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Nitric oxide (NO) is produced by various cells within
the respiratory tract and is detectable in exhaled air [1]. It
plays an important role in the pathophysiology of airway
diseases [2]. The concentration of NO is increased in pati-
ents with airway inflammation, such as asthma [3, 4] and
bronchiectasis [5], and is decreased by smoking in healthy
subjects [6, 7]. NO in exhaled air is comparable with NO
measured directly via a bronchoscope in the central airways
[8], confirming its lower airway origin in normal and asth-
matic subjects. The measurement of NO has excited con-
siderable interest as it may provide a simple, noninvasive
means for monitoring airway inflammation.

Several laboratories in Europe and North America have
reported measurements of exhaled NO in recent years.
The values differed widely between the laboratories owing
to differences in equipment and measurement techniques.
To standardize methods, a European Respiratory Society
(ERS) task force recently published recommendations on
measurement of NO in exhaled air [9]. The task force pro-
posed that the single-breath (SB) method was preferable
in adults and the tidal-breathing (TB) method in children
younger than 5 yrs, as well as in individuals who are una-
ble to maintain steady-state exhalation during a slow ex-
halation manoeuvre.

No formal study measuring NO with both methods has
been reported yet. Therefore, this study investigated whe-
ther there is a difference between NO values measured
with these two methods in subjects with asthma or chro-
nic obstructive pulmonary disease and in healthy subjects.
Moreover, differences between groups using these two
methods were studied and the influence of smoking in as-
thma was assessed.

Patients and methods

Patients 

Sixteen nonsmoking and 16 currently smoking asth-
matics, 16 exsmokers with chronic obstructive pulmonary
disease (COPD), and 16 nonsmoking and 16 exsmoking
healthy subjects participated in the study (table 1). The
diagnosis of asthma was based on a positive history for as-
thma and an increase in the forced expiratory volume in
one second (FEV1) of Š9% predicted after inhalation of a
β2-agonist. The diagnosis of COPD was based on a posi-
tive history for COPD, an FEV1 and FEV1/vital capacity
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ABSTRACT: Nitric oxide (NO) can be measured in exhaled air with the single-breath
(SB) and tidal-breathing (TB) methods. To allow comparison between different labo-
ratories, a European Respiratory Society task force recently reported guidelines
for standardization of both methods. To facilitate comparison between laboratories
further, this study investigated whether there is a difference between NO values meas-
ured with SB and TB methods in subjects with asthma or chronic obstructive pul-
monary disease (COPD), and in healthy subjects. Moreover, the differences between
groups were studied and the influence of smoking in asthma was assessed.

Sixteen atopic nonsmoking asthmatics, 16 atopic currently smoking asthmatics, 16
nonatopic nonsmoking healthy controls, 16 nonatopic exsmokers with COPD and 16
nonatopic exsmoking healthy controls were studied.

NO concentrations differed substantially between both methods. Mean NO con-
centrations were higher with the SB than with the TB method in nonsmoking and in
smoking asthmatics and especially so with the higher NO values. Furthermore, NO
values with both methods were higher in nonsmoking asthmatics than in nonsmoking
healthy subjects. NO was not significantly different between exsmokers with COPD
and healthy exsmokers.

In conclusion nitric oxide values of the single-breath and tidal-breathing methods
are not interchangeable. Both methods can be used to measure differences between
groups.
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(VC) < predicted value - 1.64 residual standard deviations
[10] and an increase in FEV1 of <10% pred after inhalation
of a β2-agonist. All 48 patients were recruited from the
outpatient clinic and by advertisement in local newspapers
and the healthy subjects were recruited by advertisement.
Only subjects with asthma were atopic, as assessed by
skin test or Phadiatop™ (Pharmacia, Uppsala, Sweden).
Healthy subjects did not have a history of pulmonary dis-
ease, were not atopic as assessed by skin test or Phadiatop,
and had an FEV1 and FEV1/VC Š90% of pred [10]. No
subjects had a respiratory tract infection in the month pre-
ceding the study. They did not use oral or inhaled cortico-
steroids or antibiotics 3 weeks prior to the visit and only
β2-agonists were used as rescue medication. The study was
approved by the hospital ethics committee and all subjects
gave written informed consent.

Exhaled nitric oxide

Exhaled NO was measured using a chemiluminescence
analyser (CLD 700 AL, ECO physics, Dürnten, Switzer-
land) with a lower detection limit of 1 part per billion
(ppb) and a resolution of ±1 ppb. The sampling flow was
600 mL·min-1 and the response time, including lag and rise
time, was <7 s. NO was measured by SB and TB me-thod.
SB: after a deep inhalation of ambient air subjects exhaled
slowly, generating a flow of approximately 150 mL·s-1

against a built-in resistance of 6 kPa·L-1·s-1. The mean pla-
teau value of three measurements in each indvidual was
used for analysis. TB: subjects, wearing a noseclip, inhaled
air from a Douglas bag with low NO concentration (< 3
ppb) and breathed quietly for 5 min through a two-way
Hans-Rudolph® valve (Kansas City, USA). Ex-haled air

was collected in a second Douglas bag from which sam-
ples were drawn. Oral pressure during SB ex-halation was
1.6 kPa. Tidal volume and minute ventilation were meas-
ured with a pneumotachograph (Jaeger, Hoechberg, Ger-
many). Coefficients of variation of NO concentration
measurement were 15% with the SB method and 13% with
the TB method. The release rate, in nmol·min-1, was calcu-
lated by multiplying the NO concentration by the exhaled
volume in 1 min.

Spirometry was performed using a water-sealed spiro-
meter (Lode, Groningen, The Netherlands) according to
standardized guidelines. The best value of three manoeuv-
res was expressed as percentage of predicted (% pred), us-
ing predicted values of the ERS [10].

Analysis

Data are expressed as means±SD. Differences within
groups between SB and TB were tested using paired t-tests
and differences between groups in NO measured with SB
or TB were tested using analysis of variance (ANOVA).
When a significant difference between groups was obser-
ved, intergroup comparisons were made using the Stu-
dent's t-test. Differences between the SB and TB method
were expressed graphically using the method of BLAND and
ALTMAN [11]. A p-value <0.05 was considered significant.

Results

Differences between single breath and tidal breathing

NO concentrations and release rates of the SB and TB
methods within the different groups are shown in table 2.
A significant difference in NO concentration between SB

Table 1.  –  Subject characteristics

Asthma Healthy controls COPD
Nonsmokers Smokers Nonsmokers Exsmokers Exsmokers

Number
M/F
Age  yrs
FEV1  % pred
Smoking pack-years
Height  m
Atopy

16
5/11

28 (18–44)
77 (25–113)

0
1.74 (1.63–1.91)

16

16
6/10

30 (21–45)
81 (41–107)

9 (0–35)
1.73 (1.64–1.93)

16

16
7/9

28 (21–47)
109 (80–132)

0
1.76 (1.66–1.88)

0

16
10/6

58 (47–71)
106 (91–127)
23 (10–55)

1.72 (1.59–1.90)
0

16
15/1

63 (50–74)
57 (36–79)
33 (5–69)

1.76 (1.64–1.95)
0

Values are means and range. COPD: chronic obstructive pulmonary disease; M: male; F: female; FEV1: forced expiratory volume in
one second.

Table 2.  –  Mean exhaled nitric oxide (NO) concentration and release rate

Single breath Tidal breathing
NO concentration

ppb
NO release rate

nmol·min-1

NO concentration
ppb

NO release rate
nmol·min-1

Asthma, nonsmoking
Asthma, smoking
Healthy control, nonsmoking
Healthy control, exsmoking
COPD, exsmoking

22.5 (14.5)+#

16.1 (10.1)†

10.8 (5.6)‡

12.5 (7.3)
14.0 (6.2)

7.7 (5.2)‡‡

5.4 (3.5)$

3.3 (1.7)‡‡$

4.1 (2.5)
4.8 (2.5)

14.4 (4.8)+#

11.8 (7.5)†

10.7 (3.8)#

11.8 (4.7)
11.6 (6)

6.1 (2.0)§

4.6 (2.3)
4.1 (1.6)§

4.5 (1.7)
5.3 (2.8)

Data are expressed as mean (SD). NO: nitric oxide; COPD: chronic obstructive pulmonary disease; ppb: parts per billion. +:
p=0.0038, single breath (SB) versus tidal breathing (TB) in nonsmoking asthmatics; †: p=0.029, SB versus TB in smoking
asthmatics; ‡: p=0.005, SB method, nonsmoking asthmatics versus nonsmoking healthy controls. #: p=0.02, TB method, non-
smoking asthmatics versus nonsmoking healthy controls; §: p=0.004, TB method, nonsmoking asthmatics versus nonsmoking
healthy controls; ‡‡: p=0.005, SB method, nonsmoking asthmatics versus nonsmoking healthy controls; $: p=0.05, SB method,
smoking asthmatics versus nonsmoking healthy controls.
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and TB was found in smoking and nonsmoking asthma-
tics, but not in exsmokers with COPD or in healthy sub-
jects. The mean difference between the two methods was
largest for nonsmoking asthmatics (8 ppb, table 2) and
increased with higher NO levels (fig. 1). The mean diff-
erence in NO concentration between SB and TB method
was 2 ppb in exsmokers with COPD and exsmoking
healthy subjects (fig. 2). NO release rates were not signifi-
cantly different in any group when comparing the SB with
the TB method.

Differences between groups

A significant difference in NO values between nonsmo-
king asthmatics and healthy subjects was found, irrespec-

tive of the method used or the expression in concentrations
or release rates. Only the SB release rate showed a signifi-
cant difference between smoking asthmatics and healthy
nonsmokers (p=0.05). The upper 95% confidence limits
of NO concentration of healthy subjects were 20 and 17
ppb with the SB and the TB method, respectively. Eleven
asthmatics had higher NO concentrations than these limits
with the SB and three with the TB method, yielding a sen-
sitivity for the detection of asthma of 69 and 19%, respec-
tively, for these two methods. Smoking asthmatics tended
to have lower NO concentrations than nonsmoking asth-
matics, as measured with the SB method (p=0.08) but not
with the TB method (p=0.20). No significant difference in
NO values, as measured with both methods, were found
between exsmokers with COPD and healthy exsmokers.

Discussion

Mean NO concentrations were higher with the SB than
with the TB method in both nonsmoking and smoking
asthmatics. The limits of agreement between the two me-
thods were wide in both diseases. In nonsmoking asthma-
tics, the difference between the SB and the TB method
increased with higher NO. Furthermore, NO was higher in
nonsmoking asthmatics than in healthy subjects with both
the SB and the TB method. NO tended to be higher in
nonsmoking asthmatics than in smoking asthmatics. NO
was not significantly different between exsmokers with
COPD and healthy exsmokers.

The results show that NO values obtained with the SB
and the TB method are not interchangeable. The SB me-
thod yields higher values than the TB method, especially
with the higher NO values. This is particularly important
in subjects with asthma, in whom NO levels are generally
higher. Therefore, any comparison of study results using
the above-mentioned methods should be made with cau-
tion.

Several differences between the SB and TB methods may
contribute to the differences in NO concentration found.
These include inhaled air dilution, flow, nasal leakage and
breath holding. The first two factors may contribute to the
higher NO concentrations measured with the SB than with
the TB method, whereas the latter would cause the NO
values to be lower with the SB than with the TB method.
NO concentrations in inhaled air are generally lower than
the concentrations generated in the lower airways. The
very first part of the exhalation consists of this inhaled air
and has, therefore, a lower NO concentration than the rest
of the exhalation. This first part of the exhalation is dis-
carded in the SB but not in the TB method, thereby de-
creasing NO concentration via dilution in the latter.

Differences in flow and breathing pattern may also
cause differences in NO values. Flow has been shown to
influence exhaled NO values markedly in a nonlinear fas-
hion [12]. The flow is constant and standardized to 150
mL·s-1 in the SB method. In the TB method, the flow var-
ies during the breath cycle, while the mean flow is compa-
rable with SB flow. If the flow stops during the breathing
cycle, NO is not transported towards the mouth and the
net result may be more metabolism, uptake in the airway
lining fluid or binding to haemoglobin [13]. Similar aver-
age flows, therefore, do not necessarily imply similar NO
transport with exhaled air. Higher NO metabolism, uptake
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Fig. 1.  –  Difference in nitric oxide (NO) concentration between single-
breath (SB) and tidal-breathing (TB) measurement in nonsmoking asth-
matics (●) and nonsmoking healthy subjects (∆). The mean of SB and
TB measured NO concentration of each subject is plotted against the
difference between SB and TB measured NO concentration [11].          :
mean difference between SB and TB values; - - - - -: limits of agreement
for the whole group (mean value ± 2 SD).
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Fig. 2.  –  Difference in nitric oxide (NO) concentration between single-
breath (SB) and tidal-breathing (TB) measurement in exsmokers with
chronic obstructive pulmonary disease (●) and healthy exsmokers (∆).
The mean of SB and TB measured NO concentration of each subject is
plotted against the difference between SB and TB measured NO concen-
tration [11].          : mean difference between SB and TB values; - - - - -:
limits of agreement for the whole group (mean value ± 2 SD).
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in the airway lining fluid or binding to haemoglobin may
contribute further to lower NO concentrations with the TB
method.

Leakage of NO from the nose into the trachea is thought
to be more important with the TB than the SB method,
because subjects exhale against a low resistance of 6 kPa·
L-1·s-1 with the latter method. Since NO concentrations in
the nose have been found to be generally higher than in
the lower airways [3], this effect would falsely augment
the NO concentration in the TB method, as was observed
in some patients.

Breath holding has been shown to increase NO concen-
trations in exhaled air, especially in the first part of exha-
lation [14]. This first part is discarded in the SB method
but not in the TB method, and may contribute to the meas-
ured NO value in the latter. The time between inhalation
and exhalation may vary during TB, thus making the
effects of breath holding possible. Breath holding may,
therefore, cause higher NO concentrations with the TB
than with the SB method, especially when the breathing
frequency is low.

From the above-mentioned points, it can be expected
that the TB method is less accurate in measuring lower
airway NO than the SB method. This can partly be im-
proved by using a system of valves at the mouth, by which
the first part of the exhaled air can be discarded. In addi-
tion, by introducing a small resistance, as in the SB me-
thod, nasal contamination could be controlled and flow
could be standardized to a larger extent. It remains to be
determined whether such a modification yields similar NO
concentrations between SB and TB methods.

This study confirms the findings of previous studies
showing asthmatics to have higher NO concentrations than
healthy subjects [3, 4] and extends these findings by show-
ing that asthmatic smokers tend to have lower NO values
than nonsmoking asthmatics but higher than healthy non-
smokers. Therefore, the effects of current smoking are not
present in healthy subjects only [6, 7] but also in asthmat-
ics.

To our knowledge this is the first reported study on
exhaled NO in which exsmokers with COPD were com-
pared with age- and smoking-matched healthy subjects,
thereby extending the findings from a recent report [15].
In contrast to asthmatics, subjects with COPD do not have
higher exhaled NO concentrations than healthy subjects.
This may be explained by a difference in the type, number
or activation state of inflammatory cells between asthma
and COPD [15].

In conclusion, nitric oxide values of the single-breath
and tidal-breathing methods are not interchangeable. Never-
theless, both methods can be used to measure differences
between groups. It remains to be determined whether both
methods are also useful for the longitudinal measurement
of nitric oxide.
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