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and clinical settings to verify acute and chronic abstinence from 
smoking (Chivers, Higgins, Heil, Proskin, & Thomas, 2008;  
Dallery, Glenn, & Raiff, 2007; Rose, Salley, Behm, Bates, & Westman, 
2010). When CO is used to measure smoking abstinence, re-
searchers identify a cutoff value to categorize individuals as either 
positive or negative for smoking. The Society for Research on 
Nicotine and Tobacco recommends a cutoff of 8–10 parts per 
million (ppm; Benowitz et al., 2002). More recent findings sug-
gest that cutoff values should be lower, around 3 or 4 ppm (e.g., 
Javors, Hatch, & Lamb, 2005). A CO cutoff that is too high will 
allow smokers to meet the criterion, even if they have reduced, 
rather than quit, smoking. Unfortunately, the health benefits of 
reducing smoking are not well understood (Pisinger & Godtfredsen, 
2007); thus, current guidelines recommend complete abstinence 
(Fiore, 2000). Alternatively, a CO cutoff that is too low might  
incorrectly classify individuals as smokers, even if they have  
abstained. These concerns become more pronounced when 
consequences are delivered for smoking abstinence (e.g.,  
contingency management for smoking cessation; Dunn et al., 
2010). Additionally, laboratory studies often use CO to verify 
acute abstinence, where reductions in CO are required (e.g., 
33% reduction = overnight abstinence; Dallery & Raiff, 2007; 
Rose et al., 2010).

To measure CO, smokers are typically instructed to take a 
deep breath and hold it for 15–20 s, after which they exhale into 
a CO monitor. Despite the importance of CO as a measure of 
smoking status, little research has been conducted regarding the 
best practices for collecting a CO sample (Rea & Williams, 2002; 
West, 1984) and how this might affect decisions for verifying 
acute and chronic smoking abstinence. To our knowledge, no 
experiment has investigated how speed of emptying the lungs 
affects CO output. Thus, the current study experimentally  
manipulated exhalation speed and explored how it affected CO 
output, as well as decisions about CO cutoff criterions. Partici-
pants were divided into four groups based on smoking status 
(non-, light, moderate, and heavy smokers) to assess a range of 
CO values. All groups were exposed to two experimental condi-
tions. In the slow condition, participants were instructed to  
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empty their lungs as quickly as possible (fast), whereas in a  
different condition, participants were instructed to empty their 
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Results: For all groups, speed of exhalation was significantly 
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and CO output was significantly higher during the slow condi-
tion than during the fast condition. Sensitivity and specificity 
analyses revealed that the optimal CO cutoff for smoking absti-
nence was 3 ppm during the fast condition versus 4 ppm during 
the slow condition. Additionally, when heavy smokers switched 
from exhaling slow to exhaling fast, they showed an approxi-
mately 30% reduction in CO.

Discussion: The results suggest that exhalation speed should 
be monitored when CO is used as a measure of smoking status 
for laboratory and smoking cessation research. If exhalation 
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Introduction
Breath carbon monoxide (CO) is a simple and noninvasive meth-
od for evaluating smoking status and is often used in laboratory 
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exhale at a slow pace. In the fast condition, participants were 
instructed to exhale as quickly as possible.

Methods
Participants
Participants were recruited via undergraduate psychology classes, 
telephone screenings, and in person. Participants were divided into 
four groups based on their self-reported smoking (n = 20 per 
group): nonsmokers (never smoked cigarettes, marijuana, or other 
tobacco products), light smokers (1–10 cigarettes/day), moderate 
smokers (11–20 cigarettes/day), and heavy smokers (21+ cigarettes/
day). Participants were ineligible if they reported smoking mari-
juana or other tobacco products within the previous 24 hr or if they 
were not between the ages of 18 and 65. The University of Florida 
Institutional Review Board approved all procedures.

Materials
Breath samples were collected using a piCO+ CO monitor, which 
is accurate within ±2% (Bedfont Scientific USA, Williamsburg, 
VA). CO monitors were calibrated at least every 6 months, per the 
manufacturer’s recommendations. Digital timers were used to 
measure exhalation speed and time between samples. Research as-
sistants (RA) began timing exhalations when participants placed 
their lips onto the CO monitor mouthpiece and ended timing 
when participants removed their lips from the mouthpiece.  
Seventy-four percent of sessions were recorded using a digital web 
camera (QuickCam 8.0; Logitech, Fremont, CA). All videos that 
clearly showed the beginning and end of an exhalation were re-
viewed by an RA for calculating interobserver agreement on exha-
lation speed.

Procedures
Assessments
Sessions began by obtaining informed consent, after which partici-
pants completed the Fagerström Test for Nicotine Dependence 
(FTND; Heatherton, Kozlowski, Frecker, & Fagerström, 1991) and 
reported their demographics, smoking history, and smoking status.

Experimental conditions
The session consisted of two conditions where participants were 
instructed to take a deep breath and hold it for 15 s. During the 
“fast” condition, participants were instructed to empty their 
lungs into the CO monitor as fast as possible, whereas in the 
“slow” condition, they were instructed to empty their lungs at  
a slow pace. A counterbalanced ABAB reversal design was  
employed. Participants were randomly assigned to one of two  
orders (fast–slow–fast–slow or slow–fast–slow–fast). Each condi-
tion was separated by a minimum of 2 min, and sessions were 
approximately 15 min. At the end of the session, participants  
either received course credit (students) or randomly selected a 
prize consisting of $10.00 to Walmart, $5.00 to Publix grocery, or 
discount coupons.

Interobserver agreement
Interobserver agreement (IOA) was collected to verify exhalation 
speed. An RA (different from the one who conducted the ses-
sion) viewed the videos. IOA was calculated by taking the smaller 
observed speed, dividing it by the larger speed, and multiplying 
by 100 (Cooper, Heron, & Heward, 2007). Mean IOA was 91%.

Data analysis
Analyses of variance (ANOVAs) were conducted to verify that 
there was a significant difference between groups for number of 
cigarettes smoked per day and FTND scores. Repeated measures 
ANOVAs assessed whether there were differences in CO and ex-
halation speed across conditions and groups and whether there 
was an effect of condition order. When main effects were found, 
Bonferroni post-hoc analyses were performed. Results were 
deemed statistically significant at p < .05. All measures of vari-
ance are SDs, unless otherwise noted.

Finally, to identify an optimal CO cutoff, sensitivity and 
specificity were calculated at various CO levels for the slow and 
fast conditions. All participants in the nonsmoking, and three 
participants in the light smoking group who reported smoking 
a cigarette greater than 24 hr from the session, were classified as 
nonsmokers for this analysis. The remaining 17 light smokers 
reported smoking within the previous 24 hr and were classified 
as smokers (mean time since last cigarette 5.5 hr). Because of the 
half-life of breath CO (approximately 2–8 hr; Benowitz et al., 
2002), a 24-hr window was adequate for classifying individuals 
as either a smoker or a nonsmoker. Light smokers were used for 
the analysis because the purpose was to identify a sensitive CO 
cutoff that would ensure that people who are trying to quit will 
be unable to meet the cutoff, even if they smoke a few cigarettes 
per day.

Sensitivity, defined as the ability of a particular CO cutoff  
to accurately detect smoking when smoking has taken place  
(Javors et al., 2005), was calculated by assessing the correspon-
dence between smokers and their obtained CO level at CO cut-
offs ranging from 1 to 10 ppm. For example, if a participant 
reported smoking and blew a CO of 5 ppm, then all CO cutoff 
values of 1, 2, 3, or 4 ppm would accurately categorize the indi-
vidual as a smoker, whereas all CO cutoffs at or above 5 ppm 
would incorrectly categorize the individual as a nonsmoker. For 
each cutoff, the proportion of participants with CO values above 
that cutoff, out of all participants who reported smoking, were 
calculated. For example, 34 (out of 80) samples involved par-
ticipants who reported smoking cigarettes and only 18 of those 
samples were 10 ppm or higher during the slow condition (i.e., 
18/34 = 0.53), whereas 34 samples were 5 ppm or lower (i.e., 
34/34 = 1.00).

Specificity, defined as the ability of a CO cutoff to accurately 
detect smoking abstinence when no smoking has taken place 
(Javors et al., 2005), was calculated by assessing the correspon-
dence between nonsmokers and their obtained CO levels at each 
CO cutoff. If an abstinent participant blew a CO of 5 ppm, then 
all CO cutoffs at or above 5 ppm would accurately categorize the 
individual as a nonsmoker, whereas all CO cutoffs below 5 ppm 
would inaccurately categorize the individual as a smoker. For 
example, 46 (out of 80) samples involved participants who  
reported not smoking and only one of those samples were 1 ppm 
during the slow condition (i.e., 1/46 = 0.02), whereas 43 samples 
were 5 ppm or lower (i.e., 43/46 = 0.94).

Results
Participant characteristics
Participants in the nonsmoker group were 65% female, 18–21 
years old, and 45% Caucasian. The light, moderate, and heavy 
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smokers were comprised 70%, 60%, and 30% females; 18–54, 
19–55, and 27–62 years old; and 70%, 90%, and 85% Caucasian, 
respectively. As intended, there were significant differences  
between smoking groups for number of cigarettes smoked  
per day, F(3, 57) = 6420.4, and FTND scores, F(3, 57) = 267.6. 
Participants in the light group smoked fewer cigarettes (mean = 
6.31 ± 3.4) and had lower FTND scores (mean = 1.7 ± 1.8) than 
those in the moderate group (mean cigarettes per day = 18.0 ± 2.5; 
FTND = 5.0 ± 1.8), who smoked fewer cigarettes and had lower 
FTND scores than those in the heavy group (mean cigarettes per 
day = 31.6 ± 6.2; FTND = 6.8 ± 2.0).

CO values and exhalation speed
Figure 1 shows CO values obtained for the non-, light, moder-
ate, and heavy smokers across the fast (gray) and slow (white) 
conditions. There was a significant difference between condi-
tions, F(3, 216) = 97.9, groups, F(3, 72) = 33.7, and a Condition × 
Group interaction, F(9, 216) = 17.7. Post hocs showed that CO 
values during both fast conditions were significantly lower than 
during both slow conditions (mean 16.2 vs. 23.4 ppm, respec-
tively); however, there were no significant differences between 
the first and second fast, or the first and second slow, condi-
tions. Furthermore, CO values for the non- and light smokers 
were not different from each other (mean = 2.5 vs. 9.0 ppm), but 
they were lower than the moderate and heavy smokers, which 
were not different from each other (mean = 27.7 vs. 40.7 ppm). 
The difference in CO between fast and slow increased as ciga-
rette consumption increased (mean difference: nonsmoker = 1.2, 
light = 3.4, moderate = 10.1, and heavy = 14.3 ppm). There was 
no difference in CO between orders of exposure to conditions.

As with CO, there was a significant difference between exha-
lation speed across conditions, F(3, 216) = 247.1, groups,  
F(3, 72) = 4.0, and a Condition × Group interaction, F(9, 216) = 
3.3. Post hocs showed that exhalation speed during both fast 
conditions were lower than during both slow conditions (mean 
fast = 4.4 vs. slow = 15.0 s); however, there were no differences 
between the first and second fast, or the first and second slow, 
conditions. The moderate group exhaled slower than nonsmokers, 

but neither group was significantly different from any of the 
other groups. There was a marginally significant difference for 
order, F(1, 72) = 4.2, p = .05, with slightly faster exhalation 
speeds for individuals exposed to the slow–fast–slow–fast  
order.

Sensitivity and specificity
Table 1 shows sensitivity and specificity proportions at CO cut-
offs ranging from 1 to 10 ppm for the non- and light smoker 
groups. During the fast condition, a CO cutoff of 3 ppm maxi-
mized the likelihood of correctly identifying a smoker while also 
correctly identifying a nonsmoker (sensitivity + specificity,  
Table 1). During the slow condition, a CO cutoff value of 4 ppm 
was required to accurately classify smokers and nonsmokers. 
Two participants who self-reported not smoking in the previous 
24 hr (one non- and one light smoker) were categorized as 
smokers during both exposures to the slow condition, with a 
cutoff of 4 ppm (i.e., 9% false positive), and one participant 
who self-reported smoking was incorrectly categorized as a 
nonsmoker during both exposures to the fast condition (i.e.,  
6% false negative).

Discussion
The current study demonstrated that experimentally manipulat-
ing exhalation speed resulted in significantly different CO out-
comes. Regardless of smoking status (non-, light, moderate, or 
heavy smokers), participants submitted higher CO values when 
they exhaled at a slow pace compared with when they exhaled at 
a fast pace. This pattern was reliable, with approximately 90% of 
participants submitting a lower CO when blowing fast versus 
when blowing slow during both exposures to the conditions.

For researchers using CO as a measure of acute abstinence, 
where percentage reductions in CO are required, it is imperative 
that exhalation speed remains consistent across CO samples. 
When participants in the heavy group changed their exhalation 
speed from slow to fast (there was only a 2-min delay between 
samples), it resulted in a 30% lower CO value (i.e., mean fast = 
33.65 vs. slow = 47.9 ppm). As long as participants are consis-
tent across samples, such discrepancies should not arise. How-
ever, few studies report controlling or monitoring exhalation 
speed when collecting CO samples (Javors et al., 2005). Thus, 
researchers and clinicians may wish to collect exhalation speed 
to ensure procedural integrity.

For researchers and clinicians using CO as a measure of 
chronic abstinence, recall that a CO cutoff of 8–10 ppm is cur-
rently recommended (Benowitz et al., 2002). In the current 
study, 8–10 ppm would have only classified 27%–65% of smokers 
as positive. Furthermore, based on the sensitivity and specificity 
analyses, a lower cutoff might more accurately classify smokers 
and nonsmokers if participants exhale quickly versus slowly.  
If exhalation speed is not monitored, a more conservative CO 
cutoff value of 3 ppm may be warranted. Other studies have 
successfully used cutoffs within this range (e.g., Cropsey et al., 
2008). Importantly, in the current study, increasing the cutoff 
from 3 to 4 ppm during the fast condition resulted in an  
increase in the false negative rate from 6% to 29% (Table 1).  
If higher cutoff values are used, minimum exhalation speeds 
should be considered. In the current study, the median for  

Figure 1.  Mean (+SD) carbon monoxide levels obtained for fast (gray 
bars) and slow (white bars) conditions across the non-, light, moderate, 
and heavy smokers. Significant differences (p < .05) are indicated by an 
asterisk.
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the fast condition was 4 s (interquartile range = 3–5 s) and the 
median for the slow condition was 14 s (interquartile range = 
10–18 s). Only 3% of exhalations during the fast condition 
were ≥10 s; thus, a minimum exhalation speed of 10 s would be 
reasonable when a higher CO cutoff is used. Maximum speeds 
are not recommended because if individuals with larger lung 
capacities need longer to empty their lungs, ending too early 
would underestimate their CO levels.

The current study used the piCO+ monitor. To determine 
the generality of the current findings, we conducted a pilot test, 
using the same procedure with two different CO monitors  
(Micro+ and COmpact, Bedfont Scientific USA). Two moder-
ate smokers were counterbalanced to which monitor and condi-
tion they tested first. For both participants, their CO was 
consistently higher during both slow conditions than during 
both fast conditions (Micro+ mean fast = 21.3 ± 3.0 and slow = 
30.5 ± 3.7 ppm; COmpact mean fast = LEVEL 4.8 ± 0.5; slow = 
LEVEL 6 ± 0.0) regardless of the monitor and condition order.

Finally, there may be individual subject variables that affect 
CO but were not systematically investigated in the current study. 
For example, lung volume is positively associated with CO out-
put (r = .64; Terheggen-Lagro, Bink, Vreman, & van der Ent, 
2003). Participants with greater lung volume would be expected 
to take longer to empty their lungs. Lung functioning is also 
negatively related to smoking severity (Beck, Doyle, & Schachter, 
1981; Gold et al., 1996). Lactose intolerance has also been asso-
ciated with CO output (McNeill, Owen, Belcher, Sutherland, & 
Fleming, 1990). Finally, factors that affect the half-life of CO 
(e.g., physical activity), as well as time since last cigarette, can 
influence CO outcomes (Benowitz et al., 2002). Fortunately, the 
finding in the current study, that speed of exhalation affects CO 
output, could not be accounted for by differences in lung vol-
ume, lung function, lactose intolerance, or CO half-life because 
all participants were exposed to both conditions.
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