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ABSTRACT

Background: Hospitalization due to acute asthma exacerbatB) is a highly
detrimental situation requiring critical managememtprevent further deterioration,
including mechanical ventilation, intensive caretUihCU) admission, and death.
However, patients hospitalized for AEs are hightyenogeneous and remain largely
unexplored.

Objective: Identify clinical and inflammatory phenotypes OGAE requiring
hospitalization associated with in-hospital outceme

Methods: We performed a hierarchical cluster analysis2i Bonsecutively recruited
patients hospitalized for AEs. Logistic regressioveye conducted to quantify the
independent associations of the identified pheresymwith in-hospital outcomes.
Decision tree analysis was developed to predidtetutassignment.

Results: We identified three clusters of patients, whickdsignificantly different
characteristics associated with in-hospital advergeomes. Cluster 1 (n=526, 63.8%)
was a late-onset phenotype, cluster 2 (n=97, 11\8&6) an early-onset phenotype,
and cluster 3 (n=202, 24.5%) was a phenotype wathef eosinophils and more
comorbidities. Clusters 2 and 3 had an elevatédafisieath (RRy 18.10 and 19.17,
respectively) and mechanical ventilation gR.56 and 5.71, respectively) than did
cluster 1. Individuals in cluster 3 had an extentimdjth of hospital stay (11 days),
increased hospitalization direct costs (13,481.6ih€se Yuan[CNY]), and a higher
risk of ICU admission (RR; 2.14) than individuals in clusters 1 and 2. Theisien
tree assigned 90.8% of the participants correctly.

Conclusions: We identified three phenotypes with differentialinical and
inflammatory characteristics associated with ingitas adverse outcomes. These new
phenotypes might have important and clinically vatg implications for the

management of patients hospitalized for AEs.

Highlights box:
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What is already known about thistopic?

Existing studies have identified several distinbempotypes of stable asthma, but
further understanding of the heterogeneity of astlaxacerbation (AE) associated
with in-hospital outcomes is necessary, which maorm individualized

management in clinical practice.

What doesthisarticle add to our knowledge?
Patients with AE, immediately upon hospital adnussiwere grouped into three
phenotypes with differential clinical and inflamrogt characteristics, which were

clinically relevant to disease progression andasgital adverse outcomes.

How doesthis study impact current management guidelines?
Our results indicated that the identified phenosypad decision tree diagram have
important and clinically relevant implications fahe clinical practice and

individualized management of patients hospitalifoedAES.

Key words: asthma, exacerbations, phenotypes, cluster asalysi

Abbreviations list

AEs: asthma exacerbations

ALB: albumin

ANOVA: analysis of variance

BMI: body mass index

CCI: Charlson comorbidity index

CHOL: cholesterol

CNY: Chinese Yuan

COPD: chronic obstructive pulmonary disease
CRP: C-reactive protein

FEV;: forced expiratory volume in 1 second

GINA: Global Initiative for Asthma
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GLB: globulin

HDL-C: high density lipoprotein cholesterol
ICU: intensive care unit

IRB: Institutional Review Board

IL: interleukin

IQR: interquartile range

LDL-C: low-density lipoprotein cholesterol
LOS: length of stay

LSD: Least—Significant Difference

N/E: a ratio of blood neutrophils/eosinophils
OCS: oral corticosteroids

PaCQ: patrtial pressure of carbon dioxide
PaQ: partial pressure of oxygen

PEF: peak expiratory flow

PCT: procalcitonin

pMDI, pressure metered dose inhaler

Q1: first quartile

Q3: third quatrtile

RR: relative ratio

RR.qj relative ratio after adjusting for confounders
SE: standard error

SABA: short-acting3, agonists

SAMA: short-acting muscarinic antagonists
SARP: Severe Asthma Research Program
sIgE: specific IgE

SPT: skin prick tests

TP: total protein

TG: triglyceride
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148 INTRODUCTION

149 Assessment of asthma should incorporate measutastiofcurrent control and
150  long-term or future risk, including asthma exacédra(AE). In a real-world setting,
151  exacerbations are recognized as acute episodesailnsd loss of control and prompt
152  a need for change in treatment There have been important advances in asthma
153 management, including the publication of guidelimesorporating evidence-based
154 recommendations for the assessment and managerm@Esd > However, AEs
155  remain a serious treatment challenge. They arecuént cause of hospitalization or
156  emergency room admission presentatidrhus, AEs impose considerable suffering
157  and patient burden and constitute a major and diti@adal burden on health care
158  resources In 2016, the Global Burden of Disease collaboratistimated that there
159  were approximately 420,000 deaths globally due sthrad. Hence, AEs,
160  particularly severe episodes, constitute a subiatasrigoing cause for concern, and

161  understanding of acute exacerbations in asthmanigjar priority.

162 Asthma is a heterogeneous airway disease. In rgeams, there has been an
163  increasing interest in the heterogeneity and plypnmog of asthma using cluster
164 analysis in different asthma populatiGn€ross-sectional cluster studies identified
165 subsets of patients sharing clinical charactesstand several studies involving
166  cluster analysis of stable asthma have been pelliskor example, Haldaat al.
167  first identified three clusters in patients withttam&. Moore et al. found that
168  baseline and maximum achievable lung function agel @ onset of the disease
169  explained approximately 80% of the discrepanciesden five clusters identified in
170  the Severe Asthma Research Program (SARP) $tidythermore, Bourdimet al.
171  conducted a prospective longitudinal cohort studymf the SARP using cluster
172 analysis®. These studies have significantly advanced knoydeof stable asthma
173 and have important implications for clinical praeti

174 Although several clusters and risk factors assediawith AEs have been

175  identified by cluster analysis, there are few stadhat have utilized cluster analysis
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to identify the phenotypic profiles of patients hitalized for AES'. Sekiyaet al.
examined the clinical characteristics and heterergrof patients with severe or
life-threatening AE by cluster analysis using resg®s to structured questionnaires,
without including objective indicators (e.g., infianatory biomarkers) and
exploring important in-hospital outcomes (e.g., tHeanechanical ventilatio?)
Tanakaet al. performed a secondary analysis of Seldyal 's data, using cluster
analysis, to explore the patterns of factors prieceAEs in a real-world settiny *2
Recently, Qiuet al. obtained parameters from patients recovering faomAE
during hospitalization and identified five phenaggp.

To the best of our knowledge, few studies have gedupatients with an AE
into different phenotypes immediately at hospitdmésion, and then validated
those identified phenotypes associated with disgasmression and risk of
in-hospital adverse outcomes assessed for indgxthbzation. Investigation of the
heterogeneity of AE would help identify patients iatreased risk of serious
asthma-related adverse outcomes during hospitalizasuch as the need for
mechanical ventilation, intensive care unit (ICWmassion, prolonged length of
stay (LOS), death, and economic burden. Furtherme®ognizing heterogeneity
among patients with AEs is essential to guide mamaynt and determine priorities
for critical care, particularly with respect to potially modifiable elements or
“treatable traits” that impact adverse asthma-eelautcome$’ *°

We hypothesized that groups of patients with astospitalized for AEs
would be defined based on sociodemographic, clinieamd inflammatory
characteristics, and categorized based on theferdifces (or similarities) into
clusters. The identified clusters would be assediawith in-hospital outcomes
assessed for index hospitalization, which may hpetential implications for

individualized management in clinical practice.
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METHODS

Study design and patients

Adult participants ¥18 years) with a diagnosis of asthma and an unptann
hospitalization for an acute AE were prospectivaiygl consecutively recruited from
the inpatient department at the West China Hosfigdter, Sichuan University, from
January 2009 to April 2014. Asthma was determingd physicians based on
diagnostic features of a history of both varialdspiratory symptoms and variable
airflow obstruction, which had been demonstrated stable phase before admission.
Variable airflow obstruction was confirmed by evide of either airway
hyperresponsiveness or bronchodilator responsigengs a more than 12% and 200
mL increase in forced expiratory volume in one $ec(FEV;) from the baselirie An
initial cross-sectional assessment was conductedn@ntonsecutively enrolled
patients to identify clusters or ‘phenotypes’ based clinical and demographic
features. These participants were prospectivelyeriesl until discharge or death,
which was designed to explore these identifiedtehssin relation to asthma-related
events assessed for index hospitalization. Tredsneceived by patients during the
study were determined by their treating physiciaiise study was reviewed and
approved by the Institutional Review Board at We€dtina Hospital, Sichuan
University (Chengdu, China) (No. 425). All partiamts provided written informed
consent prior to participatiorAdditional details on study design and patients are

provided in the Online Repository Text.
Data collection and clinical assessments at basaline

The patients underwent a standardized assessméehin wi8 hours after
admission that collected information regarding dgraphic characteristics, body
mass index (BMI), smoking status, duration of asthmnd prehospital controller
medications in the stable phase. The severity®# was classified in accordance
with the proposed algorithm for management of Agseldl on the Global Initiative

for Asthma (GINA) guidelines(Figure E1, Table E4). Atopic status was identifie
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by either positive skin prick tests (SPT) or speddE (sIgE) level >0.35 kU/L in
serum before admission when the participants wetthé stable pha&e Systemic
corticosteroid use in our study was defined andsilied into two categories: 1)
maintenance oral corticosteroids (OCS) (prehosmtadtroller medication in the
stable phase of asthma), or 2) rescue systemicasteroids (OCS or intravenous
corticosteroid use for exacerbation within 7 daysfobe hospital admission).
Additional details on data collection and cliniGdsessments are provided in the

Online Repository Text and Table E1.

| nflammatory biomarkers and laboratory testing

Arterial blood gas analysis, blood counts, immuggland inflammation tests,
biochemistry, and sputum culture were performed édiately upon hospital
admission. More details on the methods for thesasomements are provided in the

Online Repository Text.
Management of asthma exacerbationsin hospitalized patients

As this was a “real-world” study, management wagmheined by the patients’
consulting physicians based on the GINA recommémasit (Figure E1) . All
included participants underwent a brief history,ygbal examination, and
systematic assessments as recommended by the QiNaliges (Table E3 and
E4) . More details about the management of AEs dascribed in the Online

Repository Text.
Primary and secondary in-hospital outcomes

To explore the associations of the identified dtstwith the outcomes that
occurred within the in-hospital period, all pangiants were followed up until
discharge or death. The primary and secondary mésowere restricted to
in-hospital events. In particular, the primary ames were death, hospital LOS,

and total direct hospitalization costs. The seconaatcomes included systemic



257
258

259

260
261
262
263
264
265
266
267
268
269
270
271
272

273
274
275
276
277
278
279
280
281
282
283

corticosteroid exposure, noninvasive and invasivechmanical ventilation, ICU

admission, and length of ICU stay.

Cluster and statistical analyses

Additional details on the process of variable s@d@cand statistical analysis
are provided in the Online Repository Text. In kotEb0 distinct variables were
collected (Figure 1). Variables with missing daba $10% of participants (n=26)
were excluded. For the remaining 124 variablessimjsdata were imputed using
the multiple imputation method (multilevel and genezati linear regressioff) An
exploratory factor analysi§ for continuous variables, or a multiple correspmce
analysis®, for categorical variables, was performed on #raaining 42 variables to
identify those variables that should be includedhi@ cluster analysis. Finally, the
following 11 variables were included in the clusa@alysis: age, sex, age at asthma
onset, atopic status, pack years (the number afreltps smoked per dayxyears of
smoking), prehospital rescue OCS use for exacernapartial pressure of oxygen
(PaCQ; mmHg), neutrophils and blood eosinophils (¥LJ) and c-reactive protein

(CRP; mg/L) and serum albumin (ALB; g/L).

Cluster analysis was conducted by applying a twep-girocess. First, Ward’s
minimum-variance hierarchical clustering method wperformed using an
agglomerative approach and Ward's linkdg&elected variables to construct the
cluster model were standardized using z-scoresedognition that clustering is
dependent on user-defined inputs, we used aniiterapproach over a range of
clusters (3 clusters up to a maximum of 5 clustergjefine the optimal number of
clusters to characterize the data. Calinski andabksz’'s pseudo-F index was
calculated and maximized to obtain the optimum nemtf cluster®?. Then,
K-means analysis was carried out using the prefipeaiumber of clustets A
decision tree algorithm was applied to all variablesed in the cluster analysis to

predict the cluster for each subject, and misdiassion rates were calculatéd®®

10
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Categorical variables are summarized as frequeneied proportions.
Continuous variables were tested for Gaussianilligton (Shapiro-Wilk test) and
are expressed as mean and standard deviation aaiqmadd interquartile range
(IQR). The difference between clusters for eachiabde was evaluated using
analysis of variance (ANOVA) or Kruskal-Wallis tdst continuous variables and
the Chi-square test or Fisher's exact test forgmateal variables, as appropriate.
Unless otherwise specified, when we found diffeesn@mong clusters, the
Bonferroni correction was used to explore whether medians of the clusters
differed significantly from each other.

Subgroup analyses for primary and secondary initedsputcomes were
performed, excluding the participants who did rexteive the treatment algorithm
indicated by the asthma guidelines. Furthermoreyusesl logistic regression models
to evaluate the correlation between identified msthphenotypes and in-hospital
adverse outcomes before and after adjusting for BRd Charlson comorbidity
index (CCI). In addition, logistic regression maetere performed to identify
important risk factors related to adverse in-h@dmutcomes, which were adjusted
for age, sex, prehospital maintenance or rescugcasteroid use, smoking, atopic
status, BMI, and CCI.

Two-tailed P values<0.05 were considered statistically significantatiStical

analysis was performed using SPSS (Version 231, @rp., Armonk, NY, USA).

RESULTS

Subject characteristics

Between January 2009 and April 2014, 874 partidgpavere consecutively
admitted to the hospital, of whom 825 were includedhe cross-sectional study
after excluding those for whom the asthma diagnasis incorrect (n=23), or who
were transferred to ICU (n=5), died (n=1), werechaged from the hospital within
48 hours of admission (n=6), or had incompleteiciihdata (n=14) (Figure 1AIl

recruited patients were followed up until deathd@charge, regardless of whether

11



312 they received treatment in accordance with the G#¥4 Chinese asthma guidefine
313 ?* Some patients had contraindications to the usgystemic corticosteroids, such
314 as epilepsy (n=1, 0.12%), active peptic ulcer (n824%), or gastrointestinal
315  bleeding (n=2, 0.24%), but all of these patienteeneed nebulized corticosteroids
316 plus short-acting3, agonists (SABA) and/or short-acting muscarinicagohists

317 (SAMA) for acute asthma. The demographic and dihicharacteristics of the

318 included participants are shown in Table E2.

319  Cluster profile

320 According to Calinski and Harabasz’'s pseudo-F inderee was the optimum
321  number of clustef8. Thus, three distinct phenotypic clusters weraiified (Table 1).
322 Using stepwise discriminant analysis, the influgintrariables (i.e., the important
323 predictors in clustering) for cluster assignmentenvgarly-onset asthma (F=17671.192,
324 P<0.001), prehospital rescue OCS use for exacerb@fe542.143P<0.001), CRP
325  level (F=56.466P<0.001), blood neutrophils (F=36.0%830.001), partial pressure of
326  oxygen (Pa@ F=10.852,P<0.001), age (F=9.03%<0.001), and blood eosinophils
327  (F=7.690,P<0.001). The other variables, including pack yg&s1.886,P=0.152),
328 sex (F=1.600,P=0.203), and atopic status (F=0.208;0.818) did not contribute
329  significantly to cluster assignment. The three s with distinct characteristics
330  were identified as follows:

331  Cluster 1: Late-onset asthma

332 Cluster 1 was characterized by late-onset asthm&2@) and had the greatest
333 number of patients (63.8%) (Table 1). Participantthis cluster had a higher blood
334  eosinophil count (0.11 [0.01, 0.32] ¥10 than those in cluster 3 (0.02 [0, 0.20]
335  x10%/L; P<0.001) (Table 2).

336 Cluster 2: Early-onset asthma

337 This cluster had the fewest number of patients Th=PL.8%) (Table 1). A
338  greater proportion of patients in cluster 2, tharclusters 1 and 3, had early-onset
339  asthma (100% vs. 0% vs. 1.0%x0.001) and a family history of asthma (20.6% vs.
340 9.9% vs. 10.4%P=0.008). The participants in this cluster had thregkest duration of

12
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asthma (40.0 [30.0 50.0] yeaf®<0.001), and more eosinophils (0.10 [0.01, 0.28]
x10%/L) and basophils (0.02 [0.01, 0.03] ¥Al0 than those in cluster 3 (0.02 [0, 0.20]
x10%L; 0.02 [0.01, 0.02] x1UL, respectively) P<0.017) (Table 2). Furthermore,
they had increased levels of CRP (11.10 [1.26,@2ng/L) and interleukin(IL)-6
(9.44 [7.08, 21.38] ng/L) than did those in clustgP.83 [0.50, 11.88] mg/L and 3.68
[1.74, 8.66] ng/L, respectively) (é#<0.017) (Table 2).
Cluster 3: Phenotype with fewer eosinophils andenraamorbidities

Cluster 3 included 202 (24.5%) patients and wasadherized by older age, a
high CCI, relatively more intense maintenance megehas for anti-asthma drug use
(inhaled corticosteroid [ICS]/long- actirfg agonist [LABA], anticholinergic drugs,
and theophylline) in the stable phase, and sever#esthreatening exacerbations
(55.5%) (Table 1). Furthermore, compared with @ust, cluster 3 had a greater
proportion of patients who used prehospital maatee OCS (6.4%) and rescue OCS
(74.3%) P<0.001). In addition, patients in cluster 3 hadvated neutrophils (7.28
[4.20, 10.99] x18L), CRP (12.95 [2.10, 46.48] mg/L), and IL-6 les€D.36 [4.33,
17.89] ng/L), but a lower blood eosinophil counO@[0, 0.20] x18&L), than those in
cluster 1 (allP<0.017). Intriguingly, cluster 3 had distinctly neased high density
lipoprotein cholesterol (HDL-C) levels (1.56 [1.26,91] mmol/L) when compared
with cluster 1 (1.43 [1.13, 1.74] mmol/LP£0.001). We found that there was a
greater proportion of patients with a positive leaeal sputum culture in cluster 3
(39.1%), than in cluster 1 (28.3%) and cluster 2.{%) =0.004). Additionally, a
higher proportion of patients with a positive fusgsgputum culture was identified in
cluster 3 (20.3%) than in cluster 1 (10.3%%x0.001). In our study, more patients in
cluster 3 (14.4%) were found to have high levelprotalcitonin (PCT)X0.05 ng/mL)
than in cluster 1 (6.5%}&0.005) (Table 2).

In-hospital outcomes of prespecified clusters

Patients in clusters 2 and 3 had an increased dafisin-hospital death than
patients in cluster 1 (3.1% vs. 4.0% vs. 0.2950.001) (Table 3, Figure 2).

Furthermore, there was an extended length of hadsgliay for patients in cluster 3

13
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than those in clusters 1 and 2 (11 [8, 15] vs.74QLB] vs. 9 [6, 13] day$=0.003).
Compared with patients in clusters 1 (9402.33 [632813649.68] Chinese Yuan
[CNY]) and 2 (9016.16 [4881.80, 15003.16] CNY), ipats in cluster 3 (13481.57
[7740.75, 26123.88] CNY) had higher direct costs fospitalization P<0.001)
(Table 3, Figure 2).

Patients in clusters 1 and 3 received a higher tative dosage of systemic
corticosteroids within the first 7 days than thasecluster 2 (320 [280.0, 480.0] vs.
332.0 [280.0, 480.0] vs. 280.0 [280.0, 386.7] ®g0.003) (Figure E2). The pattern
of daily systemic corticosteroid dose over time wasessed using log-transformed
means of daily systemic corticosteroid use afteniasion in each cluster, and showed
an underlying quadratic tren&<0.001), indicating that a significant drop in gystc
steroid dosage was observed on day 4 after admissiall clusters (Figure E2).
Moreover, the incidence of requirement for mechanientilation was higher in
clusters 2 and 3 than in cluster 1 (11.3% vs. 23v8%#.9%,P<0.001). In addition,
there was a greater proportion of patients in elu8tthan in clusters 1 and 2 who
experienced noninvasive ventilation (18.3% vs. 4086 7.2%,P<0.001) and ICU
admission (18.8% vs. 9.9% vs. 8.205,0.002). This resulted in a distinctly extended
stay in the ICU for individuals in cluster 3 thamthe other clusters (cluster 3:80.0
[19.3, 209.3] vs. cluster 1:21.0 [11.0, 61.5] vhuster 2: 36.5 [5.3, 97.5] hours,
P<0.05) (Table 3, Figure 2). When the patients wlibribt receive the treatment in
accordance with the asthma guidelines were excluledsubgroup analysis indicated
that the primary and secondary in-hospital outcoraess these three clusters

remained the same (Table E5).

Logistic regression analyses

We further utilized multivariable logistic regressimodels to analyze the risk
of death, ICU admission, and mechanical ventilahomong the identified clusters
(Figure E3). After adjusting for BMI and CCI, similresults were obtained (Figure
3). Compared with cluster 1, cluster 2 (Relatiieorg [RRaq][95% CI], 18.10 [1.85,
176.66]) and cluster 3 (19.17 [2.37, 155.33]) wara significantly increased risk of

14
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in-hospital death. Moreover, the patients in clugRRyg; [95% CI], 2.56 [1.21,
5.38]) and cluster 3 (5.71 [3.42, 9.54]) had a ificemtly increased risk of
mechanical ventilation during hospitalization. Rearmore, cluster 3 had a higher
risk of ICU admission (RR;j[95% CI], 2.14 [1.35, 3.38]), noninvasive ventieat
(4.91 [2.77, 8.69]), and invasive ventilation (6[80QL3, 13.08]) than did cluster 1.
We further explored the risk factors of adversé&aspital outcomes related to

AEs (Online Repository Text, Tables E6 and E7).

Decision tree analysis

We developed a tree diagram to predict clustegassent of patients (Figure 4).
Using only two variables, prehospital rescue us®0Et for exacerbation and age of
onset (cut at age 12), 90.8% of patients could $sgaed to the correct cluster.
Accuracy of classification in the discriminant ayga¢ was not improved if all 11

variables used in cluster analysis were included.

DISCUSSION

To the best of our knowledge, this is the firsdgtthat used cluster analysis to
group patients with an AE into different phenotypmsmediately at hospital
admission, and further validated the identified nuitgpes associated with disease
progression and in-hospital adverse outcomes assémsindex hospitalization. Here,
we identified three phenotypes in patients with Aksa real-world setting using

cluster analysis: “late-onset,” “early-onset,” aadphenotype of “fewer eosinophils
and increased comorbidities.” Of these three, tleevér eosinophils and increased
comorbidities” phenotype was significantly assamiatwith worse in-hospital
outcomes.

Although Qiu et al. recently studied the heterogeneity of AEs reqgiri
hospitalization, that study was significantly diiat from our current stud The
patients in Qilet al.’s study were assessed from days 3 to 10 aftgritabsidmission,

when patients were no longer in the acute phasanoAE, and had moved to the

recovery phase. Further, they excluded patients \m#al-life” comorbidities such as
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427  asthma-COPD overlap. Our study had relatively l@nimclusion and exclusion
428  criteria, which included patients with comorbid#jeas well as patients who
429  eventually died, were admitted to the ICU, or wimalerwent mechanical ventilation.
430  Therefore, the population in our study was moreagsgntative, as were the clinical
431 data included in the analysis, in reflecting AEsreal-life settings. Our results
432  identified three important clinical phenotypes ofaeerbations, of which, the
433  phenotype with fewer eosinophils and increased cbidities had higher treatment
434 requirements and the worst outcomes. Patients thith phenotype required more
435  systemic glucocorticoids and mechanical ventilgtit@U admission, and had an
436  extended hospital LOS, more direct hospitalizatiosts, and increased mortality. As
437  this study was based on a real-world environmeatjepts with asthma-COPD
438  overlap were not excluded. The participants intelu8 had some features resembling
439  COPD, such as being older and having less eosilmmphflammation and more
440  comorbidities. However, the differences in outcorhesveen the phenotypes could
441  not be completely attributed to COPD due to thé& laicdifference in the distribution
442  of asthma-COPD overlap among the three clustenst@ 1: 22.4% vs. cluster 2: 23.7%
443  vs. cluster 3: 26.2%P=0.555). As a novel addition to our cluster anadysee
444  developed a decision tree diagram using only twiakbes (prehospital rescue OCS
445  for exacerbation and age of onset) and found tBa&2%9 of patients could be assigned
446  to the correct cluster, indicating the implemewtatiof these clusters in clinical
447  practice. Our findings have important and clinigatelevant implications for the
448  management of patients hospitalized for AEs, suchdetecting high-risk patients
449  hospitalized for AE, judging prognosis, and identifj treatable traits.

450 We conducted this study in a real-world setting pivide information
451  representative of patients in clinical practice.l Aatients with AEs were
452  consecutively recruited and included patients watbmorbid conditions. Our
453  subgroup analysis indicated that the primary armbrsdary in-hospital outcomes
454  remained the same, when it was performed excluthegpatients who did not
455  receive the treatment algorithm indicated by astigmdelines. It should be noted
456  that the patients excluded for this analysis wereegy small proportion of the
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overall study population; nonetheless, documentath cbn such patients are
valuable for informing practice. In order to estsbla comprehensive dataset and
ensure adequate information that truly represdrgscharacteristics in a real-world
setting, we captured data on sociodemographics,icaledhistory, preexisting
conditions, and conditions at admission (as many55 variables were recorded
initially), as well as multidimensional informatida evaluate in-hospital outcomes.
Collecting such data allowed us to be able to adprsconfounding factors that may
have impacted the exposure or outcomes of inteFesthermore, to ensure the
reliability of our real-world study, the patients aur study were diagnosed, treated,
and managed by qualified consulting physicians wdueived standardized clinical
training in our hospital. Together, these strategmprove the clinical relevance and
generalization of our results to clinical practice.

A major consideration for us was how many variablese selected for the
cluster analysis. If too many or too few variabdes used, it is difficult to describe
and interpret the profiles of clusters in a meafuhgvay. Some studies selected
variables for cluster analysis in a subjective nesrand were not transparent about
their selection process. For example, a study tépis with asthma and depressive
symptoms only included variables in the clusterlysia that were significantly
different between patients with asthma who had ekgive symptoms and those
without depressive symptoms, which may have intcedu some degree of
subjectivity or selection bids Another study that explored how low-income
patients with asthma were distributed across aterumnalysis reported that they
only applied multicollinearity and similarity asiteria to determine the inclusion of
variabled®. In the current study, dimension-reduction techa&such as exploratory
factor analysis and multiple correspondence amalysre utilized to reduce the
number of variables entered into the analysis.dditeon, the number of variables
selected for clustering (n=11) was considered tdelasible for others seeking to
reproduce these resditsMoreover, some systemic inflammation biomarkérat t
were included in the cluster analysis, such asdlweutrophils, eosinophils, CRP,
and albumin, have previously been reported to beciated with asthni&>.
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Generally, peripheral blood eosinophil count hadepwal utility as a
biomarker of eosinophilic airway inflammation andaynpredict a favorable
response to corticosterofds Cluster 1 comprised patients with higher blood
eosinophil counts and had a better prognosis. Afihothe patients in cluster 2
exhibited similar blood eosinophilia counts as ®ud, patients in cluster 2 had a
worse prognosis, indicating that other factors riiediin-hospital outcomes. We
investigated this and found that the patients ustelr 2 exhibited blood neutrophilia,
which indicated insensitivity to corticosteroidsecénd, the patients in cluster 2
exhibited relatively remarkable systemic inflamroati reflected in IL-6 and CRP
levels. The association between failure to respwndorticosteroids and systemic
inflammation has been demonstrated in other diseds® example, Winet al.
reported that the steroid-sparing ability of ahtiél antibodies in juvenile
rheumatoid arthritis and elevated levels of IL-6osgly predicted corticosteroid
failure in acute severe ulcerative cofitisThese results are important and suggest
that the steroid responsivity of blood eosinophdan be modified by co-existing
systemic neutrophilic inflammation, and may helplain the association between
resistance to corticosteroids and systemic inflatioman asthma.

Clinical researchers have proposed the decongiruofiasthma into individual
traits that can be measured and modified (i.eeatable traits™f. Increased
eosinophilic inflammation in peripheral blood saegpin asthma is associated with
favorable responses to corticosteroids and an aseek risk of exacerbations
following corticosteroid withdrawat>". These findings suggest that a high blood
eosinophil count represents a common “treatabl¢’ trar asthma (treated with
OCS). Therefore, identifying eosinophilic and nephilic inflammation and
distinguishing eosinophilic from non-eosinophilistma may be useful for the
prevention and treatment of AE. Patients in clu8tevith fewer blood eosinophils
may benefit more from targeting systemic neutraphilnflammation and
comorbidity rather than systemic eosinophilic inflaation. Neutrophilic
inflammation, as a prominent feature of AE, hasnbl@eed to steroid resistance in
individuals with asthma, which may explain why tpatients in cluster 3, while
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having been administered the highest amount ofesyst corticosteroid during
hospitalization, had the worst in-hospital progsdsi

It has been demonstrated that glucocorticoids @palile of downregulating the
number of eosinophils by inducing eosinophil apsjstdn asthmatic patierits*?
However, glucocorticoids exert a protective effeathuman neutrophil survival by
delaying apoptosfé These findings, combined with a higher proportioh
prehospital OCS for maintenance and/or rescue ndedower level of peripheral
blood eosinophils in our patients in cluster 3,grsgj that prehospital OCS use may
be a factor in reducing blood eosinophils in clu§&eHowever, patients in cluster 3
had higher levels of IL-6 and CRP, which would bet explained by prehospital
OCS use because glucocorticoids reduce the expres$ilL-6 and CR¥. These
results suggest that the increased blood neutsopinil cluster 3 that were
disproportional to the decreased blood eosinopbtds|d be partly explained by the
presence of non-type 2 inflammation in patientsluster 3. Other strategies, such
as targeting systemic neutrophilic inflammation @odhorbidity, may improve the
prognosis of patients in cluster 3 and should Ioénéu explored.

Treatable traits have been demonstrated to betalgesdict the future risk of
asthma-related outconf@s*® In our study, blood neutrophils independently
predicted an increased risk of in-hospital dea@l) ladmission, and mechanical
ventilation. These results suggest that fewer egs$itls or more neutrophils as
treatable traits may be associated with adversmsgpital prognosis. In addition, we
identified several different treatable traits amaing three clusters, each of which is
clinically relevant and modifiable, such as allergtatus, medication adherence,
comorbidity evaluated by the CCI, non-eosinophitiftammation, and respiratory
infection. Our analyses have provided important newowledge in terms of
identifying treatable traits of AE, at least inrtex of adverse in-hospital outcomes.
Identifying treatable traits that have a large iotp@n asthma outcomes informs the
design of intervention studies that aim to imprawdnospital outcomes. Although

the design of randomized controlled trials that aormtest the identified treatable
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traits is complex, further prospective treatmenidis to determine whether any
traits are associated with an improved outcomenacessary.

This study can inform and change management aathtent of AE by aiding
in identifying high-risk patients, targeting higisk factors and treatable traits, and
providing future research directions. First, pasem cluster 3 had the worst
in-hospital prognosisTherefore, in clinical practice, we need to pay enattention
to patients with the characteristics identifieddiuster 3. Second, some clinical
characteristics that differed between the threstehs can be treated as treatable
traits or important inflammatory biomarkers, whichay help improve patient
outcomes. Third, the decision tree analysis from #tudy can help to identify
clusters accurately and improve the clinical feiligtbof our study. Fourth,this
study also provides important information to gufdéure research on AE For
example, patients with AEs in cluster 3 could bauded in randomized controlled
trials that explore the relationships of “treataldaits” with adverse in-hospital
outcomes.

Although we performed a prospective observatiortatys in a real-world
setting to identify and validate phenotypes in guas hospitalized for AEs and
found a phenotype characterized by fewer eosingg@rtl more comorbidities that
requires greater attention, there were some limaitatthat need to be addressed.
First, we used blood eosinophil count as a sulstifar sputum eosinophils to
predict the eosinophilic phenotype. However, theueacy of this approach has been
confirmed?®. Second, subjectivity of variable selection cannetdtally eliminated
in cluster analysis, although a broad range ofabdes and objective statistical
methods were applied. Third, measurements of airelstruction and airway
inflammation phenotype by sputum induction wouldhie¢pful for phenotyping and
clustering, but is unavailable, especially for eats with severe or life-threatening
AE, in clinical practice. Moreover, the cause odearbation, such as viral positivity,
was not identified. Fourth, there may be recallsbia determining late- and
early-onset asthma based on age at asthma onsetugit several studies have
asserted that self-reported age at asthma onsef High fidelity*® *° Finally,

20



576
577
578
579

580

581
582
583
584
585
586
587
588
589
590

591

592
593
594
595
596
597
598
599
600
601
602

identifying phenotypes of patients from a singlatee without validation in another
population may limit the generalizability of thesudts. However, to some extent,
findings from a real-world study are characterizgdgood external validity and

generalizability™.

CONCLUSION

To the best of our knowledge, this is the firstgtto identify clusters in patients
with AEs in a real-world setting, and conduct agpective observational study to
assess the importance of these prespecified custer a result, we identified a
late-onset phenotype, an early-onset phenotype, @anghenotype with fewer
eosinophils and more comorbidities, the latter gesmgnificantly associated with
worse in-hospital outcomes, including administmatiof systemic glucocorticoids,
mechanical ventilation, ICU admission, longer htapiLOS, more direct
hospitalization charges, and death. These findmay® important implications for the
individualized assessment and management of patrspitalized for AEs in clinical

practice.
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Tables

Table 1. Demographic and clinical characteristi¢sth® included patients with acute asthma

grouped by cluster analysis.

Baseline characteristics Cluster 1 Cluster 2 Cluster 3 P value
n 526 97 202
) 55.0 (44.0, 58.0 (44.0,
Age, years, median (Q1,Q3 48.0 (40.5, 58.5 <0.001
65.0) 68.0)
Female, n (%) 315 (59.9) 66 (68.0) 131 (64.9) 0.2(
BMI, kg/m?, median 22.65 (20.59, 21.64 (19.53, 23.95 (21.33, 0.240
(Q1,Q3) 25.71) 25.39) 25.75) '
Pack years, median (Q1,Q3
- Y (Q1.Q3) 0 (0, 60) 0(0,0) 0 (0, 80) 0.185
Atopic status, n (%) 223 (42.4) 43 (44.3) 82 (30.6 0.818
Family history of asthma, n
) 52 (9.9) 20 (20.6Y 21 (10.4) 0.008
Asthma duration, years, 40.0 (30.0, 10.0 (5.0,
. 7.0 (2.0, 20.0) h e <0.001
median (Q1,Q3) 50.0) 20.0)
Early-onset asthma, n (%) 0 (0) 97 (100°0) 2 (1.0" <0.001
Prehospital maintenance
medications
ICS/LABA, n (%) 147 (27.9) 20 (20.6) 77 (38'1) 0.003
Anticholinergic drugs, n
15 (2.9) 2(2.1) 16 (7.9) 0.004
(%)
Theophylline, n (%) 126 (24.0) 25 (25.8) 89 (441 <0.001
Leukotriene modifier, n
47 (8.9) 7(7.2) 21 (10.4) 0.656
(%)
Maintenance OCS, n (%) 1(0.8) 1(1.0) 13 (6.4§™ <0.001
Prehospital OCS use for
Pre 6(1.1) 18 (18.6)" 150 (74.3)" <0.001
exacerbations, n (%)
Asthma exacerbation
severity, n (%5:t
Mild to moderate 327 (62.2) 54 (55'%) 90 (44.6)'" <0.001
Severe 166 (31.6) 26 (26.8) 68 (33.7)
Life-threatening 33 (6.3) 17 (17.5) 44 (21.8)
Charlson comorbidity index "
, 1.0 (0, 3.0) 1.0 (0, 2.0) 2.0 (0, 3'0) 0.003
(CClI), median (Q1,Q3)
Arterial blood gas, median
(Q1.Q3)*
7.40 (7.37,
pH 7.40 (7.37,7.43)| 7.40(7.37,7.44) 0.87
7.42)
40.21 (35.00, 41.30 (34.98, 41.51 (35.56,
PaCQ mmHg* 0.085
’ 47.23) 50.12) 54.18)
PaQ, mmHg 75.50 (65.35, 71.09 (60.70, 80.00 (65.885, 8.1
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743
744
745
746
747
748
749
750
751
752
753
754
755

| 8785 | 97.50) | 95.35) | |

BMI: body mass index; ICS, inhaled corticosteroid; LAB&ng-actingP, agonist; OCS, oral
corticosteroids; PaCOpartial pressure of carbon dioxide; Bafartial pressure of oxygeQ1,
first quartile;Q3, thirdquartile; SABA, short-acting, agonist.

" P<0.017,"'P<0.005,""P<0.001 vs. cluster 1, with the Bonferroni correstio
"P<0.017,”P<0.005,” P<0.001 vs. cluster 2, with the Bonferroni corregtio

*Rescue OCS use for exacerbation within 7 days béfospital admission

¥ Within the first 48 h of hospitalization

* The severity of asthma exacerbations classifiethits to life-threatening was defined based on
the GINA guidelines according to the patients’ detation of symptoms and/or expiratory airflow
(Table E4)

¥* pack years: the number of cigarettes smoked pex gaars of smoking
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Table 2. Clinical characteristics of the includedtipnts with acute asthma grouped by cluster

analysis.
Baseline characteristics Cluster 1 Cluster 2 Cluster 3 P value
n 526 97 202
Cell counts in peripheral
blood'
Leukocytes, x1%L, 8.49 (6.72, 8.92 (6.41,
_ 7.20 (5.66, 9.62) : o <0.001
median (Q1,Q3) 11.40Y 12.43Y
Neutrophils, x18/L, 6.43 (4.42, 7.28 (4.20,
_ 4.91 (3.50, 7.44) . o <0.001
median (Q1,Q3) 9.53) 10.99Y
Neutrophils, %, 70.80 (59.75, 76.35 (65.22, 80.03 (67.98,
. R i <0.001
median (Q1,Q3) 81.74) 85.29) 90.54)
Eosinophils, x18L,
_ 0.11(0.01,0.32)| 0.10(0.01,0.28) 0.02 (0, 0.08) | <0.001
median (Q1,Q3)
Eosinophils, %, :
_ 1.92 (0.13,5.19)| 1.40(0.10,3.44) 0.26 (0, 280)| <0.001
median (Q1,Q3)
Eosinophils>3004L, N
140 (26.6) 21 (21.6) 32 (1518) 0.008
n (%)
Lymphocytes, x1%L, 1.07 (0.61,
_ 1.38(0.95,1.83)| 1.10(0.77, 1.99) - <0.001
median (Q1,Q3) 1.84)
Lymphocytes, %, 19.03 (12.01, 15.99 (8.73, 13.24 (6.49,
_ \ " <0.001
median (Q1,Q3) 27.55) 23.15) 23.44Y
Basophils, x181L, 0.01 (0.01,
_ 0.02 (0.01, 0.03)| 0.02 (0.01, 0.03) i 0.001
median (Q1,Q3) 0.02)
Basophils, %, median 0.13 (0.07,
0.22 (0.11, 0.43)| 0.19 (0.11, 0.33) . <0.001
(Q1,Q3) 0.25)
Clinical immunology and
inflammatiorf
CRP, mg/L, median 11.10 (1.26, 12.95 (2.10,
2.83(0.50, 11.88 ot " <0.001
(Q1,Q3) 32.60) 46.48)
PCT =0.05 ng/mL, n
. 34 (6.5) 7(7.2) 29 (14.4§ 0.003
(%)
IgE, 1U/mL median 53.16 (22.11, 36.66 (8.07,
21.43 (0, 42.87) 0.115
(Q1,Q3) 157.4) 69.02)
IL-6, ng/L, median 9.44 (7.08, 9.36 (4.33,
3.68 (1.74, 8.66) 0.002
(Q1,Q3) 21.38) 17.89)
Sputum culturé
Bacteria, n (%) 149 (28.3) 22 (22.7) 79 (3911) 0.004
Fungus, n (%) 54 (10.3) 16 (16.5) 41 (2013) 0.001

Biochemistry, median

(Q1,Q3f
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67.60 (63.20, 67.10 (62.25, 67.15 (61.65,

TP, g/L 0.638
73.10) 74.75) 72.85)
41.60 (38.30, 41.60 (37.75, 39.95 (37.10,

ALB, g/L : 0.016
44.50) 44.70) 43.43)
26.20 (23.40, 26.70 (22.30, 26.30 (23.00,

GLB, g/L 0.750
29.90) 31.15) 30.98)

TG, mmol/L 1.06 (0.75,1.51)  1.15(0.77,1.66)  1(@¥7,1.59)| 0.339

CHOL, mmol/L 439 (3.71,5.09) 4.33(3.53,5.02) 44(3.78,5.25)| 0.596

LDL-C, mmol/L 2.46 (1.94,3.01)| 2.43(1.77,2.83) .32(1.73,2.97)| 0.272
1.56 (1.26,

HDL-C, mmol/L 1.43(1.13,1.74)|  1.40 (1.10, 1.90) Loty 0.004

ALB, albumin; CRP, c-reactive protein; CHOL; chdkrel; GLB, globulin; HDL-C, high density
lipoprotein cholesterol; IL, interleukin; LDL-C, W@-density lipoprotein cholesterol; PCT,
procalcitonin; TP, total protein; TG, triglyceride.

'P<0.017,""P<0.005,""P<0.001 vs. cluster 1, with the Bonferroni correatio
"P<0.017,”P<0.005,” P<0.001 vs. cluster 2, with the Bonferroni correstio

¥ Within the first 48 h of hospitalization
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Table 3. Primary and secondary in-hospital outcoofed! patients grouped by cluster analysis.

Outcomes Cluster 1 Cluster 2 Cluster 3 P value
n 526 97 202
Primary in-hospital
outcomes
Death, n (%) 1(0.2) 3(3.1) 8 (4.0)" <0.001
Hospital LOS, days 10 (7, 13 9(6,13) | 11 (8, 15)" 0.003
13481.57
_ 9402.33 9016.16
Direct cost for (7740.75,
o (6328.9, (4881.8, o <0.001
hospitalization, CNY 26123.88)
13649.68) 15003.16)
Secondary in-hospital
outcomes
Systemic corticosteroid 320.0
- , 332.0 (280.0,
use within the first 7 days (280.0, 280.0 (280.0, i
. 480.0) 0.003*
(methylprednisolone dose 480.0) 386.7) (n=96) (n=201)
+ n=
equivalent, mg) (n=523)
Mechanical ventilation, n L
) 26 (4.9) 11 (11.3) 48 (23.8) <0.001
Noninvasive ventilation, n -
21 (4.0) 7(7.2) 37 (18.3) <0.001
(%)
Invasive ventilation, n (% 12 (2.3) 4(4.1) | 25124 <0.001
ICU admission, n (%) 52 (9.9) 8(8.2) | 38(18.8)" 0.002
21.0 (11.0, 80.0 (19.3,
ICU stay, i 36.5(5.3,97.5 . 0.021
61.5) 209.3)

CNY, Chinese Yuan; ICU, intensive care unit; LOShdth of stay.
Data are not normally distributed and presentededian (quartile 1, quartile 3).
'P<0.017,"P<0.005, ""P<0.001 vs. cluster 1, with the Bonferroni correction
"P<0.017,”P<0.005,” P<0.001 vs. cluster 2, with the Bonferroni correction
*In patients with ICU admission
"0One-way ANOVA was used after log transformationsast—Significant Difference (LSD)
was used as post hoc tests with a 0.05 significkaves
‘The patients without contraindication of systemicticosteroids including active peptic ulcer
or gastrointestinal bleeding. No significant difece was shown in the numbers of patients in
this analysis among the 3 clusters (Fisher’s etemttvalue=0.6422=1.000).
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Figurelegends

Figure 1. Flowchart of study.

Figure 2. Radar charts representing the patients’ charatitesj and the primary and
secondary in-hospital outcomes in cluster 1 (blakister 2 (yellow), and cluster 3
(red). ALB, albumin; CRP, C-reactive protein; ICdtensive care unit; IV, invasive
ventilation; MV, mechanical ventilation; NV, noniasive ventilation; OCS, oral
corticosteroids; PaCQ partial pressure of carbon dioxide; prehospitaCS)
prehospital OCS for exacerbation.

Figure 3. Correlations of three identified clusters with (Aprtality, (B) intensive
care unit (ICU) admission, (C) mechanical ventiafi(D) noninvasive ventilation,
and (E) invasive ventilation; logistic regressionalysis, with cluster 1 as the
reference, after adjusting for BMI and CCI. BMI,dyomass index; CCI, Charlson
comorbidity index; CI, confidence interval; RR relative ratio after adjusting for
BMI and CCI.

Figure 4. Tree analysis and misclassification of predict@uaal cluster assignment.
Patients were assigned to the three clusters usiograriables: prehospital rescue
OCS for exacerbation and age of onset (cut at ayePercent of patients correctly
assigned to each cluster is indicated within edwps. Individual figure size is

proportional to the frequency of a specific clus@CS, oral corticosteroids.
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Journal Pre-proof

Excluded subjects (n=49)

® Misdiagnosis of asthma (n=23)

® Incomplete clinical data (n=14)

® Transferred to ICU within 48 hours of admission (n=5)

® Dicd within 48 hours of admission (n=1}

® Departure from hospital within 48 hours of hospitalization admission (n=6)

Discarded variables (n=108)
® Missing data > 10% (n=26)

® Redundant (n=22)

» Irrelevant (n-60)
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Prehospital rescue OCS
use for exacerbation

YES
Age of onset

1 2

Early-onset
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Late-onset

Fewer eosinophils
More comorbidities



Assess the patients

* Is it asthma

* Risk factors for asthma-related death?

* Severity of exacerbation

Mild or moderate Life-threatening
Urgent
4 ™
Start treatment
+ SABA: 4-10 puffs by pMDI+spacer, repeat Transfer to ICU
every 20 minutes for 1 hour I~ Worsening + While waiting: give SABA,

* Prednisolone: adults Tmg/kg.max. 50 mg
+ Controlled oxygen: target saturation 93-95%
\ Xy g rge /

0;, systemic corticosteroid

s ™
Continue treatment with SABA as r ded
Worsening
Assess response at 1 hour (or earlier)
- I J
Imprrving Initial assessment | Are any of the following present?
« Airway + Drowsiness
Assess for discharge + Breathing = Confusion
Symptoms improved, not need SABA - Circulation + Silent chest
PEF improving, and > 60-80% of personal
best or predicted I .
Oxygen saturation > 94% room air NO YES
+

Further triage by clinical status

Resources at home adequate [

according to worst feature

fori

] [ Consult ICU, start SABA and O;, and

proap F

1

|

Mild or moderate
SABA
Consider ipratropium bromide
Controlled O, to maintain
saturation 93-95%

|

Severe

SABA

Ipratropium bromide

Controlled O, to maintain saturation 93-95%
OCS or IV corticosteroids

ocs

Consider IV magnesium

Consider high dose ICS

Fro—

pummnnnnan,

If continuing deterioration, treat as severe E

and re-assess for ICU

E—

I prog |

Measure lung function

tients one hour after initial treatment

i

3

FEV, or PEF 60-80% of predicted or personal best and

symptoms improved
Moderate
Consider for discharge plan

FEV, or PEF < 60% of

predicted or personal best, or lack

of clinical response

ning

Severe

Consider treatment as above and reassess frequently




Lg mean systemic methylprednisolone (mg)

1.754
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1.65+

1.60-

1.55+

—— Cluster 1
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Quadratic (P<0.001)

1.50

1 2 3 4
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A Deam RR
Cluster1 m 1
Cluster 2 - 16.76
Cluster 3 - 21.65

Mechanical ventilation RR
Cluster 1 ] 1
Cluster 2 —— 2.46
Cluster 3 —a— 500
o : P
E Invasive ventilation RR
Cluster 1 [ ] 1
Cluster 2  +—@———— 1.84
Cluster 3 —a—> 605

95% CI P
Reference
1.72-162.80 0.015
269-17423  0.004

93% CI P
Reference
1.17-5.16 0017

3.60-9.99  <0.001

93% CI P
Reference
0.58-5.84 0200

2.08-1230 <0001

B

Cluster 1
Cluster 2

Cluster 3

ICU admission

Noninvasive ventilation

Cluster 1
Cluster 2

Cluster 3

—a—

0.82
211

05% CIL P
Reference

0.38-1.78 0.616
1.34-333 0.001

93% CI P
Reference

0.77-453 0.165
3.07-0.47 <0.001



