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Abstract

There is an interest in assessing changes in
nasal NO (nNO) levels as an effect marker of
upper airways. In this study, we examined
methodologic influences on short and long
term repeatability of nNO levels assessed by
a portable electrochemical analyzer. Nine
atopic and eighteen healthy subjects were
exposed for 4 h to ethyl acrylate concentration
of 0.05 ppm (sham) and mean concentrations
of 5 ppm (either constant 5 ppm or variable
0 to 10 ppm). Sampling of nNO was
performed by using passive aspiration during
both breath-holding (634 ppb) or calm tidal
breathing (364 ppb, p < 0.0001). The intra-
session (between-session) repeatability in
terms of coefficient of variation was 16.4%
(18.5%) using the tidal-breathing and 8.6%
(13.0%) using the breath-holding method,
respectively. Atopic subjects demonstrated a
significant increase in nNO (breath-holding
mean 16%, tidal-breathing mean 32%) after
applying a constant ethyl acrylate concentra-
tion (5 ppm). Our findings suggest that the less
elaborate tidal-breathing method might be

sufficient to detect significant changes at a
group level. Given a lower coefficient of vari-
ation of breath-holding we assume there is an
advantage of that approach at an individual
level. Further research is needed to validate
the usefulness of nNO in the evaluation of
irritative, non-allergic responses.
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1 Introduction

Sensations of odor and upper airway irritation are
cited health effect in indoor air and occupational
environments and have gained relevance for the
setting of exposure limits (Brüning et al. 2014).
Besides symptom complains, response to a
chemosensory irritant can also be evaluated by
examining local signs of nasal mucosal irritation
(Arts et al. 2006). Concerning ethyl acrylate, a
trigeminal intranasal perceptions and signs of
nose irritation could be provoked by challenge
with a concentration of 5 ppm (Hoffmeyer et al.
2016). Objective measures of upper airway
irritation include rhinomanometry or acoustic
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rhinometry to measure functional changes such as
irritation-induced congestion, measuring the vol-
ume of mucus secretion or the presence of inflam-
matory mediators in nasal secretion (Raulf et al.
2017; Dalton 2003). The evaluation of mediators
in different matrices is a promising way to get
information on inflammation at target level in a
noninvasive manner (Quirce et al. 2010).

Concerning the lower airways, NO in exhaled
breath (FeNO) is a validated noninvasive marker
of inflammation, especially when associated with
the activation of eosinophils (Dweik et al. 2011).
NO is also produced in the nasal epithelium or
can be a result of diffusion from communicating
cavities, i.e., paranasal sinuses (Maniscalco et al.
2016). There is a continuous and high basal activ-
ity of NO synthase resulting in a 100-fold higher
nasal NO (nNO) compared to NO produced in the
lower respiratory tract (Lundberg et al. 1995). A
variation in inducible NO synthase expressed
under basal conditions in the human nasal mucosa
has been reported (Furukawa et al. 1996).
Anatomical means, such as sinus ostiae diameter
and volume, may influence the NO output (Palm
et al. 2000).

Metabolic or dietary factors, ambient NO con-
centration, and human biorhythm have been all
suggested to be responsible for the variability of
nNO level (Gehring et al. 2009). A diurnal varia-
tion in nNO with low levels in the morning, a
plateau during the day, and decreasing levels in
the evening has been reported (Dressel et al.
2008; Palm et al. 2000). NO in the upper respira-
tory tract associates with the patient’s condition.
It often increases in allergic rhinitis and decreases
after treatment with nasal glucocorticoids
(Kharitonov et al. 1997). A dramatic decrease in
nNO has been shown in primary ciliary dyskine-
sia (Wodehouse et al. 2003). So far, with the
exception of ciliary disorders, detection of nNO
is not a routine diagnostic method (Antosova
et al. 2017).

Nevertheless, there is an interest in assessing
changes in nNO as an effect marker for inflamma-
tory processes in the upper airways either in short
term after a specific challenge or in longitudinal
studies. Low variability and good repeatability in

these settings are critical in distinguishing changes
due to biological responses from methodological
variations. Several issues related to the measure-
ment and reproducibility of nNO have been
identified and methodological recommendations
have been developed (Horváth et al. 2017). Besides
a setup for active single-breath nasal exhalation
(FnNO) similar to orally exhaled FeNO (Palm
et al. 2000), consensus recommendations have
suggested methods of passive aspiration via one
nostril (ATS/ERS 2005). Using nasal aspiration,
the highest nNO values have been found in the
methods with an elevated velum as during breath-
holding or while exhaling against a resistance (de
Winter-de Groot and van der Ent 2009). A recent
suggestion is that calm breathing through the mouth
while avoiding any kind of breathing through the
nose creates two distinct, independent
compartments (oropharynx and nasopharynx) that
are not connected to each other (Gelardi et al. 2016).

In this study, we examined methodologic
influences on short and long term repeatability
of nNO levels assessed by a portable electro-
chemical analyzer. NO sampling was performed
by using passive aspiration during breath-holding
and calm breathing. The evaluations were done
within the frame of an ethyl acrylate challenge
study reported recently (Hoffmeyer et al. 2017).
Therefore, the atopic status of the subjects and
effects of different challenge patterns on nNO
changes were also considered.

2 Methods

The study was approved by a local Ethics Com-
mittee of the Ruhr University Bochum and was
performed in accordance with the Declaration of
Helsinki. All study participants gave written
informed consent and received financial compen-
sation for their participation.

2.1 Subjects

Twenty-seven healthy subjects were recruited for
the study after a medical history was taken. All
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subjects were healthy never-smokers or had
terminated smoking at least half a year before
the study and were not taking any medications
or nasal decongestants (Table 1). A positive
atopic status was assumed in case of specific
IgE concentrations to common inhalant allergens
�0.35 kU/L (sx1 Phadiatop; ThermoFisher
Phadia AB; Uppsala, Sweden). No one had an
upper or lower airway respiratory disease or
infection within 6 weeks prior to the study. No
signs of mucosal inflammation or anatomical
changes were noted on rhinoscopy. Subjects
were informed not to perform any strenuous
physical activity within 60 min before the nNO
measurements. All asymptomatic subjects sero-
logically identified as being atopic were tested
outside their potential allergic risk seasons
revealed by prick testing.

2.2 Nasal NO Measurements

The measurements were performed using the
nasal application of the hand-held NIOX
MINO® system (Circassia, Bad Homburg,
Germany) under supervision of the same assistant
in accordance with published recommendations
(ATS/ERS 2005). NIOX MINO® employs an
electrochemical sensor with a measurement
range of 5–1700 ppb. Short term repeatability at
a flow rate of 5 ml/s was shown to be good with a

coefficient of variation of 10% (Marthin and
Nielsen 2013).

The subjects were studied in a convenient
seated position. The nasal olive application was
inserted into one nostril and hold in place by the
participant while the contralateral nostril was left
open. The aspiration was done at a flow rate of
5 ml/s and automatically stopped after 45 s. Two
different aspiration techniques were applied for
the measurement. Firstly, subjects performed oral
calm breathing during the meausrement aspira-
tion, while avoiding any kind of breathing
through the nose. No exhalation resistance was
used. Secondly, the measurement was done again
during breath-holding while the mouth was
closed.

Measurements were done in the frame of a
challenge study previously published (Hoffmeyer
et al. 2017). Briefly, nNO was measured before
(pre) and after (post) challenge with a mean ethyl
acrylate concentration of 5 ppm applied in a con-
stant and variable wave-form pattern. The study
was randomized and sham-controlled (0.05 ppm
ethyl acrylate).

2.3 Statistical Analysis

Coefficient of variation was used to describe the
repeatability. It was estimated as a ratio between
the within standard deviation (SD) and the mean
of individual measurements. The Bland-Altman
analysis was performed for comparison of the two
methodological approaches and different time
points. The effect of nNO was calculated as the
percent change after exposure compared to start
of exposure [(post-pre)/pre*100%] and reported
as ΔnNO. Differences after exposure to 5 ppm
were compared with those after sham exposure
using a paired t-test or Wilcoxon matched-pairs
signed-rank test as appropriate, with a signifi-
cance level of α ¼ 0.05. Data were expressed as
means �SD or medians with interquartile range
(IQR, 25th; 75th percentile). Data were analyzed
and visualized by GraphPad Prism v7.03 for
Windows (San Diego, CA).

Table 1 Characteristics of subjects

Gender, F/M (n) 15/12
Age (year) 24 (23; 27)
BMI (kg/m2) 22.0 (19.9; 23.9)
sx1 (kU/L) 0.11 (0.10; 1.65)

FEV1 (%predGLI) 97.7 (91.4; 104.8)
z-score �0.20 (�0.73; 0.40)

FVC (%predGLI) 101.7 (93.2; 110.1)
z-score 0.15 (�0.54; 0.84)

FEV1/FVC (%predGLI) 97.0 (95.0; 100.7)
z-score �0.38 (�0.70; 0.19)

Continuous variables are medians and inter-quartile range
(IQR). BMI body mass index, sx1 IgE antibodies to a
mixture of ubiquitous allergens (atopy screen), FEV1

forced expiratory volume in 1 s, FVC forced vital capacity,
GLI global lung initiative
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3 Results

3.1 Comparison of nNO
Measurements

In the 27 subjects studied, approved nNO
measurements were obtained at all occasions
with both methodological approaches. At every
session (sham, constant, and variable ethyl acry-
late concentration) pre- and post-challenge
measurements were performed. Therefore,
162 pairs of values could be used for the
methodologic comparison. The assessment of
between-session repeatability for each method
could be based on 81 (27 triplets) respective
pre-challenge results.

Referring to all 162 measurement pairs, the
nNO level for tidal-breathing [364 (IQR 259;
497) ppb] was significantly lower than that for
the breath-holding (reference) [634 (IQR 499;
771) ppb] (p < 0.0001). The Bland-Altman anal-
ysis of distance for the two methods revealed a
mean nNO difference of 243 ppb (50%). The SD
of the difference was 191 ppb (51%) yielding the
limits of agreement of �131 ppb (�18%) and
616 ppb (121%). The Bland-Altman plot reveal-
ing two subgroups is shown in Fig. 1. One sub-
group of subjects demonstrated a small difference
between nNO results for the tidal-breathing and
breath-holding methods. As shown in Fig. 1, the
difference was lower than 15% in 40 comparisons
and the methods could be considered equally.
Thirty-seven of these equal results for the tidal-
breathing and breath-holding methods could be
attributed to seven out of the 27 subjects.

3.2 Repeatability of nNO Due
to Method Applied

3.2.1 Intra-session Repeatability

The condition with sham exposure was used to
examine the intra-session repeatability of nNO, as
individual variation (n ¼ 27) between baseline
and post-challenge measurement. The coefficient
of variation was 16.4% (95%CI 11.7–21.1) using

the tidal-breathing and 8.6% (95%CI 6.0–11.2)
using the breath-holding method (Table 2). In
addition, the Bland-Altman analysis revealed a
bias of 3.9% and 0.6% between first and second
measurement for the tidal-breathing and the
breath-holding method, respectively (data not
shown). Overall, nNO levels were not different
at baseline (9 am) and post-challenge (1 pm).

3.2.2 Between-Session Repeatability

At all three sessions, significantly lower nNO levels
for the tidal-breathing compared to the breath- hold-
ing method were observed at baseline (for each
session p < 0.0001). Referring to one particular
method, no significant difference in the baseline
nNO level could be determined between the three
sessions (tidal-breathing method; p¼ 0.249, breath-
holding method; p ¼ 0.452). The individual
between-session repeatability in terms of the coeffi-
cient of variation was 13.0% (95%CI 9.4–16.7) for
the breath-holding and 18.5% (95%CI 12.4–24.5)
for the tidal-breathing method (Table 2).

3.2.3 nNO Levels After Ethyl Acrylate
Challenge

The two challenge conditions (constant, variable)
resulted in an equivalent total amount of ethyl
acrylate delivered during 4 h. The effects were
also assessed following the sham exposure.
Table 3 summarizes the results for these three
exposure conditions and the two measurement
modes. No changes in nNO could be observed
either after sham or variable ethyl acrylate expo-
sure regardless of the measurement technique. In
contrast, nNO increased after applying a constant
pattern. Despite differences in the baseline levels,
the increase was significant for both measurement
modes (breathhold; p ¼ 0.035, tidal breathing;
p ¼ 0.030).

Next, results were stratified by the atopic status
using sx1� 0.35 kU/L as a cut-off value. Accord-
ingly, nine subjects were classified as atopic.
Baseline, pre-exposure nNO did not differ
between atopic and non-atopic subjects before
sham, variable, or constant ethyl acrylate chal-
lenge, regardless of the measurement technique
used (data not shown).
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Changes in nNO adjusted for the sham condi-
tion (net-response) for both methodological
approaches are illustrated in Fig. 2. In
non-atopic subjects, no significant net-effect on
nNO could be observed after either constant or
variable ethyl acrylate exposure, regardless of the
measurement technique. Atopic subjects
demonstrated a significant increase in nNO
(breath-holding mean 16%, tidal-breathing

method mean 32%) after applying a constant
ethyl acrylate concentration (5 ppm). Differences
in net-ΔnNO in atopics compared to non-atopics
were significant using breath-holding
(p ¼ 0.043). In case of the tidal-breathing tech-
nique, differences due to the atopic status could
also be suggested only after applying a constant
ethyl acrylate exposure pattern (p ¼ 0.067).
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Fig. 1 Bland-Altman plot of agreement between nasal
NO (nNO) measured during breath-holding (BH) and
tidal-breathing (TB) for all time points (n ¼ 162). The
continuous line represents the mean difference and the

dashed lines represent the �2SD for the differences. The
shaded area indicates the values that could be considered
equalin both methods of measurement

Table 2 Intra-session and between-session repeatability of nNO measurement in 27 subjects fort the two different
sampling methods

Repeatability method Mean nNO (ppb) s Coefficient of variation (95% CI)

Intra-session
Breath-holding 654 60 8.6 (6.0–11.2)
Tidal-breathing 411 64 16.4 (11.7–21.1)

Between-session
Breath-holding 641 84 13.0 (9.4–16.7)
Tidal-breathing 394 71 18.5 (12.4–24.5)

S estimate of the mean pooled within SD, Coefficient of variation, estimate of the mean pooled coefficient of variation,
LL lower limit, UL upper limit
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4 Discussion

Reproducibility of clinical tests is an important
consideration in research protocols. It is to stress
that variability is the result of different influences
including analytical impact, technical factors of
collection, and intra-subject variability (Antosova
et al. 2017). In this study we could demonstrate a
better short- and long-term repeatability using the
breath-holding than the tidal-breathing technique
for nNO measurement. In a challenge setting and
referring to comparisons based on groups, the
tidal-breathing technique demonstrated sufficient
performance in detecting nNO changes.

The actual concentration of NO could be
assessed either by chemiluminescence or by elec-
trochemical means. The hand-held electrochemi-
cal analyzer NIOX MINO used in this study is a
reliable, simple to handle analytic tool that
demonstrates the NO values in good agreement
with those obtained by stationary chemilumines-
cence systems (Montella et al. 2011; Maniscalco
et al. 2008). Nasal application of the analyzer
employs an aspiration time of 45 s, a length
shown to be sufficient to obtain measurements at
breath-hold within a steady NO plateau
(Kharitonov et al. 2005). However, even short
interruptions during sampling result in measure-
ment error and require repeated attempts.

Table 3 Changes in nNO (ppb) according to ethyl acrylate challenge condition and measurement mode (n ¼ 27)

Condition

Breath-holding Tidal-breathing

Pre Post Pre Post

0.05 ppm 632 635 335 371
(499–754) (521–764) (241–472) (280–485)

5.0 ppm 603 676* 331 393*
(447–809) (460–788) (234–463) (276–549)

0 to 10 ppm 600 603 311 371
(506–756) (491–749) (246–466) (276–522)

Values are medians (25th – 75th percentile); *Statistically significant from pre-exposure at p < 0.05; paired t-test
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Fig. 2 Net responses of nNO after ethyl acrylate chal-
lenge (mean 5 ppm) using the breath-holding (a) and tidal-
breathing method (b). Ethyl acrylate was applied either in
a constant (5 ppm, open symbols) or variable pattern

(0–10 ppm, solid symbols). Results are adjusted for sham
exposure and stratified according to non-atopics (n ¼ 9,
circle) and atopics (n ¼ 18, rhombus)
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Reservoir and continuous techniques for nNO
measurement can be distinguished. The current
recommended method is the aspiration at a con-
stant flow rate from one naris with gas entrained
via the other naris or orally (ATS/ERS 2005). An
overview of reported normal nNO levels suggests
an inverse flow-dependence with higher NO
levels being related to lower sampling airflow
rates (Antosova et al. 2017; Bartley et al. 1999).
In the present study, air was continuously sam-
pled through an olive application tightly inserted
inside one nostril at a flow rate of 5 ml/s (i.e.,
300 ml/min) as recommended (ATS/ERS 2005).
At a flow-rate of 250 ml/min, mean nNO levels
between 651 and 1,197 ppb were reported
(Ferguson and Eccles 1997) which could be con-
firmed by our results.

The particular sampling mode is another major
influential matter. Nasal aspiration can be
performed during breath-holding, tidal-breathing,
or oral exhalation against a resistance. Lowest
values are reported during quiet exhalation and
methods in which there is a turbulence of nasal
flow as in tidal-breathing. Highest values are
reported in the methods with an elevated velum
as during breath-holding or while exhaling
against a resistance (de Winter-de Groot and van
der Ent 2009). Recently, it has been suggested
that calm breathing through the mouth while
avoiding any kind of breathing through the nose
creates two distinct, independent compartments
(oropharynx and nasopharynx) that are not
connected to each other. Applying this technique,
our results are similar to a mean nNO level of
427 ppb reported by Gelardi et al. (2016) in
32 healthy nonsmoking subjects of the mean age
of 30 years. Antosova et al. (2017), using the
same approach, have also reported an average
nNO value of 379.6 � 170.4 ppb in the right
and 401.6 � 207.8 in the left nostril (n ¼ 141,
mean age 25 years).

Overall, in this study we demonstrate a lower
mean nNO level using the technique of tidal-
breathing compared to breath-holding. An expla-
nation might be the air with a low NO concentra-
tion from the lower respiratory tract diluting the
higher concentration in the nasal area. However,
during breath-holding the velum keeps elevated,

which closes off the nasal passages as
demonstrated by a simultaneously assessment of
CO2 (Bartley et al. 1999). In some subjects simi-
larly high nNO levels are detected using both
techniques. This finding suggests that the velum
may also remain elevated while breathing calmly
through the mouth.

Breath-holding improves the reproducibility of
nNO measurement. At a flow rate of 500 ml/min
and aspiration during breath-holding, the repro-
ducibility of 6.6% at a single point in time, in
terms of coefficient of variation, has been
demonstrated (Bartley et al. 1999). For three con-
secutive measurements during breath-holding at a
flow rate of 300 ml/min a lower mean intra-
subject coefficients of variation of 3.8% has
been reported for breath-holding compared to
9.9% using tidal-breathing (de Winter-de Groot
and van der Ent 2009). Kharitonov et al. (2005)
have demonstrated by applying the breath-
holding technique a repeatability of two and
three consecutive measurements of 6.2% and
7.7%, respectively, in healthy adults with nNO
mean values of about 870 ppb.

Further, we demonstrate that the short- and
long-term repeatability are influenced by the
method used for nNO measurements. We used
the Bland and Altman analysis and evaluated
repeatability in terms of coefficient of variation.
The variance of the measurements repeated
within 4 weeks remained stable indicating the
absence of external factors influencing it. Our
findings are consistent with the results reported
previously. Within-day repeatability of 13.4%
and between-day repeatability (1 week later) of
11.8% have been demonstrated at a flow rate of
500 ml/min and aspiration during breath-holding
(Bartley et al. 1999). A higher within-day than
between-day variability might indicate a system-
atic diurnal variation. The Bland and Altman
analysis also reveals good short- (t ¼ 0–1 h) and
long-term (t ¼ 0–24 h) reproducibility for breath-
holding at a flow rate of 300 ml/min and is
recommended for standardized measurements of
nasal NO (de Winter-de Groot and van der Ent
2009). Boot et al. (2007) have reported the repro-
ducibility of nNO levels for 1 day (coefficient of
variation 16.5%), up to 7 days (coefficient of
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variation 21.5%), and 21 days (38.3%) in patients
with allergic rhinitis. In that study, nNO was
aspirated during exhalation against a resistance
at a flow rate of 300 ml/min. The authors suggest
that a decreasing reproducibility over time might
be due to subclinical seasonal influences. Repeat-
ability data for day-to-day (coefficient of varia-
tion 8.1% morning, 17.5% afternoon), week-to-
week (coefficient of variation 12.3%), and sea-
sonal comparisons (21.0%) have been revealed
when measuring nNO by application of the flow
exhalation technique at a flow rate of 100 ml/min,
using a chemiluminescence analyzer (Stark et al.
2007).

So far, there are few data on nNO as an effect
marker in follow-up, intervention, or challenge
trials. With respect to a possible underlying bio-
rhythm of nNO levels, it is important to consider
the time of measurement for repeatable
measurements during challenge or longitudinal
studies (Dressel et al. 2008; Palm et al. 2000). In
order to avoid misinterpretation of time dependent
variations, our measurements during the sessions
were performed at the same hours. Moreover, con-
trol sham conditions were regularly included in our
challenge studies. Ambient nNO levels were con-
trolled during exposure with ethyl acrylate. There-
fore, any impact of ambient NO on nNO levels as
by other authors (Gehring et al. 2009) could be
excluded in our study. Overall, the present findings
suggest no underlying biorhythm during a 4-h-long
exposure.

We observed similar baseline nNO levels in
atopic and non-atopic subjects. In the subjects
suffering from allergic rhinitis, nNO in the off-
allergen-season has been shown not to be signifi-
cantly different from controls (Henriksen et al.
1999). An association between the nNO level and
the presence and type of sensitization is described in
another study in which nNO increased with the
number of perennial allergens to which subjects
were IgE-sensitized (Krantz et al. 2014).

Concerning the usefulness of nNO in terms of a
biomarker of inflammation, lower nNO levels are
seen when patients with allergic rhinitis were treated
with topic steroids compared to non-treated ones
(Kharitonov et al. 1997). Also, increasing nNO
and fractional nasal (FnNO) are reported under the

influence of a specific allergen challenge in subjects
with allergic rhinitis and mold problems, respec-
tively (Boot et al. 2007). However, after Aspergillus
fumigatus and placebo inhalation, FnNO profiles
are almost identical (Stark et al. 2005). Taking the
effects of a sham challenge into account, we found
in the present study a net increase in nNO after
constant exposure to 5 ppm ethyl acrylate in atopic
subjects. Nasal NO levels have also been shown to
fall after a specific challenge (Serrano et al. 2012).
A decline in nNO may be caused by acute
inflammation-induced nasal congestion, edema,
and secretions, leading to a reduction in NO-rich
air passage through the paranasal ostia. Recently,
we have found that after a constant challenge with
5 ppm of ethyl acrylate, complaints and signs of
nose irritation were in a range of weak-to-moderate
(Hoffmeyer et al. 2016). Thus, we assume that no
severe nasal congestion affecting nNO levels should
be considered in this study.

5 Conclusions

Significant increases in nNO could be
demonstrated in response to ethyl acrylate chal-
lenge with both passive aspiration during breath-
holding or calm tidal breathing. The increases
were consistent in that nearly all subjects
demonstrated a positive net-change and the
mean change exceeded the respective methodo-
logical coefficients of variation. The findings,
restricted to atopic subjects, are in line with our
recent study concerning changes in fractional
exhaled NO (FeNO) after a constant ethyl acry-
late challenge (Hoffmeyer et al. 2017). Our
findings suggest that nNO might be a useful effect
marker and that the less elaborate tidal-breathing
method is sufficient to detect significant changes
at a group level. Further research is needed to
validate the usefulness of nNO in the evaluation
of irritative, non-allergic responses. Given a
lower coefficient of variation of breath-holding
we assume the advantage of that approach at an
individual level.
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