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a b s t r a c t

Background: Severe asthma is a complex disease with heterogeneous features and involves type 2 airway
inflammation, including eosinophil accumulation. Surrogate biomarkers, fraction of exhaled nitric oxide
(FeNO) and blood eosinophil count (b-EOS), may predict eosinophilic airway inflammation. Here we
investigated clinical characteristics of severe asthma phenotype using a combined analysis of FeNO and
b-EOS.
Methods: This retrospective study examined clinical data of patients with severe asthma (N ¼ 107;
median age, 64 years) treated at Saitama Medical University Hospital from 2009 to 2016. Thresholds of
FeNO and b-EOS for sputum eosinophil ratio �2% were determined using receiver operating charac-
teristic curve (ROC) analysis. Clinical characteristics were analyzed after classifying patients into four
subgroups according to these thresholds.
Results: Of 39 induced sputum samples examined, ROC area under the curve for predicting sputum
eosinophilia was 82.0% (p ¼ 0.001) for b-EOS and 77.0% (p ¼ 0.006) for FeNO at optimal cut-off values of
�300/mL and �25 ppb, respectively. The number of sensitized allergens was higher in the high FeNO/low
b-EOS and high FeNO/high b-EOS subgroups (p < 0.05). The prevalence of chronic sinusitis was higher in
the low FeNO/high b-EOS and high FeNO/high b-EOS subgroups (p ¼ 0.04). The high FeNO/high b-EOS
subgroup included the largest proportion (approximately 40%) of patients experiencing frequent severe
exacerbations. Both low FeNO/low b-EOS and high FeNO/low b-EOS subgroups showed less severe
exacerbations.
Conclusions: Combined evaluation of FeNO and b-EOS can identify patients with frequent exacerbations
and stratify the appropriate therapy for type 2 inflammation-predominant severe asthma.
Copyright © 2018, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Severe asthma is well known to be a heterogeneous disease that
comprises multiple factors, such as genetics, immune cascades,
physiologic indices, and environmental triggers. Moreover, the
presence of severe asthma predisposes approximately 10% of pa-
tients to suffer daily symptoms and acute exacerbations despite the
intake of high-dose inhaled corticosteroids, oral corticosteroids
(OCS), and other controllers.1,2 To improve therapeutic precision,

evidence on the connection between the phenotype and endotype
of severe asthma has emerged.2e7 Recently, identification of severe
asthma mediated by type 2 inflammation has resulted in the suc-
cessful launch of several biological therapeutics that target such
inflammation, especially primary eosinophilic inflammation.8e13

Monitoring the number of eosinophils in both airway and blood
is beneficial and feasible in the management of asthma.8e15 Ther-
apeutic strategy based on the airway eosinophil number comprises
the improvement of daily condition and exacerbation risk in mild-
to-severe asthma, while if it is based on the blood eosinophil
number,14,15 then it primarily comprises the prevention of exacer-
bations in only severe asthma.8e13,16 Biological therapeutics
reduced the odds ratios of exacerbation risk in severe asthmatic
patients with blood eosinophil number � 150e500 cells/mL unless

* Corresponding author. Department of Respiratory Medicine and Allergy Center,
Saitama Medical University, Iruma-gun, Saitama 350-0495, Japan.

E-mail address: tsoma@saitama-med.ac.jp (T. Soma).
Peer review under responsibility of Japanese Society of Allergology.

Contents lists available at ScienceDirect

Allergology International

journal homepage: ht tp: / /www.elsevier .com/locate/al i t

https://doi.org/10.1016/j.alit.2018.04.003
1323-8930/Copyright © 2018, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Allergology International xxx (2018) 1e9

Please cite this article in press as: Soma T, et al., Implication of fraction of exhaled nitric oxide and blood eosinophil count in severe asthma,
Allergology International (2018), https://doi.org/10.1016/j.alit.2018.04.003

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:tsoma@saitama-med.ac.jp
www.sciencedirect.com/science/journal/13238930
http://http://www.elsevier.com/locate/alit
https://doi.org/10.1016/j.alit.2018.04.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.alit.2018.04.003
https://doi.org/10.1016/j.alit.2018.04.003


their airway eosinophil numbers are within the normal lev-
el.8e10,16,17 Actually, in mild-to-severe asthma, patients with airway
and systemic eosinophilia have more severe asthma status but
those with only airway eosinophilia show the deterioration of
pulmonary function, compared with those without eosinophilia.18

Thus, classification into four categories of severe asthmatics on
the basis of the combination of airway and blood eosinophilia could
allow us to strictly identify eosinophilic asthma.

The management plan is according to eosinophilia in the
sputum or airway eosinophilia, which is defined as a sputum
eosinophil ratio that conventionally ranges from 2% to 3%.5,14,15

Nevertheless, analyzing the sputum for inflammatory cellular
profiles in general clinics may be suboptimal because it is slightly
invasive and entails some amount of time. Recently, fraction of
exhaled nitric oxide (FeNO) and blood eosinophil (b-EOS) count
have been reported as useful predictors of eosinophilia in the
sputum referred as sputum eosinophilia.17,19e22 However, studies
on FeNO and b-EOS count reported diverse thresholds for deter-
mining airway eosinophilia.17,19e22 To the best of our knowledge,
there have been no studies that have determined the cut-off values
of FeNO and b-EOS count in Japan. Validation of the cut-off values
to identify airway eosinophilia could help establish the character-
istics of severe asthma with underlying predominant type 2
inflammation.

Several biomarkers have been reported to characterize patients
with severe asthma with predominantly type 2 inflamma-
tion.7,17,23e27 FeNO is an endogenous inflammatory product that is
primarily delivered from activated bronchial epithelium in
response to type 2 cytokines, such as IL-13; in other words, in-
creases in FeNO reflect type 2 inflammation that is induced by Th2
immune promoters, as well as the number of eosinophils in the
airway.28 Likewise, increases in b-EOS count have been reported to
be a likely initiator of progression of allergic airway inflammation, a
potential indicator of generalized type 2 inflammation, and one of
the factors independently associated with chronic sinusitis.29,30

Increased levels of FeNO and b-EOS count, surrogate biomarkers
of sputum eosinophilia, were independent risk factors for severe
asthma exacerbation,16,31e36 and the combined use of these two
type 2 inflammatory biomarkers markedly increased the positive
odds ratio for severe asthma exacerbation.36 Therefore, we hy-
pothesized that in the real clinical field, FeNO and b-EOS count
could individually serve as pivotal biomarkers of localized and
generalized type 2 inflammation in severe asthma. The potential of
these biomarkers to strongly identify a severe type 2 inflammation-
predominant asthma characterized by eosinophilia can lead to
personalized treatment of such severe asthma cases.

This study was conducted to determine the profile of severe
asthma with type 2 allergic inflammation using two methods of
measuring eosinophilic inflammation. Because the reported stan-
dard values for b-EOS count and FeNO in measuring airway
eosinophilia vary, we aimed to determine the cut-off values for
these markers in outpatients with severe asthma. Subsequently, we
clarified the features of type 2 inflammation-predominant severe
asthma by dividing the patients into four subgroups based on b-
EOS count and FeNO, which represented generalized and localized
eosinophilic inflammation, respectively.

Methods

Study design and subjects

We conducted a retrospective cohort study to determine the
characteristics of patients with type 2 inflammation-predominant
severe asthma (107 outpatients, age 20e84 years) who were seen
at the Allergy Center and the Department of Respiratory Medicine

of SaitamaMedical University Hospital from 2009 to 2016. The data
were basically collected from the electronic medical records of
outpatients. To determine the optimum cut-off values of b-EOS
count and FeNO to identify a sputum eosinophil count of �2%, the
data of patients who had successful sputum induction were
collected from the other ongoing clinical studies in our hospital
(approval numbers: 08e043 and 13e083). The study was approved
by the institutional review board of the Saitama Medical University
Hospital (approval number: 16e046). Written informed consent
was obtained from all individuals.

The inclusion criterion was a physician diagnosis of severe
asthma based on the Japanese Society of Allergology guideline,37

which corresponded with treatment action steps 4e5 of the
Global Initiative for Asthma Guidelines.38 The patients had a clear
clinical history of asthma symptoms and showed�12% reversibility
of the predicted value of FEV1 and/or airway hyperresponsiveness
(PC20methacholine <8mg/mL). The exclusion criteria included the
presence of a lung disease other than asthma that can interfere
with the evaluation; asthma exacerbation for at least 4 weeks
before the day of outpatient consult; respiratory infections within
the preceding month of the day of outpatient consult; pregnancy;
comorbid diseases, including cancer, severe renal failure, or severe
heart failure; and current or more than 10 pack-year smoking
history.

We assessed the clinical presentation in terms of demographics,
duration of asthma, number of sensitized aeroallergens, allergic
comorbidity, asthma medications, asthma exacerbations, pulmo-
nary function, b-EOS count, serum IgE, FeNO collected from the
medical records, and sputum and eosinophil ratio. Using capsulated
hydrophilic carrier polymer (CAP), the specific IgE antibodies of the
following common aeroallergens in Japan were measured: house
dust mites, Japanese cedar pollen, Japanese cypress, ragweed, or-
chard grass, candida species, alternaria, aspergillus species, dog,
and cat. A positive sensitized inhalant allergen was designated as
>0.35 UA/mL by CAP. We confirmed that the patients diagnosed as
having chronic sinusitis were examined by an otolaryngologist or
underwent computed tomography.

The number of asthma exacerbations was counted for 12
months after the date of b-EOS count and FeNO measurement.
Based on the American Thoracic Society (ATS)/European Respira-
tory Society statement, asthma exacerbationwas defined as mild to
moderate, when the deterioration in symptoms and/or lung func-
tion with increased rescue bronchodilator use lasted for 2 days or
more, and as severe, when there was a need for hospitalization or
two or more courses of OCS.39 Pulmonary function tests were
performed using an AS307 spirometer (Minato Medical Science,
Osaka, Japan).40 FeNO was measured using a chemiluminescence
analyzer (SiEVER 280i, Nippon Megacare, Tokyo, Japan) with a
resolution of 1 part per billion (ppb), according to the recommen-
dations of the ATS.41

Sputum induction and processing

Subjects performed sputum induction, as described previ-
ously.42,43 Briefly, after premedication with salbutamol using a
metered-dose inhaler, sterile hypertonic saline (4.5%) was inhaled
at room temperature through an ultrasonic nebulizer (MU-32,
Azwell, Osaka, Japan). Thereafter, sputum was induced at 5-min
intervals for up to 20 min.

The collected sputum samples were immediately processed,
prepared on cytospin slides (Cytospin 3: Shandon, Tokyo, Japan),
which were stained with MayeGrunwaldeGiemsa. An indepen-
dent investigator counted at least 500 inflammatory cells; the
presence of <50% squamous epithelial cells in the samples was
considered as adequate for analysis.44
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Statistical analysis

The normality of the values was determined using the
KolmogoroveSmirnov test or the Leven test. Comparison of two
groups used the Student t-test for parametric continuous variables
and the ManneWhitney U-test for nonparametric variables. Com-
parison of data among three or more groups used analysis of
variance for parametric data and the KruskaleWallis test for
nonparametric data. Associations were determined by the
Spearman correlation test. Categorical variables were tested by the
c2 test or the Fisher exact test, as appropriate. Values were
described as mean ± standard deviation (SD) or as median with
25the75th percentile range, if not normally distributed.

In the beginning of the study, we evaluated the diagnostic ac-
curacy of FeNO and b-EOS count in identifying the optimal cut-off
value for sputum eosinophils �2% with the use of receiver oper-
ating characteristic curve (ROC) analysis for each individual vari-
able. An ROC area under the curve (AUC) of 0.5 was designated as an
inability of the biomarker to predict a subject's correct classifica-
tion. We adopted the clinically relevant cut-off values for 2%
sputum eosinophils from previous studies.5,44,45 Based on the
derived cut-off values, the sensitivity, specificity, positive predictive
value, and negative predictive value were calculated.

Subsequently, using the optimal cut-off values of FeNO (in ppb)
and b-EOS count (in cells/mL), we divided the eligible patients into
the following four groups:

1) FeNO <25 and b-EOS count <300 (low FeNO/low b-EOS);
2) FeNO �25 and b-EOS count <300 (high FeNO/low b-EOS);
3) FeNO <25 and b-EOS count �300 (low FeNO/high b-EOS); and
4) FeNO �25 and b-EOS count �300 (high FeNO/high b-EOS).

When we compared the proportions of patients who experi-
enced severe or mild to severe acute exacerbations, the number of
severe exacerbations was divided into three categories: none, 1 or
2, and �3 and the number of mild to severe exacerbations was
divided into three categories: none or 1, 2e5, and�6. The datawere
analyzed using SPSS version 20.0 (IBM, Armonk, New York, USA).

Results

A total of 128 severe asthmatic patients were selected from the
electronic medical records, including 56 patients who performed
sputum induction. Of patients undergoing sputum induction, 14
were excluded because of mild or moderate exacerbation and 6
because of �50% squamous epithelial cells in the sputum samples.
One patient was excluded because of no data regarding FeNO.
Lastly, 107 patients who met the inclusion criteria and had no
exacerbation in previous 4 weeks at the day of beginning the study
were examined. Of all patients, 5 had slight cough or dyspnea, but
they did not require additional medications in the previous 4
weeks. The demographic and clinical characteristics of the study
population are shown in Table 1. The median age was 64 years
[interquartile range (IQR), 51e73 years]. Of all patients, 78 (72.9%)
had concomitant allergic disease and 55 (51.4%) were confirmed to
have chronic sinusitis. Most patients were treated with high-dose
inhaled corticosteroids (ICS) and long-acting b-agonist or leuko-
triene receptor antagonist, whereas 30% and 10% of all patients
were treated with OCS and omalizumab, respectively. There were
36 patients (33.6%) in whom sputum induction was successful; the
squamous cell ratio in these samples was 12.2% (IQR, 4.3%e42.1%).
Compared with the entire study population of patients with severe
asthma, the patients who provided adequate sputum measure-
ments had similar age, smoking history, number of sensitized al-
lergens, intake of medications, total IgE, b-EOS count, and FeNO, but

had shorter duration of asthma, higher prevalence of omalizumab
intake, and lower %predicted FEV1.

The optimal cut-off values of b-EOS count and FeNO for sputum
eosinophilia

The sputum eosinophil ratio was correlated with the b-EOS
count and FeNO (Supplementary Fig. 1a, b). The ROC curve analysis
showed that the diagnostic accuracies of a b-EOS count of
�300 cells/mL and an FeNO level �25 ppb to distinguish between
eosinophilic and noneosinophilic airway inflammation were 82.0%
[p ¼ 0.001, 95% confidence interval (CI): 67.3e95.8] and 77.0%
(p ¼ 0.006, 95% CI: 67.3e92.6), respectively (Fig. 1), with 75.0%

Table 1
Demographic and clinical characteristics of the subjects.

All patients Patients who underwent
sputum induction

N (%) 107 36 (33.6%)
Age, y 64.0 (51.0e73.0) 63.5 (46.5e71.8)
Female/male, n 63/44 13/23
BMI, kg/m2 23.3 (6.1e24.8) 24.0 (21.5e26.8)
Smoking history,

no/past/present, n (%)
58 (54.2)/42
(39.3)/7 (6.5)

17 (47.2)/16 (44.4)/3 (8.3)

Duration of asthma (y) 13.5 (4.0e21.0) 5.6 (2.1e12.3)
Sensitized allergen, n 2.0 (0.0e4.0) 3.0 (1e4.8)
Allergic rhinitis, n (%) 67 (62.6) 23 (63.9)
Chronic sinusitis, n (%) 34 (31.8) 12 (33.3)
Atopic dermatitis, n (%) 19 (17.8) 9 (25.0)
Urticaria, n (%) 19 (17.8) 4 (11.1)
ICS dose (mg/d) 1000 (800e1200) 800 (800e1000)
OCS dose (mg/d) 0 (0.0e3.0) 0 (0.0e0.0)
LABA/LT/Theophylline, n (%) 100 (93.5)/96

(89.7)/52 (48.6)
35 (97.2)/31 (86.1)/28 (77.8)

Oral corticosteroids, n (%) 32 (29.9) 8 (22.2)
Anti-IgE antibody, n (%) 10 (9.3) 8 (22.2)
Total Log IgE, IU/L 2.3 (0.6) 2.5 (0.6)
Blood eosinophil count,/mL 270 (119e559) 365 (190e678)
FeNO, ppb 21.0 (11.0e38.0) 19.5 (11.3e38.0)
Sputum eosinophil ratio, % NA 2.2 (0.3e16.4)
FEV1, % predicted 85.8 (23.2) 71.3 (21.9)
FVC, % predicted 94.5 (22.5) 83.6 (16.4)
FEV1/FVC, % 67.9 (14.8) 68.3 (14.5)

Parametric data are expressed as mean (SD); nonparametric data are expressed as
median (25%e75%). ICS ¼ inhaled corticosteroid (fluticasone); 2 mg
beclomethasone ¼ 2 mg budesonide ¼ 1 mg fluticasone. LABA, long-acting b2-
agonist; LT, leukotriene receptor antagonist.
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Fig. 1. Receiver-operating characteristic curve analysis for individual blood eosinophil
count and FeNO levels to differentiate between sputum eosinophil <2% and sputum
eosinophil �2%. The AUCs are similar for the two parameters of eosinophilia (Table 2).
AUC, area under the curve.
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sensitivity and 68.8% specificity and 65.0% sensitivity and 87.5%
specificity, respectively (Table 2). Because the diagnostic perfor-
mance of these parameters was comparable with the previously
reported evidence, we decided to use these cut-off values in the
entire population.

Clinical characteristics of the four subgroups

Using the b-EOS count and the FeNO cut-off values, all pa-
tients with severe asthma were stratified into the following four
subgroups: 39 in the low FeNO/low b-EOS subgroup, 17 in the
high FeNO/low b-EOS subgroup, 23 in the low FeNO/high b-EOS
subgroup, and 28 in the high FeNO/high b-EOS subgroup
(Table 3). The prevalence rates of severe eosinophilic asthma
based on the b-EOS count (n ¼ 51, 47.7%) and the FeNO (n ¼ 45,
42.1%) were comparable. There were no differences among the
groups in terms of sex, age, body mass index, duration of asthma,
and prevalence of allergic comorbidities. The prevalence of

chronic sinusitis was higher in the high b-EOS subgroups than in
the low b-EOS subgroups (Table 3). The median number of
sensitized to common aeroallergens was higher in the high FeNO/
low b-EOS subgroup (4.5, IQR: 0.0e7.5) than in the low FeNO/low
b-EOS (1.0, IQR: 1.0e4.0); the low FeNO/high b-EOS (1.0, IQR:
0.0e3.0); and the high FeNO/high b-EOS (3.0, IQR: 1.0e4.8)
subgroups (p ¼ 0.035, Fig. 2). Among the four subgroups, the
total number of acute exacerbations was the highest in the high
FeNO/high b-EOS subgroup, but there were no differences in the
ICS dose and in the proportion of patients taking OCS, omalizu-
mab, and additional asthma controller medications. In all sub-
groups, the mean pulmonary function test results, except for the
FEV1/FVC ratio, were normal. Of the patients who were able to
provide adequate sputum samples, 13 patients (36.1%) had
sputum eosinophil ratio of �2%: 3 (23.1%) in the low FeNO/low b-
EOS, 3 (23.1%) in the high FeNO/low b-EOS, 1 (7.7%) in the low
FeNO/high b-EOS, and 6 (46.2%) in the high FeNO/high b-EOS
subgroups (Table 3).

Table 2
Summary of the ROC curve analyses to predict sputum eosinophil percentages <2% and �2%.

Cut-off value Sensitivity (%) Specificity (%) Positive predictive value (%) Negative predictive value (%) Accuracy (%)

FeNO (ppb) 22.5 70.0 81.2 82.4 68.4 75.0
25 65.0 87.5 86.7 66.7 75.0
28.5 60.0 87.5 85.7 63.6 72.2

b-EOS (cells/mL) 271 80.0 68.7 76.2 73.3 75.0
300 75.0 68.8 75.0 68.8 72.2
330 75.0 75.0 78.9 70.6 75.0

b-EOS, blood eosinophil counts.

Table 3
Demographic, functional, and inflammatory characteristics according to the predominant type 2 inflammation phenotype.

Low FeNO, Low b-EOS High FeNO, Low b-EOS Low FeNO, High b-EOS High FeNO, High b-EOS p value among
the groups

N (%) 39 (36.4) 17 (15.9) 23 (21.5) 28 (26.2)
Age, y 63.0 (45.0e72.0) 66.0 (59.5e77.0) 70.0 (47.0e76.0) 62.0 (56.3e69.3) N.S.
Female/male, n 24/15 8/9 14/9 17/11 N.S.
BMI, kg/m2 23.5 (4.2) 23.5 (4.3) 22.5 (20.4e25.4) 24.9 (5.6) N.S.
Smoking history,

no/past/present, n
21/17/1 9/5/3 10/12/1 18/8/2 N.S.

Duration of asthma (y) 16.1 (13.3) 21.5 (13.3) 14.5 (10.0) 13.9 (12.5) N.S.
Sensitized allergen, n 1.0 (1.0e4.0) 4.5 (0.0e7.5)* 1.0 (0.0e3.0) 3.0 (1.0e4.8)** 0.035
Allergic rhinitis, n (%) 25 (64.1) 11 (64.7) 13 (56.5) 18 (64.3) N.S.
Chronic sinusitis, n (%) 7 (17.9) 4 (23.5) 11 (47.8)*** 12 (42.9)**** 0.04
Atopic dermatitis, n (%) 7 (17.9) 1 (5.9) 6 (26.1) 5 (17.9) N.S.
Urticaria, n (%) 7 (17.9) 3 (17.6) 5 (21.7) 4 (14.3) N.S.
ICS dose (mg/d) 1000 (800e1200) 1000 (800e1300) 800 (800e1200) 1000 (925e1400) N.S.
OCS dose (mg/d) 0 (0.0e3.0) 0 (0.0e0.0) 0 (0.0e5.0) 0 (0.0e1.0) N.S.
LABA/LT/TP, n (%) 37 (94.9)/37 (94.9)/21 (53.8) 16 (94.1)/16 (94.1)/4 (23.5) 21 (91.3)/21 (91.3)/14 (60.9) 26 (92.9)/22 (78.6)/13 (46.4) N.S.
OCS, n (%) 11 (28.2) 2 (11.8) 11 (47.8) 8 (28.6) N.S.
Mild to moderate AE 0.0 (0.0e1.0) 0.0 (0.0e1.0) 0.0 (0.0e2.0) 1.0 (0.0e2.0) N.S.
Severe AE 1.0 (0.0e2.0) 0.0 (0.0e1.5) 1.0 (0.0e2.0) 1.5 (0.0e4.0) N.S.
Total of AE 1.0 (0.0e1.0) 1.0 (0.0e1.0) 2.0 (3.0e4.0) 3.0 (1.0e6.0)*****, **** 0.04
Anti-IgE antibody, n (%) 3 (7.7) 2 (11.8) 3 (13.0) 2 (7.1) N.S.
Total Log IgE, IU/L 2.2 (0.5) 2.5 (0.9) 2.3 (0.7) 2.5 (0.5) N.S.
Blood eosinophil,/mL 129 (60e213) 139 (56e229) 543 (355e667)******, ******** 598 (392e852)******, ******** <0.0001
FeNO, ppb 12.6 (6.1) 43.3 (18.9)******, ******* 15.6 (5.6) 61.7 (33.5)******, *******, ******** <0.0001
Sputum Eos ratioy, % 0.2 (0.0e1.5) 2.0 (1.8e19.2) 7.8 (0.4e12.2) 17.6 (3.4e39.6)********* 0.005
Sputum Neu ratioy, % 23.0 (8.7e67.2) 27.6 (14.5e58.3) 41.8 (15.7e66.6) 40.6 (28.8e56.8) N.S.
FEV1, % predicted 87.5 (24.8) 96.0 (22.3) 80.1 (18.0) 82.3 (24.0) N.S.
FVC, % predicted 97.0 (23.1) 106.2 (20.5) 85.6 (20.8) 91.6 (21.8) N.S.
FEV1/FVC, % 69.8 (16.7) 65.1 (15.5) 67.8 (13.7) 67.0 (12.7) N.S.

Significant p values are shown in boldface. Parametric data are expressed as mean (SD); nonparametric data are expressed as median (25%e75%). ANOVA and the
KruskaleWallis test were performed for parametric continuous variables and nonparametric variables. Categorical variables were tested by the c2 test or Fisher exact test, as
appropriate. Further exploration of the results with significant differences in the initial analyses was performed by post hoc pairwise analyses with Bonferroni correction or by
the ManneWhitney U-test, as appropriate.
ICS ¼ inhaled corticosteroid (fluticasone); 2 mg beclomethasone ¼ 2 mg budesonide ¼ 1 mg fluticasone.
*p ¼ 0.044, **p ¼ 0.02, *******p < 0.0001; vs low FeNO, high b-EOS.
***p ¼ 0.01, ****p ¼ 0.03, ******p < 0.0001, *********p ¼ 0.007; vs low FeNO, low b-EOS; *****p ¼ 0.02; ********p < 0.0001; vs high FeNO, low b-EOS.
b-EOS, blood eosinophils; LABA, long-acting b2-agonist; LT, leukotriene receptor antagonist; AE, acute exacerbation; OCS, oral corticosteroids; Eos, eosinophil; Neu, neutrophil.

y Number, n (%): All asthmatic subjects 36; low FeNO, low b-EOS 12 (33.3); low FeNO, high b-EOS 9 (25.0), high FeNO, low b-EOS 4 (11.1), high FeNO, high b-EOS 11 (30.6).
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Patients with high FeNO/high b-EOS accounted for more than
25% of the study population, the second largest proportion among
the four subgroups. Over 40% of these patients had chronic
sinusitis; this was nearly the same as the proportion of patients
with low FeNO/high b-EOS and was significantly larger than that
of patients with low FeNO/low b-EOS (Table 3). Those who with
high FeNO/high b-EOS were sensitized to a significantly larger
number of common aeroallergens, compared with that in patients
with low FeNO/high b-EOS (vs 1.0, IQR: 0.0e3.0, p ¼ 0.02, Fig. 2).
Approximately 40% of patients with high FeNO/high b-EOS
experienced �3 severe asthma exacerbations and approximately
30% experienced �6 mild to severe asthma exacerbations; both
proportions were significantly higher than those in patients with
low b-EOS (Fig. 3a, b).

Patients with low FeNO/low b-EOS accounted for approximately
40% of all patients, showing the largest population among the four
subgroups. These patients accounted for the smallest proportion of
patients with concomitant chronic sinusitis (p ¼ 0.04). Moreover,
those patients showed a tendency to have less number of allergens
to which they were sensitized, compared with that in patients with
high FeNO/low b-EOS subgroup (p ¼ 0.06). The total number of
exacerbations was significantly less in this subgroup than in the
high b-EOS subgroups, especially comparing the high FeNO/high b-
EOS subgroup (p¼ 0.03). Less than 20% of those with low FeNO/low
b-EOS had �3 severe asthma exacerbations and only less than 10%
of them had �6 mild to severe asthma exacerbations. Those pro-
portions were significantly lower than the corresponding pro-
portions in the high FeNO/high b-EOS subgroup (Fig. 3a, b).

Patients with low FeNO/high b-EOS comprised one-fifth of all
patients. Approximately 50% of these patients, which is the highest
proportion among the subgroups, had concomitant chronic sinus-
itis. Those patients had a significantly less number of common
aeroallergens to which theywere sensitized, compared with that in
patients with high FeNO/low b-EOS and with high FeNO/high b-
EOS (Fig. 2). Patients with low FeNO/high b-EOS exhibited the
second-largest proportion of patients who had �3 severe asthma
exacerbations among the four subgroups (overall p ¼ 0.03, Fig. 3a).
The proportion of patients having �6 mild to severe asthma exac-
erbations was small in this subgroup andwas comparable with that
in the low b-EOS subgroups (overall p ¼ 0.015, Fig. 3b).

Patients with high FeNO/low b-EOS accounted for the smallest
proportion (less than 20%) of all patients. This subgroup had a

modest but higher proportion (nearly 25%) of patients with chronic
sinusitis, compared with patients with low FeNO/low b-EOS
(overall p ¼ 0.015, Table 3). Those patients had a significantly
higher number of common aeroallergens to which they were
sensitized, compared with that in patients with low FeNO/high b-
EOS (Fig. 2). Those patients had a tendency to have better %pre-
dicted FEV1 and %predicted FVC, compared with the values in the
other subgroups. The smallest proportion of these patients had �3
severe asthma exacerbations, which was significant when
compared with that in patients with high FeNO/high b-EOS
(Fig. 3a). There was no patient with �6 mild to severe asthma ex-
acerbations (Fig. 3b).

The proportion of patients having severe asthma exacerbations
of different frequencies varied among the subgroups (Fig. 4a). In the
high FeNO/high b-EOS subgroup,; this proportion gradually
increased up to approximately 40% at �3 severe exacerbations
alongwith the increasing category of severe exacerbation numbers.
On the contrary, in the low FeNO/low b-EOS and the high FeNO/low
b-EOS subgroups, nearly half of the patients had no severe exac-
erbations; the prevalence of patients with severe exacerbations
gradually decreased with the increasing number of exacerbations.
Especially, in the high FeNO/low b-EOS subgroup, the proportion of
patients with 1 or 2 severe asthma exacerbations was more than
40% andwas higher than that in the low FeNO/low b-EOS subgroup.
In the low FeNO/high b-EOS subgroup, 30% had no exacerbation
and 10% had 1 or 2 severe exacerbations. But in the high FeNO/high
b-EOS subgroup, the proportion of patients with �3 severe exac-
erbations increased to 30%.
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The proportion of patients having mild to severe asthma exac-
erbations of different frequencies varied among the subgroups
(Fig. 4b). In the high FeNO/high b-EOS subgroup, the proportions of
patients in the three categories of mild to severe asthma exacer-
bation frequency were comparable. In the two subgroups of pa-
tients with low b-EOS, those proportions of patients having mild to
severe asthma exacerbations decreased along with the increasing
category of mild to severe exacerbation numbers. In the two sub-
groups of patients with high b-EOS, the proportion of patients
having�2 exacerbations was higher than that in the two subgroups
of patients with low b-EOS. The proportion of patients having 2e5
exacerbations of any severity was the largest (approximately 60%)
in the low FeNO/high b-EOS subgroup.

Discussion

This study that classified patients with severe asthma into four
subtypes according to b-EOS count and FeNO cut-off values to
identify eosinophilia in the sputum disclosed several clinical char-
acteristics of severe asthma with predominant type 2 inflamma-
tion. The prevalence of patients with severe asthma having
frequent acute severe exacerbation, chronic sinusitis, and number
of sensitized aeroallergens was different among the four sub-
groups. In particular, the prevalence of frequent exacerbations was
the largest in severe asthmatic subjects with high FeNO and high b-
EOS and gradually decreased as the b-EOS count and FeNO level
decreased; these findings were similar to those previously
reported.31e33,35,36 Notably, this present study focused on adult
patients with severe asthma, whereas the previous studies
included patients with mild to severe asthma and/or corticoste-
roid-naïve asthma in all age groups. This discrepancy suggested
that patients with severe asthma exhibit heterogeneity in type 2
inflammation and that measurement of the b-EOS count and FeNO
in such patients may help in the formulation of a therapeutic
strategy and comprehensive achievement of asthma control. Our
results might be valuable when considering targets for biological
therapeutics in clinical practice.

Since the high FeNO and high b-EOS are likely recognized as the
airways and potentiate systemic type 2 inflammation, respectively,
the patients with high FeNO/high b-EOS can be typically inter-
preted as having authentic severe eosinophilic asthma in this study.
These patients experienced highly frequent severe exacerbations,
the highest number of overall exacerbation, and had a high prev-
alence of chronic sinusitis. These characteristics of severe asthma
were in agreement with the findings of several studies, which
showed the independent association of higher FeNO, b-EOS, and/or
serum-eosinophil cationic protein with acute severe exacerbation;
the involvement of both high sputum eosinophil ratio and high b-
EOS count with unstable asthma; and the capability of a high b-EOS
count to predict chronic sinusitis.30,36,46,47 Therefore, a widespread
type 2 inflammation is likely to hasten the progression of poorly
controlled severe asthma. Additionally, approximately one-third of
those patients had persistent local and systemic type 2 inflamma-
tion that was resistant to OCS and high-dose ICS (Table 3). There-
fore, severe asthmatic patients classified in the high FeNO/high b-
EOS subgroup may be the ideal phenotype that could benefit from
novel type 2 therapies, such as the anti-IL-5 antibody.

By contrast, severe asthmatic subjects with low FeNO and low b-
EOS, the largest proportion among the four subgroups, exhibited no
specific characteristics, except for the relatively less frequent severe
exacerbations. The features in this subgroup were similar to those
in asthmatic subjects with paucigranulocytes in the sputum who
exhibited mildly decreased pulmonary function, moderate use of
OCS, and modest rate of acute exacerbation.5,48 On the contrary,
more than one-third of those with low FeNO/low b-EOS

experienced frequent severe asthma exacerbations and moderate
rate of exacerbation of any severity in this study (Figs. 3 and 4).
Actually, in this study, 23% of patients with eosinophilia in the
sputum belonged to the low FeNO/low b-EOS subgroup. Therefore,
the patients with low FeNO/low b-EOS in this study might exhibit
complex features of paucigranulocytic and eosinophil-
predominant asthma.

Patients with low FeNO and high b-EOS accounted for only 20%
of all patients. The asthma status in these patients seemed to
markedly progress to a poorly controlled condition, based on the
results that these patients accounted for the largest proportion of
patients having moderately frequent acute exacerbations (Fig. 4b)
and 30% of those with �3 severe exacerbations. These observations
seem to verify that a high b-EOS appears as a risk factor for severe
exacerbation.31e33,36 The b-EOS shows higher association with
sputum eosinophilia than with FeNO in asthma.20,21 In the present
study, a b-EOS count of >300 cells/mL had good sensitivity and
modestly good negative and positive predictive values for sputum
eosinophilia. One study on repeated sputum induction demon-
strated that 20% of patients with mild-to-moderate asthma treated
with ICS intermittently increased the sputum eosinophils ratio,49

suggesting that in severe asthmatic subjects, eosinophilia in the
sputum may intermittently occur even though the FeNO value was
low. In fact, mean sputum eosinophil ratio was approximately 8% in
this study (Table 3). Therefore, patients with low FeNO/high b-EOS
may potentially be under a prodromal stage of airway eosinophilia
and be suitable targets for anti-IL-5 therapy because b-EOS is
continuously driven by IL-5.29

Severe asthmatic subjects with high FeNO alone presented with
interesting characteristics, including sensitization to more envi-
ronmental allergens that could trigger the upregulation of the Th2
immune cascade. FeNO is a highly reactive gaseous mediator
through conversion of L-arginine to L-citrulline by inducible nitric
oxide synthase (iNOS), which is enhanced and released by IL-13 in
bronchial epithelial cells.34 Following allergen provocation, the
NOS activity and expression of iNOS were increased in the bron-
chial epithelium of asthmatic subjects with high FeNO.50 Other
studies showed that the seasonal exposure to or the persistently
exposure to the higher level of sensitizing aeroallergens increased
the odds ratio for seasonal severe asthma exacerbation or number
of hospitalizations, respectively.51,52 Taken together, localized type
2 inflammation in the airway is probably mediated by localized IL-
4/IL-13 mechanisms that are triggered by inhalant allergens53 and
seems to selectively drive a high FeNO-predominant type of severe
asthma, leading to occasional poorly controlled asthma and/or
moderate number of exacerbations. In this study, the majority in
this subtype have moderate frequency of exacerbation, which is
similar with the result in previous studies.36 In addition, a recent
study demonstrated that higher FeNO (�35 ppb) exhibited good
prediction for high CCL26 gene expression in airway mucosa which
is the most highly expressed selective IL-13-driven gene,54 which
suggests that high FeNO acts as a biomarker for identifying patients
with IL-13-promoted inflammation, particular type 2 inflamma-
tion, in airway. These IL-4/IL-13- promoted mechanisms might be
the targets for treatment with biological agents, such as anti-IL-4
receptor or anti-IgE.

In this study, the sensitivity and specificity of FeNO�25 ppb and
b-EOS �300 cells/mL in predicting airway eosinophilia were similar
to the results of some studies, showing the AUC 0.83 for b-EOS and
0.82 for FeNO, approximately 70e80% sensitivity and approxi-
mately 70%e90% specificity at a b-EOS count of 220/mL or at 270/mL,
approximately 60%e75% sensitivity and specificity at a FENO level
of 20 ppb or 24 ppb and in mild to severe asthma.20,31,49 One meta-
analysis showed that the sensitivity and specificity in detecting
�3% sputum eosinophilia were 66% and 76%, respectively, for FeNO
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and 71% and 77%, respectively, for blood eosinophils.26 Our results
confirmed better accuracies for identifying sputum eosinophil ratio
�2% than those reported in one study, which showed accuracy
rates of 63% for FeNO �30 ppb and 66% for b-EOS �300 cells/mL in
mild to severe asthma.45 Therefore, the cut-off values of FeNO and
b-EOS for sputum eosinophilia in this study were likely feasible.

There are several parameters to categorize severe asthma; these
include inflammatory cells in sputum or blood, cytotoxic proteins,
mediators, and genetic variations.5e7,24e27 Althoughmeasurements
of type 1 or type 2 inflammation, or Th1 or Th2 immune system, are
popular indexes, these classifications do not demonstrate the
characteristics of the distinct endotypes of severe asthma; rather,
they reflect complex airway inflammation that comprise eosinophil
and neutrophil infiltration of varying degrees according to the
disease severity.5 In this study, we classified severe asthma into
four categories using authentic cut-off values that reflect the in-
fluence of type 2 inflammation. This simple approach successfully
emphasized the patients with type 2 inflammation-predominant
severe asthma that might be suitable for anti-IgE, anti-IL-5, and
anti-IL-4 receptor therapies.

There were several limitations in this study. The retrospective
design, small sample number, and the single-institution setting
might have caused patient selection bias and low validation. The
fact that more than 30% of all patients underwent sputum induc-
tion might have added some potential biases; patients with un-
dergoing sputum induction exhibited more severe asthma than the
whole patients because they had more severe pulmonary function.
Therefore, further studies on this issue are needed.

In conclusion, this study demonstrated that the four categories
of severe asthma based on the b-EOS count and FeNO, which are
surrogate biomarkers of type 2 inflammation, enabled character-
ization of eosinophilic inflammation and reflected the clinical
manifestations of the comorbidities, allergic status, and future
risks. These biomarkers are easy to measure in clinical practice and
can potentially identify patients with type 2 inflammation-
predominant severe asthma who might benefit from biological
therapeutics.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.alit.2018.04.003.
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Supplementary Figure 1. Correlation of sputum eosinophil ratio with blood eosinophil counts and FeNO

Sputum eosinophil ratio is correlated with (a) blood eosinophil counts and (b) FeNO (N = 36). Associations
among them are calculated using the Spearman correlation test.
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