondhand 
smoke exposure. Some blunt users deny tobacco smoking in general, 
so the use of blunts should also be queried.

Cutpoints for saliva cotinine are typically similar to those of 
serum. Free cotinine urine cutpoints would be predicted to be on 
average 4.6 higher than serum cutpoints, corresponding to 23 ng/mL. 
Empirical studies of urine-free cotinine as a cutpoint have reported 
around 30 ng/mL as optimal, similar to that predicted from urine to 
plasma ratio data.58 The ratio for total urinary cotinine (which in-
cludes cotinine glucuronide) to plasma cotinine has not been evalu-
ated in detail, but total cotinine is generally about 1.5–2 times higher 
than free cotinine, so the ratio can be adjusted accordingly.

Urine cotinine has been used as a biomarker with and without 
creatinine correction. Two studies suggest that creatinine corrected 
urine cotinine levels correlate better with plasma levels than do 
uncorrected values, but the difference is not large, and many re-
searchers continue to use uncorrected urine cotinine values.45,59 Most 
urine cutpoints have been reported in uncorrected values.

In pregnant women, Straierowicz et  al showed that urine-free 
cotinine levels of 42.3 ng/mL or 53.1 ug/g creatinine was the best 
cutoff.50 Higgins et al found that agreement between self-reported 
smoking and urine cotinine in 131 pregnant women enrolled in 
a smoking cessation study was best at 25  ng/mL.38 Changing the 
cutpoint to 12.5 ng/mL resulted in only a 1% difference in overall 
agreement. These studies suggest that the cutpoint of 25–50 ng/mL 
is appropriate to identify pregnant smokers.

Analytic methods for cotinine include immunoassay, gas chro-
matography (GC), GC–mass spectrometry (GC–MS), liquid chro-
matography (LC), and liquid chromatography coupled to tandem 
mass spectrometry (LC–MS/MS). Chromatographic assays are spe-
cific and more sensitive than immunoassays. Immunoassays often 
report higher levels of cotinine due to nonspecificity and, therefore, 
resulting cutpoints are higher. Chromatographic methods are pre-
ferred, and recommended cutpoints have been based on chromato-
graphic method results.
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Nicotine is metabolized to a number of metabolites in addition 
to cotinine, and the sum of most or all nicotine metabolites in urine 
(termed urine total nicotine equivalents, TNE) is another validated 
biomarker of nicotine intake.60,61 The full panel of TNE includes 
nicotine, nicotine glucuronide, cotinine, cotinine glucuronide, 3HC, 
3HC-glucuronide, nicotine-N oxide, cotinine-N oxide, nornicotine, 
and norcotinine, commonly referred to as “TNE7.” 62 Some re-
searchers report only [total nicotine + total cotinine + total 3HC], 
referred to as “TNE3,” as the other metabolites are minor. TNE3 
is highly correlated with the sum of all metabolites (r = 0.99), and 
the correlation is not affected by sex or race/ethnicity. TNE is less 
influenced by individual differences in nicotine metabolism path-
ways compared to cotinine, making TNE the gold standard for 
estimating daily intake of nicotine. Analysis of TNE is done by 
LC–MS/MS and is available from several laboratories. However, it 
is considerably more expensive than measuring cotinine alone, and 
optimal cutpoints to distinguish cigarette smoking from not smoking 
have not been reported. When measurement of TNE becomes more 
widely available and less expensive and the optimal cutpoints have 
been established, it should be the nicotine exposure biomarker of 
choice. For purposes of assessing daily intake of nicotine, such as 
for tobacco harm-reduction studies, TNE is the best available bio-
marker. Cotinine is less accurate across individuals due to metabolic 
differences but works well to assess changes in nicotine intake over 
time within subjects.

Over the Counter Cotinine

Over the counter (OTC) cotinine test strips can provide quick nico-
tine exposure data. These assays have the advantage of being inex-
pensive and easy to use, and provide results within minutes, enabling 
nearly immediate feedback. However, they have important limita-
tions including the semiquantitative nature of the measurements and 
the limited sensitivity and precision of the results. They are not suit-
able for measuring low cotinine concentrations such as from SHS or 
thirdhand smoke (THS) exposures.

The two best established OTC assays are NicCheck63 and the 
Nymox NicAlert.64 NicCheck I is an older colorimetric urine test strip 
assay with relatively low sensitivity and specificity. Consequently, it 
has not often been used in recent research. NicAlert test kits are 
multilevel lateral flow immunoassays (LFIA) that have been evalu-
ated and compared with alternative methodologies in several peer-
reviewed publications.65–71 Although urine is the preferred matrix 
because of its higher cotinine concentration, both urine and saliva 
samples have been examined, with the lower bands used as the cutoff 
for saliva samples. In general, published NicAlert evaluations have 
found good results for smoker versus nonuser discrimination but 
have not proven reliable for quantitative or SHS exposure analysis.

LFIA test strips with a single band at a given cutoff value have 
been developed and are now widely available on the Internet. 
These strips are typically designed for urine samples with a nom-
inal 200  ng/mL cutoff to distinguish between tobacco users and 
nonusers, although versions with lower cutoffs and potentially use-
able with saliva are also available. These strips are quite inexpensive 
at USD $1–3 apiece and could prove useful for quick, on-the-spot 
testing. However, they provide only an initial qualitative estimate. 
A  recent report evaluated two of these strips relative to LC–MS/
MS quantitation of total cotinine in urine with good results.72 Since 
these cotinine strips provide high specificity for nicotine exposure, 
combining OTC strips with eCO measurements has the potential to 

provide confirmation of smoking for nicotine intake from the strips 
with the presence or absence of elevated eCO levels, which might aid 
in distinguishing between combustion and noncombustion sources 
of nicotine exposure.

Anabasine/Anatabine and Other “Minor” 
Tobacco Alkaloids

Nicotine and cotinine reflect exposure to nicotine regardless of its 
source. Minor tobacco alkaloids are chemicals that are structurally 
related to nicotine and are specific for tobacco-derived products (e.g., 
cigarettes, cigars, and smokeless tobacco). If detection of tobacco use 
is needed in people who are using nicotine replacement medications 
(e.g., gum and patches) or nicotine-containing ENDS, minor tobacco 
alkaloids can be used. Because they are present in negligible amounts 
in pharmaceutical grade nicotine (which is tobacco derived but more 
highly purified than that in many e-liquids), two of these alkaloids, 
anabasine and anatabine, were developed as biomarkers for tobacco 
use during nicotine replacement therapy (NRT).73–75 Nicotine used 
in nonpharmaceutical commercial products is almost always derived 
from tobacco and, if not sufficiently purified, could contain measur-
able amounts of minor alkaloids. An exception is some ENDS fluids 
that have been reported to contain synthetic nicotine.76,77

The half-lives of anabasine and anatabine based on urinary ex-
cretion data are about 16 and 10 hours, respectively.75 Anabasine 
and anatabine are measured in urine using chromatography–mass 
spectrometry methods.78,79

The specificity of anabasine and anatabine for tobacco use was 
verified by analysis of urine samples from 35 nonsmokers (confirmed 
by cotinine analysis). Using a cutpoint of 2 ng/mL for both alkaloids 
as the criterion, specificity for cigarette smoking was 100%.74 In cig-
arette smokers (N = 99), concentrations of anabasine and anatabine 
in urine were similar (M = 22 ng/mL for both). Comparing smoke-
less tobacco users to cigarette smokers (two studies, N = 100 and 
N  = 105), concentrations of urine anabasine were similar, 24 and 
23 ng/mL, respectively. In contrast, urine anatabine concentrations 
were significantly higher in smokeless tobacco users than in cigarette 
smokers, 43 and 22 ng/mL, respectively. There are no known sta-
bility issues for anabasine and anatabine, and urine specimens can 
be stored frozen for long periods.

Anabasine and anatabine are useful biomarkers for tobacco use 
in people consuming pharmaceutical grade nicotine, but they may 
not be as useful for detecting tobacco use in ENDS users because 
the nicotine used in some e-liquids may contain substantial amounts 
of the two minor alkaloids.80,81 However, another minor alkaloid, 
nicotelline, has not been found in significant amounts in e-liquids. 
Nicotelline can be measured in urine, it has a half-life of about 2–3 
hours,82 and studies in progress have shown that it can detect recent 
tobacco product use in people also using ENDS.73 Other studies in 
progress indicate that measurement of anatalline, another tobacco 
alkaloid, in combination with nicotelline, may be able to distinguish 
smokeless tobacco use from combusted tobacco use.

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) is a metab-
olite of the tobacco-specific lung carcinogen 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK).83,84 Five properties of NNAL make 
it a very attractive biomarker for studies of tobacco product ex-
posure. First, since NNK is found only in cured tobacco, the presence 
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of NNAL in urine specifically and conclusively demonstrates use of 
some form of tobacco and/or exposure to SHS. Second, NNAL is 
formed metabolically from NNK in virtually all humans and is ex-
creted in urine in its free form and as glucuronide conjugates.85–87 
Third, NNAL is not found in the urine of people who use NRT, and 
in only extremely low levels, or not at all, in people who use ENDS.88 
Only trace amounts of NNK are present as a contaminant in the 
nicotine used in some e-liquids.89 Fourth, both NNK and NNAL 
are powerful lung carcinogens, producing lung tumors in rodents 
at low doses and independent of the route of administration and, 
thus, are believed to play an important role in lung cancer induction 
by tobacco products.90,91 Thus, NNAL serves as a biomarker of car-
cinogen exposure. Fifth, and perhaps most important, NNAL has a 
relatively long lifetime in humans.87,92 In contrast to the relatively 
short half-life of cotinine (16 hours), the half-life of NNAL in urine 
is estimated to be 10–45  days. Thus, when regular smokers stop 
smoking, 34.5% of the amount of NNAL plus NNAL glucuronides 
present in urine during regular smoking is detectable 1 week after 
cessation, whereas the corresponding value for cotinine is 1.1%. 
After 3 weeks of abstinence, levels of NNAL plus its glucuronides 
in urine are still 15.3% of levels during smoking, whereas cotinine 
is undetectable.87 This relatively long lifetime means that NNAL will 
also detect intermittent tobacco use, where cotinine levels may be 
below the cutpoint.

In NHANES, which quantified urinary NNAL, exclusive smoke-
less tobacco users had the highest geometric mean concentrations of 
total NNAL (2.79 pmol/mg creatinine) compared to exclusive cig-
arette smokers (0.625 pmol/mg creatinine).93 Other large studies of 
cigarette smokers found 1.12–1.65 pmol/mL urine total NNAL in 
adult smokers.94–96 In the 2011–2012 NHANES, among those ex-
posed to SHS, the geometric mean for total NNAL in young children 
(age 6–11 years) was almost three times that of adult nonsmokers 
in the age range 21–59 years.97 All large studies demonstrate strong 
correlations between urinary total NNAL and cotinine.

Although analytic challenges remain, total NNAL is almost the 
ideal biomarker for studies of SHS exposure because of its complete 
tobacco specificity, relatively long lifetime, and detectability at very 
low levels with great sensitivity, accuracy, and precision using LC–
MS/MS methods. Thus, nonsmokers’ exposure to NNK was dem-
onstrated virtually throughout life by measurement of total NNAL 
(ranging from 0.018 to 0.090 pmol/mL) in the urine of infants,98 
elementary school children,99,100 adolescents,101 women living with 
smokers,102 restaurant and bar workers,103 and casino patrons.104 
Only a few studies have examined cutpoints for NNAL to distin-
guish active smoking from SHS exposure. In one recent study among 
adolescents, the optimal NNAL cutpoint to distinguish active cigar-
ette smoking from not smoking was 9.6 pg/mL by latent class ana-
lysis and 14.4 pg/mL by receiver operating characteristic analysis.101 
Another study estimated an optimal cutpoint to separate smokers 
from heavily SHS exposed individuals to be 47 pg/mL92.

Urine is by far the most common body fluid used for analysis of 
NNAL as concentrations are much higher in urine than in blood. 
First morning urine, spot urine, and 24-hour urine samples have all 
been used for NNAL measurements. Although NNAL is quite stable, 
urine samples should be refrigerated until they are aliquoted and 
stored at −20°C, conditions under which free and glucuronidated 
(NNAL-O-Gluc and NNAL-N-Gluc)105,106 NNAL are stable virtu-
ally indefinitely.107 Most studies use β-glucuronidase treatment of 
the urine to hydrolyze NNAL-O-Gluc and NNAL-N-Gluc to free 
NNAL, which is then analyzed. The results are reported as “total 

NNAL,” which is the sum of free NNAL, NNAL-O-Gluc, and 
NNAL-N-Gluc.108 Total NNAL has also been quantified in blood 
(both plasma and serum),109,110 toe nails,111 amniotic fluid,112 pan-
creatic juice,113 saliva,114 and hair115 but methods for the latter four 
media have not been extensively applied and validated.

All current analytic methods use LC–MS/MS, which has ad-
equate sensitivity and absolute specificity to detect and quantify 
NNAL and its glucuronides in people who use tobacco products or 
are exposed to SHS.106,108 The cost of NNAL analysis is considerably 
higher than that for cotinine. There are no reliable immunoassays for 
NNAL, so there is no rapid spot test for quickly indicating exposure 
to NNK. Note that some studies report NNAL values as pmol/mL, 
while others report pg/mL. The conversion factor is 209 pg/pmol.

Electronic Nicotine Delivery Systems

At present, two types of ENDS are marketed around the world—
electronic cigarettes (e-cigarettes) and heat-not-burn devices. 
E-cigarettes heat a solution of nicotine, propylene glycol, and/or 
vegetable glycerin and flavorants to generate an aerosol that is in-
haled by the users (vapers).116 Heat-not-burn devices (e.g., IQOS) 
apply controlled heating to a cigarette-like product, with the intent 
of delivering nicotine and tobacco flavor while avoiding combus-
tion.117 ENDS can deliver nicotine in levels that can be comparable 
to those from conventional cigarettes but much lower levels of com-
bustion products compared to a burning cigarette. Heating of an 
e-liquid can convert propylene glycol, vegetable glycerin and some 
flavor chemicals to volatile and potentially toxic organic chemicals 
(e.g., acetaldehyde, formaldehyde, and acrolein) but does not gen-
erate CO.118 Nicotine in e-liquids is extracted from tobacco and, de-
pending on the extraction and purification processes, can contain 
other tobacco alkaloids, like anabasine and anatabine and small 
amounts of NNK. Emissions from IQOS generate low levels of 
thermal breakdown products, such as acetaldehyde, formaldehyde, 
and acrolein, but generally lower levels than those in conventional 
cigarette emissions.119

To date, no biomarkers specific for e-cigarette use are available. 
Considering the biomarkers that might distinguish ENDS use from 
tobacco use, cotinine and TNE are not useful because ENDS are 
nicotine delivery devices. Cotinine levels are quite similar in regular 
vapers and cigarette smokers.120 Biomarkers that can distinguish 
recent cigarette smoking from vaping are products of combustion 
(e.g., CO) or tobacco-specific constituents such as minor tobacco 
alkaloids and NNAL. The minor alkaloids anabasine and anatabine 
may also be useful to distinguish cigarette smoking from vaping, de-
pending on the e-liquid that is used. Some e-liquids contain relatively 
high levels of anabasine and anatabine (due to incomplete purifica-
tion of nicotine), in which case these alkaloids are not useful discrim-
inators. Nicotelline levels are extremely low in e-liquids and high in 
tobacco smoke, making it an excellent discriminator.

With respect to window of detection, various minor alkaloids 
and CO have half-lives from 2 to 16 hours. Thus, these biomarkers 
can detect smoking within the past 1–2 days, depending on inten-
sity of smoking and activity level. For longer-term discrimination, 
NNAL is the best biomarker. NNAL can persist in the urine for 
2 months or longer after stopped tobacco use. Urine NNAL is also 
useful in detecting low-level intermittent tobacco use. In trying to 
identify people who are exclusively e-cigarette users, as might be re-
quired in health effects epidemiology studies, urine NNAL should 
be measured to exclude concurrent tobacco use. Figure 2 shows the 
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time course of change of various biomarkers in a person who has 
quit cigarette smoking and switched to e-cigarettes. The use of bio-
markers to distinguish heat-not-burn use from cigarette smoking has 
not been examined.

Summary and Recommendations

 • Biochemical verification of abstinence appears to be increasingly 
important, especially in clinical trials, as both social norms relating 
to smoking behavior and an increasing number of personal factors 
(e.g., age, pregnancy, hospitalization status, and socioeconomic 
status) are related to misreporting of smoking behavior.

 • Biochemical verification increases scientific rigor, but there are 
drawbacks that need to be assessed to determine whether the 
benefits of biochemical verification outweigh the costs, including 
the cost of the assays, the feasibility of sample collection, the 
ability to draw clear conclusions based on the duration of abstin-
ence, and the variability of the assay within the study population.

 • If researchers opt to use biochemical verification, it is important 
to report details of sample collection and storage, analytic 

methodology including type of CO monitor used, limit of quan-
titation, the specific nature of the analytes (e.g., free vs. total 
cotinine, which metabolites are included for TNE), and the ra-
tionale for selecting specific cutpoints.

 • Researchers need to decide what biomarkers and biofluids are 
most appropriate for a given study (Table 2). If a marker of 
recent smoking abstinence is desired, then cotinine or CO are 
useful, while NNAL is preferred for assessment of long-term 
quitting. Cotinine can be measured in multiple biofluids; NNAL 
is most commonly measured in urine but can be measured in 
blood (plasma or serum), although concentrations are much 
lower in blood than in urine. Saliva or blood (serum, plasma, or 
whole blood) can be used interchangeably to measure cotinine, 
while whole blood is needed for carboxyhemoglobin.

 • A combination of biochemical assays, as well as clear assessment 
of what tobacco, nicotine, and combustible products a partici-
pant is using, may be necessary to biochemically verify product 
use or abstinence. For instance, to verify that a participant is 
using only e-cigarettes and no combustible cigarettes, the re-
searcher needs self-report of e-cigarette use and denial of com-
bustible cigarettes or other combustible product use (e.g., cigars, 

Figure 2. Biomarker elimination over time after switching from cigarettes to E-cigarettes (adapted from Jacob et al. 73, submitted for publication). Biomarkers 
other than CO are measured in urine. The time 0 value (100%) indicates levels that were present while smoking cigarettes. Values over time are shown as percent 
of baseline values. TNE = total nicotine equivalents. CO = carbon monoxide.

Table 2.  Biomarkers for use with various tobacco and nicotine products

Product Exhaled CO Cotinine/TNE Anabasine/anatabine Nicotelline NNAL

Cigarettes and other combusted tobacco products + + + + +
Smokeless tobacco − + + + +
ECIG − + ± − −
NRT − + − − −

Note that evidence is not yet available on how best to assess heat-not-burn devices.
CO = carbon monoxide; ECIG = electronic cigarettes; NNAL = 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; NRT = nicotine replacement therapy; TNE = urine 
total nicotine equivalents.
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little cigars, and marijuana) and no use of NRT. In this case, a 
combination of eCO to rule out use of combustible products and 
a cotinine assay to detect the nicotine from the e-cigarettes would 
provide biochemical verification of e-cigarette but no combust-
ible product use.
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