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ABSTRACT: Carbon monoxide is known to be present in measurable quantities in
the exhaled air of normal subjects and at higher concentrations in asthmatic patients
not treated with glucocorticoids.

To examine whether exhaled CO is useful in monitoring asthma control, time course
changes in peak expiratory flow rate (PEFR) and exhaled CO concentration before
and after treatment of acute asthma exacerbations were measured in 20 asthmatic
patients. Exhaled CO was measured in triplicate by a portable CO analyser.

Exhaled CO was reproducible at all time points. Asthma exacerbations caused a fall
in PEFR and a rise in exhaled CO (towards an average of 3.3 parts per million (ppm))
in all patients, and treatment with oral glucocorticoids reversed these changes in both
parameters. An improvement of PEFR was closely associated with a reduction of
exhaled CO (to an average of 1.5 ppm) after treatment. The maximal exhaled CO
concentration significantly correlated with recovery time of PEFR after treatment
with oral glucocorticoids (p<0.01).

The present study suggests that exhaled CO may be a useful noninvasive means of
monitoring the control of asthma.
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Carbon monoxide is produced endogenously by the
class of enzymes known collectively as haem oxygenase
(HO) [1]. Two forms of HO have been characterized. Of
these, HO-1 is induced by oxidative stress [2, 3] and in-
flammatory cytokines [4, 5], and human airway epithelia
exhibit HO-1 messenger ribonucleic acid (mRNA) and
HO-1 activity [6]. CO has been recovered in exhaled air
from normal subjects and at higher levels from the exhaled
air of patients with asthma [7]. Although significantly low-
er CO concentrations have been reported in exhaled air
from asthmatic patients receiving glucocorticoid treatment
than from asthmatic patients not receiving this therapy [7],
the relationship between changes in exhaled CO concen-
trations and a therapeutic effect of glucocorticoids on the
airways has not been shown in patients with acute asthma
exacerbations. The time course changes in exhaled CO
concentrations after treatment of acute asthma with oral
glucocorticoids were therefore examined in a group of
patients presenting with an asthma exacerbation.

Materials and methods

Asthmatic patients were recruited from patients attend-
ing the Tsukidate Municipal Hospital. Asthma was defined
as a clinical history of intermittent wheeze, cough, chest
tightness, or dyspnoea, and documented reversible airflow
limitation either spontaneously or with treatment during
the preceding year [8]. Before exacerbations of asthma, all
the patients were usually in a stable condition. The patients
were taking regular treatment with inhaled glucocorticoids
(beclomethasone dipropionate 200 mg daily), along with b-

adrenergic agonists on demand, and were categorized as
moderate asthma [8]. Physical characteristics, pulmonary
function test results, peak expiratory flow rate (PEFR) and
exhaled CO during the stable period before exacerbation
are shown in table 1. All the asthmatic patients were non-
smokers and gave informed consent for participation in
the study as approved by the Tohoku University Ethics
Committee.

Exhaled CO was measured on a portable Bedfont EC50
analyser (Bedfont Technical Instruments Ltd., Sittingbou-
rne, UK) using the method described by JARVIS et al. [9] in
which subjects are asked to exhale fully, inhale deeply, and
hold their breath for 20 s before exhaling rapidly into a
disposable mouthpiece. This procedure was repeated three
times, with 1 min of normal breathing between each rep-
etition, and the mean value was used for analysis. Mea-
surements of exhaled CO values were reproducible over a
3-week period (0.9�0.1 parts per million (ppm) before
versus 1.0�0.1 ppm after; p>0.50) in five nonsmoking
control subjects (mean age 45�4 yrs), and the variation

Table 1. ± Physical characteristics and baseline pulmo-
nary function test results

Subj.
n

Age
yrs

Sex
M/F

FVC
% pred

FEV1

% pred
PEFR

L.min-1
Exhaled

CO
ppm

Asthmatics 20 47�4 11/9 92�5 85�3 390�32 1.4�0.2

Values are mean�SEM. Subj.: subjects; M: male; F: female; FVC:
forced vital capacity; FEV1: forced expiratory volume in one
second; ppm: parts per million; PEFR: peak expiratory flow
rate.
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between readings on separate days was small (6.5�1.9%).
Background CO values (0±1 ppm) were obtained prior to
the subject readings.

To observe the relationship between ambient and ex-
haled CO, the ambient levels of CO in a small room were
varied from 1.0 to 8.1 ppm using a mixture of 50 ppm in
air. After 5 min of normal breathing at each level of am-
bient CO (at least seven points), exhaled CO was measured
as described above in the five nonsmoking control sub-
jects. From linear regression analysis, the values of the
regression slope and the regression intercept were obtained
from each subject. Mean�SEM values were 1.0�0.1 for the
slope and 1.2�0.1 ppm for the intercept. The values of the
intercept did not differ from those of exhaled CO (1.2�0.2
ppm, p>0.50, n=5) measured during air breathing after
subtracting the background level. Therefore, the exhaled
CO concentration was determined by subtracting the back-
ground level from the observed reading in the following
experiments as reported previously [9]. To avoid analysis
with a value of exhaled CO concentration below 1.0 ppm,
the background level was subtracted from the average
value obtained from three sequential manoeuvres in each
patient. The exhaled CO concentration values were always
above 1.0 ppm before subtracting the background level
throughout the experiments. Prior to the start of the study,
the analyser was calibrated with a mixture of 50 ppm CO
in air [9]. Exhaled CO concentration measured by the
Bedfont EC50 analyser is reported to correlate closely with
blood carboxyhaemoglobin concentration over the range
of values encountered in smokers and in nonsmokers [10,
11].

PEFR was measured with a peak flow meter (Personal
Best, Health Scan, Cedar Grove, NJ, USA). Exhaled CO
and PEFR were measured before and at the onset of exa-
cerbation of asthma, and 1, 2, and 3 weeks after recovery.
The 20 patients had presented themselves for emergency
treatment due to exacerbations of asthma. They were
assessed as to the severity of symptoms and physical ex-
aminations (e.g. breathlessness, talking, alertness, resp-
iratory rate, wheeze, pulse), and complications including
pneumothorax and pneumonia were examined. The arterial
blood oxygen partial pressure in all patients was >8.0 kPa
(60 mmHg). The inhalation of a b-adrenergic agonist had
an incomplete or poor effect on symptoms and physical
findings, and oral glucocorticoid treatment (prednisolone
40 mg daily) was started in all patients according to a
stepwise approach for asthma therapy [8]. PEFR and ex-
haled CO were measured as soon as possible after pre-
sentation and subsequently after the initiation of oral
glucocorticoid treatment (prednisolone 40 mg daily). Glu-
cocorticoid therapy was continued until PEFR returned to
the baseline value and recordings of PEFR and exhaled CO
were performed every 7 days for 3 weeks. The recovery
time of PEFR was defined as the period between the pre-
sentation of exacerbations of asthma and the time that
PEFR returned to the baseline value of the stable condition.

To examine the relationship between upper respiratory
tract infections (URTIs) and acute asthma, the asthmatic
subjects were interviewed regarding the presence and sev-
erity of the following 10 symptoms: sneezing, nasal dis-
charge, nasal congestion, malaise, headache, chills, fever,
sore throat, hoarseness, and cough. Symptoms were rated
for severity on a scale from 0±3. A URTI was diagnosed if
a total symptom score of >5 was obtained [12].

To isolate viruses from the asthmatic subjects with
URTIs, 13 different viruses (influenza type A, B, and C,
parainfluenza virus, adenovirus, rhinovirus, respiratory
syncytial virus, mumps virus, poliovirus, Coxsackie B
virus, herpes simplex virus, cytomegalovirus, and enter-
ovirus) were screened for using throat swabs from each
subject, and viruses were identified using methods des-
cribed previously [13].

The values of exhaled CO concentration and PEFR were
normally distributed. Therefore, the results are reported as
mean�SEM. Statistical analysis was performed using a two-
way analysis of variance (ANOVA), and followed by the
Newman±Keuls test. Correlation between two parameters
was examined by the Student's t-test. Significance was
accepted at p<0.05.

Results

Exhaled CO was reproducible in all asthmatic patients
and values were similar among three sequential manoeu-
vres in asthmatic patients before exacerbations (1.4�0.2
ppm versus 1.4�0.2 ppm versus 1.4�0.2 ppm), at the onset
of exacerbations (4.6�0.4 ppm versus 4.6�0.4 ppm versus
4.5�0.4 ppm), 1 week of recovery (3.3�0.4 ppm versus
3.2�0.4 ppm versus 3.3�0.4 ppm), 2 weeks of recovery
(1.6�0.2 ppm versus 1.6�0.2 ppm versus 1.6�0.2 ppm),
and 3 weeks of recovery (1.5�0.2 ppm versus 1.5�0.2 ppm
versus 1.5�0.2 ppm), respectively. The time course chan-
ges in exhaled CO and PEFR after treatment with oral
glucocorticoids in all patients are shown in figure 1.
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Fig. 1. ± Time course changes in exhaled carbon monoxide concen-
trations (a) and peak expiratory flow rate (PEFR; b) in asthmatic patients
before acute asthma exacerbations (baseline) and after treatment with
oral glucocorticoids. ppm: parts per million. : : the start of treatment
of acute asthma exacerbations with oral glucocorticoids. Horizontal
bars indicate mean values for each time-point.
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Acute asthma exacerbations caused increases in exhaled
CO concentrations and decreases in PEFR in all patients.
The mean exhaled CO concentration in asthmatic subjects
at the baseline condition was 1.4�0.2 ppm. The exhaled
CO was significantly higher at the start of glucocorticoid
treatment for acute asthma (4.6�0.4 ppm, p<0.01, two-way
ANOVA). Although there were some individual variations,
treatment with oral glucocorticoids decreased exhaled CO
concentrations in association with increases in PEFR (p<
0.05, in each case by two-way ANOVA). b-Adrenergic
agonists did not alter the exhaled CO concentration (data
not shown). Figure 2 summarizes the relationship between
changes in exhaled CO and those in PEFR after treatment
with oral glucocorticoids. Decreases in exhaled CO after
treatment with oral glucocorticoids were coincident with
an improvement of PEFR (p<0.05, Student's t-test).

Although the maximal exhaled CO concentration did
not correlate with the maximal fall in PEFR (p>0.20, Stu-
dent's t-test) (fig. 3a), a significant relationship was ob-
served between the maximal exhaled CO concentration
and recovery time of PEFR after treatment of acute asth-
ma exacerbations with oral glucocorticoids (p<0.01, Stu-
dent's t-test) (fig. 3b).

All asthmatic patients had a total symptom score for
URTIs of >5 (7.9�0.5, n=20). Influenza type A viruses
were identified in 14 patients, and no viruses were detected
in the other 6 patients at the onset of exacerbations of
asthma.

Discussion

Glucocorticoid therapy is commonly employed to treat
acute asthma exacerbations. In this study, an improved
PEFR was found to be accompanied by a concomitant
decrease in exhaled CO concentration in patients who
needed emergency treatment for acute asthma. Further-
more, the maximal exhaled CO concentration correlates
with recovery time of PEFR after treatment of acute asth-
ma exacerbations with oral glucocorticoids. Thus, the pre-
sent study extended previous findings [7] that the value of
exhaled CO concentration may be used as an index of

asthma severity and treatment efficacy. The levels of ex-
haled CO during the asthma exacerbations were consistent
with those in asthma patients not receiving glucocorti-
coids [7].

It is likely that glucocorticoids reduce exhaled CO by
inhibiting the induction of HO-1 in epithelial and in-
flammatory cells in the airways [6, 14]. This may be by a
direct effect on the HO promoter [5], or inhibition of the
synthesis of pro-inflammatory cytokines [4, 5] and nitric
oxide [15] that can induce HO-1 in asthma.

In the present study, all the patients had symptoms of
URTIs and wheeze during the exacerbations of bronchial
asthma. Viral infections may induce HO in a variety of cell
types, including airway epithelial cells and macrophages
[14] via the induction of pro-inflammatory cytokines [4]
and NO [15]. These cytokines, including interleukin-l, in-
terleukin-6 and tumour necrosis factor, are involved in
asthmatic inflammation. Furthermore, asthmatic airways
produce high levels of NO [16]. Therefore, both viral in-
fection and asthmatic inflammation may upregulate HO-1
activity. Viral infection may induce airway inflammation
and exacerbation of bronchial asthma, resulting in a rise in
exhaled CO and a fall in PEFR in the present study.

In order to monitor the control of asthma it would be
desirable to monitor inflammation in the airways. Mon-
itoring of symptoms may be misleading, as broncho-
dilators relieve symptoms without treating the underlying
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Fig. 2. ± Relationship between changes in exhaled carbon monoxide
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Fig. 3. ± Relationship between the maximal changes in exhaled carbon
monoxide concentration from the baseline values and the maximal
decreases in a) peak expiratory flow rate (PEFR; percentage changes
from the baseline values) and that between the b) maximal changes in
exhaled CO concentration and the recovery time of PEFR after treat-
ment of acute asthma exacerbations with oral glucocorticoids.
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inflammatory process. Airway hyperresponsiveness has
been used as a marker of airway inflammation, but the
changes in airway responsiveness after glucocorticoid the-
rapy are modest and even when asthma is optimally con-
trolled the values often remain abnormal [17, 18]. More
direct measurements of airway inflammation include bron-
chial biopsies, bronchoalveolar lavage and induced sput-
um. Bronchial biopsies and bronchial lavage are invasive
procedures and are clearly unsuitable for clinically mon-
itoring the airway inflammation of asthma [19]. Induced
sputum is useful for assessing airway inflammation of
asthma, but not all patients are able to produce satisfactory
samples.

The measurement of exhaled CO may overcome some
of these problems, as the measurement of exhaled CO can
be easily performed in patients even when there is a severe
airflow limitation. Furthermore, the measurement can be
repeated in order to study the time course of any treatment,
and the measurement is quantifiable. Although a previous
study showed the relation between exhaled CO and the
number of sputum eosinophils in asthmatic patients [7],
further studies are needed to define the relationship be-
tween airway inflammation and exhaled CO.

Exhaled CO appears to be derived from an endogenous
source, as none of the asthmatic patients were smokers,
exsmokers or passive smokers, and background CO values
were subtracted from the measured values. Although the
source of the CO in exhaled air is uncertain, HO-1, the
inducible form of HO, is likely to be expressed in airway
epithelial cells [6], endothelial cells [2] and alveolar mac-
rophages [14].

The maximal rise in exhaled CO correlated with the
recovery time of PEFR, but there was no significant re-
lation between the maximal rise in exhaled CO and the
maximal fall in PEFR after acute asthma exacerbations.
KHARITONOVet al. [16] demonstrated no increase in exhaled
NO in association with the early response in either single
or dual responders after allergen challenge and during
histamine-induced bronchoconstriction, indicating that
bronchoconstriction itself does not have an effect on
exhaled NO, a marker of airway inflammation. However,
the late asthmatic response to allergen has been shown to
be associated with elevated exhaled NO concentrations
[16]. Therefore, maximal reduction of PEFR observed dur-
ing an early period of acute asthma exacerbations may in
part be due to bronchoconstriction. Thus, PEFR may not
simply reflect the degree of airway inflammation during
acute asthma exacerbations.

The present study suggests that exhaled CO may be a
useful means of monitoring the control of airway inflam-
mation of asthma. CO analysers are not widely used at the
present time, but they are portable and not expensive.
Therefore, it is possible to conceive the use of personal
monitors in conjunction with home peak flow meters.
Although an exhaled CO elevation was demonstrated in
patients who needed emergency treatment for acute asth-
ma, it is expected that exhaled CO levels may be elevated
in even quite mild asthma with airway inflammation [19].
Thus, exhaled CO measurements may be useful in mon-
itoring the control of asthma and the response to anti-
inflammatory treatments in individual asthmatic patients.
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