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Abstract

Background: Reducing asthma exacerbations is a major tar-
get of current clinical guidelines, but identifying features of
exacerbation-prone asthma (EPA) using multidimensional
assessment (MDA) is lacking. Objective: To systemically ex-
plore the clinical and inflammatory features of adults with
EPA in a Chinese population. Methods: We designed a cross-
sectional study using the Severe Asthma Web-based Data-
base from the Australasian Severe Asthma Network (ASAN).
Eligible Chinese adults with asthma (n = 546) were assessed
using MDA. We stratified patients based on exacerbation fre-
quency: none, few (1 or 2), and exacerbation prone (=3). Uni-
variate and multivariable negative binomial regression anal-
yses were performed to investigate features associated with

the frequency of exacerbations. Results: Of 546 participants,
61.9% had no exacerbations (n = 338), 29.6% had few exac-
erbations (n = 162), and 8.4% were exacerbation prone (n =
46) within the preceding year. EPA patients were character-
ized by elevated blood and sputum eosinophils but less at-
opy, with more controller therapies but worse asthma con-
trol and quality of life (all p < 0.05). In multivariable models,
blood and sputum eosinophils (adjusted rate ratio = 2.23,
95% confidence interval = [1.26, 3.84] and 1.67 [1.27, 2.21],
respectively), FEV; (0.90[0.84, 0.96]), bronchodilator respon-
siveness (1.16 [1.05, 1.27]), COPD (2.22 [1.41, 3.51]), bronchi-
ectasis (2.87 [1.69, 4.89]), anxiety (2.56 [1.10, 5.95]), and de-
pression (1.94 [1.20, 3.13]) were found. Further, upper respi-
ratory tract infection (1.83 [1.32, 2.54]) and food allergy (1.67
[1.23, 2.25]) were at high risk of asthma symptom triggers.
Conclusion: EPA is a clinically recognizable phenotype as-
sociated with several recognizable traits that could be ad-
dressed by targeted treatment. ©2020S. Karger AG, Basel
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Introduction

Asthma is a common chronic disease across the globe,
affecting 4.2% of the adult population (about 45.7 million
people) in China [1]. Frequent asthma exacerbations con-
tribute to severe public health problems and a high burden
from asthma-related costs [2]. Severe exacerbations occur
in patients with severe disease as well as those with mild
or well-controlled asthma [3]. Exacerbations are also a
risk factor for the progression to severe disease [4]. As
such, reducing the number of exacerbations is a major aim
of current clinical guidelines in asthma [5]. Notably, the
total exacerbation burden is experienced by only a frac-
tion of patients who experience frequent exacerbations. It
is reported that <5% of the patients with asthma are re-
sponsible for almost half of the total asthma exacerbation
burden [6]. Understanding why this small group of asth-
ma patients suffer from frequent exacerbations is crucial.

Several studies have investigated risk factors of exacer-
bations, including sex, age, race, lower income [7], smok-
ing, lung function [8], and viral respiratory infections [9].
These studies however did not explore whether these risk
factors are related to frequent exacerbations. Even though
various endogenous and exogenous factors are implicat-
ed in asthma exacerbations, only a few studies were in-
volved in multidimensional assessment (MDA) of pa-
tients with exacerbation-prone asthma (EPA) [10].

From 13 clinical and environmental factors, ten Brin-
ke and colleagues [11] identified 2 specific comorbidities
(severe chronic rhinosinusitis and psychological dys-
function) that were independently associated with fre-
quent exacerbations in severe asthma patients, but in-
flammatory biomarkers and lung function were lacking.
Recently, a cohort study of adults and children (60% of
population with severe asthma) from the Severe Asthma
Research Program (SARP) network described EPA as a
phenotype which was independent of asthma severity
[12]. They also identified several factors (gastroesopha-
geal reflux disease [GERD], chronic rhinosinusitis, obe-
sity, airway reversibility, and blood eosinophils) that were
associated with frequent exacerbations. However, psy-
chological health [13, 14] and smoking [13, 15] which had
previously been reported as potentially modifiable clini-
cal factors were not evaluated. Some further studies with
smaller sample sizes reported no significant findings in
inflammation or comorbid diseases on a limited basis [14,
16, 17]. Therefore, extensive MDA and in-depth biologi-
cal profiling for EPA are still needed.

A more recently published study based on multiethnic
individuals from 12 Asthma Clinical Research Network
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and Asthma Net trials showed that the risk factors of EPA
differed according to race. Grossman et al. [18] identified
chronic rhinosinusitis, allergic rhinitis, and GERD were
only associated with increased exacerbation risk in Blacks
rather than Caucasians. Since few studies focus on EPA
in Asians and there are no available data from a Chinese
population, it is unclear whether these risk factors con-
tribute to frequent exacerbations in the Chinese popula-
tion. Accordingly, it is urgently needed to identify predic-
tors of frequent exacerbation in this unexplored popula-
tion with EPA.

The aim of this study is to explore sociodemographic
and clinical characteristics of Chinese adults with EPA
and identify risk factors associated with frequent exacer-
bations using MDA. Some of the results of this study have
previously been reported as an abstract [19].

Methods

Study Design and Participants

This was a cross-sectional study in which data were based on
the Australasian Severe Asthma Network (ASAN) [20]. Partici-
pants were prospectively and consecutively recruited, and a stan-
dardized protocol was used for clinical data collection, acquisition,
and detection of experimental samples (sputum and blood), and
quality control of source data was provided by ASAN [20].

Adults (=18 years old) diagnosed with asthma were from the
asthma clinic of West China Hospital, Sichuan University, from
March 2014 to December 2018. The diagnosis of asthma was con-
firmed by clinicians according to the Global Initiative for Asthma
(GINA) guideline [5]. This included current episodic respiratory
symptoms with the evidence of airway hyperresponsiveness or
variable airflow limitation (decline in forced expiratory volume in
1 s [FEV,] from baseline of 220% with methacholine <2.565 mg of
provocative dose or increase in FEV; of >12% and >200 mL from
baseline, 15 min after 400 pg of salbutamol). Severe asthma was
defined as asthma that remained uncontrolled despite step 4 or 5
treatment, according to the GINA guideline [5]. All participants
were recruited during a stable state defined as no exacerbation or
respiratory tract infection for at least 1 month before enrollment.
We excluded the subjects who were pregnant and breastfeeding
women, those with chronic unstable diseases of other systems, and
those with recent cardiac or thoracic surgery.

The institutional review board at West China Hospital, Sichuan
University (Chengdu, China), reviewed and approved this study
(No. 2014-244). All included participants gave written informed
consents prior to participation.

Assessment and Definition of Exacerbation Frequency

A medical history intake questionnaire regarding exacerbation
details was completed by participants. Then, the frequency of asth-
ma exacerbations was determined by cross-checking process by
clinical researchers based on records from the medical records sys-
tem and self-reported number of exacerbations in the past 12
months. We excluded those if self-reported acute events were not
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proved by their medical records. According to the frequency of se-
vere exacerbations within the preceding year, all included partici-
pants were classified into 3 groups of patients with no exacerbation,
few exacerbations (1 or 2), and exacerbation prone (EPA, 3 or
more). Severe asthma exacerbations were defined by the use of sys-
temic corticosteroid for acute asthma for at least 3 days according
to the American Thoracic Society (ATS)/European Respiratory So-
ciety (ERS) statement [21]. The criteria for severe asthma exacerba-
tions also included hospitalization or emergency room or intensive
care unit visits requiring systemic corticosteroids for asthma [21].

Data Collection and Clinical Assessments

MDAs were completed in participants and involved collection
of demographic characteristics, medication use, comorbidities,
and asthma symptom triggers. Asthma control was assessed using
the Asthma Control Questionnaire (ACQ) [22], and health status
was assessed using the Asthma Quality of Life Questionnaire
(AQLQ) [23] and the Hospital Anxiety and Depression Scale
(HADS) [24], previously described [20]. Participants also under-
went spirometry, fractional exhaled nitric oxide (FeNO), skin-
prick testing (SPT), and systemic and airway inflammation assess-
ment in peripheral blood and induced sputum. Participants un-
derwent standard measurement of FeNO by an airway
inflammation monitor (NioxVero®; Aerocrine, Sweden). Atopy
was confirmed by at least 1 positive SPT to common allergens in-
cluding house dust mites (Dermatophagoides pteronyssinus and
Dermatophagoides farinae), mold (Alternaria tenuis and Aspergil-
lus species), dog hair, cat hair, pollen (ragweed, birch, and London
plane), and cockroach as described previously [25]. Further, ve-
nous blood samples were collected either in ethylenediaminetet-
raacetic acid-treated tubes for total and differential blood cell
counts or untreated tubes to obtain serum for measurement of to-
tal IgE level by immunoassay (Beckman Immage 800 immunoas-
say analyzer; Beckman Coulter Inc., USA), with a minimum de-
tectable level of IgE of 5.0 IU/mL.

Lung Function and Bronchodilator Responsiveness

Participants were asked to withhold any long-acting 3,-agonists
or anticholinergics for atleast 24 h and short-acting 3,-agonists for
>12 h prior to attendance. Spirometry was performed according to
the ATS/ERS standards [26]. Baseline (pre) and postsalbutamol
(post) FEV and forced vital capacity (FVC) were assessed before
and 15 min after the inhaled administration of 400-ug salbutamol
(GSK, A vda de Extremadura, Spain) delivered by a metered-dose
inhaler and spacer (150 mL, Wanbo Technology Corp., Shanghai,
China) using a standardized spirometer (Med Graphics CPES/D
USB, St. Paul, MN, USA). The largest FVC and the largest FEV,
from 3 forced expiratory curves were used for analysis [26]. Pre-
dicted FEV; and FVC were calculated using data from the Chinese
population [27, 28]. Reversibility in FEV; was defined as follows:
change (A) FEVy, % = (post-FEV, — pre-FEV,)/pre-FEV, x 100.

Sputum Induction and Processing

Sputum induction was performed with routine standard meth-
ods as described in our previous studies [29]. In brief, sputum was
induced after pretreatment with 400 ug of inhaled salbutamol ad-
ministration through adopting a spacer device. A total of 15.5-min
sputum induction was then performed using 4.5% saline nebulized
by an ultrasonic nebulizer (Cumulus; HEYER Medical AG, Bad
Ems, Germany). Sputum was induced with 0.9% saline for safety
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if FEV; was <40% of predicted at baseline. The procedure was
stopped if FEV; declined >15% from baseline. Sputum samples
were processed with plug selection and dithiothreitol treatment
within 2 h. Cytospins were prepared using centrifugation smear
(CYTOPRO 7620; WESCOR®, Inc., South Logan, UT, USA) and
stained (May-Grunwald-Giemsa), and then differential cell counts
(eosinophils, macrophages, neutrophils, and lymphocytes) were
performed by 2 well-trained laboratory researchers independently,
1 from Australia and 1 from China, for accuracy.

Definitions of Clinical Phenotypes

We further classified participants within currently recognized
phenotypes. Allergic asthma was defined as asthma with a positive
SPT and documentation of symptoms in response to allergen ex-
posure based on medical history [30]. Eosinophilic asthma was
classified as sputum eosinophils >3% [31] or blood eosinophil
count >300 cells/pL if induced sputum was unavailable [32]. Early-
onset asthma was categorized as asthma onset before age 12 [33].
High T-helper (Th) type 2 asthma was defined as a total IgE level
of >100 IU/mL and an eosinophil count of 0.14 x 107 cells/L or
more [34]. Elderly asthma was defined as asthma in elderly pa-
tients (>65 years). Obese asthma was defined as asthma in a patient
with BMI >30 kg/m?.

Statistical Analyses

Descriptive analysis of variables is presented as n (%) for cate-
gorical data, and continuous data are presented as mean with stan-
dard deviations or median with interquartile range depending on
distribution assessed by the Kolmogorov-Smirnov test. We com-
pared continuous variables using 1-way ANOVA or Kruskal-Wal-
lis H test appropriately and categorical variables using x> tests
among the participants in the 3 groups determined by exacerba-
tion frequency. Two-tailed Fisher’s exact ) tests were used when
small cell frequencies were observed. In addition, post hoc Bonfer-
roni comparisons were performed to explore differences between
groups, with the cutoff for significance set at a/n (a = 0.05 and n is
the number of comparisons).

We also examined exacerbation frequency as a discrete count
in outcome. Univariate and multiple negative binomial regression
models were established to investigate independent factors associ-
ated with exacerbation frequency. We examined the associations
between each variable and exacerbations by univariate negative
binomial regression models. Variables associated with exacerba-
tions on univariate analysis (at p < 0.10) were included in adjusted
multivariable models. The adjusted rate ratio (aRR) with 95% con-
fidence interval (CI) was calculated. Age, sex, smoking status, asth-
ma duration, and medication adherence were included in all mod-
els as potential confounders.

Data analyses were performed with SPSS software (version
23.0) for IBM Professional (SPSS, Inc., Chicago, IL, USA). Two-
sided p value <0.05 was considered statistically significant.

Results

Demographic and Clinical Characteristics
Among 546 participants included in our study, 338
(61.9%) had no exacerbations, 162 (29.6%) had few exac-
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Australasian severe asthma network (ASAN)
enrolled patients (n = 562)
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for frequency with
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Measurement of severe exacerbation counts: | |ecords (n = 4)
+ OCS use (>3 d) for asthma exacerbations + Self-reported -
« Hospitalization or ER or ICU visit required exacerbations with
systemic corticosteroids no medical records
(n=12)
Y Y Y
Fig. 1. Flowchart of asthma exacerbations No exacerbation (1 = 338) Few exacerbations (1 or 2) Exacerbation prone (>3)
classification. OCS, oral corticosteroid; ER, (n = 162) (n = 46)
emergency room; ICU, intensive care unit.
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Fig. 2. Regression curves of exacerbation
frequency and lung function in unadjusted . 3 o a5
models. Negative binomial models were o p = 0.001 o =7 p=0002
used to generate predicted number of exac- qé_ 5 qg"_ 5 207
erbation frequency (solid line) along with £>2q £ 2154
95% Cls (dashed line) shaded with blue 5 8 5 3
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. . . T T T 1 T T 1
(c), and AFEV, (d). Significance testing re- 0 30 60 90 120 0 20 40 60
fers to the slope of the Curv.e, and p values Pre-bronchodilator FEV1/FVC, % Bronchodilator responsiveness,
are labeled. FEV, forced expiratory volume; c AFEV1, %
EVC, forced vital capacity.

erbations, and 46 (8.4%) were exacerbation prone in the
previous year (Fig. 1). Sociodemographic and clinical
characteristics of patients within the 3 groups are shown
in Table 1. Age of the participants differed within groups
(44.1 [35.2, 54.8] vs. 46.9 [38.2, 59.5] vs. 48.7 [36.6, 60.6]
years, p = 0.045) for no, few, and exacerbation prone par-
ticipants, respectively. Compared to the no exacerbation
group (89.2%), a greater proportion of the patients with
few exacerbations (95.4%) and those that were exacerba-
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tion prone (97.6%) had medical insurance (p = 0.031).
The EPA patients contained lower proportion of atopy
(30.4%) than other 2 groups (57.9 and 48.0%) (p = 0.001).
As expected, severe asthma was enriched in the EPA
group (p = 0.027). Although the participants with EPA
were using more intensive controller therapies such as
inhaled corticosteroids (p=0.016), long-acting f-agonists
(p = 0.002), theophylline (p < 0.001), and oral corticoste-
roids (p = 0.001), those with EPA had worse asthma con-
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Table 1. Demographic and clinical characteristics of participants grouped by the frequency of asthma exacerbations in the preceding

year
Variables No exacerbation Few exacerbations Exacerbation prone ~ x*/H/t  pvalue
(0) (1or2) (=3)
N 338 162 46
Male, 1 (%) 117 (34.6) 67 (41.4) 17 (30.37) 2.141 0.343
Age, years 44.14 (35.17, 54.83) 46.93 (38.17,59.54)  48.72 (36.64, 60.62) 6.202 0.045
Asthma duration, years 7.66 (2.48, 18.84) 6.02 (2.88,22.15) 9.09 (3.20, 22.45) 0.574 0.750
Asthma onset age, years 32.00 (20.00, 46.00) 36.00 (19.75, 46.00) 35.00 (21.50, 47.25) 1.801 0.406
BMI, kg/m2 22.75 (20.83, 25.35) 22.64 (20.64, 24.80)  24.18 (22.00, 26.39) 4.444 0.108
Atopy, 1 (%) 186 (57.9) 73 (48.0) 14 (30.4) 1 14016  0.001
Education, n (%)
Uneducated 61 (19.6) 30 (20.4) 12 (30.8) 10.390 0.109
Primary 80 (25.6) 41 (27.9) 8 (20.5)
Middle and high school 59 (18.9) 39 (26.5) 10 (25.6)
College or above 112 (35.9) 37(25.2) 9(23.1)
Family income, # (%)
Low 84 (27.1) 48 (32.9) 14 (35.0) 7.555  0.109
Moderate 178 (57.4) 87 (59.6) 23 (57.4)
High 48 (15.5) 11 (7.5) 3(7.5)
Medical insurance, n (%) 282 (89.2) 146 (95.4)" 40 (97.6) 12.326 0.031
Smoking status (ever/current/never), n 36/44/248 18/33/110 13/1/31% 11.435 0.020
Pack years 2.53+8.79 4.29+11.15 3.53+10.59 5.068 0.079
Asthma medications
ICS daily dose (BPD), pg 400 (400, 1,000) 400 (400, 1,000) 1,000 (400, 1,000)'"  —2.413  0.016
LABA, 1 (%) 180 (53.3) 95 (58.6) 37 (80.4)1t 12426 0.002
LTRA, n (%) 106 (31.4) 56 (34.6) 18 (39.1) 1.373 0.503
Theophylline, n (%) 39 (11.5) 42 (25.9)11T 13 (28.3)1fT 20.205 <0.001
QOCS, n (%) 5(1.5) 7 (4.3) 6(13.0)tf 13.701 0.001
Severe asthma, #n (%) 35(10.4) 23(14.2) 11 (23.9)F 7.249 0.027
Medication adherence, % 88.37+£12.84 90.89+5.00 91.13+£8.57 2.132 0.317
ACQ 0.50 (0.00, 1.33) 1.00 (0.17, 1.67)F 1.08 (0.17, 2.38)'* 15219  <0.001
AQLQ 5.84 (5.16, 6.38) 5.63 (5.12, 6.13) 5.11(4.13,6.02)" 14380  0.001
HADS-A scores 1.00 (0.00, 4.00) 1.00 (0.00, 4.00) 1.50 (0.00, 4.00) 1.187 0.552
HADS-D scores 1.00 (0.00, 3.25) 1.00 (0.00, 4.25) 2.00 (0.00, 4.00) 4.874 0.087

BMI, body mass index; BPD, beclomethasone dipropionate; ICS, inhaled corticosteroid; LABA, long-acting beta2-agonist; LTRA,
leukotriene receptor antagonist; OCS, oral corticosteroid; ACQ, Asthma Control Questionnaire; AQLQ, Asthma Quality of Life
Questionnaire; HADS, Hospital Anxiety and Depression Scale; HADS-A, anxiety symptom of the Hospital Anxiety and Depression
Scale; HADS-D, depression symptom of the Hospital Anxiety and Depression Scale. Statistical significance is presented in bold. " p <
0.017. ™ p < 0.005. 7" p < 0.001 versus the no exacerbation group, with the Bonferroni correction.

trol (1.08 [0.17, 2.38] vs. 0.50 [0.00, 1.33] vs. 1.00 [0.17,
1.67], p < 0.001 for ACQ) and quality of life (5.11 [4.13,
6.02] vs. 5.84 [5.16, 6.38] vs. 5.63 [5.12, 6.13], p = 0.001
for AQLQ) than other patients with no and few exacerba-
tions.

Lung Function and Inflammation

Pre- and postbronchodilator lung function in patients
with no, few, and EPA in the past year is shown in Table 2.
Compared with the patients with no exacerbation, the

Features of Exacerbation-Prone Asthma

EPA patients had more severe airway obstruction mea-
sured as FEV, (L) (p = 0.002 and p = 0.004, respectively),
FEV, %predicted (p = 0.007 and p = 0.001, respectively)
and FEV,/FVC (p = 0.011 and p = 0.001, respectively),
both at prebronchodilator and postbronchodilator. How-
ever, no statistical difference was found in AFEV; (%)
across groups (p = 0.312). Unadjusted negative binomial
models indicated a linear correlation between exacerba-
tions in the previous year and FEV, (L) (B = -0.27, p =
0.001) (Fig. 2a), FEV, %predicted (f = —0.01, p < 0.001)
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Table 2. Lung function and airway and systemic inflammatory cells and biomarkers grouped by the frequency of asthma exacerbations

in the preceding year

Variable No exacerbation Few exacerbations Exacerbation prone H/t p value
(0) (Lor2) (=3)
Lung function
N 338 162 46
Prebronchodilator
FEV,, L* 2.18+0.75 2.09+0.83 1.83+0.85'" 5.472 0.004
FEV, %predicted 74.62+18.49 71.27+22.28 64.46+24.017 7.983 0.018
FEV,/EVC, % 67.34+12.28 65.68+14.64 61.22+15.57'" 4.470 0.012
Postbronchodilator
FEV,, L* 2.43+0.76 2.28+0.88 2.08+0.831" 5.761 0.003
FEV,, %predicted” 83.48+17.39 78.52+22.31 72.38421.08"" 6.264 0.002
FEV,/FVC, % 73.62 (63.07, 81.55) 69.78 (59.09, 79.35)  62.85 (55.77,73.76)""  13.070 0.001
AFEV,, % 15.4£11.55 14.52+11.17 21.95+21.68 2.332 0.312
Inflammation
FeNO, ppb 34 (20, 62) 32 (20, 55) 42 (27, 89) 2282 0319
Sputum
N 211 87 25
Eosinophils, 105/mL 0.06 (0.00, 0.08) 0.06 (0.00, 0.34) 0.00 (0.03, 0.86) -1.172 0.241
Eosinophils, % 0.25 (0.00, 1.75) 0.25 (0.00, 1.00) 1.50 (0.00, 31.75) 4.874 0.087
Neutrophils, 10%/mL 0.96 (0.30, 2.88) 1.47 (0.36, 3.37) 0.69 (0.23,1.92) —-0.498 0.618
Neutrophils, % 32.25(14.88, 64.74) 45.50 (18.25,76.50)  24.25(8.75, 53.25) 5.576 0.062
Lymphocytes, 105/mL 0.02 (0.00, 0.05) 0.03 (0.01, 0.05) 0.01 (0.00, 0.02) -0.817 0.414
Lymphocytes, % 0.50 (0.25, 1.50) 0.50 (0.25, 1.31) 0.25 (0.00, 0.63) 5248  0.073
Monocytes, 105/mL 1.47 (0.74, 2.35) 1.44 (0.48, 2.37) 1.28 (0.58, 1.88) 0232 0817
Monocytes, % 58.63 (28.06, 80.44) 48.50 (19.25, 69.75)  44.75(17.75, 78.75) 1.607 0.448
Blood
N 338 162 46
Leukocytes, 10°/L 5.77 (4.80, 6.96) 6.36 (4.97,7.77) 6.46 (5.47, 8.09) 3.254 0.039
Neutrophils, 10°/L 3.40 (2.73,4.22) 3.60 (2.70, 4.94) 3.98 (3.26, 4.69) 6.529 0.038
Neutrophils, % 59.71 (53.41, 65.06)  59.30 (53.15,65.53)  61.03 (54.43,64.74)  —-0.662  0.508
Lymphocytes, 10°/L 1.69 (1.41, 2.05) 1.72 (1.43, 2.09) 1.71 (1.41, 2.25) 0.692  0.707
Lymphocytes, % 29.19 (24.85, 33.78) 28.74 (23.54,33.87)  28.25(24.57, 32.76) —-0.488 0.625
Monocytes, 10°/L 0.33 (0.26, 0.43) 0.37 (0.29, 0.48) 0.35(0.30, 0.47) 7.237 0.027
Monocytes, % 0.06 (0.05, 0.07) 0.06 (0.05, 0.07) 0.05 (0.05, 0.07) -0.112 0.910
Eosinophils, 10°/L 0.20 (0.11, 0.35) 0.25 (0.12, 0.41) 0.27(0.11, 0.52) 2.632 0.268
Eosinophils, % 3.31(2.08,5.92) 4.00 (1.81,7.26) 4.38 (2.00, 6.27) —-2.350 0.019
Basophils, 10°/L 0.03 (0.02, 0.05) 0.03 (0.02, 0.05) 0.04 (0.02, 0.05) 1.415 0.493
Basophils, % 0.54 (0.38, 0.83) 0.56 (0.40, 0.78) 0.55 (0.33, 0.78) -0.099 0921
IgE (IU/mL)* 289.11+416.44 247.48+370.27 195.02+439.06 0.980 0.376

FEV), forced expiratory volume in 1 s; FVC, forced expiratory volume; A, change from the baseline; FeNO, fractional exhaled
nitricoxide. Statistical significance is presented in bold. * Normal transformation in statistical disposal. " p < 0.017. ™ p < 0.005. ™ p <
0.001 versus the no exacerbation group, with the Bonferroni correction.

(Fig. 2b), FEV,/FVC (B = —0.02, p = 0.001), and AFEV,
(%) (B = 0.015, p = 0.002) (Fig. 2¢, d).

Airway and systemic inflammation in patients with
no, few, and EPA is presented in Table 2. The EPA pa-
tients had increased sputum eosinophils (%) and reduced
neutrophils (%) than patients with no and few exacerba-
tions in the past year, but this did not reach statistical sig-
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nificance (p = 0.087 and p = 0.062). Unadjusted regres-
sion models indicated that sputum eosinophils (% and
absolute counts) had a significant linear correlation with
exacerbation frequency (f = 0.02, p < 0.001, and f = 0.41,
p < 0.001, respectively) (Fig. 3a, b), but sputum neutro-
phils were not associated with exacerbation frequency
(p =0.607 and p = 0.714) (Fig. 3¢, d).
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Fig. 3. Regression curves of exacerbation frequency with inflam-
matory cells and biomarkers in unadjusted models. Negative bino-
mial models were used to generate predicted number of exacerba-
tion frequency (solid line) along with 95% ClIs (dashed line) shad-
ed with color (red and gray). This figure shows unadjusted models

Correlation analyses between exacerbation frequency
and measures of inflammatory biomarkers were also per-
formed. In peripheral blood, the EPA patients exhibited
elevated inflammatory cells such asleukocytes (6.46 [5.47,

Features of Exacerbation-Prone Asthma

of exacerbation frequency by sputum eosinophils (a, b), sputum
neutrophils (¢, d), blood eosinophils (e, f), blood neutrophils (g,
h), IgE (i), and FeNO (j). Significance testing refers to the slope of
the curve, and p values are labeled. FeNo, fractional exhaled nitric
oxide.

8.09] x 10%/L vs. 5.77 [4.80, 6.96] vs. 6.36 [4.97, 7.77],p =
0.039), neutrophils (3.98 [3.26, 4.69] vs. 3.40 [2.73, 4.22]
vs. 3.60 [2.70, 4.94] x 10°/L, p = 0.038), and the percent-
age of eosinophils (4.38 [2.00, 6.27] vs. 3.31 [2.08, 5.92]
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Table 3. Asthma symptom triggers grouped by the frequency of asthma exacerbations in the preceding year

Variables No exacerbation ~ Few exacerbations  Exacerbation prone y? p value
(0) (Lor2) (=3)

N 338 162 46

Seasons, 1 (%) 195 (57.9) 96 (59.3) 29 (63) 0.476 0.788
Exercise, n (%) 174 (51.8) 79 (48.8) 15 (32.6) 5.976 0.050
Upper respiratory tract infection, n (%) 231 (68.8) 131 (80.9)F 40 (87)"F 12.759  0.002
Work, 1 (%) 54 (16.3) 27 (17) 7 (15.6) 0.755 0.967
Reflux, 7 (%) 27 (8) 15(9.3) 5(10.9) 0.755 0.702
Pets, n (%) 26 (7.8) 8 (4.9) 4(8.9) 1.735 0.438
Food, n (%) 66 (19.6) 37 (22.8) 17 (37)1 7.204 0.027
Aspirin, n (%) 5(1.5) 0(0) 1(2.2) 3.112 0.197
Fumes, n (%) 58 (17.2) 25(15.4) 14 (30.4) 5.720 0.057
Rhinitis, 7 (%) 126 (37.4) 62 (38.3) 17 (37) 0.046 0.977

Tp<0.017. " p < 0.005. " p < 0.001 versus the no exacerbation group, with the Bonferroni correction. Statistical significance is

presented in bold.

Table 4. Comorbidities in participants with asthma grouped by the frequency of asthma exacerbations in the preceding year

Variables No exacerbation Few exacerbations Exacerbation prone x> p value
(0) (1or2) (=3)

N 338 162 46

Rhinitis, 7 (%) 179 (53.1) 89 (54.9) 22 (47.8) 0.731 0.694
Nasal polyps, 1 (%) 22 (6.5) 17 (10.5) 5(10.9) 3.126 0.224
GERD, 1 (%) 16 (4.8) 11 (6.9) 5(10.9) 3329 0.197
Sleep apnea, 1 (%) 5(1.5) 1(0.6) 0(0) 0.583 0.806
COPD, 1 (%) 14 (4.2) 19 (11.7)" 8 (17.4)" 15971  <0.001
Bronchiectasis, n (%) 9(2.7) 8 (4.9) 6 (13)1T 11.068 0.004
Vocal cord dysfunction, n (%) 2 (0.6) 0 (0) 1(2.2) 2.967 0.259
Anxiety, n (%) 2 (0.6) 5(3.1) 2 (4.4)7 6.882 0.018
Depression, #n (%) 1(0.3) 2(1.2) 1(2.2) 3.534 0.108
Osteoporosis, # (%) 15 (4.5) 4(2.5) 3(6.5) 2.133 0.316
Aspirin sensitivity, n (%) 10 (3) 2(1.2) 1(2.2) 1.304 0.500
Anaphylaxis, 1 (%) 85 (25.3) 42 (25.9) 15 (32.6) 1.125  0.570
Hyperventilation dysfunctional breathing, n (%) 1(0.3) 1(0.6) 0(0) 1.111 0.618
Allergic bronchopulmonary aspergillosis, #n (%) 1(0.3) 0(0) 1(2.2) 3.616 0.250

GERD, gastroesophageal reflux disease; COPD, chronic obstructive pulmonary disease. Statistical significance is presented in bold.
Tp<0.017. 7 p <0.005. " p < 0.001 versus the no exacerbation group, with the Bonferroni correction.

vs. 4.00 [1.81, 7.26]%, p = 0.019) in comparison with pa-
tients with no and few exacerbations. However, the level
of monocytes in blood significantly increased in patients
with few exacerbations (0.37 [0.29, 0.48] x 10°/L) than
other 2 groups (0.33 [0.26, 0.43] and 0.35 [0.30, 0.47] x
10°/L) (p = 0.027). The unadjusted regression models
showed a linear correlation between exacerbation fre-
quency and the percentage of eosinophils ( = 0.04, p =
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0.024) (Fig. 3e) rather than neutrophils (p = 0.696)
(Fig. 3g) in peripheral blood. The total IgE and FeNO lev-
els did not significantly differ between categories of exac-
erbation frequency (p = 0.376 and p = 0.319, respectively)
(Table 2) and had no correlation with exacerbation fre-
quency in the regression model (p = 0.314 and p = 0.876,
respectively) (Fig. 3i, j).
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Table 5. Factors associated with frequent exacerbations in multivariable negative binomial models

Variables Unit aRR? 95% CI p value
Lung function

FEV, % predicted 10 0.90 (0.84-0.96) 0.001

Bronchodilator response (AFEV, %) 10 1.16 (1.05-1.27) 0.003
Inflammation cells

Blood eosinophils, 10°/L (log) 1 2.23 (1.26-3.84) 0.005

Sputum eosinophils, 106/L (log) 1 1.67 (1.27-2.21) <0.001
Comorbidities

COPD 2.22 (1.41-3.51) 0.001

Bronchiectasis 2.87 (1.69-4.89) <0.001

Anxiety 2.56 (1.10-5.95) 0.029

Depression 1.94 (1.20-3.13) 0.007
Asthma triggers

Upper respiratory tract infection 1.83 (1.32-2.54) <0.001

Food 1.67 (1.23-2.25) 0.001
Atopy 0.61 (0.46-0.79) <0.001

aRR, adjusted rate ratio; CI, confidence interval; FEV, forced expiratory volume in 1 s; COPD, chronic
obstructive pulmonary disease. * RR adjusted for age, sex, smoking status, asthma duration, and medication

adherence.

Asthma Symptom Triggers and Comorbidities

Asthma symptom triggers and comorbidities across
patients with no, few, and EPA participants are shown in
Tables 3 and 4. A greater proportion of EPA participants
had symptoms triggered by upper respiratory tract infec-
tion (87 vs. 69 vs. 81%, p = 0.002) and food (37 vs. 19 vs.
23%, p = 0.027) but a lower proportion triggered by exer-
cise (32.6 vs. 51.8 vs. 48.8%, p = 0.050) compared with
patients with no and few exacerbations. Within partici-
pants (n = 100) with asthma symptoms triggered by food,
33% (n = 33) reported being triggered by common food
allergens (peanuts, eggs, mutton, pork, beans, seafood,
and fruits) [35] as the cause, and 67% of participants were
triggered by spice, pickled food, frozen food, and alcohol.
In terms of comorbidities, the EPA participants had a
greater proportion with COPD (17.4 vs. 4.2 vs. 11.7%,
P <0.001), bronchiectasis (13.0 vs. 2.7 vs. 4.9%, p = 0.004),
and anxiety (4.4 vs. 0.6 vs. 3.1%, p = 0.018) compared with
participants with no and few exacerbations (Table 4).
Factors associated with exacerbation frequency were
identified using multivariable negative binomial regres-
sion.

Multivariable negative binomial regression was per-
formed to identify the features associated with exacerba-
tion frequency after adjusting for age, sex, smoking status,
asthma duration, and medication adherence (Table 5).
The aRR for FEV1% and AFEV; was 0.90 (95% CI =

Features of Exacerbation-Prone Asthma

Table 6. Comparison of phenotypes in EPA versus non-EPA
patients

Phenotypes Non-EPA EPA X P
value
N 500 46
Eosinophilic asthma, n (%) 197 (40.0) 25 (55.6) 4.138 0.042
Allergic asthma, # (%) 286 (44.8) 14 (30.4) 9.947 0.002
Late-onset asthma, n (%) 417 (83.6) 38(82.6) 0.028 0.867
Elderly asthma, n (%) 58 (11.6) 9(19.6) 2.483 0.115
Th2-high asthma, n (%) 271 (54.2) 23(50.0) 0.299 0.585
Obese asthma, n (%) 55(11.0) 5(10.9) 0.001 0.978

EPA, exacerbation-prone asthma; Th, T-helper. Statistical
significance is presented in bold.

[0.84-0.96], p = 0.001) and 1.16 (95% CI = [1.05-1.27],
p = 0.003) for every 10% change. Further, eosinophils in
sputum (aRR = 1.67, 95% CI = [1.27-2.21], p < 0.001 for
every log unit) and blood (aRR = 2.23, 95% CI = [1.26-
3.84], p = 0.005 for every log unit) were positively associ-
ated with exacerbation frequency. Atopy displayed a neg-
ative correlation (aRR = 0.61, 95% CI = [0.46-0.79], p <
0.001). The comorbidities of COPD (aRR = 2.22, 95%
CI = [1.41, 3.51], p = 0.001), bronchiectasis (aRR = 2.87,
95% CI = [1.69, 4.89], p < 0.001), anxiety (aRR = 2.56,95%
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CI=[1.10, 5.95], p = 0.029), and depression (aRR = 1.94,
95% CI = [1.20, 3.13], p = 0.007) were all significantly as-
sociated with exacerbation frequency. Further, it was
found that upper respiratory tract infection (aRR = 1.83,
95% CI = [1.32, 2.54], p < 0.001) and food (aRR = 1.67,
95% CI = [1.23,2.25], p = 0.001) were at high risk of asth-
ma symptom triggers (Table 5).

Differences of Phenotypes in EPA versus Non-EPA

Phenotypes in EPA and non-EPA patients are shown
in Table 6. There was significantly more eosinophilic
asthma in EPA compared with non-EPA (55.6 vs. 40.0%,
p = 0.042) patients. The proportion of allergic asthma in
patients in the EPA group was lesser than the non-EPA
group (30.4 vs. 44.8%, p = 0.002). No significant differ-
ences were observed in late-onset, elderly, Th2-high, and
obese asthma (p = 0.867, p = 0.115, p = 0.585, and p =
0.987, respectively).

Discussion

This study comprehensively explored the sociodemo-
graphic, clinical, and inflammatory characteristics, con-
comitant phenotypes of EPA, and the risk factors associ-
ated with exacerbation rates using MDA. Compared with
precedent studies [12, 14, 36-41] in population enriched
for severe asthma patients (>50%), this study was actu-
ally conducted in a real-world setting, including 12% se-
vere asthma participants. It enabled the findings of more
closely represented features of EPA in the general asthma
patient population. Few studies [42, 43] explored features
of EPA from the Asian area, and our data from 546 Chi-
nese participants provided essential evidence to this field
for the target population. As a result, we found that EPA
was associated with severe asthma, worse asthma control
and quality of life, airway obstruction, increased airway
and systemic inflammation, and more comorbidities. The
pathological features of EPA, such as elevated eosinophils
reflecting airway and systemic inflammation, airway ob-
struction, and higher bronchodilator responsiveness, in
our data were supported by precedent studies [12, 44].
Specifically, we found that EPA had particular asthma
symptom triggers (upper respiratory tract infection and
food allergy), distinct comorbidities (COPD, bronchiec-
tasis, and anxiety), and concomitant phenotypes (eosino-
philic asthma and nonallergic asthma). Further, the mul-
tivariable negative binomial regression models indicated
that atopy, FEV,; %pre, bronchodilator responsiveness,
eosinophils either in sputum or blood, comorbidities (i.e.,
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COPD, bronchiectasis, anxiety, and depression), and
asthma symptom triggers such as upper respiratory tract
infection and food allergy were independently associated
with exacerbation frequency after adjusting for con-
founders.

Asthma exacerbation is considered a highly important
outcome, and minimizing events is a major priority of
asthma management. It highlights the importance of
MDA s and precise treatment [45, 46] in the management
of EPA. Agusti et al. proposed the “treatable traits” mod-
el of airway diseases, which identifies that key traits have
potential treatment benefits. A small randomized con-
trolled trial of a treatable traits model in stable severe
asthma showed promising results in reducing primary
care presentations for acute asthma and improving qual-
ity of life [47]. This approach may be useful in reducing
exacerbations in patients who are most at risk. We have
identified traits that could be targeted with this approach,
and these include airway obstruction, bronchodilator re-
sponsiveness, eosinophilic airway inflammation, system-
ic inflammation, anxiety and depression, upper respira-
tory tract infection, and bronchiectasis.

We evaluated inflammatory biomarkers in the airway
and peripheral blood in order to explore which biomark-
ers were likely to correlate with risk of frequent exacerba-
tions, which implicated clinical relevance. It was found
that EPA was associated with airway and systemic eosin-
ophils despite treatment with glucocorticoids, which has
potential implications for targeting eosinophils in those
patients. Accordingly, monoclonal antibodies [48] tar-
geting the essential cytokines for the development, re-
cruitment, and survival of eosinophils, such as anti-IL-5
or anti-IL-5 receptor antibodies, would be a promising
strategy in EPA. Atopy did not appear to be a prominent
trait in EPA. In our study, it did not find a relationship
between exacerbations and IgE, and on the contrary,
there was a negative relationship of exacerbations with
atopy. It has been demonstrated that previous experi-
mental studies indicated that IgE could be easily sup-
pressed in severe asthma [14, 49, 50]. Ilmarinen et al. [51]
also showed patients with atopic asthma could be well
controlled even with low ICS dose. Accordingly, the pa-
tients with atopic asthma in the non-EPA groups may
have a better response to ICS and can be well controlled
when symptoms fluctuated.

Previously, EPA was described as a phenotype that is
independent of asthma severity [12]. Our study indicates
that EPA was characterized by an overlap of multiple phe-
notypes, demonstrating that EPA could be a symptom-
based phenotype driven by multiple inflammatory mech-
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anisms. Th type 2 response was classically thought to play
a central role in asthma, especially in the Th2-high phe-
notype pathophysiology. However, it was found that 50%
of EPA patients had Th2-low/non-Th2 asthma pheno-
type. Intriguingly, 13% of EPA patients had an overlap-
ping phenotype of eosinophilic and nonatopic asthma,
which suggests that allergy may not be a prominent
mechanism in those patients. Type 2 innate lymphoid
cells in the airways which could contribute to airway eo-
sinophilia might drive this nonatopic subgroup of eosin-
ophilic inflammation in EPA [52].

The worsening airway obstruction in EPA and elevat-
ed variability of airway obstruction along with frequent
exacerbations raise the question of whether EPA is related
to diverse pathophysiologic features of airway remodel-
ing or airway smooth muscle cell proliferation. Further-
more, a vicious circle between asthma exacerbations and
increased airway obstruction may be an underlying fea-
ture of this phenotype. Bai et al. [53] reported that 1 se-
vere exacerbation per year was associated with a 30.2 mL
greater annual decline in FEV,. Low FEV| (especially if
<60% predicted) is also a risk factor for asthma exacerba-
tion [8]. For the targeted treatment, Kerstjens and co-
workers [54] reported a 21% reduction in the risk of asth-
ma exacerbation associated with tiotropium, along with a
significant improvement in FEV,. However, whether
tiotropium is beneficial to EPA remains unclear since a
limited effect of tiotropium was observed among patients
with high eosinophils [55].

Our study firstly assessed asthma triggers of episodic
symptoms in EPA. The profound effect of upper respira-
tory tract infection was found in our study, which would
be explained by impaired innate immunity in EPA [9].
Beyond that, complex categories of food symptom trig-
gers were reported by EPA patients. Future studies may
be needed to explore underlying mechanisms of food in
triggering asthma symptom of EPA.

Comorbidities are highly prevalent among EPA pa-
tients. We did not find a correlation between EPA and
rhinitis or GERD, which were previously reported to be
associated with increased exacerbation risk in Blacks [18].
A possible reason is that the prevalence of GERD in East
Asia (2.5-7.8%) is much lower than that in North Amer-
ica (18.1-27.8%), South America (23.0%), and Europe
(8.8-25.9%) [56]. Instead, our data revealed that COPD,
bronchiectasis, and anxiety were associated with EPA. It
emphasized the necessity to raise awareness and make
correct diagnosis of these comorbidities among clinicians
to guide an appropriate treatment strategy in these pa-
tients with EPA [57, 58]. This suggests that comorbidity

Features of Exacerbation-Prone Asthma

varies among races. The strength of the analysis on the
relationship between anxiety and EPA might be limited
because of the small number of patients with anxiety. We
also found that depression was associated with exacerba-
tion frequency at the time of assessment. As interaction
effects between depression and asthma have been report-
ed in previous studies [29, 59, 60] and also the association
between psychological dysfunction with increased risk of
frequent asthma exacerbations, targeted therapy for psy-
chological dysfunction would be beneficial for reducing
asthma exacerbations in EPA, but it needs further studies
to validate in the future.

The major strength of this study was the MDA of EPA
in an unexplored population and the identification of
traits associated with exacerbation frequency by multi-
variable regression models. Importantly, most of these
traits are potentially modifiable or “treatable.” Clinical
trials that explore the therapeutic effect of modifying
these traits in EPA are now needed. Our study also has
some potential limitations to be addressed. First, we re-
cruited patients consecutively from the asthma clinic of a
university hospital. As such, there were more mild-mod-
erate asthma than other relevant studies enriched with
severe asthma, such as SARP-3 which had 60% severe
asthma in their cohort. Second, our findings only identi-
fied those associations of relevant traits with EPA in the
cross-sectional design, but the potential causality may
need further confirmation. Third, it is likely that work
and occupational exposure can be a risk factor in specific
phenotypes of work-exacerbated asthma and occupation-
al asthma [61, 62] although we observed work exposures
based on self-reports of a relationship between work set-
ting and asthma symptoms.

Conclusion

We identified FEV %pre, bronchodilator responsive-
ness, sputum and blood eosinophils, COPD, bronchiec-
tasis, anxiety, and depression to be associated with exac-
erbation frequency in asthma. Furthermore, we found
that upper respiratory tract infection and food allergy
would be risk factors of symptom triggers for EPA. Most
of these implicated traits are potentially modifiable or
“treatable.” EPA is underpinned by multiple phenotypes
and enriched with eosinophilic and nonatopic asthma.
This study suggests that EPA is a symptom-based clinical
phenotype with implications of various traits requiring
targeted treatments to reduce exacerbations.
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