Original Article

Allergy Asthma Immunol Res. 2013 May;5(3):155-161.
http://dx.doi.org/10.4168/aair.2013.5.3.155
pISSN 2092-7355 « elSSN 2092-7363

AAl R*

Allergy, Asthma & Immunology Research

Relationships Between Exhaled Nitric Oxide and Atopy Profiles in
Children With Asthma

Won-Nyung Jang,' In-Su Park,' Chang-Hee Choi,' Siegfried Bauer,”® Samuel Harmin,** Sung Chul Seo,* Ic Sun Choi,**
JiTae Choung,* Young Yoo™***

"Department of Pedliatrics, Hanil General Hospital, Seoul, Korea

?’Department of Pedliatrics, College of Medicine, Korea University, Seoul, Korea

Environmental Health Center for Childhood Asthma, Korea University Anam Hospital, Seoul, Korea
*Department of Pediatrics, Mokpo Hansarang Hospital, Mokpo, Korea

*Allergy Immunology Center, Korea University, Seoul, Korea

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Purpose: We examined whether fractional exhaled nitric oxide (FeNO) levels are associated with atopy profiles in terms of mono-sensitization and
poly-sensitization in asthmatic children. Methods: A total of 119 children underwent an assessment that included FeNO measurements, spirome-
try, methacholine challenge, and measurement of blood eosinophil count, serum total IgE, and serum eosinophil cationic protein (ECP). We also ex-
amined sensitization to five classes of aeroallergens (house dust mites, animal danders, pollens, molds, and cockroach) using skin prick testing. The
children were divided into three groups according to their sensitization profiles to these aeroallergens (non-sensitized, mono-sensitized, and poly-
sensitized). Results: The geometric means (range of 1 SD) of FeNO were significantly different between the three groups (non-sensitized, 18.6 ppb
[10.0-34.7 ppb]; mono-sensitized, 28.8 ppb [16.6-50.1 ppb]; and poly-sensitized, 44.7 ppb [24.5-81.3 ppb], P=0.001). FeNO levels were correlated
with serum total IgE concentrations, peripheral blood eosinophilia, and serum ECP levels to different degrees. Conclusions: FeNO levels vary ac-
cording to the profile of atopy, as determined by positive skin prick test results to various classes of aeroallergens. FeNO is also moderately correlat-
ed with serum total IgE, blood eosinophilia, and serum ECP. These results suggest that poly-sensitized asthmatic children may have the highest risk

of airway inflammation.
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INTRODUCTION

Atopy and airway inflammation are fundamental features of
asthma, however, the relationship between them is complex
and reports on their association are conflicting.' Atopy is de-
fined as at least one positive reaction to allergens. The atopic
population consists of two groups of individuals, those sensi-
tized to only one class of aeroallergen (mono-sensitized) and
those sensitized to multiple classes of allergen (poly-sensitized).”

After it became clear that chronic airway inflammation char-
acterizes asthma, interest in noninvasive methods for measur-
ing airway inflammation rapidly increased.’ Nitric oxide (NO)
has been proposed as a marker of airway inflammation in asth-
ma based on findings that fractional exhaled NO (FeNO) levels
are higher in asthmatic children, which correlates with levels of
eosinophilic inflammation in the airway mucosa.*® FeNO ap-
pears to be a useful clinical tool for assessing airway inflamma-
tion in asthma, with the advantages of being noninvasive and
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providing immediate results.®”

While higher FeNO levels are known to occur in asthmatic
children, some investigators have shown that this increase is
also found in individuals with atopy.® FeNO levels increase in
atopic children regardless of whether they have asthma and are
significantly higher than in non-atopic asthmatics.® Although
elevated FeNO levels have been observed in asthmatic chil-
dren, this increase does not appear to be directly associated
with asthma itself.

The fact that FeNO levels can be modified by other factors may
lead to errors and raise concerns regarding the interpretation of
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increased FeNO levels in asthmatic children.’ Several studies
have indicated that both the presence and degree of atopy are
important factors for increased FeNO levels in asthmatic pa-
tients.'® Because of the high prevalence of atopy among asth-
matic patients, it is important to determine the influence of
these atopic conditions on FeNO. Although the atopic status it-
self has been found to be closely correlated with elevated FeNO
levels, it is important to assess how strongly atopy affects FeNO
levels in asthmatic children. The relationship between elevated
FeNO levels and the degree of atopic sensitization requires clar-
ification.

To date, the relationship between the presence of atopy and
its profile in terms of mono-sensitization and poly-sensitization
with FeNO, a validated indirect marker of airway inflammation,
has not been clearly established. We evaluated the possible re-
lationships between the presence and profiles of aeroallergen
sensitization and FeNO levels in asthmatic children.

MATERIALS AND METHODS

Study subjects

A total of 119 children with mild to moderate asthma, aged
10-13 years, were enrolled. All subjects had a history of episodic
wheezing and/or dyspnea during the previous year, which was
resolved with bronchodilators. The clinical severity of the asth-
ma was assessed according to the National Education and Pre-
vention Program criteria." Subjects were treated with inhaled
short-acting .-agonists on demand to relieve symptoms, with
or without controller medications (inhaled corticosteroids, leu-
kotriene receptor antagonists, or inhaled long-acting .-agonists).
All participants underwent a battery of tests, including FeNO,
baseline spirometry, methacholine challenge tests, skin prick
tests, and blood sampling at the Allergy Clinic and Environmen-
tal Health Center for Childhood Asthma of Korea University
Anam Hospital. Subjects with concomitant allergic rhinitis after
careful review of medical records were excluded. Also excluded
were subjects with any history of symptoms suggestive of aller-
gic rhinitis, such as recurrent symptoms of sneezing, rhinorrhea,
and nasal stuffiness or itching, with the exception of the com-
mon cold, during the year prior to the study or when allergic
rhinitis had been diagnosed by a physician. Patients with a his-
tory of near-fatal asthma, major exacerbations necessitating the
use of systemic corticosteroids, or with serious respiratory dis-
eases other than asthma were also excluded.

Parents gave written informed consent for their children to
participate in the study. The study protocol was approved by
the Institutional Review Board of Korea University Anam Hos-
pital (No. ED12055).

Pulmonary function test

Spirometry (forced expiratory volume in 1 second [FEV1] and
forced vital capacity [FVC]) was performed using a computer-
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ized spirometer (Microspiro-HI 298, Chest; Tokyo, Japan) in ac-
cordance with the recommendations of the American Thoracic
Society."? All subjects were asked to perform spirometry in the
standard manner, and were required to have an FEV1 of at least
70% of the predicted value.

Methacholine challenge test

After obtaining baseline spirometry values, all subjects under-
went bronchoprovocation with increasing concentrations of
methacholine. The methacholine inhalation test was performed
using a modified method of that described by Chai et al." Pa-
tients had been free of acute respiratory tract infections and asth-
ma exacerbations for a minimum of 4 weeks prior to the test.
All patients were asked to discontinue using inhaled short-act-
ing B-agonists for 24 hours and inhaled long-acting B-agonists,
leukotriene modifier, and corticosteroids for 7 days prior to test-
ing. Methacholine solutions (Sigma Diagnostics, St. Louis, MO,
USA) were prepared at different concentrations (0.075, 0.15, 0.3,
0.625, 1.25, 2.5, 5, 10, and 25 mg/mL) in a buffered saline solu-
tion (pH 7.4). A Rosenthal-French dosimeter (Laboratory for
Applied Immunology, Baltimore, MD, USA), triggered by a so-
lenoid valve set to remain open for 0.6 sec, was used to generate
aerosols from a DeVilbiss 646 nebulizer (DeVilbiss Health Care,
Somerset, PA, USA) with pressurized air at 20 psi. Each patient
inhaled five inspiratory capacity breaths of the buffered saline
solution and increasing concentrations of methacholine at
5-min intervals. FEV1 and FVC were measured 90 seconds after
inhalation at each concentration, and the largest three FEV1 or
FVC measurements were analyzed. The procedure was termi-
nated when FEV1 decreased by more than 20% of its post-sa-
line value or when the highest methacholine concentration (25
mg/mL) was reached. Percentage declines in FEV1 from the
post-saline value were plotted against log concentrations of in-
haled methacholine. The provocative concentration of metha-
choline (PC20) producing a 20% fall in FEV1 was calculated by
interpolating between two adjacent data points.

Measurement of FeNO

FeNO was measured using a chemiluminescence analyzer
(NIOX analyzer, Aerocrine, Sweden) during single-breath exha-
lation according to the ERS/ATS recommendations." We fol-
lowed the manufacturer’s recommendations: inhalation of NO-
free air to total lung capacity, immediately followed by full exha-
lation against a positive mouthpiece counter pressure at a flow
rate of 50 mL/sec into an on-line chemiluminescence analyzer
to avoid any nasal contamination. Three measurements were
made, and were considered validated when <10% variability
was obtained. Each subject had been free of acute respiratory
tract infections for at least 4 weeks prior to the measurement.

Skin prick testing
Skin prick testing was performed using five classes of 13 com-

Allergy Asthma Immunol Res. 2013 May;5(3):155-161. http://dx.doi.org/10.4168/aair.2013.5.3.155



AAIR

mon aeroallergens: house dust mites (Dermatophagoides pter-
onyssinus and Dermatophagoides 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 Allergopharma (Reinbek, Ger-
many). A mean wheal diameter >3 mm in the absence of any
reaction to the negative control was considered to indicate a
positive reaction.” Atopy was defined as the presence of at least
one positive reaction to these allergens. As for mono-sensitiza-
tion and poly-sensitization, atopic subjects are frequently sen-
sitized to more than one allergen belonging to clusters of aller-
gen classes.'®"” Thus, subjects sensitized to only one class of al-
lergens were considered to be mono-sensitized, while those
sensitized to two or more classes of allergens were considered
to be poly-sensitized.

Measurement of serum total IgE levels, peripheral blood
eosinophil counts, and eosinophil cationic protein levels

Serum total IgE levels were measured using a Coat-A-Count
Total IgE IRMA (Diagnostic Products Co., Los Angeles, CA, USA)
according to the manufacturer’s instructions. The number of
peripheral blood eosinophils was counted in blood samples
containing EDTA using an automated hematology analyzer
(Coulter Counter STKS, Beckman Coulter, Fullerton, CA, USA).
Serum eosinophil cationic protein (ECP) levels were measured
using a commercially available fluoroimmunoassay kit (Phar-
macia ECP UniCAP System FEIA, Pharmacia Diagnostics, Up-
psala, Sweden) with a detection limit <2.0 pg/L.

Table 1. Clinical characteristics of the asthmatic children

FeNO and Atopy Profiles

Statistical analysis

FEV1 and FVC are expressed as percent predicted values based
on the data from our local population. The values for FeNO,
methacholine PC20, serum total IgE levels, blood eosinophil
counts, and serum ECP levels were log transformed before sta-
tistical analysis. Data are presented as mean+SD or geometric
mean (range of 1 SD), as appropriate. The variables were com-
pared between the three groups using one-way analysis of vari-
ance (ANOVA) and the post hoc Tukey’s honestly significant dif-
ference test or the chi-square test for multiple comparisons, as
appropriate. Correlations between FeNO and serum total IgE
levels, blood eosinophil counts, serum ECP levels, or various
pulmonary function parameters were calculated using a linear
regression model. All statistical analyses were performed using
the SPSS statistical package (SPSS Inc., Chicago, IL, USA). A P
value <0.05 was considered to be statistically significant.

RESULTS

The clinical characteristics of the three groups are shown in
Table 1. Of the 119 children, 32 were designated as non-sensi-
tized, 46 were mono-sensitized, and 41 were poly-sensitized.
The mean ages, BMIs, and the gender distribution were not sig-
nificantly different between the three groups. The geometric
means (range of 1 SD) of serum total IgE were significantly dif-
ferent between the three groups: 380.2 IU/mL (128.8-1122.0 IU/
mL) in poly-sensitized subjects, 302.0 IU/mL (107.2-851.1 IU/
mL) in mono-sensitized subjects, and 107.2 IU/mL (32.4-354.8
IU/mL) in non-sensitized subjects (P=0.019). The blood eosin-

Non-sensitized (n=32) Mono-sensitized (n=46) Poly-sensitized (n=41) Pvalue
Age (yr)* 11.1+3.1 106+24 12140 0.550
Gender (boy/girl) 17/15 34/12 25/16 0.681
BMI (kg/m?)* 198432 18.9+3.0 195434 0.458
Serum total IgE (IU/mL)" 107.2 (32.4-354.8) 302.0(107.2-851.1) 380.2(128.8-1122.0) 0.019
Blood eosinophils (/pL)" 162.2 (56.2-467.7) 295.1(173.8-501.2) 436.5(251.2-758.6) 0.0m
Serum ECP (ug/mL)" 16.2 (5.4-49.0) 18.2(6.9-47.9) 209(9.1-47.9) 0.093
FeNO (ppb)* 18.6(10.0-34.7) 28.8(16.6-50.1) 447 (24.5-81.3) 0.001
*Mean+SD, 'Geometric mean (range of 1 SD).
BMI, body mass index; ECP, eosinophil cationic protein; FeNO, fractional exhaled nitric oxide.
Table 2. Pulmonary function parameters in asthmatic children
Parameter Non-sensitized (n=32) Mono-sensitized (n=46) Poly-sensitized (n=41) P value
FEV1 (% predicted)* 91.8+11.2 89.6+15.8 89.3+20.2 0.781
FVC (% predicted)* 93.0+11.8 91.8+13.1 93.3+134 0.862
FEV1/FVC (%)* 84.5+6.5 84.3+8.0 81.3+124 0.260
MChPC20 (mg/mL)" 14.1(2.14-93.3) 6.46(1.26-33.1) 2.51(0.34-18.6) 0.001

*Mean=+SD, "Geometric mean (range of 1 SD).

FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity. MChPC20, provocative concentration of methacholine causing a 20% decline in FEV1.
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Figure. Mean and percentile (10th, 25th, 75th, and 90th) distributions of FeNO
in non-sensitized, mono-sensitized, and poly-sensitized asthma groups.

ophil counts and serum ECP concentrations were also different
between the three groups, with marginal significance (P=0.011
and P=0.093, respectively).

Table 2 shows the pulmonary function parameters of the sub-
jects. The baseline FEV1, FVC, and FEV1/FVC levels were not
significantly different between the three groups (P=0.781, P=
0.862, and P=0.260, respectively). However, the geometric mean
(range of 1SD) of methacholine PC20 was significantly lower in
poly-sensitized subjects (2.51 mg/mL [0.34-18.6 mg/mL]) than
in the other two groups (mono-sensitized subjects, 6.46 mg/mL
[1.26-33.1 mg/mL}; non-sensitized subjects, 14.1 mg/mL [2.14-
93.3 mg/mL]) (P=0.001).

We found increased FeNO levels in the atopic asthmatic chil-
dren (36.3 ppb [range of 1 SD, 20.4-64.6 ppb]) compared to non-
atopic asthmatics (18.6 ppb [range of 1 SD, 10.0-34.7 ppb]) (P=
0.001). There were also significant differences in FeNO values
between the two sensitized groups (mono-sensitized, 28.8 ppb
[range of 1 SD, 16.6-50.1 ppb] versus poly-sensitized, 44.7 ppb
[range of 1 SD, 24.5-81.3 ppb]) (P=0.026; Figure).

We also analyzed possible correlations between FeNO values
and various biological markers of asthma. FeNO levels correlat-
ed significantly with serum total IgE levels and blood eosino-
phils, and displayed inverse relationships with FEV1, FVC,
FEV1/FVC, and methacholine PC20 (Table 3).

DISCUSSION

We found significant relationships between FeNO levels and
the degree of sensitization to aeroallergens in asthmatic chil-
dren. We noted a weak but significantly greater elevation of
FeNO levels in poly-sensitized asthmatics than in mono-sensi-
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Table 3. Linear regression coefficients for fractional exhaled nitric oxide in chil-
dren with asthma

Pvalue  hegression 95% Cl
coefficient
BMI percentile 0.225 -0.151 -0.396 t0 0.095
Serum Total IgE 0.041 -2.007 -0.016 t0 3.093
Blood eosinophils 0.016 3.343 -0.006 to 5.066
FEV1 0.012 2212 -3.935t0 -0.489
FVC 0.028 -1.858 -351410-0.203
FEV1/FVC 0.019 -2.168 -3.97510-0.361
MChPC20 0.043 -8.077 -15.9110-0.244

BMI, body mass index; ECP. eosinophil cationic protein; FEV1, forced expiratory
volume in Tsecond; FVC, forced vital capacity. MChPC20, provocative concen-
tration of methacholine causing a 20% decline in FEV1.

tized asthmatics. FeNO levels were correlated with serum total
IgE levels, blood eosinophils, serum ECP levels, and some spi-
rometric parameters, to varying extents. These results are con-
sistent with those of previous studies, and suggest that FeNO
may be moderately correlated with the profiles of atopic sensi-
tization and allergic inflammation.

Although several studies have shown that asthma and/or ato-
py are closely related to FeNO,”" these relationships are incon-
sistent in clinically selected samples.'®" A previous study of 222
asthmatic children showed that FeNO levels are elevated in some,
but not all children with atopic asthma.” Prasad et al.® demon-
strated that FeNO levels are higher in atopic children than in
non-atopic asthmatic children and non-atopic, non-asthmatic
children in a study with a large pediatric asthmatic population.
Furthermore, they showed that non-atopic children have no
significant difference in FeNO levels whether they are asthmat-
icornot.

Previous studies suggested that the degree of atopy is associ-
ated with FeNO levels, and that increasing FeNO levels are re-
lated to the number of positive skin prick test results in asth-
matic children.* However, Moore et al.?! demonstrated that
FeNO is not always associated with the number of positive skin
test responses, blood eosinophils, or serum IgE levels in asth-
matics. FeNO displays even greater independence from asthma
and asthma-like symptoms after controlling for atopy. The rela-
tionship between FeNO and asthma is complex, and the mech-
anisms for increased FeNO levels require further investigation.

We divided the asthmatic children into three groups accord-
ing to their different profiles of atopic sensitization. It was hy-
pothesized that atopic sensitization could be a marker of airway
inflammation in asthmatic children. This hypothesis is support-
ed by a previous study, which reported correlations between
serum total IgE levels and FeNO concentrations in asthmatics.”
However, it is problematic to explain airway inflammation in
asthmatics by the presence of atopy alone. The degree of atopic
sensitization is more important than simply the presence of at-
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opy in further elucidation of the relationship between FeNO
levels and atopy.

We also found a positive relationship between FeNO levels
and atopy profiles, which is in agreement with previous studies.
The relationship between FeNO levels and the degree of atopic
sensitization potentially indicates that allergen sensitization
may contribute to atopic airway inflammation in asthmatic sub-
jects. A significant correlation between atopy scores and the se-
verity of exercise-induced bronchoconstriction, which has been
shown to be correlated with the markers of eosinophilic airway
inflammation,* also supports our contention that the degree of
allergen sensitization may contribute to allergic airway inflam-
mation. In contrast, Silvestri et al.*® did not find significant dif-
ferences in the FeNO levels between mono-sensitized and poly-
sensitized asthmatic children. This discrepancy may be explained
by the small number of mono-sensitized children in that study.

Our results indicate that aeroallergen sensitization clearly plays
an important role in determining FeNO levels in asthmatic chil-
dren. Thus, it could be speculated that airway eosinophilic in-
flammation may increase with the degree of atopy. Although
the mechanism by which an increase in the degree of atopic re-
sponsiveness induces a rise in FeNO is not fully understood, it
is becoming evident that NO production correlates more spe-
cifically with airway inflammation where eosinophilia and clin-
ical atopic features dominate.® An increasing degree of atopic
responsiveness leads to greater cellular activation with inflam-
mation, and consequently upregulated production of inducible
nitric oxide synthase (iNOS).* Elevated FeNO levels are thought
to result from increased expression and activity of iNOS in air-
way epithelial and inflammatory cells.** In atopic asthmatics,
the degree of atopic sensitization appears to reflect systemic
(blood eosinophilis) and organ-specific (FeNO) markers of al-
lergic inflammation.”*

In the present study, the elevated FeNO concentrations in the
poly-sensitized subjects reflected the presence of clinical inflam-
mation and induction of iNOS by inflammatory cytokines.” In-
haled allergens are thought to be an important cause of ongoing
inflammation in the lungs of sensitized children who develop
asthma.” In the present study, exposure to inhaled allergens in
the sensitized groups may have contributed to the elevated FeNO.

FeNO is significantly correlated with atopy in children with re-
cent exposure to allergens, independent of symptoms, and dur-
ing remission, asymptomatic adolescents with atopic asthma
show elevated FeNO levels with increased eosinophilic activity
in the biopsies of bronchial mucosa.”® Airway eosinophilia is a
common feature of atopy, and FeNO levels may determine the
clinical expression of atopy because atopy can be considered
an immune disorder associated with increased airway inflam-
mation.”

In contrast, we found an increasing tendency towards higher
ECP in poly-sensitized than in mono-sensitized subjects, with-
out statistical significance. Our borderline association between
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serum ECP concentrations and FeNO levels suggests that both
markers participate in eosinophilic inflammation in asthmat-
ics. ECP is a potent biomarker of asthma and has been used to
assess inflammation in asthmatic children. FeNO has been re-
ported to be well correlated with ECP concentrations in spu-
tum’ or in bronchoalveolar lavage fluid.” Thomas et al." report-
ed that FeNO levels were significantly correlated with sputum
ECP concentrations in a cohort of Australian children and had
a positive relationship with sputum eosinophilia. In contrast,
Piacentini et al." found no significant correlation between FeNO
levels and serum ECP concentrations. Furthermore, although
serum ECP levels are higher in children with atopic asthma, the
wide ranges are likely to limit the relevance of measuring serum
ECP levels in children as a guide to the diagnosis or manage-
ment of asthma.* The measurement of FeNO is easier and more
reliable than that of serum ECP in pediatric patients, because
the effort and coordination required are minimal and more or-
gan-specific. Indeed, FeNO is a more sensitive indicator of dis-
ease severity than circulating markers of inflammation, such as
serum ECP*

In the present study, the non-sensitized subjects showed rela-
tively high serum total IgE levels. It should be acknowledged
that atopy is not always detectable by skin tests. We did not ob-
tain sensitization profiles for food allergens or use other defini-
tions of atopy, such as specific IgE levels or atopic scores. There-
fore, it is possible that some of our non-sensitized subjects may
have belonged in the sensitized group. In addition to subjects
with the highest poly-sensitized levels, we enrolled mild to mod-
erate asthmatic subjects. However, asthma severity itself might
be associated with the degree of sensitization or FeNO levels.
Investigators should be aware that asthma severity is one of the
important confounding factors. Moreover, although our sub-
jects were asked to cease medication 1 week prior to the test,
FeNO could still be affected by asthma medications.

Some investigators have indicated elevated FeNO levels in
subjects with allergic rhinitis other than asthmatics."* In the
present study, this is unlikely to have influenced the results of
our analysis, because we excluded asthmatic patients who had
concomitant allergic rhinitis symptoms.

In summary, FeNO levels were associated with both the pres-
ence and profiles of atopic sensitization as determined by posi-
tive skin prick test results to various classes of aeroallergens in
asthmatic children. Meaningful interpretation of FeNO may only
be possible when the presence and the degree of sensitization
are considered.” FeNO is a good biomarker for the severity of
atopic inflammation, which indicates that poly-sensitized and/
or strongly sensitized children are at a high risk of airway inflam-
mation.
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