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ABSTRACT

Nitric oxide (NO) in exhaled air is believed to reflect allergic
inflammation in the airways. Measured levels of exhaled NO
vary with the exhaled flow rate, which therefore must be stan-
dardized. The aim of this study was to estimate the optimal
exhalation flow rate when measuring NO in exhaled air. We
studied 15 asthmatic children (8-18 y) with elevated NO levels
and 15 age-matched controls and focused on how the quality of
the NO curve profile, the discriminatory power, and the repro-
ducibility were influenced by the exhalation flow rate. We used
an on-line system for NO measurements at six different exhala-
tion flow rates in the interval of 11-382 mL/s. The fraction of
exhaled nitric oxide (FENO) was highly flow-dependent as was
expected. Intermediate flow rates yielded a flat and stable NO
plateau and were considerably easier to interpret than those
obtained at the highest and lowest flow rates. The ratio of FENO

The presence of nitric oxide (NO) in exhaled air was first
reported in 1991 (1) and soon after, it was discovered that
asthmatics have higher levels of exhaled NO compared with
controls (2, 3). These findings have evoked great interest
because monitoring the fraction of expired NO (FENO) may be
useful in the management of asthma (4), especially in children,
for whom noninvasive methods are preferable (5).

It has been shown that NO is mainly synthesized in the
epithelial layer in the conducting airways (6—8). This being the
case, the concentration of NO in exhaled air will be highly
dependent on exhalation flow rate (9—11). Thus, there is a need
to standardize the NO measurements, particular with respect to
flow rate. However, previous (4) and current (12) recommen-
dations on exhalation flow rate have not been based on exper-
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between asthmatics and controls was lower at higher flow rates
and a considerable overlap in NO values was demonstrated at all
flow rates except 50 mL/s. The reproducibility was much lower
at more extreme flow rates and was best at 50 mL/s. We conclude
that a target exhalation flow rate of approximately 50 mL/s is to
be preferred using the single-breath method for on-line NO
measurements in schoolchildren. (Pediatr Res 52: 393-398,
2002)

Abbreviations
NO, nitric oxide
FENO, fraction of expired nitric oxide
ppb, parts per billion
CV, coefficient of variation

imental data, but are compromises based on practical/technical
issues.

We therefore investigated the quality of the exhaled NO
curve profile, the reproducibility, and the discriminatory power
of the NO values at six different exhalation flow rates in a
sample of asthmatic schoolchildren with elevated levels of NO
and age-matched controls.

MATERIALS AND METHODS

Subjects. Fifteen children (aged 8—18, mean 14 y), three
girls and twelve boys, with asthma and elevated NO levels
(>10 ppb at exhalation flow rate 150 mL/s) were recruited
from the Allergy clinic at Astrid Lindgren Children’s Hospital,
Karolinska Hospital.

Thirteen of these children had atopic asthma and were
sensitized to furred pets, pollen, or house dust mite. Atopy was
evaluated by skin prick testing. Five subjects were steroid-
naive. Mean dose of inhaled steroids was 305 ug/d in steroid-
treated patients. A brief structured interview regarding symp-
toms was performed on the day of examination. Fifteen
nonatopic, nonasthmatic children (aged 8—18, mean 12 y), six
girls and nine boys, without history of atopy or heredity for
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atopic disease served as controls. They were selected regard-
less of NO levels.

Subjects were not allowed to show any sign of an upper
respiratory tract infection. Pubertal girls were not examined
during menstruation. All children were nonsmokers. All sub-
jects completed the study. Medication and other subject char-
acteristics is described in Table 1.

Nitric oxide measurements. Measurements were performed
in accordance with international recommendations for on-line
NO measurements previously described in the European Re-
spiratory Society Task Force Report (4). The children exhaled
at six targeted flow rates (10, 20, 50, 100, 200, and 500 mL/s).
We used the Aerocrine NO system (Aerocrine AB, Stockholm,
Sweden), including the CLD 77 AM chemiluminescence ana-
lyzer from Eco Physics AG for on-line NO measurements and
monitoring of pressure. The sensitivity of the analyzer is 0.1
ppb, the rise time 0% to 90% is 0.1 s, the sampling flow rate
110 mL/s, and the machine lag time from the mouthpiece 0.7 s.
The children were comfortably seated, inhaled NO-free air
from a reservoir and subsequently exhaled against different
linear resistors (Hans Rudolph Inc, Kansas City, MO, U.S.A.).
The target oral pressure at the different flow rates was 10
cmH,0. As support in this maneuver the children were given
a target pressure between two indicator lines at 8 and 12
cmH,0. To determine NO levels at six different flow rates,
resistors were changed between exhalations. We used the
following resistors: 20, 50, 100, 200, 500, and 1000 (500+500)
cmH,O/mL/s. Three consecutive exhalations were performed
at each flow rate.

Flow was calculated as the ratio between pressure and
resistance and was corrected for analyzer sample flow rate. The
duration of the exhalation varied with exhalation flow rate and
lung capacity. All pressure and NO signals from each exhala-
tion maneuver were stored in the computer system and re-
displayed for further analyses.

NO calculations. Mean FENO was calculated during an
FENO plateau of 3 s. However, since the smaller children had
limited capacity to exhale long enough at the highest flow rate,
an approximated plateau of at least 1 s had to be accepted in
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these cases. A plateau was considered when FENO did not
vary more than 10% or = 1 ppb.

Statistical calculations. Data are expressed as geometrical
mean. We used Prism 3™ software (Graph Pad Software, Inc.,
San Diego, CA, U.S.A.) for statistical analyses. Since NO
values have been suggested to be normally distributed (13)
after logarithmic transformation, differences between groups
were studied by calculating the ratio of geometric means of
FENO and NO output. When studying the NO scatter diagrams
at each flow rate, we chose to present the discriminatory gap as
the difference between the highest, separate, or mean NO value
in the control group and the lowest value in the asthmatic
group. Hence, a negative figure will represent a free interval
(no overlap between groups). ¢ test was used to calculate
significances. Reproducibility was examined as the coefficient
of variation (CV). The time to plateau was defined as the
approximate exhalation time (s) to the beginning of an accept-
able NO plateau.

Ethics. The study was approved by the regional ethical
committee at the Karolinska Institutet and the children and
their parents gave their informed consent before inclusion.

RESULTS

Exhaled NO curve profiles. With the resistors used, the
resulting calculated mean flow rates were 11, 21, 50, 99, 181,
and 382 mL/s. The mean oral pressure for all exhalations was
9.8 (£0.4) cmH,O (corresponding oral pressure from the
lowest to highest flow rate was: 10.1, 9.9, 10.0, 9.8, 9.6, 9.1
cmH,0). The exhaled NO curve profile showed typical pat-
terns at different flow rates.

At the highest flow rate (382 mL/s), most children had a
peak in FENO during the first third of the curve followed by a
slightly down-sloping plateau (Fig. 1a). No initial NO peaks
were seen at flow rates <99 mL/s and the NO curve rising time
increased with decreasing flow rate (Fig. 1c). At the lowest
flow rate (11 mL/s), there seemed to be two plateaus in some
cases (not shown). Even though the first plateau phase stayed
within the 10% of variation definition, it slightly rose to a

Table 1. Subject characteristics of children with asthma and healthy controls

Asthmatics Controls
Inhaled steroids Ongoing asthma
Age Sex Atopy Medication ng/day symptoms Age Sex
17.2 M yes No medication 0 No 15.9 M
18.3 M yes No medication 0 No 10.8 M
11.0 M yes Budesonide 100 Yes 18.7 M
14.1 M yes Budesonide 100 Yes 16.5 M
15.8 M yes Fluticasone propionate 250 No 10.2 M
13.1 M yes Budesonide 400 Yes 8.1 M
15.0 M no Fluticasone propionate 400 No 13.8 M
133 M yes Fluticasone propionate 500 No 8.2 F
13.0 M yes Fluticasone propionate (and salmeterol 100) 500 No 11.0 M
13.1 F yes Fluticasone propionate (and salmeterol 100) 100 No 16.1 M
11.9 F yes Chromoglycate 0 No 13.1 F
17.5 M yes Fluticasone propionate (and montelukast 10 mg) 500 No 9.1 F
10.1 F yes No medication 0 Yes 11.1 F
15.8 M yes Budesonide 200 Yes 10.7 F
8.1 M yes Chromoglycate 0 Yes 11.3 F
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second breaking point leading to a flatter plateau. Furthermore,
a small decline at the end of the plateau phase (lowest flow
rate, 11 mL/s) could be observed in some individuals. Espe-
cially if the time to plateau was very long and they were
running out of air (not shown). Determining the NO plateau at
the highest and lowest flow rates could thus often be difficult.
Intermediate flow rates (20—100 mL/s) yielded a flat and stable
NO plateau (Fig. 15). Thus, flow rates between 20—100 mL/s
were considerably easier to interpret than those obtained at the
highest and lowest flow rates. Mean time to NO plateau
increased with decreasing flow rate. At the lowest exhalation
flow rate (11 mL/s), a plateau level was sometimes not reached
until after 30 s (Fig. 1c), making the maneuver difficult for
many study subjects to perform. Mean time to plateau was
acceptable (<10 s) at flow rates 21 mL/s and higher (Table 2).

Flow dependency of FENO and NO output. Both FENO
and NO outputs were flow dependent in both asthmatics and
controls. At all flow rates, FENO and NO outputs were signif-
icantly higher in this sample of asthmatics compared with
controls. At low flow rates, small changes in flow gave rise to
large changes in FENO. Thus, the upward slope of the FENO

a. NO (ppb)

28 : ¢ : } :

49 ! : : f ! :

205 : : H

Figure 1. Typical on-line NO curve profile recordings at three different
exhalation flow rates: 381 (a), 50 (b), and 11 (c¢) mL/s. y axis FENO (ppb), x
axis time (s).
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Table 2. Time to the start of the FENO plateau at six different flow
rates

Flow (ml/s) 382 181 99 50 21 11
Time to plateau (s) 32 5.0 53 6.2 9.4

17.7

versus flow curve was greatest between 11 and 21 mL/s (Fig.
2a). In contrast, the NO output versus flow curve showed more
of a biphasic pattern. The largest changes in NO output were
seen at flow rates between 21 and 99 mL/s (Fig. 2b). There was
no difference between steroid-naive and steroid-treated asth-
matics with regard to absolute NO values.

Reproducibility. The CV for FENO, NO output, and flow
rate at all flow rates are presented in Table 3. The CV for
FENO, NO output, and flow rate was lowest at 50 mL/s with
the exception that the CV for FENO in the asthmatic group
alone was slightly lower at 21 mL/s. CV for flow rate was
lower in the asthmatic group. We did not observe any differ-
ence between steroid-naive and steroid-treated asthmatics in
the aspect of reproducibility.

Discriminatory power of FENO and NO output values at
different exhalation flow rates. The means of FENO and NO
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Figure 2. Exhaled FENO (a) and NO output (b) (arithmetic means) at six
different flow rates. The difference between groups was significant (p < 0.001)
for both FENO and NO output at all flow rates.
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Table 3. Reproducibility, expressed as the coefficient of variation (CV) of FENO, NO output, and flow rate at six exhalation flow rates

Flow (ml/s) 382 181 99 50 21 11

FENO

CV FENO A 7.0 7.3 7.3 4.6 42 10.9

CV FENO C 21.7 14.4 14.2 9.6 13.1 13.7

CV FENO AC 14.3 10.9 10.8 7.1 8.6 12.3
NO output

CV NO output A 7.4 6.3 6.8 3.8 53 12.1

CV NO output C 23.2 15.5 14.9 9.0 12.5 14.3

CV NO output AC 15.3 10.9 10.9 6.4 8.9 13.2
Flow rate

CV flow rate A 4.3 34 4.1 2.7 4.3 4.2

CV flow rate C 8.4 4.3 5.0 4.1 4.3 5.6

CV flow rate AC 6.3 3.8 4.6 34 43 49

A = asthmatics, C = controls.

Table 4. Discriminatory power of exhaled NO (NO output, nL/min) at six different flow rates

Flow (ml/s) 382 181 99 50 21 11

Ratio of mean values

A/C ratio 3.5 43 4.9 4.9 5.5 4.9
Range at different flow rates

Range A 90.8-396.0 83.2-4494 86.3-437.7 76.9-330.5 45.2-166.1 27.4-153.1

Range C 17.2-143.7 13.6-199.9 10.7-100.8 11.5-73.3 5.0-48.2 5.0-35.2

Cmax — Amin 52.9 36.7 14.5 -3.6 2.9 7.8
Mean values

Geo.mean A 1954 175.3 176.3 144.6 83.4 70.8

95% CI 152.8-250.0 134.3-229.1 138.4-224.4 113.8-184.1 67.5-103.0 56.2—-89.3

Geo.mean C 56.2 41.0 36.1 29.7 153 14.3

95% CI 45.0-70.3 29.2-57.5 26.3-49.4 21.6-40.9 10.9-21.6 10.6-19.4

A/C ratio = the ratio between the group mean levels of NO output among asthmatics (A) and controls (C). C™** —

A™™ = the interval between the lowest

separate NO output value in the asthma group and the highest NO output value in the control group. Thus, a positive figure represents an overlap in exhaled NO

where as a negative figure represents a free interval.

output showed no overlap between asthmatics and controls at
flow rates < 99 mL/s (Table 4). The largest gap in mean NO
levels was seen at 50 mL/s. When the three separate exhala-
tions at each flow rate were compared, only 50 mL/s yielded
results without an overlap. The FENO, ¢ nmatic/FENOgontrols
ratios were higher at lower flow rates. The largest ratio was
seen at 21 mL/s.

DISCUSSION

The appropriate exhalation flow rate to be used for single-
breath on-line measurements of NO in exhaled air has been a
topic of discussion the last few years. Since it was demon-
strated that both FENO and NO output were highly flow
dependent (811, 14), it has become important to standardize
the exhalation flow rate. We studied the NO levels at six
different exhalation flow rates in 15 asthmatic schoolchildren
with elevated NO levels and 15 age-matched controls and
found that a targeted flow rate of approximately 50 mL/s seems
to be most appropriate for single-breath on-line measurements
when considering discriminatory power, reproducibility, and
patient comfort. However, our intention was not to investigate
the general effectiveness of NO measurements in discriminat-
ing between asthmatic and healthy children. To do so a much
larger population, well characterized with regard to all clinical
aspects, must be compared with adequate methodology includ-
ing the use of optimal exhalation flow rate. In this method-
ological study, a group of asthmatic children, recruited from

our clinic, primarily characterized by high NO levels, were
selected to study how the difference in NO values varies with
the exhalation flow rate. Our sample of asthmatic children was
quite heterogeneous with regard to treatment with inhaled
steroids. Some subjects were probably patients with poor
compliance to treatment regimens and some subjects were
maybe insufficiently treated. The controls, however, were not
screened for low NO levels. They were randomly selected
except for a negative history of atopy or airway disease.
Nevertheless, they all showed low levels of exhaled NO. We
did not find any significant difference between steroid-treated
and steroid-naive patients with regard to absolute NO levels or
reproducibility. If steroid-treated asthmatics would not have
been included in the study, the difference in NO values be-
tween asthmatics and controls might have been even more
pronounced. However, we think it is of value to incorporate
both treated and nontreated asthmatics, since this is what we
encounter in daily clinical practice.

Previous recommendations concerning exhalation flow rates
have rather been consequences of compromises between the
views of different research centers than evidence-based recom-
mendations (4, 12). To our knowledge no previous study has
systematically investigated exhaled NO curve profiles qualita-
tively at different flow rates in such a way that a suitable flow
rate can be recommended.

We chose not to study NO levels at more extreme flow rates,
which would not be useful in clinical practice. The NO output-
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flow curve showed almost linearity at exhalation flow rates
between 99 and 382 mL/s. This observation is in good agree-
ment with both Hogman et al. (11) and Kroesbergen et al. (10)
who used similar target flow rates as we did. Silkoff et al.
suggested that the transfer rate of NO from the bronchial wall
to the lumen is dependent on the concentration gradient be-
tween these two compartments and the diffusion capacity of
NO (15). At lower exhalation flow rates (<99 mL/s), the NO
gradient becomes so small that it will limit the transfer of NO.
Interestingly, we found that the loss of a linear relationship was
observed at higher exhalation flow rates in asthmatics (99 mL/s
versus 50 mL/s for controls). The critical exhalation flow rate
at which such a limitation occurs might relate to the actual
production of NO. From a theoretical point of view, it could
therefore be questioned whether NO should be measured at
exhalation flow rates below 99 mL/s in asthmatics. Neverthe-
less, the ratio in geometrical mean values between asthmatics
and controls decreased at exhalation flow rates above, but not
below, 99 mL/s.

Reproducibility expressed as the coefficient of variation
(CV) of flow rate was better in the asthmatic children than
controls, probably because they were more used to NO mea-
surements. CV in FENO and NO output calculated from three
consecutive exhalations was best at 50 mL/s even though both
the FENO and the NO output curve was steepest between
21-99 mL/s. There could be at least two reasons for this
observation. First, the CV of the flow rate was best at a target
flow rate of 50 mL/s. Since the NO levels are flow-dependent,
the CV of flow will also affect the CV of FENO.

Second, the NO plateaus tended to be more stable at medium
flow rates (50 and 99 mL/s). At higher flow rates (181 and 382
mL/s), a small decline during the plateau was often observed.
During normal physiologic circumstances, the distal airways
are known to narrow or collapse at the very last part of a forced
expiration (16). This could in part cause the declining plateau
seen at high flow rates, since airway narrowing will decrease
the transit time resulting in reduced NO concentration, as seen
during acute bronchoconstriction (17). Another explanation
could be that it takes approximately 10 s for alveolar NO
concentrations to reach steady state after inhalation (18, 19),
and this might influence exhaled NO levels significantly at high
expiration flow rates when absolute NO levels are low. The
peak, always seen during the initial phase of the NO curve
profile at high flow rates (181 and 382 mL/s), probably repre-
sents accumulated NO in the airways, primarily the upper
airways. At the highest flow rate, the breaking point between
the peak and the declining plateau often becomes diffuse and
the NO plateau can be difficult to define.

Since the time to plateau was quite long at lower flow rates
(11 and 21 mL/s), it became difficult for younger children to
maintain concentration through the whole exhalation process
and keep the flow rate fixed. Furthermore, a slight decline
during the latter part of the plateau was also observed in some
individuals at the lowest flow rate, probably because of col-
lapsed bronchioles just as in higher flow rates.

Even though the NO signal could be accepted as a plateau,
since it did not exceed 10% of variation, the high FENO values
seen at this flow rate could vary quite a bit in real figures. The
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practical consequence of these findings is that the level of a
plateau can be difficult to define and vary considerably at high
(>100 mL/s) and very low (<20 mL/s) flow rates.

We also observed that the time to plateau increased with
decreasing flow rate, which has already been reported in adults
by Silkoff et al. (9). During the exhalation process NO-free air
in the dead space is being replaced by NO-containing air from
the lower airways. This takes a longer time with a lower flow
rate. This confounding effect of the dead space obviously
becomes a practical problem at low exhalation flow rates but
can be reduced by minimizing the technical dead space. How-
ever, the NO level at the plateau phase is determined through
a steady state within the airways that produce NO. This steady
state depends on the transit time and, thus, on the flow rate.
Therefore the time to plateau will remain a problem at very low
flow rates as far as uncomfortable exhalation times is
concerned.

Measuring NO should be as easy as possible both for the
patient and the examiner. The goal should be to reach an NO
plateau of high quality with a reasonable time of exhalation and
good patient comfort. The difference between asthmatics and
controls was evident and statistically significant at all flow
rates under study and increased with decreasing flow rates.

In our study only 50 mL/s yielded an overlap-free interval in
NO values between the groups, when taking all separate ex-
halations into account. The fact that the reproducibility of the
NO levels was best at this flow rate may explain this result. We
conclude that a target exhalation flow rate of 50 mL/s is
preferable when considering reproducibility, discriminatory
power, and patient comfort in single-breath NO measurements
in schoolchildren.
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