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than that between FeNO and PC 20  methacholine (β = –0.87, 
p  = 0.081). The significant correlation between FeNO and 
PC 20  AMP was observed in the steroid-naïve group (β  = 
–2.48, p = 0.001), but not in the steroid-treated group (β = 
0.88, p = 0.463).  Conclusions:  FeNO levels were more closely 
associated with PC 20  AMP than with PC 20  methacholine. This 
relationship could only be seen in the steroid-naïve subjects. 
These results suggest that FeNO levels in children with asth-
ma may be more closely related to indirect AHR than to di-
rect AHR.  © 2015 S. Karger AG, Basel 

 Introduction 

 Asthma is one of the most common chronic diseases 
in children. Airway hyperresponsiveness (AHR) and air-
way inflammation are two main characteristics of asthma 
 [1] . It has been shown that airway inflammation contrib-
utes to AHR, even though the presence and severity of 
AHR are related to smooth muscle contraction.

  AHR is defined as an exaggerated bronchoconstrictive 
response of the airway to a variety of stimuli and can be 
measured by using direct or indirect stimuli. Direct stim-
uli, such as with methacholine, induce airway narrowing 
mainly through direct action on the receptors of airway 
smooth muscles  [2] , whereas indirect stimuli, such as 
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 Abstract 

  Background:  There is increasing interest in the role of indi-
rect bronchial challenges because clinical studies have 
shown that indirect airway hyperresponsiveness (AHR) re-
flects underlying airway inflammation better than direct 
AHR. Fractional exhaled nitric oxide (FeNO) appears to be a 
useful clinical tool for assessing airway inflammation nonin-
vasively. We examined whether FeNO is more closely related 
to AHR to indirect stimuli than AHR to direct stimuli in chil-
dren with mild to moderate asthma.  Methods:  Fifty-nine 
asthmatic children aged 6–16 years without rhinitis, under-
went spirometry, FeNO measurement and blood tests for se-
rum total IgE, blood eosinophil count and serum eosinophil 
cationic protein (ECP). All subjects underwent methacholine 
and adenosine 5-monophosphate (AMP) challenge tests at 
intervals of 3 days.  Results:  In a univariate linear regression 
analysis, FeNO was significantly associated with both PC 20  
AMP ( R  2   = 0.341, p  < 0.001) and PC 20  methacholine ( R  2   = 
0.188, p = 0.001). After adjustment for age, sex, serum total 
IgE and blood eosinophil count, the association between 
FeNO and PC 20  AMP (β = –1.98, p = 0.001) was more robust 
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with adenosine 5 ′ -monophosphate (AMP), cause airway 
narrowing mainly via the stimulation of primed mast-cell 
degranulation and the release of proinflammatory media-
tors  [3] . Thus, airway inflammation also appears to be a 
major factor determining the degree of AHR and airflow 
obstruction.

  Exhaled nitric oxide (eNO) is a noninvasive marker of 
airway inflammation. In recent years, fractional eNO 
(FeNO) has become a valuable tool for the diagnosis and 
monitoring of asthma in childhood  [4] . Previous studies 
investigating relationships between FeNO and AHR have 
shown inconsistent results and the correlations were gen-
erally low  [5–7] . Some studies concerning atopic steroid-
naïve asthmatics have demonstrated significant associa-
tions between FeNO and AHR  [5] ; others performed on 
steroid-treated asthmatics have not  [7, 8] . FeNO mea-
surement is increasingly useful for the diagnosis and 
management of asthma. However, the clinical validity of 
FeNO in asthmatics is not well established or widely ac-
cepted because of the significant phenotypic heterogene-
ity of asthma. Moreover, FeNO levels are elevated not 
only in patients with asthma but also in patients with rhi-
nitis and other upper airway diseases as well as in atopic 
subjects without respiratory disease  [9] .

  Although FeNO and AHR most likely represent differ-
ent aspects of inflammation and structural changes in the 
airways, a further understanding of the relationships be-
tween clinical markers of airway inflammation, airflow 
obstruction and airway hyperreactivity in asthmatics may 
have clinical implications. Since AHR to indirect stimuli 
reflect allergic airway inflammation better than AHR to 
direct stimuli  [10] , we hypothesized that FeNO would be 
more closely related to indirect bronchial challenge than 
to direct bronchial challenge. We thus examined whether 
FeNO would be more closely associated with AHR to 
AMP than with AHR to methacholine.

  Materials and Methods 

 Study Population 
 This study was performed on 59 children aged 6–16 years with 

mild to moderate, persistent asthma who were recruited from the 
Allergy Clinic of the Korea University Anam Hospital, Seoul, 
 Korea. Inclusion criteria were physician-diagnosed asthma and a 
history of episodic wheezing and/or dyspnea during the past year 
that was resolved with a bronchodilator. Subjects with a history 
of near-fatal asthma, major exacerbations necessitating the use of 
systemic corticosteroids or other respiratory diseases were ex-
cluded from the study. Seventeen subjects were taking asthma 
medicine regularly prior to testing. Eleven subjects were using 
inhaled corticosteroids (ICSs), 5 were taking leukotriene modi-

fiers and 1 was taking oral theophylline as a controller medicine. 
They were divided into a steroid-treated group (n  = 11) and a 
steroid-naïve group (n = 48). Subjects with any history of symp-
toms suggestive of current allergic rhinitis, such as recurrent 
sneezing, rhinorrhea and nasal stuffiness or itching in the absence 
of a common cold within the past 12 months were also excluded. 
The clinical severity of asthma was assessed according to the Na-
tional Asthma Education and Prevention Program criteria  [11] .

  Parents gave written informed consent for their children to 
participate in the study. The study protocol was approved by the 
Korea University Anam Hospital Institutional Review Board (No. 
AN09226-003).

  Pulmonary Function Tests 
 Forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity 

(FVC) were measured using a computerized spirometer (Microspi-
ro-HI 298, Chest, Tokyo, Japan), in accordance with the recommen-
dations of the American Thoracic Society  [12] . All subjects were 
asked to undergo spirometry in a reproducible way (i.e. a coefficient 
of variation of FEV 1  in 3 consecutive flow-volume curves of <5%) 
and to achieve an FEV 1  of at least 60% of the predicted value. The 
largest value of triplicate FEV 1  on each occasion was used for analysis.

  Methacholine and AMP Challenges 
 Methacholine challenge tests were carried out using a modifi-

cation of the method described by Chai et al.  [13] . AMP challenge 
tests were carried out using a modification of the method of the 
European Respiratory Society  [14] . Patients were asked to discon-
tinue the use of inhaled β2-agonists (for 24 h), oral theophylline 
(for 48 h), leukotriene modifiers and ICSs (for 7 days) at least be-
fore testing. Each patient had been free of acute respiratory tract 
infections for at least 4 weeks prior to the tests. 

  Fresh methacholine and AMP solutions were prepared in buff-
ered saline solution at different concentrations (0.075, 0.15, 0.3, 
0.625, 1.25, 2.5, 5, 10, 25 and 50 mg/ml for methacholine; 3.125, 
6.25, 12.5, 25, 50, 100, 200 and 400 mg/ml for AMP). A Rosenthal-
French dosimeter (Laboratory for Applied Immunology, Balti-
more, Md., USA), triggered by a solenoid valve set to remain open 
for 0.6 s, was used to generate an aerosol from a DeVilbiss 646 
nebulizer (DeVilbiss Health Care, Somerset, Pa., USA) with pres-
surized air at 20 psi. Each subject inhaled 5 inspiratory capacity 
breaths of a buffered saline solution and increasing concentrations 
of methacholine or AMP, respectively, at 5-min intervals. This set-
up produced an output of 0.009 ± 0.0014 ml (mean ± SD) per in-
halation. At each concentration, FEV 1  was measured 90 s after in-
halation. The procedure was terminated when FEV 1  decreased by 
>20% of its post-saline value or when the highest methacholine 
(50 mg/ml) or AMP (400 mg/ml) concentration was reached. 

  Percentage declines in FEV 1  from the post-saline value were 
plotted against the log concentrations of inhaled methacholine or 
AMP. PC 20  methacholine and PC 20  AMP were calculated by inter-
polating between 2 adjacent data points whenever FEV 1  decreased 
by >20%. For statistical analyses, a censored value of 800 mg/ml 
for PC 20  AMP was assigned to subjects who did not show a 20% 
decline in FEV 1  after inhalation of the maximal concentration of 
AMP. A cumulative provocative dose causing a 20% fall in FEV 1  
(PD 20  AMP) was calculated by log-linear interpolation of the final 
data points. The dose-response ratio (DRR) was calculated by ob-
taining the final percentage fall in FEV 1  and dividing it by the cu-
mulative dose of AMP administered. 
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  Measurement of FeNO 
 Exhaled NO was measured according to American Thoracic 

Society recommendations using an NO analyzer (NIOX MINO 
analyzer, Aerocrine, Solna, Sweden) during single-breath exhala-
tion  [15] . Subjects inhaled NO-free air to total lung capacity and 
immediately exhaled fully against a positive mouthpiece counter 
to pressure at a flow rate of 50 ml/s into an on-line analyzer to 
avoid any nasal contamination.

  Skin-Prick Tests 
 Skin-prick tests were performed using 13 common aeroaller-

gens: house dust mites ( Dermatophagoides pteronyssinus  and  Der-
matophagoides farinae ), animal danders (cat epithelium and dog 
epithelium), pollens (mugwort, ryegrass, ragweed, hazel, alder and 
oak), molds ( Aspergillus fumigates  and  Alternaria alternata ) and 
cockroach  (Blatella germanica) . The allergens were supplied by Al-
lergopharma (Reinbek, Germany). A mean wheal diameter >3 mm 
in the absence of any reaction to the negative control was consid-
ered a positive reaction. Atopy was defined as the presence of at 
least 1 positive reaction to these allergens greater than the negative 
control.

  Serum total IgE and Blood Eosinophil Markers 
 Serum total IgE levels were measured using a Coat-A-Count 

Total IgE IRMA (Diagnostic Products Co., Los Angeles, Calif., 
USA) according to the manufacturer’s instructions. The number 
of peripheral blood eosinophils was counted with blood samples 
containing EDTA using an automated hematology analyzer (Coul-
ter Counter STKS, Beckman Coulter, Fullerton, Calif., USA). Se-
rum ECP levels were measured using a commercially available flu-
oroimmunoassay kit (Pharmacia ECP UniCAP System FEIA, 
Pharmacia Diagnostics, Uppsala, Sweden) which had a detection 
limit of <2.0 μg/l. Blood sample collection, serum preparation and 
serum ECP measurement were performed according to the manu-
facturer’s instructions. 

  Statistical Analysis 
 A sample size of 61 was achieved by 80% power to detect a dif-

ference of –0.35 between the null hypothesis correlation of 0.00 
and the alternative hypothesis correlation of 0.35, using a 2-sided 
hypothesis test with a significance level of 0.05 with PASS 12 
(NCSS, LLC, Kaysville, Utah, USA). Data are presented as mean ± 
SD. The values for FeNO, PC 20  methacholine, PC 20  AMP, PD 20  

AMP, DRR, serum total IgE, serum ECP and blood eosinophil 
counts were log transformed before statistical analysis. The maxi-
mal percentage fall in FEV 1  from baseline after administration of 
AMP was calculated. The means or frequencies were compared 
between the 2 groups using the 2-tailed Student t test or the χ 2  test. 
Relationships between FeNO and serum IgE level/eosinophil 
count/ECP level were measured using the Pearson correlation co-
efficients. Multivariable linear regression models were used to an-
alyze the association between FeNO and PC 20  methacholine/PC 20  
AMP, after adjustment for age, sex, serum total IgE level and blood 
eosinophil count. The coefficient of determination ( R  2 ) and re-
gression coefficient (β) were obtained from the analyses. All statis-
tical analyses were performed using SPSS software (version 17; 
SPSS Inc., Chicago, Ill., USA). A p   value of <0.05 was considered 
statistically significant.

  Results 

 The clinical characteristics of the steroid-treated and 
steroid-naïve groups of children with mild to moderate, 
persistent asthma are shown in  table 1 . There was no sig-
nificant difference in age, sex ratio and blood eosinophil 
count between the 2 groups. The geometric mean of se-
rum total IgE levels of the steroid-treated group [249.6 
IU/ml (5.5–837.1)] was not significantly different from 
those of the steroid-naïve group [144.0 IU/ml (28.8–
720.5), p  = 0.290]. However, the prevalence of atopy 
showed a marginal significance between the 2 groups 
(90.9 vs. 70.8%, p = 0.050). The geometric mean of FeNO 
levels was significantly higher in the steroid-treated group 
than in the steroid-naïve group [54.1 ppb (31.2–93.7) vs. 
30.0 ppb (18.2–49.4), p = 0.006].

  The pulmonary function parameters of the 2 groups 
are presented in  table 2 . There was no significant differ-
ence in baseline pulmonary function parameters and PC 20  
methacholine between the 2 groups. The geometric mean 
(range of 1 SD) of PC 20  AMP was significantly lower in the 

 Table 1.  Clinical characteristics of the 2 study groups

Parameters Steroid-treated (n = 11) Steroid-naïve (n = 48) Total (n = 59)

Age, years 10.0±2.7 9.9±2.7 9.9±2.7
Boys, % 72.7 66.7 67.8
Positive skin-prick test, % 90.9 70.8 74.6
Total IgE, IU/mla 249.6 (5.5–837.1) 144.0 (28.8–720.5) 158.5 (33.9–741.3)
Blood eosinophil count, /μla 267.7 (85.6–837.1) 278.7 (126.5–614.0) 275.4 (117.5–645.7)
FeNO, ppba, b 54.1 (31.2–93.7) 30.0 (18.2–49.4) 33.3 (19.0–57.9)

 a Geometric mean (range of 1 SD).
b p < 0.05.
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steroid-treated group than in the steroid-naïve group 
[18.5 mg/ml (3.06–112.2) vs. 89.1 mg/ml (8.5–934.5), p = 
0.042]. The mean percent fall in FEV 1  was not significant-
ly different between the steroid-treated group and the ste-
roid-naïve group (25.5 ± 9.4 vs. 23.7 ± 11.8%). There were 
17 subjects who did not show a positive response after 
inhalation of the maximal concentration of AMP (400 
mg/ml). The DRR was significantly higher in the steroid-
treated group than in the steroid-naïve group [1.56% fall/
mg (0.23–10.5) vs. 0.30% fall/mg (0.25–3.67), p = 0.046].

  In the univariate analysis, FeNO was significantly as-
sociated with both PC 20  AMP ( R  2   =  0.341, p  <  0.001) and 
PC 20  methacholine ( R  2   =  0.188, p = 0.001;  fig. 1 ). How-
ever, in the multivariable linear regression model, after 
controlling for age, sex, serum total IgE and blood eosin-
ophil count, FeNO was independently associated with 
PC 20  AMP (β  = –1.98, p  = 0.001), but not with PC 20  
methacholine (β = –0.87, p = 0.081;  table 3 ). A significant 
association between FeNO and PC 20  AMP was found in 
the steroid-naïve group (β = –2.48, p = 0.001), but not in 

Table 2. Pulmonary function parameters and AHR in steroid-treated and steroid-naïve asthmatic children

Parameters Steroid-treated (n = 11) Steroid-naïve (n = 48) Total (n = 59)

FEV1, % predicted 96.5±15.8 96.3±14.9 96.4±14.9
FVC, % predicted 96.1±12.8 98.9±11.7 98.4±11.9
FEV1/FVC, % 85.0±7.0 83.1±7.8 83.5±7.6
PC20 methacholine, mg/mla 2.01 (0.23–17.7) 4.31 (0.72–25.9) 3.4 (0.6–21.0)
PC20 AMP, mg/mla, b 18.5 (3.06–112.2) 89.1 (8.5–934.5) 66.4 (6.5–677.6)
PD20 AMP, mga 
% fall in FEV1(AMP), %
DRR, % fall/mga, b

18.7 (3.13–111.2)
25.5±9.4
1.56 (0.23–10.5)

63.9 (8.36±489.3)
23.7±11.8
0.30 (0.25–3.67)

50.9 (6.7–389.2)
24.0±11.3
0.41 (0.03–4.85)

a Geometric mean (range of 1 SD).
b p < 0.05.
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Fe
N

O
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pb
)

R2 = 0.341, p = 0.001

  Fig. 1.   a  Association between FeNO and PC 20  methacholine.  b  Association between FeNO and PC 20  AMP. Open 
circles indicate steroid-naïve asthmatics and closed circles indicate steroid-treated asthmatics. 
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the steroid-treated group (β = 0.88, p = 0.463) ( tables 4 , 
 5 ). There was a positive relationship of FeNO concentra-
tions to blood eosinophil markers ( r  = 0.34, p = 0.009) and 
serum ECP levels ( r  = 0.29, p = 0.027). FeNO concentra-
tions were also positively associated with serum total IgE 
concentrations ( r  = 0.47, p = 0.001), but not with FEV 1 /
FVC ( r  = –0.11, p = 0.402).

  Discussion 

 In this study, we demonstrated that FeNO concentra-
tions were more closely associated with AHR to AMP 
than with AHR to methacholine in asthmatic children. A 

significant association between FeNO and AHR to AMP 
was observed in the steroid-naïve group, but not in the 
steroid-treated group. FeNO was positively correlated 
with serum total IgE and blood eosinophil markers but 
not with baseline pulmonary function parameters.

  Airway inflammation and AHR are two main charac-
teristic features of asthma. AHR, an exaggerated re-
sponse to stimuli, can be measured using direct (metha-
choline) and indirect (AMP) stimuli. There is increasing 
interest in indirect testing by releasing mediators be-
cause AHR is an indicator of the presence of airway in-
flammation  [3] . AMP, unlike methacholine, does not act 
as a bronchoconstrictor agent by acting directly on air-
way smooth muscle, but acts rather via mediators re-

 Table 3.  Multivariable models for associations between FeNO and PC20 methacholine/PC20 AMP in the study subjects

PC20 methacholine  PC20 AMP

β 95% CI p value β 95% CI p value

FeNO, ppb –0.87 –1.86 to 0.11 0.081 –1.98 –3.11 to –0.85 0.001
Age 0.00 –0.08 to 0.08 0.998 –0.01 –0.11 to 0.08 0.770
Sex 0.14 –0.32 to 0.60 0.543 –0.21 –0.74 to 0.32 0.427
Total IgE, IU/ml –0.33 –0.68 to 0.02 0.061 –0.34 –0.74 to 0.06 0.090
Eosinophils, /μl –0.19 –0.76 to 0.38 0.502 –0.12 –0.77 to 0.53 0.713

Table 4. Multivariable models for associations between FeNO and PC20 methacholine/PC20 AMP in the steroid-treated group

PC20 methacholine PC20 AMP

β 95% CI p value β 95% CI p value

FeNO, ppb 1.01 –3.74 to 5.76 0.607 0.88 –1.96 to 3.72 0.463
Age –0.14 –0.91 to 0.63 0.650 –0.78 –0.54 to 0.38 0.682
Sex –1.29 –6.81 to 4.24 0.575 2.22 –1.08 to 5.52 0.144
Total IgE, IU/ml –0.20 –2.11 to 1.71 0.796 –1.12 –2.26 to 0.02 0.053
Eosinophils, /μl –1.26 –3.02 to 0.49 0.123 0.88 –1.25 to 0.85 0.463

 Table 5.  Multivariable models for associations between FeNO and PC20 methacholine/PC20 AMP in the steroid-naïve group

PC20 methacholine  PC20 AMP

β 95% CI p value β 95% CI p value

FeNO, ppb –0.16 –1.31 to 0.97 0.780 –2.48 –3.90 to –1.07 0.001
Age 0.08 –0.12 to 2.73 0.428 0.05 –0.19 to 0.30 0.669
Sex 1.15 0.08 to 2.22 0.035 0.12 –0.19 to 1.44 0.851
Total IgE, IU/ml 0.55 0.19 to 0.91 0.004 –0.14 –0.58 to 0.31 0.538
Eosinophils, /μl –0.47 –1.17 to 0.23 0.182 –0.18 –1.04 to 0.68 0.676
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leased from activated mast cells  [10] . Inhaled AMP acts 
through A2B receptors and is thought to result in bron-
choconstriction via mast-cell degranulation that releases 
histamine and other cytokines  [16] . Inhaled AMP in-
creased the eosinophil count in the lungs in a sensitized 
animal model  [17] . Recruited eosinophils may reflect an 
overall increased inflammatory activity, increasing the 
production of cytokines that stimulate mast cells direct-
ly and indirectly. Activation of mast cells can also occur 
through the IgE-dependent pathway, resulting in the re-
lease of mediators that are responsible for an influx of 
eosinophils in the sputum  [16] . Therefore, AHR to AMP 
reflects underlying airway inflammation more specifi-
cally  [18] . 

  A proportion of our subjects responded to methacho-
line, but not to AMP. AHR to direct stimuli may be pres-
ent in the absence of AHR to indirect stimuli. This indi-
cates that airway damage or airflow limitation without 
airway inflammation may occur in asthmatic airways 
 [19] . Eleven subjects were taking ICSs prior to testing. In 
current asthma, airway inflammation is the central ab-
normality leading to AHR, and treating airway inflamma-
tion with ICSs may have greater effects on indirect chal-
lenges than on direct challenges  [8, 20] .

  Meanwhile, airway inflammation can be noninvasive-
ly assessed with FeNO. NO is synthesized by various cells 
through the oxidation of L-arginine by NO synthase. In 
asthma, inducible NO synthase expression is upregulated 
by activating STAT-6 through interleukins 4 and 13 pro-
duced by T helper 2 cells, mast cells and eosinophils  [4, 
21] . Thus, eNO directly signals the proinflammatory cy-
tokine mechanisms of central importance in the patho-
physiology of asthma. The levels of eNO parallel the in-
flammatory process in the asthmatic airway, and treat-
ment with ICSs results in a marked reduction in the 
levels of eNO  [22] . On the other hand, the degree of IgE 
sensitization is also thought to be related to eNO, al-
though eosinophilic inflammation is commonly consid-
ered an important contributor  [21, 23] . Atopic inflam-
mation is characterized by the recruitment and activa-
tion of eosinophils; therefore, both atopy and eosinophils 
might be important determinants of NO production  [21] .

  Relationships between FeNO and indirect AHR have 
been shown in numerous studies  [24–26] . Both FeNO 
and indirect AHR are increased in asthma; however, not 
all asthma phenotypes are characterized by significant re-
lationships between these 2 parameters. Previous studies 
have shown that FeNO is significantly associated with in-
direct AHR in atopic subjects, but not in nonatopic sub-
jects  [24, 25] . This association is, in part, due to the dif-

ferences in inflammatory profiles or cytokine production 
between atopic and nonatopic asthmatics. It is suggested 
that both FeNO levels and the response to AMP challenge 
depend on the degree of allergic airway inflammation in 
asthmatics  [21, 24] . 

  In this study, we demonstrated that FeNO was more 
closely associated with AHR to AMP than with AHR to 
methacholine. Consistent with these results, Porsbjerg et 
al.  [5]  showed that FeNO has a stronger correlation with 
indirect stimuli (mannitol) than with direct stimuli 
(methacholine). A previous study showed that an im-
provement in PC 20  AMP but not in PC 20  methacholine 
after 2 weeks of steroid therapy is associated with a de-
crease in FeNO, indicating that AHR to AMP is more 
closely associated with airway inflammation  [27] .

  When we conducted subanalyses on the steroid-treat-
ed and steroid-naïve groups, significant relationships 
were observed only in the steroid-naïve group. Other 
studies have shown no correlations between FeNO and 
indirect AHR in steroid-treated subjects, supporting the 
notion that the inflammatory response in the airways 
could be attenuated by ICSs  [8] . 

 Several points must be considered. Of the 59 subjects 
that we studied, 11 were taking ICSs prior to enrollment. 
Treating with ICSs may attenuate inflammation, may 
possibly inhibit airway sensitivity to indirect stimuli and, 
thus, impact relationships between the two. ICS washout 
for 1 week may not have been sufficient in our subjects. 
Another point to be considered is that we attempted to 
exclude current rhinitis patients going by their symp-
toms. The absence of rhinitis symptoms within the last 12 
months does not always exclude the possibility of allergic 
rhinitis.

  In summary, we found that airway inflammation, as 
assessed by using eNO, was more closely associated with 
AMP responsiveness than with methacholine responsive-
ness in steroid-naïve asthmatic children. Our results sug-
gest that FeNO may better reflect bronchial responsive-
ness when assessed by indirect challenge than by direct 
challenge.
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