Original Article

Clinical Phenotypes of Nasal Polyps and Comorbid ®
Asthma Based on Cluster Analysis of Disease

History

Dawei Wu, MD?, Benjamin S. Bleier, MD®, Lun Li, MD®, Xiaojun Zhan, MD, PhD?, Lichuan Zhang, MD?, Qianwen Lv, MD?,
Jianting Wang, MD, PhDY, and Yongxiang Wei, MD, PhD? Beijing, PR China; and Boston, Mass

distinct natural courses.

What is already known about this topic? Nasal polyps and comorbid asthma is a common unified airway disease.

What does this article add to our knowledge? Nasal polyps and comorbid asthma exhibits 3 clinical phenotypes with

How does this study impact current management guidelines? ldentification of phenotypes of nasal polyps and co-
morbid asthma might be diagnostically and therapeutically useful.

BACKGROUND: Nasal polyps and comorbid asthma (NPcA) is
a common united airway disease and is highly heterogeneous
with respect to clinical, physiologic, and pathologic parameters.
The clinical phenotypes of NPcA are poorly understood.
OBJECTIVE: We sought to explore clinical phenotypes in
patients with NPcA.

METHODS: Patients first diagnosed with NPcA were recruited
from Rhinological Clinics and Respiratory Clinics. We clustered
patients with NPcA based on parameters regarding natural
courses and demographic characteristics. Patients were also
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evaluated with respect to clinical, functional, and inflammatory
parameters in both upper and lower airways.

RESULTS: Clustering of 110 cases resulted in 3 clusters: cluster
1 (n = 16, 14.55%, atopic NPcA) was predominantly atopic
patients with child-onset airway symptoms, intermediate disease
duration, history of family asthma, better lung function, and less
severe asthma; cluster 2 (n = 32, 29.09%, smoking NPcA) was
characterized by more smokers, short disease duration, adult-
onset airway symptoms, less atopy, nonsteroidal anti-
inflammatory drug sensitivity, prior sinus surgery history,
eosinophilic airway phenotypes, worse lung function, and severe
computed tomography appearance; and cluster 3 (n = 62,
56.36%, older NPcA) consisted mostly of older patients with
long disease duration, adult-onset airway symptoms, less atopy,
more noneosinophilic airway phenotypes, and prior sinus sur-
gery history.

CONCLUSIONS: Patients with NPcA with 3 distinct natural
courses had different inflammatory status and disease severity.
Determining the natural course of a patient might help clinicians
predict the clinical aspects of NPcA and contribute to
phenotype-guided management approaches in the

future. © 2017 American Academy of Allergy, Asthma &
Immunology (J Allergy Clin Immunol Pract 2018;6:1297-305)

Key words: Chronic rhinosinusitis;, Nasal polyps;, Asthma;
Phenotypes; Cluster analysis

Recent studies have provided consistent evidence to support the
firm relationship between chronic rhinosinusitis (CRS) with nasal
polyps (NP) and asthma.'”” Indeed, approximately 7% to 25.4%
of patients with asthma have NP, and approximately 20% to 60%
of patients with NP have asthma.”® Clinically, nasal polyps and
comorbid asthma (NPcA) is a severe subtype of airway disease and
it tends to be refractory to conventional medical and surgical
treatment.” ' Tt is necessary to explore the natural course, clinical
patterns, and pathophysiology of this entity.

Previous studies have shown that the adult-onset asthma
phenotype is highly associated with NP**'’—approximately
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Abbreviations used
AERD- Aspirin-exacerbated respiratory disease
BHR- Bronchial hyperresponsiveness
CRS- Chronic rhinosinusitis
CT- Computed tomography
FeNO- Fractional exhaled nitric oxide
FEVI- Forced expiratory volume in 1 s
FVC- Forced vital capacity
GINA- Global Initiative for Asthma
LM- Lund-Mackay
PEF- Peak expiratory flow
NP- Nasal polyps
NPcA- Nasal polyps and comorbid asthma
NSAID- Nonsteroidal anti-inflammatory drug
SE- Staphylococcus aureus enterotoxin

19.30% to 38.64% patients with adult-onset asthma have
NP.»'#'" After evaluation of bronchial hyperresponsiveness
(BHR) in adult patients with NP, approximately 28.17% to
40% patients with NP had newly diagnosed asthma.'””’ As a
disease entity, the epidemiology of NPcA has partly been stated
by previous studies'””" During the natural evolution of this
disease combination, a clinical history of NP usually precedes
asthma, and up to 45% of patients with NP will develop adult-
onset asthma.*? Tt was shown that different risk factors, such as
asymptomatic BHR, IL-9, IL-5, Staphylococcus aureus entero-
toxin (SE)-specific IgE, atopy, sex, allergic rhinitis, and aspirin
sensitivity, exert different influences on the formation and nat-
ural course of NPcA.''7?1*% A recent cluster analysis
reported a certain endotype of patients with NPcA characterized
by the presence of SE-specific IgE and high levels of IL-5 and
IgE." On the basis of these previous findings, we speculated that
certain subtypes of NP would develop and coexist with defined
phenotypes or endotypes of asthma. However, the natural history
and clinical characteristics of this disease entity are poorly
understood.

Notably, late-onset asthma rather than allergic asthma is
associated with NP>?°; however, the impact of NP treatment on
asthma is controversial.'»*" " After endoscopic sinus surgery,
only 17% to 24% of patients with CRS and comorbid asthma
achieved a well-controlled level of CRS’"** and approximately
half of patients with uncontrolled asthma showed an improve-
ment.”> However, another study reported that functional
endoscopic sinus surgery (FESS) did not affect the asthma status
of patients with NPcA.”” Regarding medical therapy, our pre-
vious study identified 2 inflammatory phenotypes of NPcA with
different responses to corticosteroid.”” Potential causes of this
discrepancy were the heterogeneity of this disease entity and the
small number of patients enrolled in these studies.

The identification of heterogeneity and classification of NPcA
may provide a foundation from which to understand the natural
course, disease causality, and ultimately to develop phenotype-
guided management approaches. Cluster analysis has been used
to classify the phenotypes and endotypes of CRS or
asthma,>>¢ and it is a heuristic method allowing identification
of a set of latent classes of individuals who are similar to each
other according to the multiple variables used in the analysis. We
hypothesized that patients with NPcA would cluster into groups
and the groups would show different phenotypes. By clustering
110 patients with NPcA based on parameters including natural
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FIGURE 1. Flowchart. CRSwNP, Chronic rhinosinusitis with nasal
polyps; NPcA, nasal polyps and comorbid asthma.

course and demographic characteristics, we aimed to identify
phenotypes of NPcA and elucidate the natural course of united
airway diseases.

METHODS
Study design

In this prospective cohort study, we enrolled 110 participants
with NPcA in Rhinological Clinics and Respiratory Clinics from
2011 through 2016 and some of the characteristics of these subjects

437 1.
2/ Patients who

have been reported in our previous publications.”
were first diagnosed with NP underwent further examination of the
lower airway. Similarly, patients who were first diagnosed with
asthma would undergo a further examination of the upper airway.
The study design is presented in Figure 1. This study was approved
by the ethics committees of all individual institutions involved in
data and tissue collection. Written informed consent was obtained

from all the patients.

Patient population

Patients with NPcA (1) were diagnosed by pathology after biopsy
and the results of computed tomography of the sinuses and (2)
airway hyperreactivity (a 20% reduction in forced expiratory volume
in 1 s [FEV1] after administration of methacholine up to 16 mg/
ml) according to the criteria of the European Position Paper on
Rhinosinusitis and Nasal Polyps 2012 and Global Initiative for
Asthma (GINA) guidelines.” All subjects were aged 16 to 68 years.
Excluded were subjects with noninvasive fungal balls and invasive
fungal diseases, systemic vasculitis and granulomatous diseases,
neoplasia, pregnancy, lactation, significant psychological diseases,
acute upper or lower respiratory tract infections 2 weeks before in-
clusion, use of systemic corticosteroids within 4 weeks before the
inclusion visit, systemic diseases preventing participation in the
study, and medical and/or surgical treatments influencing the study.

If both of CRS with NP and asthma were diagnosed, related
examinations including computed tomography (CT) scan, respira-
tory function test, and astograph methacholine provocation test
should be performed within a week. Besides, biopsies of NP,
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FIGURE 2. Representative histopathologic sections from patients with eosinophilic nasal polyps and noneosinophilic nasal polyps (he-
matoxylin-eosin, original magnification x200). A, Eosinophilic nasal polyps infiltrated by a large number of eosinophils (indicated by
arrows); B, noneosinophilic nasal polyps infiltrated by large numbers of neutrophils, plasma cells, lymphocytes, and a few eosinophils

(indicated by arrows).

peripheral venous blood, and fractional exhaled nitric oxide (FeNO)
were collected on the same day within no more than a week of the

diagnosis of NPcA.

Atopic status and
evaluation

The patients’ atopic status was evaluated by the skin prick test to
a standard panel of acroallergens or by using the Immuno-CAP
Phadiatop test (Phadia, Uppsala, Sweden) for detecting total IgE
antibodies against various common inhalant allergens. Tissue spec-
imens were obtained from the NP in the clinic, immediately
formalin fixed, and then paraffin embedded. Paraffin sections (4 m
thick) were stained with hematoxylin and eosin. A total of 5
randomly selected fields of view (FOVs) were evaluated for each
stain at a magnification of X400 by 2 experienced pathologists. NP
were classified as eosinophilic when the frequency of tissue eosino-
phils exceeded 10% of the total infiltrating cells per high-power
field™ (Figure 2). Exhaled nitric oxide was measured using an
LR2000 analyzer (Logan Research, Rochester, UK) according to the
European Respiratory Society task force.”" Eosinophilic asthma was
defined when FeNO values were greater than 50 ppb.42

inflammatory phenotype

Subjective assessment

At the time of enrollment in this study, patients with newly
diagnosed NPcA were evaluated using standard questionnaires,
medical histories, outsides records, and examinations. The ques-
tionnaires included the following parameters: demographic data, age
at first symptoms of rhinitis or asthma, duration of disease, age at
asthma diagnosis, smoking status (never-, ex-, and current smokers),
history of nonsteroidal anti-inflammatory drug (NSAID) sensitivity,
history of nasal endoscopic surgery, family history of asthma, and
medication use. The severity of asthma was defined by the GINA
guidelines.”” Patients were divided into 2 groups according to their
age at asthma onset: childhood (<18 years old) or adult onset (>18
years old) as previously described.'’

Objective upper and lower airway evaluation

A CT scan was conducted to assess the inflammatory state and
anatomical structure of the nasal cavity and sinuses. The CT scan
was staged according to the Lund-Mackay (LM) scoring scale.”’

Respiratory ~ function  parameters, including the FEV,

(% predicted), FEV,/forced vital capacity ratio (FEV,/FVC), and
peak expiratory flow (PEF) (% predicted), were evaluated using a
spirometer (Model 2160; Vitalograph, Maids Moreton, UK). The
spirometric standards complied with the European Respiratory So-
ciety recommendations.”* Astograph methacholine provocation test
was conducted to assess the airway responsiveness as previously
described.”” Cumulative dose of inhaled methacholine measured at
the inflection point at which respiratory conductance started to
decrease (Dmin) was recorded.

Cluster analysis and discriminant analysis

Cluster analysis was conducted by applying a 2-step process as
previously described.”®"” First, Ward’s minimum-variance hierar-
chical clustering method was performed using an agglomerative
(bottom-up) approach and Ward’s linkage (Figure 3), and Calinski
and Harabasz’s pseudo-F index was calculated.”® At each generation
of clusters, samples were merged into larger clusters to minimize the
within-cluster sum of squares or to maximize the between-cluster
sum of squares.”’” The optimum number of clusters was deter-
mined by maximizing the Calinski and Harabasz pseudo-F index.
Next, K-means analysis was carried out by using the prespecified
number of clusters. Stepwise discriminant analysis was performed to
identify variables discriminating between the prespecified clusters.
Statistically significant results were expected for most of the
comparisons because the objective of the cluster analysis was to
differentiate the participants into distinct phenotypes of NPcA.

Statistical analysis

Continuous variables are presented as mean =+ standard deviation,
median (with interquartile range), or n (%) according to the data
distribution. A P value of <.05 was considered statistically signifi-
cant. The 2-sample #test was applied for parametric data that
followed a normal distribution. A nonparametric test (the Mann-
Whitney U test) was applied for parametric data that did not
follow a normal distribution. Differences in frequencies between
groups were examined using the (> test. Between-cluster differences
of all parameters, as well as phenotype parameters, were tested by
using the Kruskal-Wallis test with multiple group comparisons.
Bonferroni corrections were conducted. Statistical analyses were
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FIGURE 3. Dendrogram for the development of 3 clusters. Applying Ward’s minimume-variance hierarchical clustering method and an
agglomerative approach, 110 subjects were clustered to a single final group. At each formation of clusters, subjects were merged into
larger clusters to minimize the within-cluster sum of squares or maximize the between-cluster sum of squares. Three clusters were

generated.

TABLE I. Demographic characteristics of the total cohort and by clusters

Total cohort Cluster 1 Cluster 2 Cluster 3

N =110 N =16 N = 32 N = 62 P value among
Characteristic NPcA Atopy NPcA Smoking NPcA Older NPcA clusters
Age (y), mean + SD 47.45 + 10.08 45.25 + 6.07 40.88 £ 11.52 51.13 £ 7.72 <.000
Male, n (%) 70 (63.64) 16 (100.00) 16 (50.00) 46 (74.20) <.000
Atopy, n (%) 47 (42.73) 14 (87.50) 13 (40.63) 20 (32.26) <.000
Age at first symptoms of rhinitis (y) 2494 + 4.17 9.25 £ 3.58 26.82 £5.17 23.81 £ 3.26 <.000
Age at first symptoms of asthma (y) 28.63 + 4.76 15.80 + 3.65 2941 £5.27 3420 £+ 4.28 <.000
Disease duration (y), mean = SD 19.43 £+ 5.38 20.75 £ 4.21 8.44 £ 2.63 23.11 £5.22 .024
Age at asthma diagnosis (y), mean £+ SD 41.94 £ 11.69 30.00 + 12.62 35.26 £ 9.46 46.92 £ 9.75 <.000
Adult-onset, n (%) 78 (70.91) 4 (25.00) 20 (62.50) 54 (87.10) <.000
Smoker (ex- and current smokers), n (%) 41 (37.27) 2 (12.50) 18 (56.25) 21 (33.87) <.000
Prior sinus surgery, n (%) 71 (64.55) 5 (31.25) 23 (71.88) 43 (69.35) <.000
History of NSAID sensitivity, n (%) 15 (13.64) 0 (0) 11 (34.38) 4 (6.45) <.000
History of family asthma, n (%) 18 (16.36) 10 (62.50) 1(3.13) 7 (11.29) <.000
NPcA, Nasal polyps and comorbid asthma; NSAID, nonsteroidal anti-inflammatory drug; SD, standard deviation.
carried out using SPSS version 22.0 (IBM, Armonk, NY) and NPcA) with the earliest onset of rhinitis symptoms

MATLAB, version 8.6 (MathWorks, Natick, Mass).

RESULTS
Study cohort and demographics

The study cohort included 110 patients with newly diag-
nosed NPcA ranging in age from 16 to 68 years. The charac-
teristics of the total cohort are presented in Table I. Overall,
42.73% of patients had atopy, and the prevalence of the history
of family asthma and NSAID sensitivity was 16.36% and
13.64%, respectively. The average age at asthma diagnosis, first
symptoms of rhinitis, and first symptoms of asthma were 41.94,
24.94, and 28.63 years, respectively. There were 70.91% pa-
tients with adult-onset asthma and 37.27% patients with a
smoking habit. Approximately 64.55% of patients with NPcA
had prior sinus surgery.

Cluster analysis and natural course of NPcA by
clusters

By performing cluster analyses in patients with NPcA based
on parameters of natural course and demographic character-
istics (listed in Table I), irrespective of clinical parameters, 3
clusters with distinct natural courses were identified (Table I,
Figure 3). Significant differences existed between the clusters
for demographics (P < .001). Cluster 1 (n = 16, 14.55%)
predominantly contained atopic patients (87.50%) (atopic

(9.25 £ 3.58) and asthma symptoms (15.80 £ 3.65), inter-
mediate disease duration (20.75 + 4.21), lowest rate of history
of NSAID sensitivity (0), and prior sinus surgery (31.25%) as
well as the highest rate of history of family asthma (62.50%).
Cluster 2 (n = 32, 29.09%) was characterized by the most
smokers (56.25%) (smoking NPcA) with latest onset of
rhinitis symptoms (26.82 % 5.17), intermediate onset of
asthma symptoms (29.41 =+ 5.27), short disease duration
(8.44 £ 2.63), highest rate of prior sinus surgery (71.88%),
and history of NSAID sensitivity (34.38%) as well as the
lowest rate of history of family asthma (3.13%). Cluster 3
(n = 62, 56.36%) consisted mostly of older patients
(46.92 + 9.75) (older NPcA) with intermediate onset of
thinitis symptoms (23.81 £ 3.26), latest onset of asthma
symptoms (3420 £+  4.28), mainly  adult-onset
asthma (87.10%), intermediate rate of prior sinus surgery
(69.35%), and intermediate rate of history of family asthma
(11.29%). Clinical parameters that were not used in the
cluster analysis were analyzed within clusters and compared
between clusters.

Inflammatory characteristics of patients with NPcA
within the 3 clusters

The inflammatory characteristics of patients with NPcA in
the 3 clusters are summarized in Table II. The level of total IgE
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TABLE II. Inflammatory characteristics of subjects in total cohort and by clusters
Total cohort Cluster 1 Cluster 2 Cluster 3 P value
N =110 N =16 N = 32 N = 62 among
Characteristic NPcA Atopic NPcA Smoking NPcA Older NPcA clusters
Dmin value, median (IQR) 0.47 (0.25-6.25) 0.30 (0.13-0.62) 0.29 (0.057-3.80) 2.60 (1.39-3.42) .031
Total IgE, median (IQR) 60.00 (30.00-132.00) 54.00 (31.00-95.00) 136.00 (57.75-280.25) 30.00 (21.00-52.50) <.000
FeNO, median (IQR) 85.00 (53.00-110.00) 79.00 (53.00-107.00) 106.50 (84.25-163.75) 36.30 (27.90-52.00) .000
Blood eosinophil percentage (%), 5.40 (2.50-9.10) 5.50 (2.30-6.20) 7.30 (5.43-11.00) 3.15 (2.70-4.48) .024
median (IQR)
Tissue eosinophils (n), 17.54 (11.27-29.43) 16.71 (9.85-24.20) 22.45 (10.21-32.7) 9.46 (6.82-15.39) <.000
median (IQR)
Blood neutrophil percentage (%), 58.90 (52.50-62.90) 58.60 (51.90-61.80) 54.55 (52.43-59.90) 75.20 (63.10-80.90) .039
median (IQR)
Eosinophilia phenotypes of upper 51 (46.36) 9 (56.25) 22 (68.75) 20 (32.26) .002
airway, n (%)
Eosinophilia phenotypes of lower 50 (45.45) 8 (50.00) 20 (62.50) 22 (35.48) .014
airway, n (%)
Severe asthma, n (%) 45 (40.91) 3 (18.75) 18 (56.25) 24 (38.71) <.000

Dmin, Cumulative dose of inhaled methacholine measured at the inflection point at which respiratory conductance started to decrease; FeNO, fractional exhaled nitric oxide;

IQR, interquartile range; NPcA, nasal polyps and comorbid asthma.

TABLE lll. Disease severity in total cohort and by clusters

Total cohort Cluster 1 Cluster 2 Cluster 3 P value

N =110 N =16 N = 32 N = 62 among

Characteristic NPcA Atopic NPcA Smoking NPcA Older NPcA clusters
FEV1 (% predicted), median (IQR) 83.90 (73.20-97.40) 114.80 (103.28-118.33)  75.05 (61.55-82.20) 91.90 (83.90-97.30) .017
FVC (% predicted), median (IQR) 100.20 (90.10-113.00) 112.00 (100.13-118.12)  97.95 (79.73-112.13) 103.90 (91.90-111.60) .026
FEVI1/FVC ratio (% predicted), 67.72 (62.23-79.56) 82.01 (80.67-87.40) 63.08 (57.06-66.90) 74.91 (62.92-79.05) .023

median (IQR)
PEF (% predicted), median (IQR)
LM score, mean + SD

95.40 (81.40-111.80)
21.44 £ 2.30

120.9 (117.28-128.90)
17.59 £ 1.72

82.85 (62.43-92.93)
21.44 £2.30

103.50 (89.10-110.70) .015
16.42 + 2.21 .038

FEV1, Forced expiratory volume in 1 second; FVC, forced vital capacity; FEVI/FVC, the ratio of FEV1 to FVC; IQR, interquartile range; LM score, Lund-Mackay score; NPcA,

nasal polyps and comorbid asthma; PEF, peak expiratory flow; SD, standard deviation.

and FeNO, the percentage of blood eosinophils, and the fre-
quency of tissue eosinophils were significantly different among
the 3 clusters (P < .001), with highest values in the smoking
NPcA cluster and the lowest values in the older NPcA cluster.
Notably, the percentage of blood neutrophils in the smoking
NPcA cluster and atopic NPcA cluster were similar, whereas the
older NPcA cluster had the highest percentage of blood neu-
trophils compared with the smoking NPcA cluster and atopic
NPcA cluster (P < .001). Compared with the atopic NPcA
cluster (18.75%), the percentage of severe asthma was signifi-
cantly higher in the older NPcA cluster (38.71%) and smoking
NPcA cluster (56.25%) (both P < .01). Furthermore, the
smoking NPcA cluster had a significantly higher percentage of
severe asthma compared with the older NPcA cluster (P < .01).
The Dmin value was similar in the smoking NPcA cluster and
atopic NPcA cluster, and there were no significant differences in
these 2 clusters. Compared with these clusters, the older NPcA
cluster had the highest Dmin value (both P < .01). Regarding
the inflammatory phenotypes of NPcA, the proportions of
eosinophilia phenotypes of the upper and lower airways in each
cluster were similar, and there was a significant difference
among the 3 clusters (P = .002 and .014, respectively). The
smoking NPcA cluster had the highest number of eosinophilic
airway phenotypes, whereas the older NPcA cluster had the
least number of eosinophilic airway phenotypes.

Features of upper and lower airway disease severity
in patients with NPcA within the 3 clusters

The features of upper and lower airway disease severity are
shown in Figures 4 and 5. LM scores were calculated to evaluate the
severity of upper airway disease. We found that the smoking NPcA
cluster had significantly higher scores compared with the atopic
NPcA cluster and older NPcA cluster (P = .031 and .032).
However, LM scores were similar between the atopic NPcA cluster
and older NPcA cluster (Figure 4). Regarding the pulmonary
function of the lower airway in the 3 clusters (Table 3, Figure 5),
FEV,, FVC, FEV/FVC, and PEF were lowest in the smoking
NPcA cluster and highest in the atopic NPcA cluster with a sig-
nificant difference among the 3 clusters (all 2 < .05).

Discriminant analysis

By using a stepwise method of discriminant analysis, 21 of 26
variables were found to significantly discriminate between the
clusters: apart from the 5 variables (age, atopy, FEV1, FVC, and
LM score), sex, age at first symptoms of rhinitis, age at first
symptoms of asthma, disease duration, age at asthma diagnosis,
adult-onset, smoker, prior sinus surgery, history of NSAID
sensitivity, history of family asthma, Dmin value, total IgE,
FeNO, blood ecosinophil percentage, tissue eosinophil, blood
neutrophil percentage, eosinophilia phenotypes of upper
airway, eosinophilia phenotypes of lower airway, severe asthma,
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FIGURE 4. Computed tomography changes of the paranasal sinus among cluster 1 (A), cluster 2 (B), and cluster 3 (C). Coronal position
scanning (A1, B1, and C1). Horizontal position scanning (A2, B2, and C2). (D) Comparison of Lund-Mackay scores among the 3 clusters.

P < .05 was considered statistically significant.

FEV1/FVC ratio, and PEF were found to be statistically signif-
icant discriminants. Meanwhile, by applying the Fisher
discriminant method, 2 canonical discriminant functions were
generated to form a scatter plot. The clusters were well separated
from each other, as shown in Figure E1 (available in this article’s
Online Repository at www.jaci-inpractice.org).

DISCUSSION

We identified different phenotypes of NPcA based on a cluster
analysis of parameters for natural course and demographic
characteristics, and we analyzed the clinical parameters within
these clusters. The following 3 phenotypes with distinct natural
courses and clinical characteristics were identified: cluster 1,
atopic NPcA, child-onset airway symptoms, intermediate disease
duration, history of family asthma, better lung function, and less
severe asthma; cluster 2, smoking NPcA, adult-onset airway
symptoms, short disease duration, less atopy, NSAID sensitivity,
prior sinus surgery history, eosinophilia airway phenotypes,
worse lung function, and severe CT appearance; and cluster 3,
older NPcA, adult-onset airway symptoms, long disease duration,
less atopy, more noneosinophilia airway phenotypes, and prior
sinus surgery history. This observation indicated that NPcA is
not a homogeneous inflammatory disease entity and that 3
subtypes of patients developed NPcA with different patterns of
onset time. To our knowledge, this is the first study to reveal
different patterns of the natural course of NPcA with different
clinical characteristics.

The natural course of NPcA had not been comprehensively
explored before. As a subtype of NPcA, aspirin-exacerbated res-
piratory disease (AERD) (also called aspirin triad) has a distinct
natural course”’: onset of persistent rhinitis/rhinosinusitis (mean
age 30 years), onset of asthma after 2 years (mean age 32 years),
and aspirin-induced respiratory reactions and nasal polyposis
after 4 years (mean age 34 years). AERD is characterized by
intense eosinophilic infiltration, " high NP recurrence rates,

severe asthma,”” and less atopy.” In our study, this subtype
had a similar pattern to the smoking NPcA cluster, which was
the most severe phenotype among the identified 3 clusters.
Compared with the atopic NPcA cluster and older NPcA cluster,
the eosinophilic airway phenotype was more prevalent in the
smoking NPcA cluster. Adult-onset eosinophilic asthma was
recognized as a distinct profile and had a higher comorbidity of
NP compared with adult-onset noneosinophilic asthma.”
Furthermore, the smoking NPcA cluster had the most
smokers, which might have contributed to the disease severity of
this cluster. Cigarette smoking is treated as a risk factor for the
development of chronic airway disease.” Cigarette smoke-
induced airway inflammation was associated with NP forma-
tion and insensitivity to corticosteroids, resulting in increased
severity and persistence of NP and asthma.’””° These studies
indicated that the smoking NPcA cluster had a distinct pattern of
natural course and severe phenotype.

Previous studies showed that child-onset asthma, as a sub-
phenotype of asthma, significantly differed from adult-onset
asthma in many aspects. >’ In this study, the atopic NPcA
cluster was characterized by early onset of airway symptoms,
child-onset asthma, history of family asthma, and good lung
function. Atopic NPcA was processed differentdy and was
significantly different to the other 2 adult-onset clusters (older
NPcA cluster and smoking NPcA cluster) in terms of disease
course. It was reported that atopic status in patients with asthma
was associated with early onset of airway symptoms and a family
history of asthma’®”? and patients tended to show early clinical
symptoms of airway disease. In terms of disease severity, allergic
asthma, especially child-onset allergic asthma, was highly asso-
ciated with fully reversible airflow obstruction, responsiveness to
inhaled corticosteroids and less severe asthma phenotypes.®”""’
Regarding the disease entity of NPcA, we identified that the
atopic NPcA cluster had similar traits with the atopic condition.

The older NPcA cluster was the largest (n = 62, 56.36%) and
was characterized by less atopy, long disease duration, and
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FIGURE 5. Lung function changes among cluster 1, cluster 2, and cluster 3. Comparison of forced expiratory volume in 1 second (FEV 1),
forced vital capacity (FVC), ratio of FEV1 to FVC, and peak expiratory flow (PEF) among the 3 clusters. P < .05 was considered sta-

tistically significant.

adult-onset asthma, which was similar with the disease course of
adult-onset nonallergic asthma.®? Indeed, adult-onset asthma can
be divided into 2 distinct phenotypes: adult-onset eosinophilic
asthma and adult-onset noneosinophilic asthma?; furthermore,
adult-onset eosinophilic asthma was identified as a severe
phenotype. Similarly, our present study identified 2 adult-onset
phenotypes in patients with NPcA with a distinct disease
course and inflammatory phenotype: smoking NPcA cluster
(eosinophilic inflammation, 29.09%) and older NPcA cluster
(noneosinophilic inflammation, 56.36%). The smoking NPcA
cluster included AERD and was also a severe phenotype. This
suggested that older NPcA was a distinct subtype of NPcA and
should be treated differently.

After identifying 3 clusters based on demographic character-
istics, we evaluated and compared the clinical parameters among
clusters to validate their clinical significance. We observed that
total IgE and eosinophilic inflammatory parameters such as
FeNO, blood, and tissue eosinophils were highest in the smoking
NPcA cluster and lowest in the older NPcA cluster, which

revealed the different functionality of total IgE and eosinophilic
inflammation in the pathogenesis of the 3 clusters. Anti-IgE
treatment was effective in patients with NPcA irrespective of
the presence of allergy, and this beneficial effect was not asso-
ciated with a reduction of eosinophilic inflammation.” High total
IgE levels are a biomarker for severe asthma phenotype.*” These
findings are partly consistent with the characteristics of the
smoking NPcA, which was the most severe phenotype among the
3 clusters. Our previous study of NPcA showed that an eosin-
ophilic phenotype was more severe than a noneosinophilic
phenotype.” Here, we expanded this finding by analyzing the
natural course of NPcA and found that 3 NPcA clusters with
different disease courses presented with distinct distributions in
terms of eosinophilic phenotypes and level of total IgE. This is
the first study to report the spectrum of NPcA, which may
provide evidence for phenotype-guided management approaches.

The radiological features of the nasal cavity and sinuses as well
as pulmonary function were assessed to characterize the severity
of airway disease among atopic, smoking, and older NPcA
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clusters. In this study, we found that paranasal sinus CT
abnormalities in the smoking NPcA cluster were the worst
compared with other 2 clusters. The atopic NPcA cluster and
older NPcA cluster presented with similar upper airway severity.
Previous studies showed that a comorbidity of asthma in patients
with NP tended to increase LM scores.”®” When stratifying
NPcA based on the presence of atopy or eosinophilic inflam-
mation, the nonatopic or eosinophilic phenotype showed
significantly higher LM scores,”*“” indicating that the presence
of nonatopy and eosinophilic inflammation was highly associated
with worse abnormalities in patients with NPcA. This was
further supported by the result that the smoking NPcA cluster
with a higher prevalence of nonatopic (59.38%) and cosinophilic
(approximately 65.63%) phenotypes had the highest LM scores.
Regarding the severity of the lower airway in patients with NPcA,
our previous study showed that the eosinophilic phenotype of
NPcA had a worse lung function compared with those with a
noneosinophilic phenotype.”* After stratifying patients with
NPcA based on the natural course, we found that lung function
differed significantly among the 3 clusters with the worst in the
smoking NPcA cluster and the best in the atopic NPcA cluster.
Interestingly, we also found that a shorter disease duration was
closely associated with worse lung function. For the first time, we
have demonstrated that the severity of lower airways in patients
with NPcA is associated with natural course.

Odur study had several limitations. First, we clustered patients
based on demographic information of natural course by using
questionnaires, which might weaken the accuracy of the darta.
Further validation in independent cohorts including a wider
variety of demographics is needed. Second, the sample size was
relatively small; multicenter and large sample studies are needed.
It was also important to point out that the sample sizes varied
between clusters with cluster 1 being the smallest. It remained
possible that a type II error existed within this group because of
the small sample size and a lack of power. Third, this study did
not explore the mechanism involved, and further studies are
required to elucidate the molecular mechanisms responsible for
our study findings. Finally, the use of cluster analysis was
potentially a limiting factor in this study because of the inherent
defects of this statistical method." Because cluster analysis is not
an inferential statistical technique, there is no probability
calculated. Therefore, our aim is to illustrate the heterogeneity in
the natural course of NPcA instead of claiming a final
classification.

In summary, we identified distinct natural courses in patients
with NPcA. Furthermore, the inflammatory status and disease
severity were markedly different among atopic, smoking, and
older NPcA clusters, which further supports the clinical signifi-
cance of the results. By investigating the natural course, clinicians
might predict the clinical aspects of NPcA and contribute to
phenotype-guided management approaches.

Acknowledgements

We would like to thank the staff of the Lung Function Lab-
oratory of Beijing Chaoyang Hospital and Anzhen Hospital for
their assistance in the pulmonary function test and bronchial
provocation test.

DW designed the study, analyzed the data, and wrote the
manuscript. LL, XZ, LZ, and QL collected the clinical data and
followed up with the patients. BSB and JW read and revised the

J ALLERGY CLIN IMMUNOL PRACT
JULY/AUGUST 2018

manuscript. YW designed the study and revised the manuscript.
All authors have read and approved the final manuscript.

REFERENCES

1. Tomassen P, Vandeplas G, Van Zele T, Cardell L-O, Arebro J, Olze H, et al.
Inflammatory endotypes of chronic rhinosinusitis based on cluster analysis of
biomarkers. J Allergy Clin Immunol 2016;137:1449-1456.¢4.

2. de Groot JC, Storm H, Amelink M, de Nijs SB, Eichhorn E, Reitsma BH, et al.
Clinical profile of patients with adult-onset eosinophilic asthma. ERJ Open Res
2016;2:00100-2015. https://doi.org/10.1183/23120541.00100-2015.

3. Porsbjerg C, Menzies-Gow A. Co-morbidities in severe asthma: clinical impact
and management. Respirology 2017;22:651-61.

4. Jarvis D, Newson R, Lotvall J, Hastan D, Tomassen P, Keil T, et al. Asthma in
adults and its association with chronic rhinosinusitis: the GA2LEN survey in
Europe. Allergy 2012;67:91-8.

5. Asano T, Kanemitsu Y, Takemura M, Yokota M, Fukumitsu K, Takeda N, et al.
Serum periostin as a biomarker for comorbid chronic rhinosinusitis in patients
with asthma. Ann Am Thorac Soc 2017;14:667-75.

6. Ahmadiafshar A, Farjd HR, Moezzi F, Mousavinasab N. Nasal polyposis in
patients with asthma and allergic rhinitis. J Laryngol Otol 2012;126:780-3.

7. Klossek J, Neukirch F, Pribil C, Jankowski R, Serrano E, Chanal I, et al.
Prevalence of nasal polyposis in France: a cross-sectional, case-control study.
Allergy 2005;60:233-7.

8. Zhang N, Van Zele T, Perez-Novo C, Van Bruaene N, Holtappels G,
DeRuyck N, et al. Different types of T-effector cells orchestrate mucosal
inflammation in chronic sinus disease. J Allergy Clin Immunol 2008;122:
961-8.

9. Gevaert P, Calus L, Van Zele T, Blomme K, De Ruyck N, Bauters W, et al.
Omalizumab is effective in allergic and nonallergic patients with nasal polyps
and asthma. J Allergy Clin Immunol 2013;131:110-116.el.

10. Lehrer E, Mullol J, Agredo F, Alobid I. Management of chronic rhinosinusitis
in asthma patients: is there still a debate? Curr Allergy Asthma Rep 2014;14:
1-6.

11. Rix I, Hakansson K, Larsen CG, Frendg M, von Buchwald C. Management of
chronic rhinosinusitis with nasal polyps and coexisting asthma: a systematic
review. Am J Rhinol Allergy 2015;29:193-201.

12. Batra PS, Kern RC, Tripathi A, Conley DB, Ditto A, Haines G, et al. Outcome
analysis of endoscopic sinus surgery in patients with nasal polyps and asthma.
Laryngoscope 2003;113:1703-6.

13. Amelink M, de Groot JC, de Nijs SB, Lutter R, Zwinderman AH, Sterk PJ, et al.
Severe adult-onset asthma: a distinct phenotype. J Allergy Clin Immunol 2013;
132:336-41.

14. Westerhof GA, Coumou H, de Nijs SB, Weersink E, Bel EH. Clinical predictors
of remission and persistence of adult-onset asthma. Allergy Clin Immunol 2018;
141:104-9.e3.

15. Bokov P, Chevalier-Bidaud B, Al Dandachi G, Londner C, Plantier L, Bonfils P,
et al. Tracheal section is an independent predictor of asthma in patients with
nasal polyposis. Respir Physiol Neurobiol 2014;203:15-8.

16. Cheng YK, Tsai MH, Lin CD, Hwang GY, Hang LW, Tseng GC, et al.
Oxidative stress in nonallergic nasal polyps associated with bronchial hyper-
responsiveness. Allergy 2006;61:1290-8.

17. Tsicopoulos A, Shimbara A, De Nadai P, Aldewachi O, Lamblin C, Lassalle P,
et al. Involvement of IL-9 in the bronchial phenotype of patients with nasal
polyposis. J Allergy Clin Immunol 2004;113:462-9.

18. Lamblin C, Bolard F, Gosset P, Tsicopoulos A, Perez T, Darras J, et al.
Bronchial interleukin-5 and eotaxin expression in nasal polyposis: relationship
with (a) symptomatic bronchial hyperresponsiveness. Am J Resp Crit Care Med
2001;163:1226-32.

19. Williamson P, Vaidyanathan S, Clearie K, Barnes M, Lipworth B. Airway
dysfunction in nasal polyposis: a spectrum of asthmatic disease? Clin Exp Al-
lergy 2011:;41:1379-85.

20. Lamblin C, Gosset P, Salez F, Vandezande L-M, Perez T, Darras J, et al.
Eosinophilic airway inflammation in nasal polyposis. J Allergy Clin Immunol
1999;104:85-92.

21. Langdon C, Mullol J. Nasal polyps in patients with asthma: prevalence, impact,
and management challenges. J Asthma Allergy 2016;9:45.

22. Bousquet J, Schunemann HJ, Samolinski B, Demoly P, Baena-Cagnani CE,
Bachert C, et al. Allergic Rhinitis and its Impact on Asthma (ARIA):
achievements in 10 years and future needs. J Allergy Clin Immunol 2012;130:
1049-62.

23. Szczeklik A, Nizankowska E, Duplaga M. Natural history of aspirin-induced
asthma. AIANE Investigators. European Network on Aspirin-Induced
Asthma. Eur Respir J 2000;16:432-6.



http://refhub.elsevier.com/S2213-2198(17)30746-8/sref1
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref1
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref1
https://doi.org/10.1183/23120541.00100-2015
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref3
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref3
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref4
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref4
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref4
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref5
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref5
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref5
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref6
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref6
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref7
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref7
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref7
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref8
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref8
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref8
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref8
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref9
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref9
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref9
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref10
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref10
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref10
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref11
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref11
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref11
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref12
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref12
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref12
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref13
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref13
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref13
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref14
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref14
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref14
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref15
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref15
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref15
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref16
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref16
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref16
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref17
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref17
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref17
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref18
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref18
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref18
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref18
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref19
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref19
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref19
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref20
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref20
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref20
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref21
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref21
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref22
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref22
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref22
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref22
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref23
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref23
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref23
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref23

J ALLERGY CLIN IMMUNOL PRACT
VOLUME 6, NUMBER 4

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.
43.
. Quanjer P, European Respiratory Society. Standardised lung function testing.

45.

Walgama ES, Hwang PH. Aspirin-exacerbated respiratory disease. Otolaryngol
Clin North Am 2017;50:83-94.

Bachert C, Zhang N, Holtappels G, De Lobel L, Van Cauwenberge P, Liu S,
et al. Presence of IL-5 protein and IgE antibodies to staphylococcal enterotoxins
in nasal polyps is associated with comorbid asthma. J Allergy Clin Immunol
2010;126:962-968.¢6.

Drake-Lee A, Lowe D, Swanston A, Grace A. Clinical profile and recurrence of
nasal polyps. J Laryngol Otol 1984;98:783-93.

Dhong H-J, Kim HY, Chung Y-J, Kim TW, Kim JH, Chung S-K, et al.
Computed tomographic assessment of chronic rhinosinusitis with asthma. Am J
Rhinol 2006;20:450-2.

Ehnhage A, Olsson P, Kolbeck KG, Skedinger M, Dahlen B, Alenius M, et al.
Functional endoscopic sinus surgery improved asthma symptoms as well as
PEFR and olfaction in patients with nasal polyposis. Allergy 2009;64:762-9.
Goldstein MF, Grundfast SK, Dunsky EH, Dvorin DJ, Lesser R. Effect of
functional endoscopic sinus surgery on bronchial asthma outcomes. Arch
Otolaryngol Head Neck Surg 1999;125:314-9.

Uri N, Cohen-Kerem R, Barzilai G, Greenberg E, Doweck I, Weiler-Ravell D.
Functional endoscopic sinus surgery in the treatment of massive polyposis in
asthmatic patients. J Laryngol Otol 2002;116:185-9.

Chen F, Zuo K, Guo Y, Li Z, Xu G, Xu R, et al. Long-term results of endo-
scopic sinus surgery-oriented treatment for chronic rhinosinusitis with asthma.
Laryngoscope 2014;124:24.

Al Badaai Y, Valdés C, Samaha M. Outcomes and cost benefits of functional
endoscopic sinus surgery in severely asthmatic patients with chronic rhinosi-
nusitis. J Laryngol Otol 2014;128:512-7.

Schlosser R, Smith T, Mace J, Soler Z. Asthma quality of life and control after
sinus surgery in patients with chronic rhinosinusitis. Allergy 2017;72:483-91.
Wu D, Li L, Zhang M, Wang J, Wei Y. Two inflammatory phenotypes of nasal
polyps and comorbid asthma. Ann Allergy Asthma Immunol 2017;118:318-25.
Adnane C, Adouly T, Khallouk A, Rouadi S, Abada R, Roubal M, et al. Using
preoperative unsupervised cluster analysis of chronic rhinosinusitis to inform
patient decision and endoscopic sinus surgery outcome. Eur Arch Oto-
rhinolaryngol 2017;274:879-85.

Siroux V, Basagafia X, Boudier A, Pin I, Garcia-Aymerich J, Vesin A, et al.
Identifying adult asthma phenotypes using a clustering approach. Eur Respir J
2011;38:310-7.

Dawei W, Jianting W, Zhang M, Qian S. Impact of allergic airway diseases on
definition of eosinophilic nasal polyps’ inflammatory subtypes [in Chinese].
Chin Arch Otolaryngol Head Neck Surg 2016;23:36-40.

Fokkens WJ, Lund VJ, Mullol J, Bachert C, Alobid I, Baroody F, et al. EPOS
2012: European position paper on rhinosinusitis and nasal polyps 2012. A
summary for otorhinolaryngologists. Rhinology 2012;50:1-12.

Bateman E, Hurd S, Barnes P, Bousquet J, Drazen J, FitzGerald M, et al. Global
strategy for asthma management and prevention: GINA executive summary. Eur
Respir J 2008;31:143-78.

Cao P-P, Li H-B, Wang B-F, Wang S-B, You X-J, Cui Y-H, et al. Distinct
immunopathologic characteristics of various types of chronic rhinosinusitis in
adult Chinese. J Allergy Clin Immunol 2009;124:478-484.e2.

Alving K, Barnes PJ. ERS task force report exhaled and nasal nitric oxide
measurements: recommendations. Eur Respir J 1997;10:1683-93.

Dweik RA, Boggs PB, Erzurum SC, Irvin CG, Leigh MW, Lundberg JO, et al. An
official ATS clinical practice guideline: interpretation of exhaled nitric oxide levels
(FENO) for clinical applications. Am J Respir Crit Care Med 2011;184:602-15.
Lund V, Mackay I. Staging in rhinosinusitus. Rhinology 1993;31:183.

Official statement of the European Respiratory Society. Eur Respir J 1993;6:155-7.
Fukuoka T, Miyake S, Umino T, Inase N, Tojo N, Yoshizawa Y. The effect of
seratrodast on eosinophil cationic protein and symptoms in asthmatics. J Asthma
2003;40:257-64.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

WU ETAL 1305

Ilmarinen P, Tuomisto LE, Niemeldi O, Tommola M, Haanpdd J,
Kankaanranta H. Cluster analysis on longitudinal data of patients with adult-
onset asthma. J Allergy Clin Immunol Pract 2017;5:967-78.e3.

Nakayama T, Asaka D, Yoshikawa M, Okushi T, Matsuwaki Y, Moriyama H,
et al. Identification of chronic rhinosinusitis phenotypes using cluster analysis.
Am J Rhinol Allergy 2012;26:172-6.

Calinski T, Harabasz J. A dendrite method for cluster analysis. Commun Stat
Theory Methods 1974;3:1-27.

Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X, et al. Identifi-
cation of asthma phenotypes using cluster analysis in the Severe Asthma
Research Program. Am J Respir Crit Care Med 2010;181:315-23.

Mullol J, Picado C. Rhinosinusitis and nasal polyps in aspirin-exacerbated
respiratory disease. Immunol Allergy Clin North Am 2013;33:163-76.
Pérez-Novo CA, Watelet JB, Claeys C, Van Cauwenberge P, Bachert C.
Prostaglandin, leukotriene, and lipoxin balance in chronic rhinosinusitis with
and without nasal polyposis. J Allergy Clin Immunol 2005;115:1189-96.

Ta V, White AA. Survey-defined patient experiences with aspirin-exacerbated
respiratory disease. J Allergy Clin Immunol Pract 2015;3:711-8.

Rajan JP, Wineinger NE, Stevenson DD, White AA. Prevalence of aspirin-
exacerbated respiratory disease among asthmatic patients: a meta-analysis of
the literature. J Allergy Clin Immunol 2015;135:676-681.el.

Polosa R, Thomson NC. Smoking and asthma: dangerous liaisons. Eur Respir J
2013;41:716-26.

Barnes PJ. Corticosteroid resistance in patients with asthma and chronic
obstructive pulmonary disease. J Allergy Clin Immunol 2013;131:636-45.
Westerhof GA, Vollema EM, Weersink EJ, Reinartz SM, de Nijs SB, Bel EH.
Predictors for the development of progressive severity in new-onset adult
asthma. J Allergy Clin Immunol 2014;134:1051-1056.e2.

Miranda C, Busacker A, Balzar S, Trudeau J, Wenzel SE. Distinguishing severe
asthma phenotypes: role of age at onset and eosinophilic inflammation.
J Allergy Clin Immunol 2004;113:101-8.

Novak N, Bieber T. Allergic and nonallergic forms of atopic diseases. J Allergy
Clin Immunol 2003;112:252-62.

Romanet-Manent S, Charpin D, Magnan A, Lanteaume A, Vervloet D. Allergic
vs nonallergic asthma: what makes the difference? Allergy 2002;57:607-13.
Wenzel SE. Asthma phenotypes: the evolution from clinical to molecular ap-
proaches. Nat Med 2012;18:716-25.

Jenkins HA, Cherniack R, Szefler SJ, Covar R, Gelfand EW, Spahn JD.
A comparison of the clinical characteristics of children and adults with severe
asthma. Chest J 2003;124:1318-24.

Reed CE. The natural history of asthma. J Allergy Clin Immunol 2006;118:
543-8.

Kowalski M, CieSlak M, Pérez-Novo C, Makowska J, Bachert C. Clinical and
immunological determinants of severe/refractory asthma (SRA): association
with Staphylococcal superantigen-specific IgE antibodies. Allergy 2011;66:
32-8.

Lin DC, Chandra RK, Tan BK, Zirkle W, Conley DB, Grammer LC, et al.
Association between severity of asthma and degree of chronic rhinosinusitis.
Am J Rhinol Allergy 2011;25:205.

Pearlman AN, Chandra RK, Chang D, Conley DB, Peters AT, Grammer LC,
et al. Relationships between severity of chronic rhinosinusitis and nasal pol-
yposis, asthma, and atopy. Am J Rhinol Allergy 2009;23:145.

Staikuniene J, Vaitkus S, Japertiene L, Ryskiene S. Association of chronic
rhinosinusitis with nasal polyps and asthma: clinical and radiological fea-
tures, allergy and inflammation markers. Medicina (Kaunas) 2008;44:
257-65.

Zhang Z, Adappa ND, Doghramji LJ, Chiu AG, Lautenbach E, Cohen NA,
et al. Quality of life improvement from sinus surgery in chronic rhinosi-
nusitis patients with asthma and nasal polyps. Int Forum Allergy Rhinol
2014:;4:885-92.


http://refhub.elsevier.com/S2213-2198(17)30746-8/sref24
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref24
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref25
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref25
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref25
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref25
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref26
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref26
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref27
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref27
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref27
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref28
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref28
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref28
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref29
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref29
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref29
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref30
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref30
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref30
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref31
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref31
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref31
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref32
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref32
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref32
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref33
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref33
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref34
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref34
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref35
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref35
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref35
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref35
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref36
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref36
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref36
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref37
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref37
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref37
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref38
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref38
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref38
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref39
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref39
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref39
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref40
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref40
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref40
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref41
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref41
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref42
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref42
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref42
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref43
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref44
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref44
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref45
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref45
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref45
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref46
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref46
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref46
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref47
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref47
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref47
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref48
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref48
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref48
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref49
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref49
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref49
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref50
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref50
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref51
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref51
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref51
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref52
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref52
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref53
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref53
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref53
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref54
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref54
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref55
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref55
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref56
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref56
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref56
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref57
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref57
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref57
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref58
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref58
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref59
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref59
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref60
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref60
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref61
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref61
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref61
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref62
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref62
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref63
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref63
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref63
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref63
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref63
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref64
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref64
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref64
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref65
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref65
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref65
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref66
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref66
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref66
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref66
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref66
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref67
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref67
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref67
http://refhub.elsevier.com/S2213-2198(17)30746-8/sref67

1305.e1 WU ETAL J ALLERGY CLIN IMMUNOL PRACT

JULY/AUGUST 2018

Canonical Discriminant Functions

101 Cluster
1
2
O3
M Cluster Centroid
5 o
«
g o .8
o]
2 e "3
° W
: %
B, ©°
= o
0 .28 o8 W
W o
o o,
=) %o
2
=]
5
-107
T T T T T
-10 -5 0 5 10

Discriminant Function 1

FIGURE E1. Canonical discriminant function analysis of the 110
patients with nasal polyps and comorbid asthma. By using a
stepwise method of discriminant analysis, cluster 1, cluster 2, and
cluster 3 were well separated.
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