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ABSTRACT

Introduction: Smoking cessation is typically verified biochemically by expired-air carbon monoxide (CO) levels below 9 ppm
(i.e., <8 ppm), but this CO criterion may lead many who have smoked within 24 hr to be misclassified as abstinent.

Methods: Adult dependent smokers (N = 261; 124 men, 137 women) prospectively recorded each cigarette smoked and pro-
vided CO on five consecutive days during each of two short-term attempts to quit smoking. Participants were those recruited for
crossover tests of the effects of placebo versus medication (nicotine patch or varenicline) on the ability to initiate 24-hr absti-
nence. All had either a high or low interest in permanently quitting smoking soon (within 3 months) and were randomized to the
presence or absence of daily ($12) monetary reinforcement of abstinence.

Results: Total accuracy of sensitivity to detect smoking (83%) plus specificity to verify abstinence (87%) was optimal at a CO
criterion for abstinence below 5 ppm (<4 ppm), compared with below 9 ppm (sensitivity of 60%, specificity of 97%). Overall CO
detection of sensitivity and specificity was higher in those with high versus low quit interest, but reinforcement of abstinence made
no difference.

Conclusions: Results indicate a CO criterion half that used in most clinical research may optimally validate 24-hr cessation

and reduce misclassification of smokers as “abstinent.”

INTRODUCTION

Complete abstinence from smoking over at least 24 hr is typi-
cally the minimum duration necessary to define an ex-smoker
as “quit” in clinical research (e.g., Ockene et al., 2000). This
duration of abstinence is supported by observations that a
recent 24-hr quit predicts greater subsequent quit success
(Balmford, Borland, & Burney, 2010), and any smoking at
all within 24 hr of trying to quit increases the risk of relapse
to regular smoking (Juliano, Donny, Houtsmuller, & Stitzer,
2006; Westman, Behm, Simel, & Rose, 1997). Among those
trying to quit, the majority who fail to abstain for at least 24 hr
will not even report the effort as a true quit attempt (Berg
et al., 2010). Cotinine’s 16-hr half-life may allow verifica-
tion of abstinence over the past several days (SRNT, 2002).
However, a very common and immediate method of bio-
chemically verifying 24-hr abstinence in clinical research is
an expired-air carbon monoxide reading equal to or less than
8 ppm (CO < 8 ppm), or perhaps 10 ppm (Bailey, Bryson, &
Killen, 2011; SRNT, 2002). CO’s typical 4-hr half-life makes
it more sensitive for verifying 24-hr abstinence.

However, recent research suggests that smokers may be able
to smoke one or more cigarettes within the prior 24 hr and still
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meet such a CO criterion (“cutoff”) for abstinence. For example,
Javors, Hatch, and Lamb (2005) found that, compared with the
typical criterion of <8 ppm, a CO cutoff for abstinence of <3 ppm
increased sensitivity for accurately identifying smoking (i.e., the
percentage of smoking days with CO at or above 3 ppm) from
about 40% to 70%. Thus, at least half of those with a CO < 8
ppm would have been incorrectly identified as abstinent, despite
smoking in the prior 24hr. Although specificity for correctly
identifying abstinence (i.e., the percentage of nonsmoking days
with CO below 3 ppm) was moderately reduced from 98% to
85%, the lower CO criterion of 3 ppm enhanced the total accu-
racy of sensitivity plus specificity. These results may be specific
to the conditions of this study, which assessed smokers vary-
ing in quit interest, all of whom were monetarily reinforced for
gradually reducing their smoking over a period of 3 months. Yet,
they suggest that a CO criterion much lower than that of the typi-
cal criterion of 8 ppm may have better sensitivity for detecting
recent (24-hr) smoking in studies examining successful quitting.
If broadly applicable, use of a lower CO criterion to verify absti-
nence could have important implications. Misclassification of
those who have smoked in the prior 24 hr as “abstinent” may com-
plicate the interpretation of results of controlled studies assessing
the efficacy of medications or other treatments for cessation.
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The current analyses examined sensitivity and specificity
of different CO criterion levels for biochemically verifying
24-hr abstinence during two short-term (5-day) quit attempts
on active medication or placebo. To examine the potential
influence of quit interest and abstinence reinforcement on CO
sensitivity and specificity, we assessed daily CO and number
of cigarettes among smokers (a) with a high or a low inter-
est in making a permanent quit attempt after the study (within
3 months), and (b) randomized to receive reinforcement ($12/
day) or no reinforcement for each day of abstinence.

METHODS

Participants

Participants were 261 adult smokers (124 men, 137 women)
recruited for two very similar studies of ability to quit for at
least 24hr during two short-term periods while on active
(varenicline; 21 mg nicotine patch) or placebo medication in a
crossover design. All met DSM-1V nicotine dependence criteria
(adapted from Breslau, Kilbey, & Andreski, 1994), smoked >10
cigarettes per day for >1 year, and provided a screening CO of
at least 10 ppm. They also completed the Fagerstrom Test of
Nicotine Dependence (FTND; Heatherton, Kozlowski, Frecker,
& Fagerstrom, 1991), although inclusion did not depend on
FTND score. Mean (SD) sample characteristics were 31.9
(11.6) years old, 16.7 (5.3) cigarettes/day, 13.5 (10.7) years of
smoking, 23.5 (10.2) ppm CO at screening, and 4.7 (1.5) FTND
score. Participants self-identified mostly as Caucasian (77.4%),
with 13.8% as African-American, 2.7% as Asian, less than 1%
as Hispanic, and 5.4% as more than one ethnicity. Participant
characteristics did not differ between studies.

All were recruited partly based on their high or low inter-
est in making a permanent quit attempt on completion of the
study, defined as either wanting to quit within 3 months (high;
n = 103) or having no interest in quitting for at least 6 months
(low; n = 158). Procedures for assessing and validating high
and low quit interest at screening are described elsewhere
(Perkins et al., 2008, 2010).

Procedure

As described below, expired-air CO and the number of cigarettes
smoked were assessed daily (Mon—Fri) during the two 5-day
quit attempt periods (i.e., a total of 10 daily assessments), sepa-
rated by at least 1 week of ad lib smoking without any medica-
tion. These medication conditions are not particularly relevant in
these analyses since our focus was on the sensitivity and speci-
ficity of CO level for verifying 24-hr abstinence, regardless of
the method by which abstinence was obtained. Sessions were
scheduled between noon and 4:00 p.m. at the same time of the
day for each participant. Daily expired-air CO was assessed at
each session via Breathco CO monitor (Lenexa, KS) following
a 20-s breath hold prior to slowly expiring air into the monitor
mouthpiece (Javors et al., 2005; Raiff, Faix, Turturici, & Dallery,
2010). Subjects were not informed of their CO readings (in
ppm), which were recorded away from the participants’ view.
All 261 participants were randomly assigned to mon-
etary reinforcement of daily abstinence ($12/day; n = 127)
or to no reinforcement (n = 134) during both quit periods.
Reinforcement was provided for those with CO <5 (<4 ppm)

and who reported no smoking in the last 24 hr, although none
was informed of their CO values or this specific CO crite-
rion for reinforcement. Rather, they were told they would be
reinforced for “being quit.” For this analysis, this manipula-
tion enabled us to assess whether the presence or absence of
reinforcement for quitting influenced the association of CO
with abstinence (see Javors et al., 2005). These studies were
approved by the University of Pittsburgh Institutional Review
Board, and all participants provided written informed consent
for participation after the nature and the consequences of the
relevant study were explained. Other details of the study proce-
dures are described in Perkins et al. (2008, 2010).

Assessing Daily Abstinence or Smoking

Abstinence was defined as zero cigarettes smoked in the 24 hr
prior to each weekday session (Monday—Friday) during the
quit attempt periods. To assess the amount of daily smoking,
participants were given “tally” cards to monitor all cigarette
use. Tallies were returned at the next session and the number of
cigarettes smoked over precisely the 24 hr prior to the session
was recorded, based on tallies for that day and the previous day.
The rows of each tally card listed the 24 individual hours of the
day (e.g., “noon to 1:00 p.m.”), with a space to mark the tallies
every time they smoked a cigarette at that time. (The size and
the shape of the card were intentionally designed to fit inside
the cellophane wrapper of a cigarette pack, to facilitate compli-
ance.) To encourage compliance, all received $5 for turning in
the tally cards at each session. Note that falsely reporting no
smoking (i.e., no cigarettes) over the prior 24 hr, when smok-
ing had in fact occurred, would be expected to overestimate the
optimum CO to verify abstinence since such subjects would be
counted as quit despite high CO levels.

For these 261 subjects, CO and cigarette tallies were assessed
on a total of 2,572 days, with abstinence (0 cigarettes) identified
during 1,012 days (39.4%), and nonabstinence (>0 cigarettes)
identified during the remaining 1,560 days. Total days comprised
1,378 from the patch study, involving 563 abstinent (40.9%) and
815 nonabstinent days, and 1,194 days from the varenicline study,
involving 449 abstinent (37.6%) and 745 nonabstinent days.
A tally and/or a CO reading was missing for a total of 38 days, or
1.6% of the total possible (2,610 days), from a total of 30 subjects.
(Three other potential participants, or 1.1%, were excluded from
all analyses due to repeated noncompliance with tally recording,
as defined by CO > 10 ppm despite tallies indicating O cigarettes
in the prior 24 hr during three or more sessions.) This method has
been shown to be valid and reliable in assessments of daily nico-
tine nasal spray medication use (Perkins et al., 1996).

Statistical Analysis

Consistent with prior research (e.g., Cropsey, Eldridge, Weaver,
Villalobos, & Stitzer, 2006; Javors et al., 2005), sensitivity was
determined by the percentage of CO values that were above
the designated criterion for abstinence (e.g., above 4 ppm,
above 8 ppm) on the days in which at least one cigarette (>0)
was smoked during the prior 24 hr. Similarly, specificity was
determined by the percentage of CO values below the abstinence
criterion on the days in which zero cigarettes were smoked in
those prior 24hr. To further compare subgroups on how well
CO discriminated between abstinent and nonabstinent days, we
assessed the area under the curve (AUC) for the receive-operator
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characteristics (ROC), using the nonparametric method (Zweig
& Campbell, 1993). To do so, we plotted sensitivity by
specificity for all obtained CO levels, with AUC of 1.0 indicating
perfect identification of abstinence and nonabstinence and 0.5
demonstrating no discrimination between the two (see Javors
et al., 2005). Nonoverlapping 95% confidence intervals (CIs)
for AUC values indicated subgroup differences.

RESULTS

Over the two 5-day quit attempt periods, the mean + SD num-
ber of abstinent and nonabstinent days was 3.9+3.6 versus
6.0+3.6, respectively. Corresponding mean CO values were
3.2+2.2 versus 12.3+7.3 ppm, respectively. In the ROC
analysis, AUC £ SEM was 0.910 £+ .006, p < .001, with a
95% CI of 0.899-0.921, showing very strong ability of CO to
discriminate between days of smoking (sensitivity) and absti-
nence (specificity), as expected.

More importantly, a CO criterion of 5 ppm for smoking (i.e.,
“cutoff”; <4 for abstinence) resulted in the highest overall com-
bined sensitivity to detect smoking (83%) and specificity to verify
abstinence (87%), as indicated in Table 1. An even more stringent
cutoff of 3 ppm produced 95% sensitivity, but only 54% specific-
ity. By contrast, the standard clinical CO cutoff of 9 ppm (i.e.,
<8 for abstinence) produced a sensitivity of only 60%, although
specificity was 97% as detection of abstinence was improved. In
other words, nearly all abstinent days resulted in a CO <9 ppm,
but about 40% of those who smoked within 24 hr also had CO <9
ppm, compared to 17% who had CO <5 ppm. Consistent with
these findings, mean CO for the 27% of all nonabstinent days
involving just one or just two cigarettes in the prior 24 hr was
5.3+4.1 ppm and 7.3+5.2 ppm, respectively, essentially below
the standard cutoff of 9 ppm but above the cutoff of 5 ppm.

Separate and total results for sensitivity and specificity by
CO cutoffs are shown in Figure 1, by high or low quit interest,
as well as by the presence or absence of abstinence reinforce-
ment. Notably, a CO cutoff of 5 ppm was optimal for total sen-
sitivity and specificity in each subgroup, except for those not
reinforced, for whom a cutoff of 4 ppm was optimal. Also as
shown, a CO <5 ppm was also the point at which the sensitivity
and specificity plots intersected for all subgroups. ROC analy-
ses showed AUC values of 0.936 = .008 (CI of 0.921-0.951)
for those high in quit interest, compared to 0.890 + .008 (CI of
0.874-0.906) for those low in quit interest, with nonoverlap-
ping ClIs indicating a significant difference. For example, at a
CO cutoff of 5 ppm, respective sensitivity and specificity were
86% and 91% for high quit interest, compared to 81% and 85%
for low quit interest. At a CO of 9 (<8 ppm for abstinence),
specificity was similar but sensitivity to detect smoking was
68% versus 56% for high versus low quit interest, respectively.
However, for reinforcement of abstinence, AUC was 0.924 +
.008 (CI of 0.909-0.939) for those receiving reinforcement,
and 0.900 =+ .009 (CI of 0.882-0.918) for those not reinforced,
as overlapping Cls indicated no difference.

DISCUSSION

We found an optimal CO cutoff to detect smoking and verify
24-hr abstinence of 5 ppm, meaning a criterion of <4 ppm,
half that of the standard clinical criterion (<8 ppm), which
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Table 1. Sensitivity to Detect Smoking and
Specificity for Verifying Abstinence in All Subjects,
by Carbon Monoxide (CO) Cutoff Level (i.e., Below
Which Designates Abstinence)

Sensitivity +

CO cutoff (ppm) Sensitivity Specificity specificity

3 0.948 0.542 1.490

4 0.885 0.757 1.642

5 0.826 0.873 1.699

6 0.769 0911 1.680

7 0.710 0.942 1.652

8 0.658 0.955 1.613

9 0.602 0.967 1.569
10 0.560 0.979 1.539

may provide the most accurate biochemical verification of a
successful quit attempt. These results are very consistent with
those of Javors et al. (2005), who found an optimum CO cut-
off of 3 ppm among smokers reinforced for gradually reduc-
ing CO across several months. Because we generally found
no differences in CO sensitivity or specificity due to monetary
reinforcement for abstinence, the results of Javors et al. (2005)
likely were not limited to providing reinforcement to reduce
CO. Thus, our CO cutoff for smoking of 5 ppm may be broadly
applicable in comparable studies whether or not abstinence is
reinforced. However, we did find better sensitivity and speci-
ficity of CO among those high in quit interest, and this more
stringent CO criterion may be even more effective for verify-
ing successful abstinence in clinical research on permanent
quit attempts. Yet, which CO cutoff is most appropriate may
depend on whether sensitivity in detecting recent smoking, as
in most cessation research, or specificity in validating absti-
nence is of more concern. The optimum CO cutoff may also be
influenced by the potential for infrequent nontobacco sources
of CO exposure in the study sample, such as recent or chronic
exposure to severe air pollution or impaired pulmonary func-
tion (Kotz, 2012).

Consistent with our findings, similar research suggests a
lower criterion for another method of biochemical verification
of abstinence, cotinine, may be warranted (Benowitz, Bernert,
Caraballo, Holiday, & Wang, 2009). Other research has sug-
gested that cotinine assessment, which has a longer half-life,
may be more sensitive than CO in detecting smoking (Gariti,
Alterman, Ehrman, Mulvaney, & O’Brien, 2002). However, in
that study, cotinine was compared to a CO criterion for absti-
nence of <10 ppm, and the use of the lower CO criterion here
(<5 ppm) may show less difference in sensitivity between these
biochemical measures of verifying abstinence. Finally, although
we assessed CO only among smokers making a short-term quit
attempt, our findings may be relevant for determining optimum
CO criteria to verify general smoking status in nonquitting
smokers and nonsmokers, as suggested by other research (e.g.,
Cropsey et al., 2006; Middleton & Morice, 2000).
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Sensitivity to detect smoking and specificity for verifying abstinence in the prior 24 hr are shown by carbon monox-

ide (CO) cutoff values (i.e., minimum criterion to designate smoking), separately (top) and as total accurate detection (i.e., the
percentage of true detections of smoking and abstinence; bottom). Plots are presented for smokers who are high (n = 103) versus
low (n = 158) in quit interest and for those reinforced (n = 127) versus not reinforced (n = 134) for abstinence.
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