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Abstract The effect of exercise on the increase of
exhaled CO in smokers compared to non-smokers has not
been clarified yet. In this study we compared the dynamics
of exhaled CO before, during and after exercise between
smokers and non-smokers. A group of 8 smokers and a
group of 8 non-smokers underwent a bicycle exercise in a
ramp fashion to near maximum intensity. Ventilation and
gas exchange, and CO exhalation were continuously
measured every 30-s before, during and after the exercise.
The fraction of CO (FCO) in the exhaled air decreased
gradually, but the total amount of exhaled CO ðV_CO Þ
increased in a linear manner during the ramp exercise, and
FCO and V_CO returned to the pre-exercise level within
several minutes after exercise in all subjects. A linear
relationship was observed between V_O2 and V_CO ; and
between V_E and V_CO in both the whole period of measurement and during the ramp exercise period in all subjects. However, the V_CO at 0 W, the peak V_CO and the slope
coefficients in the regression equation between V_CO and
V_O2 ; and between V_CO and V_E in the ramp exercise as well
as the entire periods of measurement were significantly
higher in smokers compared with those in non-smokers,
and these were correlated with the number of cigarettes
smoked per day. It was concluded that CO exhalation
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increases linearly with the increase of V_O2 and V_E during
exercise, and habitual smoking shifts these relationships
upward depending on the number of cigarettes smoked
daily.
Keywords Exhaled CO  Ramp exercise  Smoking 
Oxygen uptake  Minute ventilation

Introduction
It has been demonstrated that carbon monoxide (CO) is
produced endogenously from various types of cells and has
many pathophysiological roles, including neurotransmission, vascular regulation, anti-inflammatory, anti-proliferative, and anti-apoptotic responses, similar to those of other
gaseous transmitters such as nitric oxide and hydrogen
sulfide [1–3]. It has also been shown that the concentration
of exhaled CO is affected by normal and the pathophysiological conditions, including airway and lung inflammation [4–7], cigarette smoking [8–11], exercise [5, 12] and
aging [13].
However, little has been published about the effect of
exercise on exhaled CO. Horváth et al. [5] reported that the
fraction of CO in the exhaled air (FCO) decreased slightly,
but the total amount of exhaled CO ðV_CO Þ increased significantly during 60 W and peak bicycle exercises in eight
young healthy subjects. They also showed that V_CO
returned to baseline 5 min after exercise. If the increase of
CO exhalation during exercise is a reflection of CO production from the active tissues, including muscle, vasculature and the heart, measurements of exhaled CO could be
a useful tool in understanding the regulatory and protective
function of CO during exercise. However, little has been
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Subjects exercised on an electrically braked bicycle
ergometer, which was designed in our laboratory [14]. The
experiments were carried out in a ramp manner to near
maximum intensity followed by a rest in a seated position
for 2 min and unloaded cycling for 3 min. The ramp
exercise terminated when the heart rate of the subject
exceeded 170 beats/min (end point of ramp exercise). The
rate of increase of workload was set at 15 W/min. Ventilation and gas exchange variables were measured every
30 s using the mixing chamber method reported in [15].
The metabolic measurement system consists of a facemask, a pneumotachograph, a mass-spectrometer, a personal computer and a chamber with a total volume of 4 l.
Minute ventilation ðV_E Þ; oxygen uptake ðV_CO Þ; carbon
dioxide output and fractions of oxygen, carbon dioxide and
nitrogen were calculated online every 30 s. All respiratory

Subjects

Protocols

Table 1 Physical characteristics and experimental results of 8 non-smokers

Sixteen healthy males (15 students and 1 university staff
member), 8 of whom were cigarette smokers, volunteered
for this study. The physical characteristics and smoking
history of the subjects are shown in Tables 1 and 2. They
were all in good health and were not treated with any
medications relating to cardiovascular, metabolic or
inflammatory diseases. Written informed consent was
obtained after full explanation of the risk and scientific
significance of the study. This study was approved by the
ethics committee for human studies of Toyohashi University of Technology.
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published concerning the exhaled CO during exercise and
recovery.
It is well known that cigarette smoke can increase
exhaled CO concentrations and carboxyhemoglobin
(COHb) in the blood [8–11]. In an attempt to assess the
effect of cigarette smoking, this paper aimed at analyzing
the dynamic changes in exhaled CO against exercise
workload in smokers by comparing them with those of
non-smokers. Specifically we measured the dynamic
response of exhaled CO against exercise workload, minute
ventilation and oxygen uptake in healthy non-smoking
subjects using a metabolic measurement system and ramp
exercise protocol, which have been used previously to
evaluate the dynamic response of cardiorespiratory indices
in a wide range of exercise workloads. Subsequently we
measured the dynamic response in smokers by using the
same measurement system and protocol.
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‘‘No. of Cig.’’ and ‘‘Smoking years’’ mean the average number of cigarettes smoked per day and the length of habitual smoking in each subject. Other parameters are the same as in Table 1. Two subjects
(S-1 and S-2) repeated the same measurement on different days, and the second data (-2) were shown below the first measurement (-1). The second data were excluded from the data calculation. G-Diff’’
indicates the statistical significance of the difference in the group mean values between smokers and non-smokers
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Weight
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Height
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Table 2 Physical characteristics, smoking history and experimental results on 8 smokers
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variables were stored on a magnetic disk and simultaneously printed out on paper every 30 s at the end of the
experiment. The concentration of CO in the exhaled breath
drawn from the mixing chamber was analyzed using the
CO analyzer (mBA-2000, TAIYO, Japan), which provided
CO concentrations every 1 s, with a resolution of 0.1 ppm.
The delay time of the measurements between the flow and
gas signals analyzed by the mass spectrometer and the CO
analyzer was 5 and 10 s, respectively. Two-point calibration was performed using ambient air and a standard gas,
mixed with O2, CO2 and N2 for the mass-spectrometer, and
a CO absorber and standard gas, mixed with CO, O2, CO2
and N2 for the CO analyzer, respectively. Heart rate
was monitored simultaneously with an ECG monitor
(AC-611G, Nihonkohden, Japan), using a standard chest
lead throughout the measurement, to determine the end
point of ramp exercise. The experimental room was controlled to maintain the temperature and air ventilation,
and the expired air from the subjects was pulled out of
the room. FICOs measured as the CO concentration in
the room ranged from 0.32 to 0.54 ppm throughout the
experiments.
All experiments were undertaken from 1:30 p.m. to 5:30
p.m. The subjects had lunch or smoked a cigarette at least
2 h before the experiment. Two smokers (S1 and S2)
repeated the same measurement on different days, in which
the subjects smoked just before the experiment.
Data processing and analysis
The fraction of CO in the exhaled air (FECO) was averaged
every 30 s to estimate the mean FECO, taking into account
the time delay. The amount of carbon monoxide exhaled
per minute ðV_CO Þ was estimated as follows:
V_COðSTPDÞ ¼ V_EðSTPDÞ  ðFECO  FICO Þ

ð1Þ

where FECO and FICO represent the CO concentrations in
the expired and inspired gases, respectively. In this study,
the value of (FECO - FICO) was defined as the net fraction
of CO and was indicated as DFCO. Thus, the former
equation could be rewritten as follows:
V_COðSTPDÞ ¼ V_EðSTPDÞ  DFCO :

ð2Þ

Results obtained from both groups are expressed as
mean ± SD. Linear regression and Pearson’s correlation
analyses were used to elucidate the linear relationship
between V_O2 and V_CO ; and between V_EðBTPSÞ and V_CO in
both the whole period of measurement and the ramp
exercise period. Mann–Whitney U test was applied to
examine the significance of the difference between the
groups, and statistical significance was accepted at
p \ 0.05.
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Results
There was no statistical difference in the subjects’ height
and weight between groups, but the age was higher in nonsmokers. As seen in the 5th column of Table 1 and in the
7th column of Table 2, the exercise duration from the
beginning to the end point of ramp exercise was significantly (p \ 0.05) longer in non-smokers. V_CO at 0 W
ðV_CO ð0 W)Þ and Peak V_CO were significantly (p \ 0.01)
higher in smokers compared with those in non-smokers. A
positive correlation was found between the numbers of
cigarette smoked per day and V_CO ð0 W) (r = 0.78), and
peak V_CO (r = 0.73) (Tables 1, 2). Also, positive correlations were seen between the Brinkman Index and
V_CO ð0 W), and Peak V_CO (r = 0.63 and 0.67, respectively).
Typical examples of the DFCO, V_CO ; V_O2 ; and
V_EðBTPSÞ ðV_E Þ against time, and the relationships between
Fig. 1 Changes in DFCO, V_CO ;
V_O2 ; V_E against time and the
relationship between V_O2 and
V_CO ; and between V_E and V_CO
in one non-smoker (N-1). Note
that DFCO gradually decreased,
but V_CO increased linearly
during ramp exercise, similar to
the changes of V_O2 and V_E .
A significant correlation was
observed between V_O2 and V_CO ;
and between V_E and V_CO (lower
panel)
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V_CO and V_CO ; and between V_E and V_CO are shown in
Figs. 1 (a non-smoker) and 2 (a smoker). These figures
showed that the DFCO decreased gradually during the ramp
exercise but rapidly returned to pre-exercise levels after the
cessation of exercise. V_CO ; V_O2 and V_E appeared to increase
linearly or curvilinearly during the ramp exercise period.
As a consequence, high and significant correlations were
found between V_O2 and V_CO ; and between V_E and V_CO in
the whole data set throughout rest, exercise and recovery in
all subjects (Tables 1, 2). But a small dissociation of the
linearity in the relationship between V_O2 and V_CO was also
observed, especially in the recovery phase in both subjects.
This tendency was also observed in many other subjects.
Furthermore, some differences were also observed between
smokers and non-smokers. Note that the absolute values of
FCO and V_CO were higher in smokers, and the slope coefficients of the regression equation between V_O2 and V_CO ;
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283

Fig. 2 Changes in DFCO, V_CO ;
V_O2 ; V_E against time and the
relationship between V_O2 and
V_CO ; and between V_E and V_CO
in one smoker (S-1). Note that
DFCO, V_CO ; and the slope
coefficients and intercepts of the
regression equation between
V_O2 and V_CO ; and between V_E
and V_CO are higher compared
with those in non-smokers

and between V_E and V_CO were significantly (p \ 0.01)
higher in smokers compared with those of non-smokers
(the slope coefficients: 0.011 ± 0.003 vs. 0.073 ± 0.047 in
the V_O2 and V_CO relationship; 0.385 ± 0.016 vs. 2.872 ±
1.860 in the V_E and V_CO relationship).
The rates of increase in V_CO against V_O2 and V_E during
the ramp exercise period are shown in Figs. 3 (nonsmokers) and 4 (smokers), respectively. It would appear
that the relationship between V_E and V_CO was curvilinear
rather than linear, but the relationship between V_O2 and V_CO
was linear in both groups. Moreover, it was found that the
inter-individual difference in V_CO against V_O2 and V_E was
much larger in smokers. The mean values of V_CO at 0 W
exercise ðV_CO ð0 WÞÞ and at the end of ramp exercise (Peak
V_CO ) in non-smokers were 13.8 ± 2.5 and 33.5 ± 5.3 ll/min,
respectively, and these were significantly (p \ 0.01)
lower than those of smokers (80.2 ± 54.8 and 166.4 ±

91.5 ll/min). The slope coefficients of the regression
equation between V_O2 and V_CO , and between V_E and V_CO in
smokers were significantly (p \ 0.01) greater than those of
non-smokers (Tables 1, 2).
Figure 5 shows the effect of smoking just prior to the
experiment on exhaled CO in two smokers (S1 and S2). It
was clearly demonstrated that a cigarette smoked immediately before the trial remarkably enhanced V_CO against
V_O2 and V_E compared with the first trial.
Discussion
In this study we evaluated the dynamic response of the
exhaled CO to exercise in relation to V_O2 and V_E and
compared these relationships between smokers and nonsmokers. Results showed that that FCO decreased gradually, but V_CO increased in a linear fashion during a ramp
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Fig. 3 Relationship between V_O2 and V_CO (upper panel) and between
V_E and V_CO (lower panel) obtained during the ramp exercise period
on 8 non-smokers. Note that the relationship between V_O2 and V_CO
appears to be linear, but the relationship between V_E and V_CO appears
to be curvilinear. The pattern of the changes among subjects was very
similar

Fig. 4 Relationship between V_O2 and V_CO (upper panel) and between
V_E and V_CO (lower panel) obtained during ramp exercise period on 8
smokers. Note that high correlations were observed between V_O2 and
V_CO (r = 0.89–0.99), and between V_E and V_CO (r = 0.98–0.99),
respectively. Also note that the scale of V_CO was ten times larger than
that of in Fig. 3

exercise, and that after the cessation of exercise, FCO and
V_CO returned to the pre-exercise level within several minutes, concomitant with the changes of V_O2 and V_E . Furthermore, a linear relationship was detected between V_O2
and V_CO ; and between V_E and V_CO ; not only throughout the
whole period of measurement, from rest to exercise and
recovery, but also during the ramp exercise period in both
smokers and non-smokers. Values of FCO and V_CO ; and the
rates of increase of V_CO against V_O2 and V_E ; not only during
ramp exercise, but also for the whole period of measurement from rest, exercise and recovery, were significantly
higher in smokers compared with those in non-smokers.
Horváth et al. [5] observed that VCOs at rest, at 60 W
and at the peak of intensity exercise were 27.4, 72.1 and
98.2 ll/min, respectively, and returned to baseline 5 min

after the cessation of exercise in 8 healthy young subjects
with a mean age of 14.2 ± 1.2 years. They also noted that
the FCO in the exhaled air decreased gradually depending
on the exercise intensity. The present results were generally
consistent with those observations in which FCO decreased
and V_CO increased depending on the intensity of exercise;
however, V_COs in this study were considerably lower than
those reported by Horvath et al. [5]. The reason for the
discrepancy in V_CO between Horvath et al. [5] and the
present findings in non-smokers cannot be explained here.
Differences could be due to the subjects used and/or
experimental protocols. Additionally, a previous study
evaluated the FCO and/or V_CO under only a few constantload exercises [5]. In the present study, FCO, V_CO ; V_O2 and
V_E were measured continuously at rest, during ramp
exercise to near maximal intensity and recovery every 30 s

123

J Physiol Sci (2011) 61:279–286

Fig. 5 The effect of cessation time of smoking on V_CO in two
subjects. In the first measurement, the exercise testing started at least
2 h from the last smoking (S1-1 and S2-1). However, in the second
measurement on different days, the exercise started immediately after
smoking (S1-2 and S2-2), respectively. Note that V_CO increased
remarkably compared with the first measurement

using a mixing chamber method. The method used in the
present study could provide information about the dynamic
responses of FCO and V_CO to a wide range of exercise and
the recovery period accompanied with other respiratory
variables. A linear relationship was observed between the
exercise intensity and FCO or V_CO ; between V_CO and V_O2 ;
and between V_E and V_CO in both groups, smokers and nonsmokers, in a wide range of exercises from unloaded to
near maximal. However, this does not necessarily indicate
that CO production in the body increases with the increase
of exercise intensity or oxygen utilization, because the
origin and the roles of the exhaled CO remain uncertain
[1, 7, 16, 17].
Coburn [18] reported that the total amount of CO stored
in the human body could be estimated as 10 ml and that
more than 80% of CO in the body appeared in the blood,
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bound chemically to hemoglobin. In the present study the
total amount of V_CO during the ramp exercise period for
13 min in one non-smoker (N-1), shown in Fig. 1, can be
roughly estimated as 320 ll. This may correspond to only
4% of the CO stored in the blood and may reduce the
COHb only from 1 to 0.96% [18]. By contrast, V_CO during
ramp exercise in one smoker (S-1), shown in Fig. 2, can be
roughly estimated as 1800 ll, which is more than 5 times
larger than that of the non-smoker (N-1) shown in Fig. 1. It
has been reported that the CO concentration in the exhaled
air and COHb in the blood were higher in smokers compared with nonsmokers [8–11]. In other words, smokers
have a high capacity to provide CO in exhaled air compared with non-smokers. However it is still unclear whether blood CO content can be provided into the exhaled
gas. Vogel and Gleser [19] had reported that the COHb
concentration (%) gradually decreased according to the
exercise intensity from 1.7% at rest to 1.0% at maximal
exercise. This suggests indirectly that COHb may be the
major source of the exhaled CO. A higher exhalation of CO
during exercise in smokers and an enhancement of CO
output just after smoking, compared with the long-term
cessation of smoking as shown in Figs. 4 and 5, indicate
that blood CO content may contribute to CO exhalation,
especially during exercise.
However, other possibilities regarding the origin of
exhaled CO during exercise cannot be excluded. Some
studies suggest that the gene expression of heme oxygenase-1 (HO-1), which is an inducible isoform of CO synthase in the active muscles, is derived from long-term
exercise [20, 21]. Steensberg et al. [20] demonstrated
enhancement of IL-6 and HO-1 mRNA expression after
knee extensor exercise for 2 h in humans. Essig et al. [21]
also reported that in rat limb muscle, HO-1 mRNA
increased 7-fold after 1 h of exhaustive running. Although
they did not measure CO production directly, these results
suggest that CO can be produced in the active muscles
during exercise. Doubt still remains about whether these
gene expressions occur simultaneously with exercise and
whether the CO produced in the active muscle rapidly
diffuses to the blood.
However, a contribution of the upper and lower airways
to the exhaled CO has also been suggested. Many studies
have reported the effect of airway and lung injuries on FCO,
including asthma, chronic obstructive pulmonary disease,
bronchiectasis, cystic fibrosis and viral infection of the
airway [4–7]. These studies, using a single breath hold
technique to measure FCO, indicated that inflammation of
the lower airway can enhance CO production in the epithelium, endothelium and vascular smooth muscles through
an increase in the enzymatic activity of HO-1. Andersson
et al. [16] also reported that the nasal and paranasal sinuses
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contributed to the production of CO in human airways, and
suggested that the epithelial cells in the nasal and paranasal
airways are the major source of CO in the upper airway. In
the present study, subjects breathed freely with a face
mask, so the nasal and oral airways might have contributed
to the exhaled CO. In addition, recent studies suggest that
cigarette smoke enhances HO-1 expression in the cells
located in the airway and the lungs [22, 23]. These
observations confirm that the upper and lower airways are
the sources of exhaled CO. However, it is still unknown
whether the CO production in these sites is enhanced by a
short-term exercise like in the present study. Further
studies will be required to resolve these problems.
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