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Abstract

research were examined.

ex-smokers from 9 hours after collection onwards.

Storage conditions, Wheezing

Background: The measurement of fractional concentration of nitric oxide in exhaled air (FeNO) is valuable for the
assessment of airway inflammation. Offline measurement of FeNO has been used in some epidemiologic studies.
However, the time course of the changes in FeNO after collection has not been fully clarified. In this study, the
effects of storage conditions on the stability of FeNO measurement in exhaled air after collection for epidemiologic

Methods: Exhaled air samples were collected from 48 healthy adults (mean age 434 + 12.1 years) in Mylar bags.
FeNO levels in the bags were measured immediately after collection. The bags were then stored at 4°C or room
temperature to measure FeNO levels repeatedly for up to 168 hours.

Results: In the bags stored at room temperature after collection, FeNO levels were stable for 9 hours, but increased
starting at 24 hours. FeNO levels remained stable for a long time at 4°C, and they were 99.7% + 7.7% and 101.3% +
15.0% relative to the baseline values at 24 and 96 hours, respectively. When the samples were stored at 4°C,

FeNO levels gradually decreased with time among the subjects with FeNO = 51 ppb immediately after collection,
although there were almost no changes among the other subjects. FeNO levels among current smokers increased
even at 4°C, although the values among ex-smokers decreased gradually, and those among nonsmokers remained
stable. The rate of increase was significantly higher among current smokers than among nonsmokers and

Conclusions: Storage at 4°C could prolong the stability of FeNO levels after collection. This result suggests that
valid measurements can be performed within several days if the samples are stored at 4°C. However, the time
course of the changes in FeNO levels differed in relation to initial FeNO values and cigarette smoking.

Keywords: Cigarette smoking, Epidemiologic research, Exhaled nitric oxide, Offline measurement, Refrigeration,

Background

Airway inflammation is a central process in various re-
spiratory diseases including asthma [1] and has been dir-
ectly evaluated by bronchoalveolar lavage and biopsies
[2]. However, invasive techniques are needed to obtain
these samples [3], and they cannot be used in large-scale
epidemiologic research. In addition, eosinophils in
sputum, which can be induced using inhalation of
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hypertonic saline, are used as a marker for airway
inflammation [4]. However, the success rates of sputum
induction are reported to differ considerably among
subjects [5].

The measurement of the fractional concentration of
nitric oxide in exhaled air (FeNO) is valuable for the
noninvasive and quantitative assessment of airway
inflammation [3,6]. Exhaled air can be collected simply
and safely [7]. Therefore, FeNO measurement is used
widely for the clinical diagnosis and evaluation of respi-
ratory diseases, including asthma [3,8-10]. In addition,
the repeated measurement of FeNO is reported to be
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useful to assess the time course of airway inflammation
in asthmatic patients [7,11-13].

For the measurement of FeNO, online and offline
methods are available [3]. In the online method, FeNO
levels in expired gas are measured directly by a chemilu-
minescence analyzer [3]. However, only one subject per
analyzer can be tested at a time. Because the analyzer is
very expensive and not easily portable, the method is
unsuitable for large-scale epidemiologic research [14].
In contrast, the offline method, with collection of
exhaled air in an aluminized bag for later analysis, has
the advantage that it is independent of the analyzer [15].
Because the collection of exhaled air can be performed
anywhere and be transported to the laboratory for ana-
lysis, this method has been used in some epidemiologic
studies [16,17].

Although reasonable agreement has been shown be-
tween online and offline measurements [18-20], the
measured FeNO values may increase or decrease over
time [14,21]. Some investigators found that FeNO levels
in the reservoir bag increased after collection [20,22],
but others reported that the samples were stable for 24—
48 hours [23]. The American Thoracic Society and the
European Respiratory Society (ATS/ERS) [3] recommend
that FeNO levels of offline samples should be measured
within 12 hours from collection. Linn et al. [23] reported
that storage under refrigeration can optimize the stabil-
ity of offline FeNO measurement. Thus, the storage con-
ditions may interfere with the stability of breath samples
and should be evaluated in order to standardize the off-
line method for epidemiologic research. If the storage
time after collection can be prolonged, the offline
method will become more suitable for field research. In
this study, the effects of storage time and temperature
on the stability of FeNO measurement in exhaled air
after collection were investigated. Furthermore, the
requirements for the use of this method in large-scale
epidemiologic research were evaluated.

Methods

Subjects

The subjects of this study were 48 healthy adults (22
males and 26 females, mean age 43.4 + 12.1 years). At
the beginning of the study, respiratory symptoms and
their past history were evaluated by a modified ATS-
DLD-78 questionnaire [24]. Wheezing was defined as
the occurrence of two or more episodes of chest sound-
ing wheezy or whistling. This study was approved by the
Ethics Committee of Hyogo College of Medicine (14-
May-2010, approval number 844). The objective and
method of this study were fully explained to the subjects,
and written, informed consent was obtained from each
subject before the study.
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Sampling of exhaled air and measurement of FeNO
Exhaled air samples were collected from the subjects in
the morning at their workplace or school. The subjects
were requested to refrain from eating, drinking, and
smoking for 2 hours before the collection of exhaled air.
The collection was performed according to the method
described by Saito et al. [18], based on ATS/ERS recom-
mendations [3]. The subjects inspired maximally in the
seated position, then exhaled in a 1.5-L. Mylar bag
(Sievers Instruments, Inc., Boulder, CO, USA) to keep
the mouth pressure constant at 15 ¢cmH,O and the
expiratory flow rate at 50 mL/s. The adjustment was
performed with a variable flux pump (Sibata Scientific
Technology, Tokyo, Japan), a flow meter (Ono Seisa-
kusho, Tokyo, Japan), and a pressure gauge (Nissin
Gauge, Osaka, Japan). The bags were reused up to
20 times and flushed three times with NO-free clean
air before reuse. Exhaled air of the first 10 seconds
(500 mL) was discarded to prevent contamination by
NO from the nasal cavity and upper airway. The collec-
tion was repeated six times for each subject. The first
measurements of FeNO levels in the bags were per-
formed immediately after collection (within at least
10 min) using a chemiluminescence NO analyzer (Model
NA-623N, Kimoto Electric Co, Ltd., Osaka, Japan). The
bag samples were then divided into two groups of three
samples each and stored at 4°C (refrigeration) and room
temperature, respectively. The levels of FeNO in the
bags were measured repeatedly at 3, 6, 9, 24, 48, 72, 96,
120, 144, and 168 hours after collection. The analyzer
was calibrated daily using zero-gas and standard NO gas
(735 ppb). Room temperature during the storage period
was 22-28°C, with a mean of 24°C.

Data analyses

The measured values of FeNO at each time after collec-
tion are shown as the means of three samples for each
subject at each temperature. If the deviation for each set
of triplicate samples was larger than 20% of the mean,
the highest FeNO value was removed from the calcula-
tion of the mean. Since the FeENO level was roughly log-
normally distributed, logarithms of the measurements
were used for analysis. The results are expressed as geo-
metric means and 95% confidence intervals (CI). The
FeNO levels were compared with respect to sex, age,
wheezing, history of allergic rhinitis or pollinosis, and
cigarette smoking. The changes in FeNO levels with
time after collection were compared by storage
temperature. In addition, the subjects were divided into
four groups by the quartiles of FeNO levels immediately
after collection, and the changes in FeNO levels were
evaluated in relation to storage time. Next, FeNO levels
at each time point were calculated as percentages rela-
tive to that immediately after collection, and they were
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compared with regard to various factors. All statistical
analyses were performed using JMP 9 software (SAS
Institute Inc., Cary, NC, USA).

Results

Table 1 shows the geometric mean FeNO levels by the
subjects’ characteristics. There were no significant differ-
ences by sex, age group, and history of allergic rhinitis
or pollinosis. The geometric mean FeNO level of sub-
jects with wheezing was 57.7 [95% CI, 36.2 to 91.8] ppb,
significantly higher than that of subjects without wheez-
ing (30.0 [95% CI, 25.7 to 34.9] ppb). Of the subjects
who had wheezing, only one had received medical treat-
ment for asthma. With regard to cigarette smoking,
the geometric mean FeNO level in current smokers
(22.0 [95% CI, 18.3 to 26.5] ppb) was lower, and that in
ex-smokers (41.7 [95% CI, 26.5 to 65.6] ppb) was higher
than that in nonsmokers (33.9 [95% CI, 28.1 to 41.0]
ppb), although the differences were not significant.

The time courses of the FeNO levels after collection
are shown in Figure 1. In the bags stored at room
temperature, FeNO levels were nearly stable for 9 hours
after collection, but they increased with time in an ap-
proximately linear fashion starting at 24 hours. The per-
centages relative to the baseline values reached 113.5% +
16.6% and 206.9% + 102.5% at 24 and 168 hours,
respectively. On the other hand, in the bags stored at
4°C, the FeNO levels remained stable for a considerably

Table 1 Geometric mean FeNO levels (ppb) in Mylar bags
immediately after collection by subjects’ demographic
and health characteristics

n Geometric (95% confidence p value
mean interval)

Total 48 334 (284,39.3)

Sex
Male 22 373 (2838, 485) 0.221
Female 26 304 (24.9,37.1)

Age (years)
<40 20 319 (26.1,39.0) 0.585
240 28 346 (27.2,43.9)

Wheezing
Yes 8 57.7 (36.2,91.8) 0.002
No 40 300 (257, 349)

Allergic rhinitis or pollinosis
Yes 20 335 (26.3,42.7) 0973
No 28 333 (27.3, 40.6)

Cigarette Smoking
Never 33 339 (28.1,41.0) 0.102
Ever 9 417 (26.5, 65.6)
Current 6 220 (183, 26.5)
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longer time; they were 99.7% + 7.7% and 101.3% + 15.0%
relative to the baseline values at 24 and 96 hours, respect-
ively. The subsequent change was also comparatively
small, and the value was 106.4% + 23.5% at 168 hours.

When the subjects were divided into four groups by
the quartiles of FeNO levels immediately after collection,
the time courses of the changes in FeNO levels were
examined and are shown in Figure 2. In the bags stored
at room temperature, FeNO levels increased with time
in all groups, and those in the second and third quartile
groups showed marked increases. In contrast, FeNO
levels in the bags stored at 4°C gradually decreased with
time in the highest quartile group (=51 ppb immediately
after collection). However, there were almost no changes
in FeNO levels with time in the other groups.

The changes in FeNO levels in the bags stored at 4°C
relative to the values immediately after collection were
compared with regard to various factors (Table 2). There
were no significant differences in the changes by sex,
age, and history of allergic rhinitis or pollinosis. The
FeNO levels decreased slightly with time in the subjects
with wheezing and increased in those without (Figure 3);
the values were 95.5% + 22.5% and 108.6% + 23.4% at
168 hours relative to those immediately after collection,
respectively, although the difference was not significant.
With regard to cigarette smoking, FeNO levels among
current smokers increased with time even in the bags
stored at 4°C, and reached 107.4% + 15.9% and 131.8% +
43.5% relative to the baseline values at 9 and 168 hours,
respectively. On the other hand, the values among ex-
smokers decreased gradually with time, and those among
nonsmokers remained essentially stable (Figure 4). The
rate of increase among current smokers was significantly
higher than among nonsmokers and ex-smokers at
9 hours and later.

Discussion

In this study, the effectiveness of offline FeNO measure-
ment after collection was evaluated in terms of its appli-
cation to epidemiologic research. A number of previous
studies reported that FeNO levels were valuable for the
quantitative and noninvasive assessment of airway in-
flammation [3,6,9]. Because the offline method of FeNO
measurement has an advantage in that exhaled air can
be collected anywhere and from multiple subjects at the
same time [20,22], it is considered to be suitable for
large-scale field research [25-27]. However, the storage
conditions may affect the FeNO levels because of the
lag-time from sampling to measurement [14,21]. There-
fore, the accuracy of FeNO levels in the offline method
should be evaluated after consideration of storage
conditions, including temperature and time. The ATS/
ERS recommend that offline samples be measured
within 12 hours from collection [3]. If the storage time
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Figure 1 Changes in FeNO levels (ppb) in Mylar bags with time after collection. Mylar bags were stored at 4°C (O) and room temperature
(+) after collection of exhaled air. All values are geometric means and 95% confidence intervals.
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from sampling to measurement can be prolonged, it will
be possible to measure FeNO levels for many more
people. This raises the possibility that the offline method
of FeNO measurement may be used to evaluate the
degree of airway inflammation in large-scale epidemiolo-
gic research. Previous studies reported that refrigerated
storage prolonged the stability of FeNO levels in the bags
[21,23,28]. However, most of the previous studies investi-
gated only small numbers of subjects. Few studies have
evaluated the time course of the changes in offline FeNO
levels among enough subjects including healthy subjects.

The present study demonstrated that FeNO levels
remained stable in the bags stored at room temperature
for the first 9 hours after collection, but increased start-
ing at 24 hours. When the bags were stored at 4°C, the
stability of the FeNO levels was prolonged for a com-
paratively long time. These findings are consistent with
those previously reported by Shimizu et al. [28], who
investigated asthma patients. The present study showed
that the offline FeNO levels changed in relation to time
and temperature among healthy adults, as well as among
asthma patients.

Shimizu et al. [28] found that the time course of FeNO
levels after collection differed in relation to the initial
FeNO levels. In the present study, the time courses of
FeNO levels after collection were compared among four
groups divided by the quartiles of the initial FeNO levels.
In the bags stored at room temperature, FeNO levels
increased with time regardless of the initial values.
When the bags were stored at 4°C, FeNO levels
decreased gradually with time in the group with an ini-
tial FeNO level of 51 ppb or above, although the changes
in FeNO levels with time were small in the other groups.
These findings differ from the results of Shimizu et al

[28] The difference may be due to the fact that almost
all of the present subjects were healthy adults.

The subjects with wheezing showed significantly
higher FeNO levels immediately after collection than
those without, in accordance with many previous studies
[18,29,30]. When stored at 4°C, FeNO levels among the
subjects with wheezing decreased slightly starting at
24 hours, while the levels among those without wheez-
ing remained stable for a long time. Because the initial
FeNO levels among the subjects with wheezing had been
quite high, the FeNO levels still remained sufficiently
high, even when the levels decreased during storage.
Thus, the difference in FeNO levels between the subjects
with and without wheezing remained significant. There-
fore, it appears that the measurement of FeNO levels
after storage at 4°C for several days does not affect
the qualitative differentiation of airway inflammation.
However, it may be difficult to assess the degree of air-
way inflammation quantitatively, because FeNO levels
decreased gradually among the subjects with wheezing
starting at 24 hours. Elevated FeNO levels in subjects
with rhinitis have been reported [30-32]. However, in the
present study, there were no differences in FeNO levels
in relation to a history of allergic rhinitis or pollinosis,
though only a history of these diseases, and not present
symptoms, was evaluated. The effects of upper airway
symptoms, including rhinitis and pollinosis, on FeNO
levels have yet to be evaluated.

In this study, FeNO levels immediately after collection
were lower among smokers than among non-smokers,
despite smoking cessation for 2 hours before the collec-
tion of exhaled air. The non-significance of differences
in initial FeNO in relation to smoking habits might be
due to the small number of current smokers in the
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study. FeNO levels have been reported to be chronically
reduced in cigarette smokers, in addition to the acute
effects immediately after smoking [33-35]. The high NO
concentration in cigarette smoke may chronically inhibit
the activity of NO synthase (NOS) in the respiratory
tract [36], resulting in a reduction in FeNO levels among
smokers. However, even in the bags stored at 4°C after
collection, FeNO levels among smokers started to
increase at a relatively early stage and reached 107.4% +
15.9% relative to the baseline values at 9 hours. On the
other hand, FeNO levels among ex-smokers decreased
with time, and those among nonsmokers changed very
little. Even when the subjects were limited to non-
smokers and ex-smokers whose initial FeNO levels were
similar to those among current smokers (<30 ppb),
the changes in FeNO levels with time were small com-
pared with those among current smokers, although the

differences were not significant [see Additional file 1].
The mechanisms of these time courses changes in rela-
tion to cigarette smoking are unclear. The activity of
NOS inhibitors that reduce NO levels in exhaled air of
smokers may be diminished during storage. This finding
suggests that FeNO levels measured by the offline
method may be decreased among smokers even within
12 hours after collection, which is recommended by the
ATS/ERS. Various factors, including cigarette smoking,
that affect the changes in FeNO levels with time should
be further evaluated.

The results of this study should be interpreted cau-
tiously for several reasons. First, the effects of storage
conditions other than temperature and time, such as
humidity, were not considered. Paredi et al. [37]
reported that FeNO levels remained stable for 24 hours
in Mylar bags containing silica gel, though controls
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Table 2 Changes in FeNO levels in Mylar bags stored at 4°C after sampling, in relation to various factors

n 9 hours 24 hours 72 hours 168 hours
% (SD) p value % (SD) p value % (SD) p value % (SD) p value

Sex
Male 221012 (9.0) 0.105 1003 (10.8) 0.643 101.7  (16.3) 0.799 1049 (29.8) 0.689
Female 260 979 (49) 992 (36) 1027 (85) 1077 (17.1)
Age (years)
<40 20 988 (4.0) 0.623 993 (“47) 0.779 1012 (7.5 0.646 104.7  (15.0) 0.676
240 28 998 (89) 1000 (94 1030 (15.2) 1076 (283)
Wheezing
Yes 8 1003 (40 0.709 973 (44) 0.340 9.4 (10.0) 0.150 955 (225) 0.154
No 40 992 (7.7) 1002 (82) 1034 (12.7) 1086 (234)
Allergic rhinitis or pollinosis
Yes 20 1003 (87) 0.291 1003 (9.6 0.558 1039 (15.5) 0.292 1093 (289) 0310
No 28 981 (4.1) 989 (4.0) 1000 (6.0 1023 (124)
Cigarette Smoking
Never 33 985 (45) 0.010 993 (39 0.007 1016 (82) 0.003 1052 (17.1) 0.006
Ever 9 975 (23) 95.7 (3.0) 951 (7.7) 939 (154)
Current 6 1074 (1597 1079 (184) * * 1164 (247)** 1318 (@435 **

Data are shown as percentages relative to the baseline values immediately after sampling.
* p<0.05, significantly different from nonsmokers. Tp<0.05; ¥p<0.01, significantly different from ex-smokers.

without silica gel were not investigated. Bondini et al.
[21] found that the addition of silica gel increased the
variability of FeNO levels during storage. Second, the
time courses of FeNO levels in the bags stored at 4°C or
room temperature after collection were evaluated; stor-
age at other temperatures was not evaluated. Although
the effects of warming or freezing have also been evalu-
ated [21,23], the previous studies showed that FeNO
levels in the bags were stable for the longest time under
refrigerated storage. In addition, a simple storage condi-
tion is desired for epidemiologic research. Third, most of

the subjects of this study were healthy subjects, and
only one subject had received treatment for asthma.
However, eight subjects, including an asthmatic patient,
had wheezing, and their FeNO levels were considerably
higher than those without wheezing, in agreement with
the previous reports [29,30]. Therefore, this method
appears to assess airway inflammation adequately. The
effect of infections [38] was not evaluated, because none
of the subjects had any symptoms associated with
respiratory tract infections. Fourth, this study was per-
formed under identical conditions. That is, exhaled air
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Figure 3 Changes in FeNO levels (ppb) with time after collection in relation to wheezing. Mylar bags were stored at 4°C after collection
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Figure 4 Changes in FeNO levels (ppb) with time after collection in relation to cigarette smoking. Mylar bags were stored at 4°C after

was collected in the morning from the subjects who
were requested to refrain from eating, drinking, and
smoking for 2 hours before the collection. These condi-
tions should be considered when the offline measure-
ment of FeNO is applied to epidemiologic research.

In summary, this study demonstrated that the stability
of FeNO levels after collection was prolonged in the
bags stored at 4°C. It is desirable that offline FeNO levels
should be measured as soon as possible after collection,
as the ATS/ERS recommended measurement within 12
hours. However, the samples collected in field research
might not often be measured within this time. The
present results suggest that valid measurement can be
done within several days after collection if the samples
are handled appropriately. However, the time course of
the changes in FeNO levels after collection differed in
relation to the initial FeNO values and cigarette smok-
ing, not just the storage temperature. Despite these pro-
blems, this study shows that the offline method of FeNO
measurement can be highly effective for large-scale
epidemiologic research under conditions in which the
bags including exhaled air are stored at 4°C immediately
after collection and are delivered to the laboratory
under refrigeration.

Conclusions

We conclude that valid measurement of FeNO levels
can be done within several days after collection if the
samples are stored at 4°C. The time course of the
changes in FeNO levels after collection differed in rela-
tion to the initial FeNO values and cigarette smoking,
not just the storage temperature. Despite these pro-
blems, this study shows that the offline method of
FeNO measurement can be highly effective for large-
scale epidemiologic research, under conditions in which

the bags including exhaled air are handled appropriately
after collection.

Additional file

Additional file 1: In order to determine whether the different rates
of change in NO concentration in the bags stored at 4°C related to
smoking category are explained by the differences in initial
concentration, the subjects were limited to non-smokers and ex-
smokers whose initial FeNO levels were similar to those among
current smokers (< 30ppb). In this case, FeNO levels among non-
smokers (n = 14) in the bags stored at 4°C were 984% + 5.3% and
113.8% + 9.1% relative to the baseline values at 9 and 168 hours,
respectively, and the values among ex-smokers (n = 4) were 97.0% +
2.0% and 105.1% =+ 7.4%, respectively. These values were smaller than
those among current smokers (n = 6). However, the differences were not
significant, because of the small number of subjects.
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