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ABSTRACT: Exhaled nitric oxide (eNO) is elevated in several inflammatory airway
diseases and is significantly reduced by anti-inflammatory treatment with inhaled
steroids. The aim of this randomized, open clinical trial was to evaluate eNO in relation
to conventional lung function parameters at rest and after exercise during sequential
changes of inhaled steroids in children with persistent asthma.
The study consisted of a 4 week run-in period, a 4 week washout phase and a

randomized treatment period during which only one group was treated again with
inhaled budesonide.
After run-in, eNO was reduced to normal values, and rose again during washout.

In the patients randomized to steroid treatment, eNO was again decreased, whereas
it remained unchanged in the untreated patients. Forced expiratory volume in one
second and forced vital capacity at rest and after exercise improved significantly after
run-in, but showed no difference after randomization. However there was a strong
correlation of eNO with patient compliance.
Exhaled nitric oxide was able to differentiate between children briefly treated with or

without steroids, the conventional lung-function variables however could not. In practice
exhaled nitric oxide may thus be a valuable parameter to monitor adherence to steroids,
but less suitable to describe physiologically relevant impairments of lung function.
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Allergic asthma is characterized by a chronic
inflammation of the airways with enhanced mucus
secretion, and contraction and hypertrophy of the
bronchial muscles driven by repeated allergen expo-
sure. For optimal guidance of anti-asthmatic drug
therapy continuous information on the degree of
airway inflammation is desirable. Symptom scores,
repeated spirometry or home peak-flow measurements
are only indirect measures of the degree of airway
inflammation [1] and direct measures like broncho-
alveolar lavage or bronchial biopsy are too invasive
to be performed in the management of asthmatic
children. Great expectations have been held for direct
variables of inflammation like nitric oxide (NO)
concentrations that can be easily assessed in exhaled
air. NO is produced by various lung cells from the
amino acid L-arginine by different iso-enzymes of
NO synthase (NOS) and elevated concentrations have
been measured in the exhaled air of asthmatic adults
[2] and children [3–5]. The expression of one of
the iso-enzymes, the inducible NO synthase (NOS2,
iNOS) is upregulated by inflammatory cytokines [6–8]
leading to an increase of exhaled NO (eNO) in inflam-
matory airway disease, whereas an inhibition of the
iNOS via corticosteroids reduces eNO in asthmatics
but not in healthy subjects [2, 8–10].

Short-term application of steroids can normalize
eNO [3, 10–12] to baseline values and leads to

significant improvement of lung-function variables
in asthmatic children [13]. So far however, it is not
known if eNO corresponds to asthma symptoms or
lung-function variables on a medium- or long-term
basis, and there appears to be only a very loose
prediction of lung- function changes by changes in
eNO [14]. It is of great interest to identify conditions
in which eNO might be of use in adjusting the dose
of inhaled steroids for asthma treatment in children.

The aim of this study was to evaluate eNO in
relation to conventional lung-function parameters, at
rest and after exercise, during sequential changes of
inhaled steroids in children with asthma and to thus
determine its possible value as a noninvasive marker
of inflammation during intervention.

Methods

Patients

Fifty-four patients aged 6–16 yrs with mild-to-
moderate persistent asthma were recruited from the
Paediatric Pulmonology and Allergology outpatient
clinic of the Munich University Childrens9 Hos-
pital between February 1998–November 1999. Their
asthma was diagnosed before treatment, according to
the recommendations of the National Heart, Lung
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and Blood Institute (NHLBI) Expert Panel Report
[15]. Patients who had received oral or inhaled steroid
treatment during the last 2 months, had acute upper
airway infection, had a history of bad compliance
(v65% of prescribed medication) or had any other
serious illness were excluded. Children with a
poor Turbohaler1 (Pulmicort Turbohaler1, Astra
GmbH, Wedel, Germany) inhalation technique, acute
asthma attacks, unstable asthma or other severe
intercurrent disease were withdrawn from participa-
tion. The study was approved by the local ethics
committee and informed consent was obtained from
all patients and their parents.

Study design

The study was conducted as a randomized, open
clinical trial. It consisted of a 4 week run-in period, a
4 week washout phase and a randomized treatment
period of 8 weeks. During run-in, patients received
two doses of inhaled budesonide, twice daily, via a
200 mg Turbohaler1 inhalation device. Additional
inhaled b2-agonists (salbutamol 200 mg or terbutaline
500 mg) were allowed during the whole study on
demand (maximum of five times two puffs per day).
At the end of the run-in period the inhaled steroids
were discontinued for the 4 week washout period and
only inhaled b2-agonists were used as needed. At the
third visit the patients were randomized to one of
the following two therapeutic regimen for another
8 weeks. One group received low-dose inhaled bude-
sonide twice daily, one 200 mg dose via Pulmicort
Turbohaler1 with additional inhaled b2-agonists on
demand, the other group received no further steroids,
only inhaled b2-agonists as needed. During run-in
54 patients (35 male, 10.0¡0.4 yrs, range 6.2–16.3 yrs)
were recruited. A total of 20 children dropped out,
due to various conditions, leaving 34 who agreed to
randomization.

Assessments

NO concentrations (parts per billion (ppb)) in
exhaled air were measured as recommended by the
European Respiratory Society [16]. They were carried
out on-line, before spirometry, by chemiluminescence
analysis in the LR 2000 NO analyser (Logan
Research, Rochester, Kent, UK), which is sensitive
to eNO at concentrations of 1–5000 ppb, by volume,
as described previously [14].

Spirometry was performed in a Jäger MasterLab
(Jäger, Würzburg, Germany) and the forced expira-
tory volume in one second (FEV1), forced vital
capacity (FVC) and mean maximal expiratory flow
(MMEF) were measured according to the recommen-
dations of the American Thoracic Society (ATS) [17].
The reference values of ZAPLETAL were used [18]. Short-
acting b2-agonists were not taken up to 8 h before
lung-function testing. Lung function was assessed at
rest and 10 min after 6 min of standardized fast-
free running (cardiac frequency o170 beats?min-1)
to test for bronchial hyperreactivity. Results are given

as per cent of predicted (lung function at rest); lung
function after exertion was calculated as remaining
per cent of lung function at rest.

Compliance

To monitor compliance patients received a new
Pulmicort Turbohaler1 for each steroid treatment
course which had to be returned for evaluation at the
next visit. The amount of medication actually taken
was assessed by counting the number of remaining
doses of budesonide by turning the wheel on the
Turbohaler1 until the red mark on the dose indicator
had reached an upright position. The unused doses
were subtracted from a total of 200 doses in the
Turbohaler1 to estimate the administered number
of doses. Compliance was calculated as doses taken/
doses prescribed6100 (%).

Statistical analysis

All variables analysed were normally distributed.
Deviations from Gaussian distribution were checked
by using the Kolmogorov-Smirnov test with a p-value
from DALLAL and WILKINSON9S approximation to
Lilliefors9s method [19] calculated by Graph Pad
Prism (San Diego, CA, USA). Results are presented
as mean¡SEM in n subjects, unless otherwise stated.
Changes in lung- function variables or NO concen-
trations over the study period were assessed by
repeated measures analysis of variance, followed by
a Newman-Keuls post-test if pv0.05. Differences
between the two randomized groups were analysed
by unpaired t-tests. Linear regression was used for
correlation analysis of the variables. The power of
the study to detect a difference in FEV1 of 5% at a
pv0.05 was 80%.

Results

Randomization and symptom scores

Of the 34 children randomized, three did not return
for final evaluation, resulting in 31 patients (16 male,
10.5¡0.5 yrs, range 6.2–14.8 yrs) who completed the
study. A total number of 15 patients (eight male,
9.8¡0.7 yrs, range 6.2–14.7 yrs) were randomized
to treatment with inhaled steroids plus inhaled
b2-agonists as needed and 16 of them (eight male,
11.07¡0.6 yrs, range 6.8–14.8 yrs) to treatment with
inhaled b2-agonists as needed. There were no differ-
ences between the two groups regarding age, sex,
compliance, eNO and lung function at any time,
except for a lower MMEF at rest and after exertion
before randomization in those treated again with
inhaled steroids.

Nitric oxide

During the run-in period, mean NO (fig. 1a) was
significantly reduced from 14.8¡1.9 ppb to values in
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the normal range, after 4 weeks of 26400 mg inhaled
budesonide (7.6¡0.8 ppb, pv0.001). After steroids
had been discontinued for 4 weeks, eNO significantly
increased again (14.0¡1.2 ppb, pv0.001) back to
initial values. After randomization, eNO of the
untreated group remained unchanged (13.8¡2.5 ppb,
pw0.05) while eNO after low-dose inhaled steroids
(26200 mg budesonide) was again significantly reduced

(7.7¡1.2 ppb, pv0.01) and therefore was able to differ-
entiate between children briefly treated with or with-
out steroids (pv0.05).

Lung function

Lung function at rest is depicted in table 1 and
figure 1b. The initial 4-week inhaled budesonide treat-
ment course (Pulmicort Turbohaler1, 26400 mg)
resulted in an increase in the FEV1 (pv0.01),
MMEF (pv0.01) and FVC (pw0.05). After washout
FEV1, FVC and MMEF of all the patients were
reduced, but only changes in the later were significant.
At the end of the 8-week randomized treatment
period, no significant changes and no differences
between either groups were observed.

Lung-function values after exertion are given
in figure 1c. Exertion-induced reduction of FEV1

improved after high-dose inhaled steroids (pv0.05)
and deteriorated again after washout (pv0.05). Again,
both groups did not differ significantly before and
after the 8-week randomization period. Similar results
were obtained for FVC and MMEF (data not shown).

Neither lung-function parameters at rest nor after
exertion were able to establish a difference between
children briefly treated with or without steroids.

Compliance

A positive correlation was established between the
patients9 compliance to take their prescribed inhaled
steroid medication and the reduction of eNO (fig. 2).
With a better compliance with budesonide Turbo-
haler1 a greater reduction of eNO during the run-in
period was observed (p=0.0003, r

2
=0.5863).

Discussion

The aim of this trial was to evaluate eNO in relation
to conventional lung-function parameters, at rest and
after exercise, during sequential changes of inhaled
steroids in children with persistent asthma. It became
obvious that only eNO values, but not the conven-
tional lung-function variables, were able to mark a
clear difference between children briefly treated with
or without steroids. This indicated that guidance of
inhaled steroid therapy by eNO may be complicated
by different response times or complex inter-relations
of the variables used to assess the activity of the
asthmatic disease.

Various studies have, so far, investigated lung
function and eNO in asthmatic children [20–26]. In a
prospective, open, nonrandomized study the authors
recently showed a lack of correlation between eNO
and disease severity and only a weak prediction of
the physician-recommended inhaled therapy by eNO
in children with allergic asthma [14]. In contrast to
the majority of cross-sectionally designed investiga-
tions, this study investigated 31 asthmatic children
who were longitudinally followed before and during
treatment with different doses of inhaled steroids.
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Fig. 1. – a) Exhaled nitric oxide (eNO), b) forced expiratory
volume (FEV1) at rest and c) exertion-induced reduction of FEV1

during the study. Values are presented as means¡SEM of all
patients (&: n=31), patients randomized to budesonide treatment
(': n=15) and patients without budesonide treatment (%: n=16).
For statistical analysis repeated measures analysis of variance was
calculated over the different time points. If pv0.05, a Newman-
Keuls post-test was used for comparisons within a treatment
group (*: pv0.05; **: pv0.01; ***: pv0.001 (before treatment to
after run-in)); #: pv0.05; }:0.001 (after run-in to after wash-out);
z: pv0.01 (before randomization to after randomization). For
analysis of differences between both treatment groups at the end
of the study, the unpaired t-test was used (pv0.05 in a).
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Within the given time frame, only readily respond-
ing eNO, possibly from inhibition of the NOS2 by
the corticosteroids [8, 9], but not conventional lung-
function variables, were able to identify patients
randomized to treatment with steroids.

This divergence of eNO and the functional mea-
surements clearly show that these variables assess
different aspects of asthmatic inflammatory disease.
Spacial differences within the lungs are not likely to be
responsible for the divergence between eNO and lung
function. It has been proposed that FEV1 may reflect
the more central airways and that eNO may sample
the more distal air spaces [22]. However, the authors
did not find a concordance with MMEF (table 1) or

the maximum expiratory flow at 25% vital capacity
(data not shown).

The observed differences in the response to inhaled
steroids are most likely explained by different
sensitivities of the various components of the asth-
matic inflammatory reaction. Whereas eNO is readily
affected, neither exercise-induced changes in FEV1

nor FEV1 at rest were significantly altered compared
to the group of children not randomized to steroid
treatment. These observations are supported by the
study of JATAKANON et al. [27] investigating adults
with mild asthma during short-term treatment with
different doses of inhaled budesonide. Whereas eNO
reached minimum values with a dose of 400 mg
budesonide, sputum eosinophils and the provocative
concentration of methacholine causing a 20% fall
in FEV1 were further reduced after quadrupling the
dose of the inhaled steroids. Similarly, it has been
shown that in adult asthmatics, the administration of
the selective NOS2 inhibitor N(G)-monomethyl-L-
arginine by nebulization, significantly reduced eNO
but had no effect on FEV1 [9].

The present data, indicating the inverse correla-
tion between levels of eNO and adherence to steroid
inhalation therapy, opens up new possibilities for
monitoring patient compliance, which may be poor
in some asthmatic patients. In patients on steroids,
low levels suggest that medication has been inhaled,
but it does not indicate if sufficient medication to
control the asthmatic disease has been prescribed and
actually taken. Whether guidance of inhaled steroid
treatment by eNO leads to under- or overtreatment
of asthmatic children cannot be answered with the
data available and must be clarified in a study directly
addressing this issue. To verify this aspect of the
usefulness of eNO for monitoring adherence, a study

Table 1. – Lung-function parameters at rest and exhaled nitric oxide (eNO) measurement

Variable Patients n Week p-value#

0 4 8 16

FEV1 % pred
All 31 83.1¡2.0 93.4¡2.4** 88.2¡3.3 0.0124
Steroids 15 92.3¡2.7z

No steroids 16 92.3¡2.9
MMEF % pred
All 31 65.3¡2.9 81.6¡4.6** 77.4¡4.5} 0.0041
Steroids 15 81.3¡5.0z

No steroids 16 83.3¡7.1
FVC % pred
All 31 85.7¡2.0 90.5¡2.5 88.7¡1.8 0.1132
Steroids 15 89.8¡2.8z

No steroids 16 87.8¡2.2
eNO ppb
All 31 14.8¡1.9 7.6¡0.8*** 14.0¡1.2ƒ 0.0001
Steroids 15 7.7¡1.2§

No steroids 16 13.8¡2.5

Values are presented as mean¡SEM of n patients. FEV1: forced expiratory volume in one second; MMEF: mean maximal
expiratory flow; FVC: forced vital capacity. #: first repeated measures analysis of variance was calculated over the different
time points. If pv0.05, a Newman-Keuls post-tests was used for comparisons within a treatment group; **: pv0.01; ***:
pv0.001 (before treatment to after run-in); }: pv0.05 (before treatment to after wash-out); ƒ: pv0.001 (after run-in to after
washout). If pw0.05, no further calculations were made. For analysis of differences between both treatment groups (steroids
and no sterioids), the unpaired t-test was used:z: NS; §: pv0.05.
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Fig. 2. –Positive correlation between the reduction of exhaled nitric
oxide (eNO) and the compliance with inhaled budesonide (BUD)
during the 4-week run-in period (n=17, p=0.0003, r

2
=0.5863). For

statistical analysis linear regression was used.
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using an electronic recording device to prevent any
manipulation is necessary. Unfortunately such a
device was not available for use with the Turbohaler1
inhalation device when the investigation was initiated.

Exhaled nitric oxide is able to differentiate between
asthmatic children briefly treated with or without
steroids, however, the conventional lung-function
variables cannot. It is concluded that currently,
exhaled nitric oxide cannot easily be used for guiding
steroid inhalation therapy as it does not mirror
physiologically relevant changes of lung function.
Conversely, the ready response of exhaled nitric oxide
makes it a useful tool to monitor adherence to
steroids, which is often poor in asthmatics and thus
it may significantly contribute to the management of
anti-inflammatory treatment in these patients.
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