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Summary
Background Nitric oxide in exhaled air is regarded as an inflammation marker, and may be used to

monitor the anti-inflammatory control from inhaled corticosteroids (ICSs). However, this response

to ICSs exhibits a heterogeneous pattern.

Objective The study aimed to describe the independent variables associated with the heterogeneity

in the response of exhaled nitric oxide to ICSs.

Methods Exhaled nitric oxide (FeNO), lung function, bronchial hyper-responsiveness (BHR),

specific IgE to common inhalant allergens, blood eosinophils, other atopic manifestations and

variants in nitric oxide synthethase 1 (NOS1) gene were studied in a double-blind, placebo-controlled

crossover comparison of budesonide (BUD) Turbohaler 1600mcg daily vs. placebo in asthmatic

schoolchildren.

Results Forty children were included in the study from a screening of 184 asthmatic children with

moderately persistent asthma, well controlled on regular BUD 400mcg daily: 20 children with

normal FeNO and 20 with raised FeNO. FeNO, BHR and forced expiratory volume in 1 s improved

significantly after BUD 1600mcg (BUD1600). However, FeNO after ICS treatment exhibited a

Gaussian distribution and FeNO was significantly raised in 15 children. Allergy and BHR, but none

of the other independent variables under study were significantly related to FeNO after BUD1600.

Conclusion Exhaled nitric oxide exhibited a heterogeneous response to ICS in asthmatic

schoolchildren. Allergy and BHR were driving FeNO level independently of high-dose steroid

treatment. This should be considered when using FeNO for steroid dose titration and monitoring of

ICS anti-inflammatory control in asthmatic children.
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Introduction

Treatment guidelines emphasize the need to minimize
symptoms and optimize lung function [1]. This strategy may
fail to control airway inflammation completely [2]. Nitric
oxide in exhaled air (FeNO) correlates with eosinophils in
bronchoalveolar lavage fluid in asthmatic children [3], and
has been suggested as a more sensitive marker of sub-clinical
airway inflammation and control from steroids [4]. However,
the effect of inhaled corticosteroid (ICS) on FeNO has been
reported to reach a plateau at a dose of 400mcg of
budesonide (BUD) [5] and remains elevated in some children
despite oral steroid [6]. This may reflect heterogeneity in the
sensitivity to ICS in the part of the airway inflammation
reflected by FeNO, or eventually it may point toward FeNO
being driven by processes only partly associated with airway
inflammation and asthma severity. This study aimed to
describe independent variables associated with the hetero-

geneity in the FeNO response to ICS in asthmatic children.
Particularly, we studied markers of allergy, lung function,
bronchial reactivity and genetic polymorphism for the NO
synthase 1 (NOS1).

Patients

Screening population

FeNO was measured according to European Respiratory
Society recommendations with an exhalation flow of 100mL/s
[7] in a population of asthmatic children from our outpatient
clinic, 6–15 years of age, with a history of moderately
persistent asthma [8]. Children eligible for the study were all
well controlled according to international guidelines [1] on
regular treatment with a titrated daily dose of 400mcg
inhaled BUD Turbohaler [9]. Increased level was defined as
the upper 75% quartile.

Study population

Forty children from the screening population were invited for
the controlled study, 20 with FeNO above the upper 75%
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quartile and 20 from the lower quartile. Children were
included if asthma was considered to be clinically stable with
unchanged controller treatment for 4 weeks (forced expira-
tory volume in 1 s (FEV1)485% of predicted, no nocturnal
awakenings and use of rescue medication less than three times
per week). All children were never smokers and had no
current airway infections.

Control population

FeNO was measured in 42 healthy children (7–16 years) from
public schools without a history of recent airway infection,
asthma, hayfever, eczema or self-reported allergy. All were
non-smokers.

Design

This was a double-blind placebo-controlled crossover study
with no washout period. All children stopped their regular
treatment with ICS during the study. The children were
randomized by a computer-generated schedule to receive
BUD 1600mcg daily (400mcg� 4 once in the evening)
inhaled from Turbohaler (Astra Zenecas, Lund, Sweden)
(BUD1600), or matching placebo (PLAC). b2-agonists were
used for reliever therapy, but no other anti-asthma therapy
was allowed. Each treatment period was for 14–18 days. All
children noted daily the use of rescue medication and study
medication to enforce compliance.
FeNO, spirometry and dry-air hyperventilation challenge

test was measured at the end of each treatment period, and
FeNO and spirometry at baseline.

Methods

Dry-air challenge test

The child hyperventilated for 4min from dehumidified
atmospheric air 15% CO2 from a calibrated gas bottle
(AGA Gas, Stockholm, Sweden) during a mouthpiece and
with a nose clip as previously described [10, 11]. Lung
function was measured 3min after the challenge test.

Spirometry

Spirometry was performed with a Master Screen unit
(E:Jäeger GmbH, Würtzburg; Germany) in accordance with
American Thoracic Society (ATS) guidelines [12] to calculate
FEV1, forced vital capacity and forced expiratory flow
between 25%–75% of forced vital capacity (FEF25–75).

Exhaled NO

Single-breath on-line (SBOL) measurement of FeNO was
performed with Aerocrine NO systems (Aerocrine AB,
Stockholm, Sweden) in accordance with the recommenda-
tions from the ATS with an exhalation flow of 50mL/s [13].
Short- and long-acting b2 was not allowed for 6 and 12h,
respectively, before the study visits.

Increased FeNO level was defined as levels above 20p.p.b.
estimated as the mean 12SD of the FeNO in the healthy
controls.

NOS genotype

DNA was extracted after standard methods on an ABI DNA
extractor (Applied Biosystems, Foster City, CA, USA) and
polymerase chain reaction with oligonucleotide primers com-
plementary to the NOS1 alleles at the ATT repeat in intron 20
of the NOS1 gene as previously described in detail [14].

Atopic status

Blood eosinophils and specific serum IgE to the common
Scandinavian allergens (Paediatric Cap Phadiatop; Pharma-
cia Diagnostic, Uppsala, Sweden) was measured. Skin prick
test was performed to the same allergens (ALK, Hørsholm,
Denmark) [15]. The current atopic history of asthmatics and
healthy subjects was collected according to the International
Study of Asthma and Allergies in Childhood (ISAAC)
questionnaire [16].

Ethics

The study was approved by the local Ethics Committee (KF
01-126/00) and Health Authorities (2612–2005). Written
informed consent was obtained from the parents and verbal
acceptance from the children.

Data analysis and statistics

The study was performed and data were collected according
to the principles of Good Clinical Practice. Computer
program packages were used for statistic calculations (SAS
Version v8 and MedCalc Version 1997–2000).
Abnormal FeNO was defined from healthy children as

mean FeNO12SD. A significant change in FeNO was defined
as a change beyond the day-to-day variability measured at
5 consecutive days (15%) [17].
Data were handled according to basic statistic principles

[18]. Parametric tests were used if data were normally
distributed and non-parametric test for other data (numbers
of positive skin prick test; Phadiatop, blood eosinophils).
Normality distribution could be accepted for FeNO data
(Kolmogorov–Smirnov test), but was log-transformed to
improve the normality distribution and expressed as trans-
formed estimates by geometric means with 95% confidence
intervals (CIs). Paired t-test or ANOVA analysis was used to
compare change in FeNO from treatment, whereas the
unpaired t-test was used to compare different groups. Chi-
square test was used to compare frequencies and Yates’
correction for continuity was applied.
Carry-over effect (treatment-period interaction) was ana-

lysed for FeNO, FEV1 and bronchial hyper-responsiveness
(BHR) by calculating for each subject the average (ai) of the
observations in the two treatment periods and averaging these
for each group. The test for interaction was performed by a
two-sample t-test comparing �aa1with �aa2[18].

1736 F. Buchvald et al.

r 2003 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 33:1735–1740



Linear multiple regression with backward elimination
(if P40.05) was used to describe the relation between FeNO
and selected variables (Phadiatop, BHR and FEV1 and
FEF25–75).
The children were classified according to NOS1 ATT

repeats (homozygous for 12 ATT repeats, heterozygous for
12 ATT repeats, or homozygous for o12 ATT repeats) [14].
All P-values were two-sided and a P-level o0.05 was

considered to be statistically significant.

Results

One hundred and eighty-four asthmatic children on 400mcg
daily dose of BUD were screened for the study. FeNO
described a Gaussian distribution after log-transformation as
previously reported [9]. Forty children were included from
this screening pool selecting children from the upper and
lower quartiles of FeNO at BUD400.
Thirty-nine asthmatic and 42 healthy children completed

the study (Table 1). FeNO of the asthmatic children was
significantly increased during treatment with BUD400 as well
as during treatment with BUD1600 compared with the group
of healthy controls (Po 0.0001; P5 0.0004, respectively).
FEV1 (% of predicted) of the asthmatic children was 96% at
baseline.
The children reported no asthma exacerbations or adverse

events throughout the study.
FEV1 (% of predicted) improved significantly after

BUD1600 compared with PLAC (mean: 90% vs. 95%;
Po 0.05), as did FEF25–75 (mean: 67% vs. 73%; Po0.05).
BHR to dry air improved significantly after BUD1600

compared with PLAC. The mean (95% CI) decrease in FEV1

after dry-air hyperventilation was 12% (9–16%) after PLAC
compared with 8% (5–11%) after BUD1600 (Po0.01).
FeNO was significantly reduced after BUD1600 geometric

mean (95% CI) (16p.p.b. [12–21]) compared with FeNO after
placebo (steroid-free) (33p.p.b. [22–40]) and BUD400 at

Table 1. Demographic data at randomization visit

Asthmatic children, N5 39

Age mean [range] 12 years [7–16]

Gender Females: 10 (26%)

Males: 29 (74%)

Weight mean [range] 51 kg [29–117]

Height mean [rangeI] 153 cm [131–197]

Steroid treatment Budesonide 400 mcg

FeNO geometric mean [95% CI] 27 p.p.b. [21–36]

FEV1 mean [95% CI] 96 % [91–101]

Positive skin test 82%

Rhinitis 74%

Eczema 59%

Atopy in first-degree relatives 54%

Phadiatop (kU/L) median [25–75 percentile] 51 [7–129]

B-eosinophils (mill/L) median [25–75 percentile] 0.34 [0.21–0.5]

Healthy children, N5 42 42

Age mean [95%CI] 11 years [7–16]

FeNO geometric mean [95%CI] (SD) 10 p.p.b. [8–11] (5 p.p.b.)

CI, confidence interval; FEV1, forced expiratory volume in 1 s; B-eosinophils,
blood eosinophils.
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Fig. 1. FeNO (median and interquartile range) at three doses of steroid:
measured at inclusion (budesonide 400 mcg (BUD400)), placebo (PLAC)
and after BUD1600.
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Fig. 2. (a) Responders and (b) non-responders. Individual responses in
FeNO (log-scale) after placebo (PLAC) and budesonide 1600 mcg
(BUD1600). The group is split based on the relative change in FeNO
(415%5 responders and o15%5 non-responders) from PLAC to
BUD1600.
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randomization (27 p.p.b. [21, 41–44, 22–32] (ANOVA;
Po0.0001) (Fig. 1).

The response in FeNO was heterogeneous (Fig. 2) and
FeNO (log-transformed) after both PLAC and BUD1600
exhibited a Gaussian distribution (Fig. 3). Accordingly,
FeNO was within the normal range from BUD1600 in some
children, but significantly raised in others. These two groups
are contrasted in Table 2 and characterized by the
independent variables relating to lung function at the end of
the steroid treatment period, atopy and NOS1 genotype.
Lung function (FEV1 and FEF25–75) and use of rescue
medication were similar in the two groups, but BHR was
numerically increased in children in whom FeNO did not
normalize (P5 0.059). Indices of allergy were significantly
more prevalent in children, in whom FeNO did not reach the
normal level. The number of ATTn repeats did not differ
between the two groups (Chi-square: P40.2). FeNO was not
different between children who have a heterogeneous or
homogenous increased number of (ATT)n repeats (5 12)
(P5 0.19). A repeat analysis of the relative changes showed
similar trends, with more prevalent indices of allergy and
BHR in the non-responding group (P40.05).
No carry-over effects from treatment sequence could be

demonstrated for either FeNO, FEV1 or BHR (P40.05).
The multiple regression analysis of FeNO after BUD1600,

including allergy indices, lung function and BHR, showed
that the specific IgE level and BHR were positively related to
FeNO (P5 0.01 and P5 0.006, respectively). No interaction
was found between the specific IgE level and BHR (P5 0.46).
FeNO at BUD400 or PLAC was significant positively

linear correlated to FeNO at BUD1600 (P5 0.002 and
P5 0.006, respectively). However, neither FeNO nor lung
function at randomization (BUD400) or PLAC predicted the
relative response (%) in FeNO to the higher steroid dose
(BUD1600) (data not shown).

Discussion

FeNO was normal in the majority of children with moderate
persistent asthma; all clinically well controlled from a daily
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Fig. 3. Heterogeneity in FeNO (log-transformed) after placebo (PLAC) (a)
and budesonide 1600 mcg (BUD1600) (b).

Table 2. Comparison in lung function, BHR, atopic markers and genetic polymorphism for NOS1 synthase between children grouped according to normalization of
FeNO from high-dose ICS after BUD1600

FeNO increased FeNO normal P-value

N 15 24

FEV1 mean [95%CI] 94% [85–103] 95% [89–103] NS

FEF25–75 mean [95%CI] 76% [62–90] 71% [63–78] NS

BHR (DFEV1) mean [95%CI] 0.88 [0.82–0.94] 0.94 [0.90–0.97] P5 0.06

Doses of b2 during BUD (n5 7) 12 (3) 7 (4) NS

Positive skin tests median [25–75 percentile] 3 [1.7–4.0] 1.5 [0.2–2.8] P5 0.03

Phadiatop (kU/L) median [25–75% percentile] 99 [51–204] 21 [1–70] P5 0.02

B-eosinophils (mill/L) median [25–75% percentile] 0.43 [0.26–0.50] 0.32 [0.20–0.50] NS

Eczema 60% 58% NS

Rhinitis 71% 72% NS

Atopy in relatives 47% 58% NS

Homozygous ATT repeats5 12 28% 23% NS

Heterozygous ATT repeats5 12 36% 63% NS

Homozygous ATT repeats o12 36% 14% NS

BHR, bronchial hyper-responsiveness; NOS, nitrogen synthetase; ICS, inhaled corticosteroid; BUD, budesonide; BUD1600, BUD 1600 mcg; B-eosinophils, blood
eosinophils; NS, non-significant; FEV1, forced expiratory volume in 1 s; FEF25–75, forced expiratory flow between 25%–75% of forced vital capacity.
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dose of 400mcg inhaled BUD Turbohaler. However, FeNO
remained elevated in a subgroup of approximately 25%,
despite apparent clinical control. Certainly part of this may
be attributed to poor adherence to their steroid treatment in
some of the children. However, FeNO even remained
increased in a defined subgroup when BUD was increased
to 1600mcg in the double-blind placebo-controlled trial.
We do not believe that non-adherence during the double-

blind trial significantly flawed our results. Compliance is a
random process during the trial independent of the variables
(BHR and allergy) significantly separating the groups with
normal and raised FeNO, i.e. there is no reason to suspect
that compliance was related to allergy and BHR in the two
treatment groups. Furthermore, most children improved in
lung function and BHR on changing from PLAC to
BUD1600. Therefore, our findings are unlikely to be caused
by lack of compliance.
This is the first placebo-controlled study in children with

focus on the heterogeneity in FeNO response to inhaled
steroid treatment applying current recommendations for
FeNO measurement. Our data are consistent with a previous
report of a plateau effect of ICS with little further reduction
in FeNO from doses above 400mcg [5] and a dose relation-
ship to ICS [19]. Although FeNO is very sensitive to steroid
treatment [20, 21], variability in FeNO response may hamper
its general clinical usefulness in the diagnosis and monitoring
of asthma.
FeNO may be considered to be a marker of disease severity

and is sensitive to steroid. A complementary interpretation is
that FeNO is driven by atopy. Finally, FeNO may reflect a
common genetic variant [14] and hence only partly relate to
asthma control.
Conflicting results have been reported on the relation

between FeNO and asthma severity, partly because of
different markers of disease severity and partly from lack of
a standardized method of FeNO measurements [22, 41–44]. In
our study, no relation was found with markers of severity
such as use of rescue medication and lung function. However,
the increased FeNO was significantly related to BHR
independent of indices of allergy. Therefore, FeNO may
partly reflect a sub-clinical inflammation unresponsive to ICS.
Heterogeneous response of FEV1 and BHR to ICS has
previously been reported [23]. Increased numbers of sputum
eosinophils despite good clinical control in steroid-treated
asthmatics suggested partly uncontrolled airway inflammation
in asthmatics on ICS treatment [24]. Likewise, persistent BHR
in long-term treatment in controlled trials of ICS suggests a
chronic pathology only partly responsive to ICS [25, 26].
Previous reports have corroborated a correlation between
FeNO and BHR [27–29], while some have only demonstrated
such correlations for steroid-naives [30, 31] or atopic
asthmatics [32], and others no correlation at all [20, 33–36].
Allergy was more prevalent in the subgroup with raised

FeNO despite high-dose ICS. Specific IgE for inhalant
allergens correlated significantly and independently with
FeNO in the multi-regression analysis. This suggests that
part of the FeNO is driven by the allergic diathesis, only
partly sensitive to steroid. This finding is consistent with
previous reports on increased FeNO in atopic non-asthmatic
children [37] compared with atopic patients [38]. FeNO
increased during allergen exposure to grass [39], and FeNO

related more closely with allergy than with BHR and lung
function in adult asthmatics [40]. Yet, others found no
difference in peak exhaled NO concentration between allergic
and non-allergic asthmatics [45] and between atopic and non-
atopic healthy individuals [38, 46, 47].
Variability in FeNO has been related to numbers of ATT

repeats in intron 20 of the NOS1 gene at chromosome 12 [14].
We found that our cohort expressed the same distribution of
alleles as a sample from healthy individuals (data not shown),
and as reported by Wechsler et al. [14]. Genetic variation in
NOS1 (ATT)n repeats could therefore not explain the
heterogeneous response to ICS, although this does not
exclude the genetic variation as a general population
determinant of FeNO.
In conclusion, our study suggests that FeNO is within the

normal range in most asthmatic children on a moderate dose
of ICS. However, a remarkable heterogeneity in FeNO is
demonstrated and FeNO remains increased despite high-dose
ICS therapy in a defined subgroup of clinically well-
controlled asthmatic children. This probably reflects that
part of FeNO is driven by increased BHR and the allergic
diathesis, partly unchecked by ICS. Alternatively, it may rely
on NO production from the NO synthases (NOS1) and
NOS3, which are not sensitive to steroid [48]. The results
point to the diversity of determinants of FeNO. This should
be considered when using FeNO for steroid dose titration and
monitoring of asthma disease control in children.
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