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ABSTRACT: The aim of this study was to compare exhaled nitric oxide concen-
trations obtained during controlled slow exhalation, presently considered as the
method of choice, with two sampling methods that are easily performed by children:
blowing air into a balloon and tidal breathing through a mouthpiece.

One hundred and one well controlled, stable allergic asthmatic children (median
age 11.7 yrs) performed the following tasks in duplicate: 1) exhalation from total lung
capacity through a mouthpiece against a resistor with a standardized flow rate of 20%
of the subject’s vital capacity per second, using a biofeedback system; 2) a single deep
exhalation into an NO-impermeable mylar balloon; and 3) tidal breathing through a
low resistance mouthpiece over 2 min. NO was measured using a chemiluminescence
analyser.

Twenty-nine children (29%) were not able to perform a constant-flow exhalation of
at least 3 s. All children performed the balloon and tidal breathing methods without
difficulty. NO concentrations (means+sem) were 5.3+0.2 parts per billion (ppb) at the
end-expiratory plateau, 5.2+0.3 ppb in balloons (intraclass correlation coefficient
(r;)=0.73) and 8.0+0.4 ppb during tidal breathing (p<0.001, r;=0.53 compared to
plateau values). Mean values of NO during tidal breathing increased significantly with
time, suggesting increasing contamination with nasal air.

It was concluded that, in asthmatic children, the end-expiratory plateau concen-
tration of nitric oxide during exhalation at 20% of the vital capacity per second is
similar to the values obtained with the balloon method, with satisfactory agreement,
but differs from values obtained during tidal breathing. The balloon method is cheap,
simple and offers the interesting possibility to study exhaled nitric oxide in young
children independently of the presence of a nitric oxide analyser.
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Invasive procedures such as bronchoscopy and broncho-
alveolar lavage (BAL) have greatly enhanced the under-
standing of the role of inflammation in asthma [1-3]. In
young children, BAL is generally not acceptable for
research, diagnosis and monitoring purposes. A non-
invasive method to assess the presence and severity of
airway inflammation is important for this group [4].
GUSTAFSSON ef al. [5] demonstrated that nitric oxide can
be detected in the exhaled air of animals and humans. NO
is produced by various cells within the respiratory tract,
and plays an important role in the pathophysiology of
inflammatory airway disease [6, 7].

In recent years, the measurement of NO in exhaled air
has been studied for its potential as a marker of airway
inflammation in both diagnosis and management. In-
creased amounts of NO have been detected in the exhaled
air in humans with various inflammatory airway disorders
[8—12]. There is persuasive evidence that levels of NO are
decreased by anti-inflammatory therapy [13—16]. How-
ever, different groups have reported widely varying levels
of exhaled NO in similar patient groups and in healthy
subjects, probably owing to differences in methodology
[17, 18].

In an attempt to standardize NO measurement in exhal-
ed air, a European Respiratory Society (ERS) task force
report was recently published [18]. In adults and children
(from the age of 6 yrs), a slow exhalation from total lung
capacity (TLC) through a mouthpiece with a constant
flow against a resistance was recommended for the
measurement of NO in exhaled air. It appears, however,
that children may have difficulty maintaining a fixed
flow. As recommended in the ERS task force report, a
balloon method, a simple technique which is easily per-
formed by children, was used in this study to measure
exhaled NO. Others have proposed a tidal breathing
method with measurement of NO in the mixed expired air
during resting ventilation, with or without a fixed resistor
in the expiration circuit [8, 19, 20]. Comparison between
these different sampling methods in subjects is needed.

The aim of this study was to compare in subjects: 1)
single exhalation from TLC with a constant flow against a
resistance; 2) single uncontrolled deep expiration into a bal-
loon; and 3) continous sampling of exhaled air during tidal
breathing without expiratory resistance. Furthermore, the
short term reproducibility of NO measurements in exhaled
air with the different sampling methods was assessed.
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Patients and Methods
Study population

One hundred and one stable asthmatic children (67
males and 34 females) attending the outpatient clinic for
paediatric respiratory medicine at Sophia Children’s Hos-
pital were included. Their median age was 11.7 yrs (range
7.0-17.6 yrs). Asthma was diagnosed on clinical grounds
and according to international guidelines [21]. All had
bronchial hyperresponsiveness (a provocative dose of
inhaled methacholine that produced a 20% fall in forced
expiratory volume in one second (PD20) of <150 ug)
documented in the past, and had allergy as documented
by a radioallergosorbent test (RAST) class 2 or higher for
at least one common airborne allergen. Appropriate
therapy was prescribed by the patient's own physician,
and had not been changed during the 3 months preceding
the study. All subjects used an inhaled bronchodilator on
demand, 90 (89%, 60 males and 30 females) used an
inhaled corticosteroid (mean dose 400 pg-day™ budeso—
nide or beclomethasone, range 100—1,500 pg-day 1, and
23 used long-acting P-agonists. All were lifelong non-
smokers and were clinically stable. None of the subjects
reported symptoms of acute respiratory infection within
the month before NO was measured. The study was
approved by the medical ethics committee of the uni-
versity hospital.

Lung function

All subjects underwent flow—volume measurements
immediately before NO was measured. Flow—volume cur-
ves were obtained in triplicate, using a Lilly-type pneu-
motachograph (Masterlab Jaeger, Wiirzberg, Germany).
Results of forced expiratory volume in one second (FEV1)
and forced (expiratory) vital capacity (FVC) were ex-
pressed as percentage predicted [22].

Exhaled air sampling and nitric oxide measurement

All subjects performed three different expiratory man-
ocuvres in duplicate, always in the same order.

A single slow exhalation. Children were instructed to per-
form a slow exhalation from TLC through a mouthpiece and
atwo way nonrebreathing valve (Rudolph Inc., Kansas City,
MO, USA) into a W1de bore teflon tube agamst an inline
resistor (20 cmH,O-L™'-s, Rudolph Inc.) with an individ-
ually standardized flow rate of 20% of the subject’s vital
capacity (VC) per second. A biofeedback exhalation flow
display provided visual guidance to help the subject
maintain their exhalation flow at the desired level. The
mean end-expiratory NO level was measured in dupli-
cate from air sampled from exhalation at 200 mL-min™'
via teflon tubing during an end-expiratory flow plateau
of at least 3 s.

One single deep expiration into a balloon. Subjects were
asked to take a deep breath, not necessarily to TLC, and
to perform one single deep exhalation via a plastic tube
(length 5 cm, 3.7 mm i.d.) into an NO impermeable

mylar balloon (maximum capacity 1,750 mL). Flow and
pressure were not monitored, but with the balloon filling
in 3-5 s, to a volume of 1,250-1,750 mL, flow rates
would range 250600 mL-s™. Preliminary measurements
showed that, during balloon blowing, oral positive pres-
sure was always >6 cmH,O0, sufficient to close the vel-
um and prevent nasal contamination of exhaled air. Gas
was sampled from the balloon within 15 min after fill-
ing. The mean NO concentration was measured durlng
30 s of sampling from the balloon (at 200 mL-min™").
This manoeuvre was performed in duplicate.

Tidal breathing. Subjects performed 2 min of quiet tidal
breathing through a mouthpiece connected to a two-way
nonrebreathing valve into a wide bore low resistance tef-
lon tube, where gas was continuously sampled via a side
port at 200 mL-min™". The mean NO value of the first
minute and of the second minute were calculated by
computer.

All measurements were performed with the children
seated. All children were allowed 2 min rest between the
different expiratory manoeuvres to restore resting condi-
tions of ventilation. They did not wear a noseclip. To
exclude the effect of high ambient NO levels on the level
of exhaled NO, all tests were performed with ambient NO
concentrations <10 parts per billion (ppb). Preliminary
experiments demonstrated that NO concentrations in mylar
balloons remained stable for at least 6 h. NO was measured
with a chemiluminescence analyser (Sievers 280, Boulder
CO, USA) with a sampling flow rate of 200 mL-min™" and
a response time of 200 ms. The analyser was regularly
calibrated according to the manufacturer's guidelines,
using certified NO gases (100 ppb and 9 ppm) and certified
NO-free gas (HoekLoos, Barendrecht, the Netherlands).

Data analysis

Data of NO concentration and flow rates were entered
into a computer at a sampling rate of 20 Hz. Mean values
of NO concentrations at selected time intervals were
calculated afterwards by means of a custom data proces-
sing program. Data are presented as mean+seM. End-expi-
ratory NO during exhalation from TLC with a continuous
flow was taken as the gold standard. The agreement of the
balloon method and the tidal breathing method with end-
expiratory levels was assessed according to BLanp and
ArtMan [23]. As these plots indicated that the outcome
variability increased with increasing NO levels, further
analysis was carried out using logarithmically trans-
formed data. Mean data from the different methods were
compared using the Student t-test for paired samples. To
characterize the agreement between methods, intraclass
correlation coefficients (r;) were calculated [24]. The
same methods were used to analyse within-subject repro-
ducibilities. A two tailed p-value <0.05 was considered as
significant.

Results

Lung function measurements showed near-normal mean
values (mean+sem): FVC 103+2% predicted, FEV1 94+2%
pred. Twenty-nine children (29%) (mean age 11.0 yrs,
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range 7.3—-16.3 yrs) were not able to sustain a stable end
expiratory flow plateau of at least 3 s. In contrast, all chil-
dren performed the balloon method and the tidal breathing
method without any difficulty. In the 72 stable asthmatic
children (mean age 12.1 yrs, range 7—17.6 yrs) who perfor-
med the three different procedures successfully, NO con-
centrations (median (range)) were 5.0 (2.3—12.8) ppb at the
end expiratory plateau; 4.8 (2.2—-17.2) ppb from balloons;
and 7.8 (2.7-20.0) ppb during tidal breathing (p=0.43 and
p<0.001, respectively, compared to plateau values).

The within-method short-term reproducibility of dupli-
cate NO values obtained at the end-expiratory plateau and
from balloons was excellent (r;=0.90 and 0.91, respecti-
vely). The reproducibility of the tidal breathing method
was less (1;=0.85). With tidal breathing, consistently higher
mean NO concentrations were found during the second
minute than during the first minute (8.5 ppb versus 7.5
ppb), the difference being dependent on mean NO concen-
tration. The mean of all individual coefficients of variation
of all NO values was 7% for the end-expiratory plateau,
7% for the balloon method, and 22% for the tidal breathing
method. Ninety per cent of all within-subject coefficients
of variation were <15% for the end-expiratory plateau,
<12% for the balloon method, and <81% for tidal
breathing.

Comparison of the average NO (duplicate measure-
ments) obtained at the end-expiratory plateau and from
balloons showed a statisfactory agreement between the two
sampling methods (1;=0.73) (fig. 1), and this was similar if
the first NO measurements only were considered (r;=
0.72). The geometric mean ratio of NO values obtained at
the end-expiratory plateau and with the balloon was 1.05
ppb with 2.5 and 97.5 percentiles of 0.60 and 1.60 ppb,
respectively (fig. 2), indicating no systematic error and
good agreement. In contrast, a poor agreement was found
between the NO values obtained with the tidal breathing
method and at the end expiratory plateau, with r=0.52 for
duplicate measurements, and r;=0.53 for single measure-
ments (fig. 3).
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Fig. 1. — Comparison of exhaled nitric oxide concentrations obtained
during a single exhalation at a fixed flow of 20% of vital capacity per
second and values measured in mylar balloons filled with a single deep
exhalation. Data are from 72/101 children who were capable of per-
forming both methods. there is good agreement with an r; of 0.73. The
line represents line of identity. Note the logarithmic scale.
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Fig. 2. — Ratios of exhaled nitric oxide concentrations obtained from
mylar balloons and at an end-expiratory plateau during exhalation with
constant flow of 20% of vital capacity per second (logarithmic scale),
plotted against their means. The average ratio is 1.05; horizontal lines
indicate the 2.5-97.5 percentile range. A good agreement was noted
with no systematic error. ppb: parts per billion.

Discussion

This is the first study in children that has compared
different sampling methods for exhaled NO. Thirty per
cent of the children studied were not able to perform the
recommended sampling procedure of single slow exhala-
tion with a constant flow against a resistance. This under-
lines the importance of developing alternative methods for
use in children. Until recently, measurement techniques for
expired NO were not standardized. Values have been
obtained for peak expired NO, end-expiratory plateau
levels, mixed expired levels during tidal breathing and NO
production over time. This study compared three different
NO measurement methods in stable asthmatic children,
using controlled exhalation with constant flow as a gold
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Fig. 3. — Comparison of exhaled nitric oxide concentrations obained at
the end-expiratory plateau during a single exhalation at a fixed flow of
20% of vital capacity per second and the mean concentration of exhaled
NO during 2 min of quiet tidal breathing. Data are from 72/101 children
who could perform both methods satisfactorily. There is poor agreement
with an 1;=0.52; NO values during tidal breathing showed an increase
over time. Note the logarithmic scale. ppb: parts per billion.
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standard. Satisfactory agreement and no significant differ-
ences were found between the end-expiratory plateau value
of NO during exhalation at 20% of VC per second and NO
values obtained from a balloon. However, there was a
highly significant time and concentration-dependent differ-
ence between NO values during tidal breathing and at the
end-expiratory plateau, suggesting that sampling during
tidal breathing without expiratory resistance has limited
value in children.

Relatively low NO values were found in well controlled
asthmatic children, most of whom used inhaled steroids.
This is in agreement with a number of other studies
showing that inhaled steroids normalize exhaled NO in
asthmatics [11, 13, 15].

Regarding the feasibility of slow exhalation with con-
stant flow, the present results are different from those of
BALFOUR-LYNN et al. [25], who reported single slow ex-
halations against a resistance by 63 children with cystic
fibrosis and 57 normal children aged 617 yrs. However,
they did not control for the exhalation flow rate or
pressure. As the concentration of NO depends on air flow
[26, 27], maintaining a constant expiratory flow is now
considered important [18].

Other studies have measured NO in mixed exhaled air,
collected in a reservoir during tidal breathing [19, 20]. In
the present study, mean exhaled NO values obtained with
the tidal breathing method were significantly higher than
those obtained with the other two methods and increased
with time. This could well be due to contamination from
nasal NO. During tidal breathing, NO may diffuse from
the upper airways and contaminate orally exhaled air, as
the soft palate opens during inspiration [26, 28]. Although
contamination of orally exhaled NO by nasal NO can be
prevented by single exhalations against a resistance [26,
29], an expiratory resistor was not used during tidal
breathing. The palate will open during tidal inspiration
regardless, thereby allowing for contamination with nasal
NO.

No significant differences, and a good agreement were
found between the concentration of NO in balloons and dur-
ing controlled single exhalations. Balloon filling through
the resistor tube produced at least 6 cmH,O positive
pressure in the mouth, which will close the soft palate. This
has been previously demonstrated in studies using argon
gas, a tracer applied to the nose that was not retrieved in
either the exhaled air or in balloons [30, 31].

The balloon method collects air not only from the
alveolar compartment, but also from the dead space. The
potential effect of the dead space on the NO concentration
in the balloon is a point of concern, as the concentration of
NO in the dead space may be relatively high, causing an
initial NO peak during slow exhalations. However, no
systematic difference was found between the balloon
method and single exhalations with constant flow. This
may partly be explained by the fact that children have a
smaller dead space than adults which, with a similar
balloon volume, will have a smaller effect on mixed NO
values. To prevent accumulation of NO in the airways and
nasal NO entering the dead space compartment, care was
taken that the NO in the ambient air was kept <10 ppb, that
children inhaled through the mouth, and exhaled immed-
iately without breath holding. Another point of concern in
the balloon method is the lack of flow standardization.
However, the short-term reproducibility of NO data

obtained with the balloon method appeared excellent,
and corresponded well with end-expiratory plateau NO
levels during exhalation at a constant flow. This may be
explained by the relatively high flow rate used in both
methods; it is evident that flow dependency is most
important with very low flow rates of approximately =200
mL-min” [26], whereas dependency is much less at
higher flow rates such as that employed in the present
study. It may be advantageous to adapt the balloon meth-
od for lower, controlled flow rates, although this would
require a more complicated system and better cooperation
and skills from the children [31, 32].

Recently, DEYKIN ef al. [33] demonstrated that repeated
spirometry may induce a slow onset, prolonged fall in
exhaled NO. In the present study spirometry was per-
formed immediately before NO sampling and may have
introduced a bias. However, all measurements were
always performed in the same order, mostly within 15
min, whereas the maximal fall in NO after spirometry
reported by DEYKIN ef al. [33] occurred after 30 min; fur-
thermore, an excellent within-method short-term repro-
ducibility of single exhalations and balloons, without a
downward trend, was found in the present study.
Therefore, it is believed that the possible systematic
error induced by the spirometry does not invalidate the
results from this study.

In conclusion, a simple and reproducible method of
measuring exhaled nitric oxide in balloons was described,
producing results that are similar to the values obtained at
an end-expiratory plateau. The balloon method is feasible
in young children and has the additional advantage that it
can be carried out independent of the presence of a nitric
oxide analyser.
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