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Characterization of exhaled nitric oxide: introducing a new
reproducible method for nasal nitric oxide measurements
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ABSTRACT: Nitric oxide (NO) is present in the human nasal airways and has been
suggested to originate primarily from the paranasal sinuses. The aim of this study was
to establish a new and reproducible method for measurement of nasal NO.

Through repeated single-breath measurements the intra- and inter-individual
variations of NO levels in nasally (into a tightly fitting mask covering the nose) and
orally exhaled air were determined in healthy humans. Variations due to the methods
used were investigated. The contribution of oral NO to the nasal exhalations by
introducing a mouthwash procedure was also studied.

This study shows distinct individual values of NO in nasally and orally exhaled air
of healthy humans. Some diurnal variability was also found with a rise in NO in
nasally and orally exhaled air over the day, but no, or little, day-to-day variability
when comparing the results from separate mornings. There was no correlation
between NO levels in nasally and orally exhaled air, whereas there was a strong
correlation between NO levels in air exhaled through the left and right nostril. The
levels of NO in air exhaled at 0.17 L-s™ through either nostril separately were higher
than in air exhaled at the same flow rate through both nostrils simultaneously. After
the introduction of a mouthwash procedure the level of NO in orally, but not nasally
exhaled air was reduced.

To conclude the method using nasal exhalation into a nose mask is highly
reproducible. It is also suggested that subtracting the level of NO in orally exhaled air,
after mouthwash, from that in nasally exhaled air, would adequately reflect nasal NO
levels.
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Nitric oxide (NO) is present in orally exhaled air [1]
and in the human nasal airways [2], and has been
suggested to originate primarily from the paranasal
sinuses, where high concentrations have been detected
compared to lower order animals [3—5]. Several studies
have been carried out in order to assess nasal NO levels
quantitatively - both in healthy and diseased states and
after pharmacological treatment [6—13]. Consensus has
been reached on recommendations for nasal NO mea-
surements, suggesting a method of direct nasal aspiration
(or insufflation) [14]. The authors believe, that know-
ledge of normal nasal NO output is limited, and have
therefore attempted to investigate nasal air flow dynamics
further, using a method that may better represent normal
transnasal air flow dynamics and, thus, normal sinonasal
communication. Furthermore, even though the same sam-
pling flow rate has been used, a large variation in normal
values has been reported, using the aspiration technique
[15]. Therefore a setup for nasal exhalation of air into a
tightly fitting nose mask, a method resembling that re-
commended for measurements of NO in orally exhaled
air [16] has been used. Using these methods the levels of
NO in healthy human subjects in nasally and orally ex-
haled air was measured, to determine the normal bio-

logical variation in NO levels and variations due to errors
of measurement. Finally, since it has been shown that
there is a salivary contribution to orally exhaled NO [17],
the effect of a mouthwash procedure on levels of nasally
and orally exhaled NO was studied. All this, in order to
examine the possibility of introducing an alternative
method, where the level of orally exhaled NO is subtract-
ed from nasally exhaled NO, to get a representative value
of nasal NO.

Methods

Measurements of NO levels in nasally and orally exha-
led air at different times of the day and on different
days

Subjects and setting. Fifteen healthy subjects, seven (non-
pregnant) females and eight males, aged 20-30 yrs, were
recruited for the study. Before the trial, each subject’s
medical history was taken, after which an examination was
performed including blood pressure, lung and heart aus-
cultation, and an ear, nose and throat examination. All
subjects were healthy nonsmokers and were not taking any
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medication. They had no history of allergy or other rhino-
logical disease and no one had had a common cold or
sinusitis the month before entering the trial. On rhinoscopy,
no signs of mucosal inflammation or anatomical changes
were noted. After this first examination the subjects were
asked to return to the clinic 1, 3 and 7 days later, at 07:30 h.
The subjects were allowed to rest for =30 min before the
start of the study. All measurements were performed be-
tween 08:00 h and 17:00 h; morning values were collected
between 08:00 h and 10:00 h, midday values between
11:30 h and 13:30 h and afternoon values between 15:00
and 17:00. Measurements were carried out on all subjects
each morning whereas the measurements over the day were
performed on a day randomly selected out of the three
possible. For the duration of the testing the subjects were
confined to three waiting rooms adjacent to the laboratory,
allowed no exercise and given only cold meals (sandwic-
hes) and beverages (sparkling water, light beer), being
served neither coffee nor tea. The procedures employed in
this study have been reviewed and approved by the local
ethics committee.

Measurements of NO in exhaled air. The NO measure-
ments were made with a chemiluminescence technique,
and air sampling was measured according to the recom-
mendations described for orally exhaled NO in the Euro-
pean Respiratory Society (ERS) Task Force Report using a
single-breath exhalation [16]. Briefly, compressed NO-
free air was continuously flushed into a non-diffusing
gas collection bag (Hans Rudolph Inc., Kansas City, USA)
at a rate of 2-3 L-min™'. The bag was connected via a tube
to a Y-piece with a one-way valve, which in turn was ad-
apted to a tightly fitting nose mask. For the measurement
of NO in nasally exhaled air, the subjects (in seated pos-
ition) took a deep breath through the nose, thus, inhaling
NO-free air from the gas collection bag, then nasally ex-
haled against a linear resistance of 50 cmH,O-L™
(Hans Rudolph Inc.) for a period of 15 s into the nose
mask, which was connected to a linear pneumotachymeter
(Hans Rudolph Inc.), where flow and pressure were
measured. A fraction of the exhaled air was sampled into
the NO analyser (Eco Physics model 77 AM, Ecophysics,
Diirnten, Switzerland) at a flow rate of ~0.1 L-min™.
These signals were sent to a computer with specially de-
signed software (Exhaled Breath Analyser, Aerocrine AB,
Stockholm, Sweden) that calculated the mean NO plateau.
The recordings were instantly visualized on a computer
screen, which enabled the subjects to adjust the exhalation
to the flow or pressure curve. The subjects were told to
keep the pressure 9-11 cmH,O throughout the exhalation,
which resulted in a mean flow rate of 0.17 L-s™. The linear
resistance was chosen in order to obtain upward closure of
the soft palate during oral exhalation and keeping the
conditions similar during nasal exhalation with downward
closure of the soft palate. The NO level would show a
stable plateau after an initial peak in all measurements.
The subjects were then asked to repeat the same procedure
with a plug of cotton wool gently introduced by the
examiner first in the subject’s left then right vestibulum of
the nostril, avoiding contact with the nasal mucosa. For
the measurement of NO in orally exhaled air the nose
mask was replaced by a mouthpiece through which the
subjects were first asked to inhale through the mouth
followed by an oral exhalation under the same conditions

as above. All measurements were repeated three times at
each timepoint. The chemiluminescence NO analyser was
calibrated each morning by a standard two-point calibra-
tion using a reference gas of 10 parts per million (ppm)
NO (AGA AB, Lidingd, Sweden). All measurements
were supervised by the same examiner. All subjects com-
pleted the study and no one had to be excluded due to up-
coming disease. Throughout the study, NO concentrations
in ambient air were <1 parts per billion (ppb) and the
baseline drift of the chemiluminescence NO analyser was
<+ 0.5 ppb.

Effects of a mouthwash procedure

Twenty-five healthy nonsmoking subjects, eight (non-
pregnant) females and 17 males, mean age 40 yrs (24-59
yrs) were recruited for this study. The levels of NO in
orally exhaled air was measured twice before, and twice 1
min after a 1-min mouthwash with 2 g (10%) sodium
bicarbonate in 20 mL of distilled water. In this study the
same setup for the measurement of NO in exhaled air was
used as described above, with exhalatlon performed
against a resistance of 100 cmH20 -L"s™ and the subjects
were told to keep the flow rate 0.09-0.11 L-s™', which
resulted in an oral pressure of 10-12 ¢cmH,O0.

Statistics

Nonparametric statistics with two-sided p-values were
used throughout the study, based on the mean NO values at
each time point. For the analysis of repeated measurements
Friedman'’s test was used, and followed by Wilcoxon sig-
ned rank sum test when significant. For correlation ana-
lysis, Spearman rank correlation was used. For sex analysis
Mann-Whitney U test was used. For the analysis of change
in an individual and of methodological variation due to
mouthwash, Wilcoxon signed rank sum test was used,
based on the individual NO values at each time point. A p-
value of <0.05 was considered significant. Statistical ana-
lyses and figures were made using Prism by Graph Pad
Software Inc. (Graph Pad, San Diego, CA, USA). Results
are given as mean+SEM.
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Fig. 1. — NO in nasally (O) and orally (@) exhaled air of fifteen healthy
subjects measured in triplicate at three time-points during one single day,
each separate measurement is presented. No correlation was found
between levels of NO in nasally and orally exhaled air (r=0.004, p=0.99;
Spearman rank correlatlon) FENOO.17: exhaled concentration of NO at
a flow rate of 0.17 L-s™'; ppb: parts per billion.
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Results

NO levels in nasally and orally exhaled air at different
times of the day and on different days

Each subject showed consistent individual values of NO
in nasally and orally exhaled air throughout the study.
Based on measurements at three time-points during one
single day, the separate readings ranged 10-37 ppb in
nasally exhaled NO and 0.5-10 ppb in orally exhaled NO
(fig. 1). Based on the mean of three measurements at each
time-point during one single day NO in nasally exhaled
air ranged 12-32 ppb and in orally exhaled air 0.8-8.5
ppb. Thus, almost a 3-fold inter-individual difference in
nasally exhaled NO and a 10-fold difference in orally
exhaled NO was noted.

There was a slight but significant diurnal variation as
evinced by an increase of NO in nasally exhaled air over
the day. The mean value at midday differed from that in the
morning and there was a trend towards a difference in the
mean afternoon value compared to that at midday (fig. 2a).
There was also a slight but significant increase of NO in
orally exhaled air over the day. The mean value at midday
differed from that in the morning and the mean value in
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Fig. 2. — a) NO in nasally exhaled air of 15 healthy subjects measured at
three times one day, showing a 15% increase over the day (p=0.002;
Friedman’s test). b) NO in orally exhaled air of 15 healthy subjects
measured at three times one day, showing a 23% increase over the da};/
(p=0.001; Friedman’s test). *: p<0.05; **: p<0.01; ***: p<0.001, ™:
p=0.6 compared to previous time-point; Wilcoxon signed rank test).
FENOO0.17: exhaled concentration of NO at a flow rate of 0.17 L-s™'; ppb:
parts per billion.
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Fig. 3. — a) NO in exhaled air of 15 healthy subjects as measured from
first both nostrils and then the right and left nostril separately. Values are
presented as the mean of measurements at three time-points on one
single day. *: p<0.05; Wilcoxon signed rank sum test. b) Correlation of
NO in nasally exhaled air of fifteen healthy subjects measured between
the right and left nostril. Values are presented as the mean of measure-
ments at three time-points on one single day (r=0.87, p<0.0001;
Spearman rank correlation). FENQo.17: exhaled concentration of NO at
a flow rate of 0.17 L-s™'; ppb: parts per billion.

the afternoon differed from that at midday (fig. 2b).
Notably, the increase over the day was consistent in all
subjects.

There was no day-to-day variation in nasally exhaled NO
levels on three different mornings (20+1.4, 21+£1.5, 19+1.7;
p=0.15; Friedman’s test). However, there was a slight but
significant difference in orally exhaled NO levels on the
three mornings (3.2+0.5, 3.4+0.6, 2.7+0.5 ppb; p<0.05;
Friedman'’s test). The mean value on the morning of day 7
differed from that on day 3, that is, the Monday differed
from the Thursday (p<0.05; Wilcoxon signed rank sum
test). Methodological variability as described by the
within-subject coefficient of variance (CV) of NO in
nasally exhaled air based on the morning values the day the
subject was to be further analysed over the day was 5.1+
0.8%; (0.6-10%) and in orally exhaled air was 9.0+1.0%;
(4.0-17%)).

Correlation statistics and sex analysis was performed,
based on the mean of measurements at three time-points
during one day. There was no correlation between nasally
and orally exhaled NO levels (r=0.004, p=0.99; Spearman
rank correlation). A slight difference was seen when NO
levels in air exhaled through both nostrils to those in air
from either the right or the left nostril were compared (fig.
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Fig. 4. — NO in nasally ((J) and orally (N) exhaled air of eight healthy
males and seven healthy females. Values are presented as the mean of
measurements at three time-points on one single day. Ns: nonsignificant;
*: p=0.01, Mann Whitney U test; F: female; M: male; FENOo.17: exhale
concentration of NO at a flow rate of 0.17 L-s™'; ppb: parts per billion.

3a). Notably, if the mean NO output values (nL-min™') in
air exhaled through the right and left nostril were added
the levels would be more than double, compared to
exhalation through both nostrils at the same time, with a
percentage increase of 115%. There was a strong cor-
relation between levels of NO in air exhaled through the
right or left nostril (fig. 3b). There was a difference
between males and females in levels of NO in orally
exhaled air but no difference in nasally exhaled air (fig.
4). There was no correlation between body surface area
and NO in nasally or orally exhaled air (r=-0.33, p=0.22
and r=0.33, p=0.22 respectively; Spearman rank correla-
tion).

Effects of a mouthwash

The levels of NO in nasally exhaled air were unaffected
by the mouthwash, whereas there was a 19% reduction of
NO in orally exhaled air after the mouthwash procedure
(fig. 5). Furthermore, there was a 22% reduction of the
methodological variability as described by the within-
subject CV of NO in orally exhaled air before and after
mouthwash (12+1.1 versus 10+0.9; p<0.0001; Wilcoxon
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Fig. 5. — a) Consistent levels of NO before and after mouthwash in
nasally ({J) exhaled air and a 19% reduction in levels of NO in orally
(N) exhaled air of 25 healthy subjects after mouthwash. Ns: nonsigni-
ficant; *: p<0.0001, Wilcoxon signed rank sum test; FENOo.10: exhaled
concentration of NO at a flow rate of 0.10 L-s™'; ppb: parts per billion.

signed rank sum test). Thus, the mouthwash procedure
reduces both oral contribution to and methodological
variation in the measurements of NO in orally exhaled air.

Discussion

This study aimed to characterize diurnal and day-to-day
biological variability in exhaled NO levels and to assess
the feasibility of improving the accuracy of the measure-
ment technique itself by using a mouthwash procedure and
introducing an alternative method for the measurement of
nasal NO.

Nasal (supravelum) measurement techniques have been
extensively discussed and consensus has been reached on
what methods should be used [14, 16]. However, no clear-
cut explanations of what is being measured and why
different measurements yield different NO outputs at
different flow rates have been put forward [15, 18, 19]. In
the present study healthy young subjects performing ex-
halations in a highly reproducible way were examined.
When applying this single-breath method to patients with
disease, greater variations in the exhalations will probably
be accepted, and must therefore expect a larger variabili-
ty in measurements. The proposed subtraction method
might offer a step in the right direction towards re-
producibility, but requires participation of the studied
subject, elimination of oral NO and at least two mea-
surements. If nasal NO measurements find their way into
daily clinical practice, perhaps different methods will be
preferable in various situations.

Anatomical variations such as supravelum space volume
and sinus ostiae diameter, as well as metabolic or dietary
factors may influence NO output in the airways. There
may also be a variation in inducible NO synthase (iNOS)
expression in the airway epithelium between subjects,
independent of inflammatory processes [20, 21]. The
individual NO values were consistent over one week for
both orally and nasally exhaled air. This may indicate that
it would be preferable for subjects to be their own con-
trols in studies on exhaled and nasal NO in small numbers
of patients.

Diurnal variation, with a rise in the NO levels in nasally
and orally exhaled air over the day might be explained by
dietary [17] as well as metabolic factors. A reduced level
in the morning might be attributed to exercise (walking)
[22], but the resting time allowed in this study should
have ruled this out.

The high day-to-day repeatability indicates that the
methods used in this study for measurements of exhaled
and nasal NO were robust. Interestingly, a reduction in the
average orally exhaled NO level was noted on the morning
of day 7, which was a Monday. This may indicate a rela-
tionship between NO and stress or exposure to environ-
mental factors like allergen or pollution [23, 24]. The
authors conclude that this reduction was not due to drift in
the setup, since some subjects showed a decrease while
others showed an increase between the days 3 and 7.

A sex difference in orally exhaled air, with lower levels
of NO in females, supports the findings in at least two
previous studies [25, 26] and may be due to dietary or
metabolic factors. That the difference between males and
females is related to sex, and not to height and weight, is
supported by the finding that there was no correlation
between body surface area and oral or nasally exhaled
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NO, suggesting a nonlinear relationship between body
surface area and exhaled NO levels. This may indicate
that subjects and controls will have to be matched with
regard to sex but not to height or weight in future studies
on exhaled NO and when establishing normal values.

The levels of NO in nasally exhaled air were higher
when the subject exhaled with the same volume flow rate
through the right or the left nostril separately than when he
or she exhaled through both nostrils at the same time. This
result was unexpected. Spillover from the occluded side
behind the nasal septum cannot explain this, because the
levels should still be reduced compared to exhaling thr-
ough both nostrils. Even though a higher air speed will
generally lead to a greater probability for turbulence near
the nasal mucosa, and thus possibly an increased gas
exchange, it is hypothesized that the increased air speed
when the subject exhaled through only one nostril, leads to
larger contribution from the paranasal sinuses, where large
NO reserves are present. A larger contribution from the
sinuses could be explained by a more turbulent flow gen-
erated around the nasal conchae leading to increased
negative pressure outside paranasal sinus ostiae. This may
indicate that air speed will have to be taken into con-
sideration in future nasal NO measurements and that
different methods at different volume flow rates measure
different aspects of nasal NO release. Interestingly, two
studies on allergic rhinitis show an increase in nasal NO [6,
27], while two show no difference in nasal NO [7, 12].

The rationale for the proposed definition of nasal NO in
this study as the mean level of NO in orally exhaled air
after mouthwash subtracted from the mean level of NO in
orally exhaled air after mouthwash subtracted from the
mean level of NO in nasally exhaled air could briefly be
described as follows: NO in nasally exhaled air may
originate from three constantly connected and presumably
NO producing airway compartments: 1) the nasal cavity,
paranasal sinuses and nasopharynx (supravelum space); 2)
the passage through the oropharynx, including the poster-
ior side of the lowered soft palate; and 3) the lower airways
from hypopharynx and below. NO in orally exhaled air
may also originate from three compartments: 1) the oral
cavity; 2) the oropharynx, including the anterior side of an
elevated soft palate; and 3) the lower airways from
hypopharynx and below. If we assume the contribution to
levels of NO in nasally exhaled air from the fairly small
region of the oropharynx with the posterior side of a
lowered soft palate to be equal to the contribution to levels
of NO in orally exhaled air from the oropharynx with the
anterior side of an elevated soft palate. And, if it is assumed
that the contribution from the lower airways from the
hypopharynx and further down, to be equal when in
nasally and orally exhaled air, and if, finally, it is assumed
that the contribution from the oral cavity to be reduced to
~0 after mouthwash [17], the contribution from the nasal
cavity, paranasal sinuses and nasopharynx (supravelum
space) equals NO in nasally exhaled air minus the levels
of NO in orally exhaled air after mouthwash. Further-
more, it may be that nasal NO output is more dependent
on airflow dynamics than the concentration gradient
between luminal air and airway mucosa. Assuming this is
the case it would be acceptable to subtract as suggested.
However, in clinical practice an optimal mouthwash
solution will be needed, reducing oral contribution to
exhaled NO to zero.

An advantage of the suggested nose-mask method for
the recording of nasal NO compared to the method using
direct nasal aspiration as recommended by the ATS [14] is
the better possibility of inhalation of NO-free air in times
of and places with high ambient NO levels [28, 29]. High
ambient levels of NO could also be a reason to add a
second nasal olive for the introduction of NO-free air to
the ATS recommendations. Furthermore, when the alter-
native recommended method of insufflating air into one
nostril [14] was used, some of the healthy controls in
study 1 could not tolerate the flow rate of 3 L-min™' due to
discomfort and failed to keep the soft palate closed (un-
published data). The authors also detected a significant
difference in nasal NO levels when using two nasal olives
of different inner diameter, possibly due to changes in the
turbulence of the transnasal airflow (unpublished data).
Thus, it could be argued that a nasal exhalation better
reflects normal physiological conditions for transnasal
airflow than the aspiration/insufflation methods. The
single-breath method is widely accepted for oral exhala-
tions and the nose-mask was well tolerated [19] and easily
adapted to the setup for oral measurements.

The finding that a mouthwash procedure reduces oral
contribution to the measurements of NO in orally exhaled
air was expected and confirms the findings of ZETTERQUIST
et al. [17]. This, together with the reduction in metho-
dological variation, indicates that elimination of oral NO
would be preferable in future studies on orally exhaled
NO. The reason the mean methodological variability of
orally exhaled NO was lower without mouthwash in
study 1 than in study 2, both before and after mouthwash,
might be the use of a higher flow rate and the subjects
acquiring skills due to the large amount of repeated
measurements undertaken.

In conclusion, this study shows that the NO levels in
nasally and orally exhaled air of healthy human adults are
clearly individual, with almost a 3-fold inter-individual
difference in levels of NO in nasally exhaled air and a 10-
fold inter-individual difference in levels of NO in orally
exhaled air. This study also shows a rise in the NO levels in
nasally and orally exhaled air over the course of the day. A
relative consistency between the levels measured on three
separate mornings but with a significant decrease after the
weekend in orally exhaled air was also observed. Also
shown in this study is a sex difference in orally exhaled air,
with lower levels of NO in females, which was not related
to body surface area. The levels of NO in nasally exhaled
air were higher when subjects were exhaling through either
the right or the left nostril separately than when they
exhaled through both nostrils at the same time, despite
similar volume air flow. The mouthwash procedure did not
influence levels of nasally exhaled NO, whereas it reduced
both oral contribution to and methodological variation in
the measurements of NO in orally exhaled air. The authors
conclude that the suggested subtraction method is a valid
and highly reproducible method for the measurement of
nasal NO.
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