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ABSTRACT: Increased levels of exhaled carbon monoxide (fractional concentration
of CO in expired gas (FE,CO)), measured with an electrochemical sensor, have been
reported in patients with inflammatory airway disorders, such as asthma, rhinitis and
cystic fibrosis. This study aimed to evaluate these findings by using a fast-response
nondisperse infrared (NDIR) analyser, and to compare these measurements with the
fractional concentration of nitric oxide in exhaled air (FE,NO).
Thirty-two steroid-naı̈ve asthmatics, 24 steroid-treated asthmatics (16 patients with

allergic rhinitis, nine patients with cystic fibrosis), and 30 nonsmoking healthy controls
were included. CO measurements with the NDIR analyser were performed
simultaneously with nitric oxide (NO) analysis (chemiluminescence technique). After
15 s of breath-hold, single-breath exhalations over 10 s were performed at two flow
rates and end-tidal plateau concentrations were registered. An electrochemical CO
sensor was used independently with an exhalation to residual volume, after a 15 s
breath-hold.
None of the two CO analysers gave a significant increase in FE,CO in the groups of

patients with inflammatory airway disorders compared to controls. FE,NO was
significantly elevated in steroid-naı̈ve asthmatics and subjects with allergic rhinitis,
but not in steroid-treated asthmatics and subjects with cystic fibrosis. Reducing
exhalation flow rate by 50% gave a two-fold increase in FE,NO, while FE,CO was
unaffected. A significant increase was seen in FE,CO, but not in FE,NO, when comparing
with and without a 10 s breath-hold.
In conclusion, the fractional concentration of carbon monoxide in expired gas was

not increased in any of the patient groups, while the fractional concentration of nitric
oxide in expired gas was significantly elevated in patients with steroid-naı̈ve asthma and
allergic rhinitis. Moreover, carbon monoxide was unaffected by flow rate but increased
with breath-hold, suggesting an origin in the alveoli rather than the conducting airways.
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Ever since the first findings of increased levels of
nitric oxide (NO) in the exhaled air of asthmatics [1]
there has been much interest in measurements of NO
in exhaled air. There are now a large number of
studies supporting those original findings and con-
sequently, NO has established itself as a marker of
inflammation in the respiratory tract [2–4]. However,
a few recent studies have reported elevated levels of
another airborne molecule, namely carbon monoxide
(CO), comma; in asthmatics and patients with other
conditions associated with inflammation in the air-
ways [5–12] and suggest that it could be yet another
candidate marker of inflammation that could be mea-
sured noninvasively. Among these reports are results
showing increased levels of exhaled CO (fractional
concentration of CO in expired gas (FE,CO)) in patients
with cystic fibrosis (CF) [8, 10], which contrasts with
findings on exhaled NO (the fractional concentration
of NO in expired gas (FE,NO)) [13], where either

normal or even decreased levels have been reported
[14–16]. In addition, there have even been reports of
increased amounts of CO in the exhaled air of subjects
with upper respiratory tract infections [17] and in
atopic subjects without asthma [18], i.e. conditions not
associated with a manifest inflammation in the lower
airway mucosa.

The increase of NO production in inflamed tissues
evolves from the increased expression of inducible
nitric oxide synthase (iNOS) present in inflammatory
cells and epithelial cells. In the respiratory epithelium
of asthmatics, for example, there is a marked increase
in the expression of iNOS [19]. With regard to CO,
there is a well-known diffusion of CO from the
bloodstream to alveolar air, and, hence, an obvious
alveolar origin of FE,CO. However, it has been argued
that the possible increase in CO production in asthma,
and other states of inflammation in the respira-
tory tract, could have its origin in the respiratory
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epithelium of the bronchi through an induction of the
enzyme haeme oxygenase (HO-1) [7]. This induction
of HO-1 would be a reaction to oxidative stress, which
is believed to play an important role in the pathogen-
esis of many diseases, including chronic inflammatory
lung disorders [7, 20]. HO-1 catalyses the initial step
in the oxidative degradation of haeme to bilirubin, a
reaction which also yields a molecule of CO. Bilirubin
is an antioxidant in itself and CO has, among other
biological activities, the ability to stimulate guanylate
cyclase, and thus HO-1 induction could serve a pro-
tective role against oxidant-mediated cell injury [21].
However, contrary to the case with iNOS, there are as
yet no convincing studies that show an actual increase
in the expression of HO-1 in inflammatory airway
disorders [22].

The possible advantage of using CO in exhaled air
as a marker of inflammation is that it is found in
much higher concentrations than NO. CO concentra-
tions in exhaled air amounts to parts per million
(ppm), whereas NO is usually detectable only as
parts per billion (ppb), which would allow for less
sophisticated and expensive analysers when measur-
ing CO in the airways. In previous studies on CO in
exhaled air, electrochemical sensors, designed as tools
for smoking cessation, have been used [5–12, 17, 18].
Conversely, cigarette smoke and possibly even other
forms of pollution, such as car exhausts, give elevated
levels of FE,CO and this would clearly be a major
disadvantage to using CO as an inflammatory marker.

The aim of this study was to investigate whether the
reports of increased levels of FE,CO in patients with
inflammatory airway diseases were reproducible in a
group of asthmatics, both steroid- and nonsteroid-
treated, a group of patients with allergic rhinitis, and a
group of CF patients. A fast-response, nondisperse
infrared (NDIR) CO analyser was used alongside
an electrochemical sensor. The authors also wanted
to relate levels of FE,CO to measurements of FE,NO,
as FE,NO is a more established marker of airway
inflammation. Since there is a well-documented flow
dependency of NO concentrations in exhaled air,
supporting a bronchial origin of NO [23, 24], CO
measurements were also performed at different
exhalation flow rates to see whether this would also
hold true for CO. To further clarify the origin of the
two gases, i.e. bronchial or alveolar, CO and NO were
registered after breath-hold, as the end-tidal plateau
concentrations should increase after breath-hold if the
molecule mainly comes from the alveoli and remain
unaffected if the production is in the bronchi. Finally,
a cigarette smoke experiment was performed to see the
effects on the levels of FE,CO and FE,NO.

Materials and methods

The study was approved by the local ethics
committee.

Subjects

The comparative study of FE,CO and FE,NO was
performed on 32 steroid-naı̈ve asthmatics (8–57 yrs,

19 females), 24 steroid-treated asthmatics (12–64 yrs,
11 females), 16 subjects with allergic rhinitis
(10–61 yrs, seven females), nine subjects with CF
(7–32 yrs, six females) and 30 nonsmoking healthy
controls (13–45 yrs, 12 females).

Asthmatic subjects were recruited through the
Lung and Allergy Clinic of Karolinska Hospital
(Stockholm, Sweden), the Allergy section of the
Paediatric Clinic of Uppsala University Hospital
(Uppsala, Sweden), and The Swedish Asthma and
Allergy Association (Stockholm, Sweden). They all
had a history of asthma symptoms, either as a con-
sequence of allergen exposure or of nonallergic airway
hyperreactivity. Apart from their symptoms, they had
all shown a significant reversibility of their forced
expiratory volume in one second (FEV1) and mid-
expiratory flow rates, as measured with a spirometer,
upon treatment with bronchodilators (i.e. b2-agonists)
before receiving the asthma diagnosis. Almost half of
the subjects (n=14) in the group of steroid-naı̈ve
asthmatics had a record of mild and quite intermittent
symptoms and were not affected by their disease at
the time of the experiment. The remaining subjects in
this group of untreated asthmatics had more frequent
or even persistent symptoms of wheeze and cough.
The steroid-treated asthmatics generally had a history
of more persistent or disabling asthma, but, due to
their treatment, they were now more or less free of
symptoms. The subjects with allergic rhinitis all had
a record of recurring rhinoconjunctivitis without
any symptoms from the bronchi and were, with two
exceptions, recruited from the two allergy clinics
mentioned above, where they were undergoing immu-
notherapy (i.e. hyposensitisation) against relevant
allergen. These patients had all performed normal
spirometries with no signs of reversibility upon
treatment with b2-agonists. None of them had any
current symptoms of rhinitis. The patients with CF
were all outpatients at the Paediatric Clinic of
Uppsala University Hospital (Uppsala, Sweden) and
had well-documented disease, generally diagnosed
during the first year of life. All of them were colonised
with Pseudomonas and/or Staphylococci bacteria but
were not receiving any antibiotics at the time of the
study, and were not, therefore, considered to be in
an exacerbated state. Two of the CF patients were
on treatment with inhaled steroids; the others were
treated with only bronchodilators and expectorants.

The patients and healthy controls were included in
the study after informed consent was obtained.

Measurements of carbon monoxide and nitric oxide in
exhaled air

The registrations of FE,CO were performed with
two different measuring techniques, as mentioned
above; an electrochemical sensor (Bedfont EC50
Mini-Smokerlyzer; Bedfont Scientific, Kent, UK)
and a fast-response NDIR analyser (UNOR 610;
Maihak AG, Hamburg, Germany). The former is a
small and simple unit, used mainly as a device
for smoking cessation, with a detection limit of
1 ppm and without a signal output feature. Computer
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analysis of the detected CO levels was therefore not
possible. TheNDIR analyser, however, with a response
time ofv3 s and a detection limit of 0.1 ppm, allowed
on-line measurements to be taken, which could be
incorporated into the normal computer set-up for NO
analysis (see below), providing figures for flow rate
together with concentration curve profiles.

The procedure for taking measurements with the
Bedfont EC50 was as described in previously pub-
lished reports and in the guidelines from the manu-
facturer. Thus, the subjects inhaled room air to total
lung capacity (TLC), followed by a 15 s breath-hold
before making an exhalation into the mouthpiece
of the analyser. There was no time set for the exhala-
tion and the airflow was not registered. Instead, the
subjects were asked to make a full exhalation to
residual volume. The top value, given with a 10–20 s
delay as ppm (no decimals), was then registered as
the subject9s CO concentration of the airways. The
analyser was calibrated against a gas with a known
CO concentration of 16 ppm and CO-free air (see
below).

The fast-responding analogue signal output from
the NDIR analyser enabled it to be incorporated
into the computer set up for NO measurements. Thus,
the on-line measurements of CO were performed
simultaneously with registrations of NO concentra-
tion, using the same exhaled air. NO was measured
with a chemiluminescence analyser (CLD 77 AM; Eco
Physics, Dürnten, Switzerland). The two analysers
were calibrated and continuously fed with both NO-
and CO-free air from a nondiffusing gas collection
bag (Hans Rudolph, Kansas, MO, USA). The purified
air was obtained by connecting a cylinder with
Medical Breathing Air (AGA AB, Stockholm,
Sweden) to a Purafill drypowder scrubber and, to
remove CO, an electronic scrubber (Alphagaz Air
Flow; Air Liquide Gas AB, Kista, Sweden) in
presequence to the gas collection bag. However, the
ambient CO levels were v1 ppm during all study
sessions. The gas collection bag was in the inhalation
limb and further connected to a Y-piece with two
one-way valves, which in turn was adapted to a
mouthpiece. As a standard procedure, the subjects
were instructed to inhale the NO- and CO-free air
from the gas collection bag to TLC, hold their breath
for 15 s, and exhale against a resistance at a constant
flow rate for 10 s. The flow rates were set to 0.15 L?s-1

and 0.075 L?s-1, with the same oral pressure of
8–10 cmH2O (this pressure was used for all exhala-
tions in the study), using linear resistances of 50 and
100 cmH2O?L-1?s (Hans Rudolph), respectively. The
exhaled air exited through the other one-way valve in
the Y-piece, which lead to a linear pneumotachymeter
(Hans Rudolph) where flow and pressure were
registered. Fractions of the exhaled air were sampled
into the analysers for CO and NO at a flow rate of
0.5 L?min-1 and 0.1 L?min-1, respectively, through
two different narrow-bore tubes connected close to
the mouthpiece. The signals from the two analysers
and the pneumotachymeter were fed into a computer,
processed by a software program (Exhaled Breath
Analyser; Aerocrine AB, Stockholm, Sweden) and
visualised as curves in real time on the computer

screen. They showed the CO and NO concentrations
for every part of the breath together with a curve for
the flow rate, with the latter enabling the subjects to
maintain a certain flow by adjusting the exhalation to
a given range. Calculated mean values of the CO and
NO concentrations were presented for the last 40% of
the exhalation, representing the plateau phase (with a
slope ofv10%). Each subject made two exhalations at
0.15 L?s-1 and 0.075 L?s-1, respectively, and the mean
values of these were used for each flow rate.

Carbon monoxide measurements at a series of
different flow rates

Eight healthy nonsmoking subjects (25–40 yrs,
three females) were instructed to exhale at four
different flow rates, 0.05 L?s-1, 0.1 L?s-1, 0.2 L?s-1,
and 0.5 L?s-1, using resistances of 20, 50, 100, and
200 cmH2O?L-1?s, respectively, after a previous
breath-hold of 15 s. The measurements were per-
formed with the NDIR analyser only.

Carbon monoxide and nitric oxide measurements with
and without breath-hold

The same eight subjects were also asked to perform
a series of exhalations after a breath-hold of 10 s, 20 s
and 40 s, at a flow rate of 0.15 L?s-1, as well as one
measurement without a breath-hold. Only the NDIR
analyser was used for CO concentrations.

Carbon monoxide and nitric oxide measurements after
smoking one cigarette

The effect of cigarette smoking was examined in
the same eight subjects. Baseline values were obtained
for FE,CO and FE,NO, with the former measured by
both analysers, after a 15 s breath-hold. Exhalation
flow rate was set to 0.15 L?s-1 for NO and for CO,
measured with the NDIR analyser. The subjects then
smoked one cigarette each (Marlboro Lights; Philip
Morris Inc., Richmond, VA, USA) and measurements
were repeated after 1, 10 and 30 min.

Analysis

All values are presented as mean¡SEM, except for
box and whisker plots, where whiskers show the range
and boxes show the 25th, 50th (median), and 75th
percentiles. The values for CO and NO concentra-
tions were calculated as the mean of two consecutive
measurements at all times and each flow rate. The
mean values for CO and NO concentrations for
each of the different groups were analysed using
the nonparametric Mann-Whitney U-test. Changes in
CO and NO values after increasing breath-hold and
after cigarette smoking, as well as for changes in CO
with increasing flow rates, were analysed by the
nonparametric Wilcoxon signed rank test for paired
measurements.
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Results

Carbon monoxide and nitric oxide in patients with
asthma, allergic rhinitis and cystic fibrosis

Compared to controls, no significant increase was
found in levels of FE,CO among the subjects with
allergic rhinitis (p=0.46), steroid-naı̈ve asthma (p=
0.74), steroid-treated asthma (p=0.75) or CF (p=0.82;
all p-values were obtained using the NDIR UNOR
610 analyser) (fig. 1). The lack of significantly elevated

CO concentrations held true for both CO analysers,
i.e. the Bedfont EC50 analyser and the NDIR UNOR
610 analyser. However, the levels of FE,NO were
significantly elevated for both patients with allergic
rhinitis (pv0.001) and steroid-naı̈ve asthma (pv0.001)
compared to controls, whereas steroid-treated asth-
matics showed no significant increase (p=0.958). In
patients with CF, there was a statistical trend towards
lower NO concentrations compared to controls
(p=0.067) (fig. 1). This outcome was obtained with
both flow rates, but figure 1 only presents the
concentrations from the 0.15 L?s-1.

Carbon monoxide measurements with different flow
rates

No significant differences in the CO concentrations
could be seen in the exhaled air of the eight healthy
controls, as the exhalation flow rates were altered
from 0.05, 0.1, 0.2 to 0.5 L?s-1 (fig. 2).

In addition, no significant differences in the CO
concentrations were registered when measuring from
the subjects with allergic rhinitis, asthma or CF and
altering the flow rate from 0.15 L?s-1 to 0.075 L?s-1.
Conversely, the NO concentrations were, as expected,
increased byy100% in all the groups when flow rate
was changed from 0.15 L?s-1 to 0.075 L?s-1. Figure 3
shows the results of altering flow rate in steroid-naı̈ve
asthmatics and patients with CF.

Carbon monoxide and nitric oxide measurements after
breath-hold

The plateau concentrations of CO in the exhaled air
of the eight healthy controls increased by y80%
(pv0.01) when they held their breath for 10 s, as
compared to exhaling without breath-hold. How-
ever, compared to the 10 s breath-hold, there was no
additional increase in the CO concentrations when
the breath-hold was extended to 20 and 40 s. No
significant differences in the end-tidal plateau con-
centrations of NO were registered when comparing
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Fig. 1. –Concentrations of exhaled carbon monoxide (CO) and
nitric oxide (NO) in subjects with allergic rhinitis, steroid-naı̈ve
asthma, steroid-treated asthma and cystic fibrosis compared to
healthy controls. a) CO levels in parts per million (ppm) as
measured with the fast-response nondisperse infrared analyser at an
exhalation flow rate of 0.15 L?s-1, and b) with the electrochemical
sensor at unknown flow rates. c) NO concentrations in parts per
billion (ppb) at exhalation flow rate of 0.15 L?s-1. ***: pv0.001
compared to controls.
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the measurements in exhaled air without previous
breath-hold to those with a breath-hold of 10, 20 and
40 s (fig. 4). However, an initial NO peak was seen
after breath-hold, with a magnitude that increased
with increased breath-hold time (not shown). Con-
versely, such an initial peak in CO concentration was
never seen.

Carbon monoxide and nitric oxide measurements after
cigarette smoking

The levels of FE,CO showed a three-fold increase
(pv0.01) 1 min after smoking one cigarette, as shown
by both of the CO analysers. Although a slight
decrease after 10 and 30 min was seen, the concentra-
tions remained significantly elevated, whereas for the
NO concentrations, no significant changes could be
seen acutely after cigarette smoking (fig. 5).

Discussion

Several recent studies have reported elevated CO
concentrations in the exhaled air of patients with
inflammatory airway disorders, both in more chronic
ones, such as asthma, allergic rhinitis, CF, and bron-
chiectasis [5–12, 18], as well as in the more temporary
condition of an upper respiratory tract infection [17].

CO has therefore been proposed as a possible marker
of inflammation in the airways. The idea that CO
levels might be elevated by inflammatory activity
comes form the notion of oxidative stress, where CO is
known to be one of the end products of the action of
the enzyme HO-1 [21]. Some evidence that oxidative
stress plays a role in pulmonary diseases has been
presented [6, 20], but the results of studies looking
at increases of HO-1 in airway epithelium or inflam-
matory cells in patients with inflammatory airway
disorders have been controversial [7, 22].

However, unlike previous studies, the present
authors could not find any significantly elevated
levels of CO in the exhaled air of the subjects with
asthma, allergic rhinitis or CF. This was true for both
measuring techniques, even when using the same
analyser and measuring technique that has been
described in the previous reports. The results from
the NDIR analyser, introduced here, corresponded
very well with the values obtained with the electro-
chemical sensor. Linear regression analysis was not
possible, however, because of the discrete numbers
given by the electrochemical sensor, clustering at one
or two measuring values, compared to the spread of
decimal values given by the NDIR analyser.

In contrast to the absence of altered CO values,
significantly elevated NO levels in the exhaled air of
steroid-naı̈ve asthmatics and in the subjects with
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allergic rhinitis were found, which is in line with
previous studies [1–4]. Asthma and allergic rhinitis are
two conditions with elevated inflammatory activity
in the airways and, again, this shows that NO is a
sensitive marker of airway inflammation. Patients
with CF showed rather decreased levels of FE,NO,
which could be due to an impaired diffusion of NO
from the mucus membrane to the airway lumen,
a deficient epithelial NO production, or simply less
contamination of nasal NO, which is well known to be
markedly reduced in these patients [14, 16, 25].

Another finding that questions the presence and
inflammatory induction of CO in the conducting
airways is the lack of flow dependency when measur-
ing FE,CO. In this study, there were no significant
alterations of the CO concentrations when changing
the flow rates in any of the groups with airway
disorders, and not even when the healthy controls
altered the flow rate 10-fold. This strongly indicates
that there is no contribution of CO from the airway
epithelium, since the CO concentrations would then
increase with a decreased flow of exhaled air. As
expected, however, a close relationship between flow
rates and NO values was seen, where a two-fold
increase in flow rate gave an approximate 50%
reduction in the NO concentrations, thus, clearly
indicating an airway origin of NO.

Since there seems to be no contribution of CO from

the conducting airways it must have its origin in the
alveoli. Support for this is also given by the increase in
CO concentrations after breath-hold. The increase
was seen when comparing an exhalation after a short
breath-hold of 10 s with an exhalation without any
previous breath-hold. During these 10 s, a diffusion
of CO from the microcirculation in the alveoli occurs
and affects the amount of CO exhaled. However,
it seems that equilibrium between alveolar gas and
blood is established during these first 10 s, since
no further change is seen with increased breath-hold
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times. A standardised time of breath-hold of 15 s
was used in all the experiments reported here, which
should have been sufficient for equilibrium to take
place. In accordance with previous findings [26], it
was found that applying a breath-hold to the NO
measurements produced a large initial peak of NO,
but the plateau values were never affected. The initial
peak increased with increasing time of breath-hold,
which also indicates that NO comes almost exclusively
from the conducting airways and not the alveoli.
This initial peak was never seen when measuring CO,
which again questions an airway origin of CO.

One clear disadvantage of using CO as an air-
borne marker of airway disease is the huge impact of
cigarette smoke and possibly other air pollution on
the measurements. Smoking one cigarette gave more
than a three-fold increase in the CO concentrations
and the effect was sustained for w30 min, whereas
FE,NO concentrations were not affected. Passive
smoking and exposure to polluted ambient air were
never tested but it can be speculated that they could be
a possible source of error. In the current authors9
laboratory there was never more than 1 ppm of CO in
the ambient air, and when using the NDIR analyser,
the subjects even inhaled CO-free air from the gas
collection bag before exhaling. In previous studies on
FE,CO ambient levels were not reported. Is it possible
that high ambient levels of CO could affect patients
with respiratory disease more? Previous reports
suggest that FE,CO levels show a negative correlation
with FEV1 [9, 12]. Since it has also been shown that
decreased FEV1 can give impaired gas diffusion [27],
this negative correlation between CO and FEV1 could
be an effect of trapped CO in the patients with
respiratory disorders. Thus, is it that these patients
have an impaired ability, compared to healthy con-
trols, to ventilate themselves free of haemoglobin-
bound CO after CO exposure? This notion has been
supported in a preliminary study [28]. Furthermore,
in another very recent study, increased levels of
FE,CO were seen only in subjects with severe unstable
asthma, while other asthmatics had normal levels [12].
This implies that it requires a more impaired lung
function to produce increased CO levels, when a
negative effect on gas diffusion is more likely.

Studying FE,CO and FE,NO poses another question.
How could ppm levels of CO be obtained from HO-1
induction in the airway epithelium, when iNOS
induction only gives rise to ppb levels? Especially
since an elevated expression of iNOS has been found
superficially in the epithelium of asthmatics [19]
and there are no convincing reports of similar HO-1
induction [22]. The only increase of HO-1 that has
been reported from an inflammatory airway disorder
is elevated expression in macrophages retrieved from
the airways of asthmatics [7]. However, an increase in
the expression of the enzyme in one or two types of
inflammatory cells in the lumen could not give the
same surface for diffusion as if it was expressed
superficially in the epithelium. It could be argued that
NO is more rapidly taken up by the pulmonary
circulation [29, 30], but this does not answer the
question since NO is released from the conducting
airways during a single-breath exhalation, and NO is

not taken up in the dead space area [29]. Another
argument could be that NO is rapidly consumed
with a short half-life. But this is only true of NO in
the liquid phase, and NO diffuses rapidly into the
gas-phase [31], where it is very stable at low con-
centrations [32]. Thus, a major contribution of CO
from the alveoli, with their large total surface area,
seems to be the only explanation for this discrepancy.

In summary, this study has shown no significant
increase in the concentration of carbon monoxide in
expired gas in patients with either steroid-naı̈ve or
steroid-treated asthma, or in patients with allergic
rhinitis or CF, as compared to controls, regardless
of the use of two different measuring techniques.
However, in the same subjects, elevated levels of
the concentration of nitric oxide in expired gas were
found in the groups of steroid-naı̈ve asthmatics
and subjects with allergic rhinitis. The experiments
have shown further that the concentration of car-
bon monoxide in expired gas is greatly affected by
cigarette smoke and possibly by pollution from fuelled
hydrocarbons in general. Finally, it was illustrated
that the concentration of carbon monoxide in expired
gas is unaffected by alterations in flow rate, but
increases with breath-hold, in contrast to nitric oxide,
which strongly indicates an alveolar origin of carbon
monoxide and questions its presence and importance
in the airways and its usefulness as a marker of airway
inflammation.
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