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 57 

 58 

ABSTRACT  59 

Background: Hospitalization due to acute asthma exacerbation (AE) is a highly 60 

detrimental situation requiring critical management to prevent further deterioration, 61 

including mechanical ventilation, intensive care unit (ICU) admission, and death. 62 

However, patients hospitalized for AEs are highly heterogeneous and remain largely 63 

unexplored. 64 

Objective: Identify clinical and inflammatory phenotypes of AE requiring 65 

hospitalization associated with in-hospital outcomes. 66 

Methods: We performed a hierarchical cluster analysis of 825 consecutively recruited 67 

patients hospitalized for AEs. Logistic regressions were conducted to quantify the 68 

independent associations of the identified phenotypes with in-hospital outcomes. 69 

Decision tree analysis was developed to predict cluster assignment.   70 

Results: We identified three clusters of patients, which had significantly different 71 

characteristics associated with in-hospital adverse outcomes. Cluster 1 (n=526, 63.8%) 72 

was a late-onset phenotype, cluster 2 (n=97, 11.8%) was an early-onset phenotype, 73 

and cluster 3 (n=202, 24.5%) was a phenotype with fewer eosinophils and more 74 

comorbidities. Clusters 2 and 3 had an elevated risk of death (RRadj 18.10 and 19.17, 75 

respectively) and mechanical ventilation (RRadj 2.56 and 5.71, respectively) than did 76 

cluster 1. Individuals in cluster 3 had an extended length of hospital stay (11 days), 77 

increased hospitalization direct costs (13,481.57 Chinese Yuan[CNY]), and a higher 78 

risk of ICU admission (RRadj 2.14) than individuals in clusters 1 and 2. The decision 79 

tree assigned 90.8% of the participants correctly.  80 

Conclusions: We identified three phenotypes with differential clinical and 81 

inflammatory characteristics associated with in-hospital adverse outcomes. These new 82 

phenotypes might have important and clinically relevant implications for the 83 

management of patients hospitalized for AEs. 84 

 85 

Highlights box: 86 
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What is already known about this topic? 87 

Existing studies have identified several distinct phenotypes of stable asthma, but 88 

further understanding of the heterogeneity of asthma exacerbation (AE) associated 89 

with in-hospital outcomes is necessary, which may inform individualized 90 

management in clinical practice. 91 

 92 

What does this article add to our knowledge? 93 

Patients with AE, immediately upon hospital admission, were grouped into three 94 

phenotypes with differential clinical and inflammatory characteristics, which were 95 

clinically relevant to disease progression and in-hospital adverse outcomes. 96 

 97 

How does this study impact current management guidelines? 98 

Our results indicated that the identified phenotypes and decision tree diagram have 99 

important and clinically relevant implications for the clinical practice and 100 

individualized management of patients hospitalized for AEs. 101 

 102 

Key words: asthma, exacerbations, phenotypes, cluster analysis 103 

 104 

Abbreviations list 105 

AEs: asthma exacerbations  106 

ALB: albumin 107 

ANOVA: analysis of variance 108 

BMI: body mass index  109 

CCI: Charlson comorbidity index 110 
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COPD: chronic obstructive pulmonary disease 113 

CRP: C-reactive protein 114 

FEV1: forced expiratory volume in 1 second 115 

GINA: Global Initiative for Asthma  116 
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GLB: globulin 117 

HDL-C: high density lipoprotein cholesterol  118 

ICU: intensive care unit 119 

IRB: Institutional Review Board 120 

IL: interleukin  121 

IQR: interquartile range 122 

LDL-C: low-density lipoprotein cholesterol 123 

LOS: length of stay 124 

LSD: Least—Significant Difference 125 

N/E: a ratio of blood neutrophils/eosinophils 126 

OCS: oral corticosteroids 127 

PaCO2: partial pressure of carbon dioxide   128 

PaO2: partial pressure of oxygen 129 

PEF: peak expiratory flow 130 

PCT: procalcitonin 131 

pMDI, pressure metered dose inhaler 132 

Q1: first quartile 133 

Q3: third quartile 134 

RR: relative ratio 135 

RRadj: relative ratio after adjusting for confounders 136 

SE: standard error 137 

SABA: short-acting β2 agonists  138 

SAMA: short-acting muscarinic antagonists 139 

SARP: Severe Asthma Research Program 140 

sIgE: specific IgE  141 

SPT: skin prick tests 142 

TP: total protein 143 

TG: triglyceride 144 

  145 
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 147 

INTRODUCTION 148 

Assessment of asthma should incorporate measures of both current control and 149 

long-term or future risk, including asthma exacerbation (AE). In a real-world setting, 150 

exacerbations are recognized as acute episodes that cause loss of control and prompt 151 

a need for change in treatment1, 2. There have been important advances in asthma 152 

management, including the publication of guidelines incorporating evidence-based 153 

recommendations for the assessment and management of AEs3, 4. However, AEs 154 

remain a serious treatment challenge. They are a frequent cause of hospitalization or 155 

emergency room admission presentation5. Thus, AEs impose considerable suffering 156 

and patient burden and constitute a major and an additional burden on health care 157 

resources5. In 2016, the Global Burden of Disease collaboration estimated that there 158 

were approximately 420,000 deaths globally due to asthma6. Hence, AEs, 159 

particularly severe episodes, constitute a substantial ongoing cause for concern, and 160 

understanding of acute exacerbations in asthma is a major priority. 161 

Asthma is a heterogeneous airway disease. In recent years, there has been an 162 

increasing interest in the heterogeneity and phenotyping of asthma using cluster 163 

analysis in different asthma populations7. Cross-sectional cluster studies identified 164 

subsets of patients sharing clinical characteristics, and several studies involving 165 

cluster analysis of stable asthma have been published. For example, Haldar et al. 166 

first identified three clusters in patients with asthma8. Moore et al. found that 167 

baseline and maximum achievable lung function and age at onset of the disease 168 

explained approximately 80% of the discrepancies between five clusters identified in 169 

the Severe Asthma Research Program (SARP) study9. Furthermore, Bourdin et al. 170 

conducted a prospective longitudinal cohort study from the SARP using cluster 171 

analysis10. These studies have significantly advanced knowledge of stable asthma 172 

and have important implications for clinical practice.  173 

Although several clusters and risk factors associated with AEs have been 174 

identified by cluster analysis, there are few studies that have utilized cluster analysis 175 
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to identify the phenotypic profiles of patients hospitalized for AEs11. Sekiya et al. 176 

examined the clinical characteristics and heterogeneity of patients with severe or 177 

life-threatening AE by cluster analysis using responses to structured questionnaires, 178 

without including objective indicators (e.g., inflammatory biomarkers) and 179 

exploring important in-hospital outcomes (e.g., death, mechanical ventilation)12. 180 

Tanaka et al. performed a secondary analysis of Sekiya et al ’s data, using cluster 181 

analysis, to explore the patterns of factors preceding AEs in a real-world setting11, 12. 182 

Recently, Qiu et al. obtained parameters from patients recovering from an AE 183 

during hospitalization and identified five phenotypes13.  184 

To the best of our knowledge, few studies have grouped patients with an AE 185 

into different phenotypes immediately at hospital admission, and then validated 186 

those identified phenotypes associated with disease progression and risk of 187 

in-hospital adverse outcomes assessed for index hospitalization. Investigation of the 188 

heterogeneity of AE would help identify patients at increased risk of serious 189 

asthma-related adverse outcomes during hospitalization such as the need for 190 

mechanical ventilation, intensive care unit (ICU) admission, prolonged length of 191 

stay (LOS), death, and economic burden. Furthermore, recognizing heterogeneity 192 

among patients with AEs is essential to guide management and determine priorities 193 

for critical care, particularly with respect to potentially modifiable elements or 194 

“treatable traits” that impact adverse asthma-related outcomes14, 15. 195 

We hypothesized that groups of patients with asthma hospitalized for AEs 196 

would be defined based on sociodemographic, clinical, and inflammatory 197 

characteristics, and categorized based on their differences (or similarities) into 198 

clusters. The identified clusters would be associated with in-hospital outcomes 199 

assessed for index hospitalization, which may have potential implications for 200 

individualized management in clinical practice.  201 

 202 
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METHODS 203 

Study design and patients 204 

Adult participants (≥18 years) with a diagnosis of asthma and an unplanned 205 

hospitalization for an acute AE were prospectively and consecutively recruited from 206 

the inpatient department at the West China Hospital Center, Sichuan University, from 207 

January 2009 to April 2014. Asthma was determined by physicians based on 208 

diagnostic features of a history of both variable respiratory symptoms and variable 209 

airflow obstruction, which had been demonstrated in a stable phase before admission. 210 

Variable airflow obstruction was confirmed by evidence of either airway 211 

hyperresponsiveness or bronchodilator responsiveness with a more than 12% and 200 212 

mL increase in forced expiratory volume in one second (FEV1) from the baseline3. An 213 

initial cross-sectional assessment was conducted among consecutively enrolled 214 

patients to identify clusters or ‘phenotypes’ based on clinical and demographic 215 

features. These participants were prospectively observed until discharge or death, 216 

which was designed to explore these identified clusters in relation to asthma-related 217 

events assessed for index hospitalization. Treatments received by patients during the 218 

study were determined by their treating physicians. The study was reviewed and 219 

approved by the Institutional Review Board at West China Hospital, Sichuan 220 

University (Chengdu, China) (No. 425). All participants provided written informed 221 

consent prior to participation. Additional details on study design and patients are 222 

provided in the Online Repository Text.  223 

Data collection and clinical assessments at baseline 224 

The patients underwent a standardized assessment within 48 hours after 225 

admission that collected information regarding demographic characteristics, body 226 

mass index (BMI), smoking status, duration of asthma, and prehospital controller 227 

medications in the stable phase. The severity of the AE was classified in accordance 228 

with the proposed algorithm for management of AEs based on the Global Initiative 229 

for Asthma (GINA) guidelines3 (Figure E1, Table E4). Atopic status was identified 230 
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by either positive skin prick tests (SPT) or specific IgE (sIgE) level >0.35 kU/L in 231 

serum before admission when the participants were in the stable phase16. Systemic 232 

corticosteroid use in our study was defined and classified into two categories: 1) 233 

maintenance oral corticosteroids (OCS) (prehospital controller medication in the 234 

stable phase of asthma), or 2) rescue systemic corticosteroids (OCS or intravenous 235 

corticosteroid use for exacerbation within 7 days before hospital admission). 236 

Additional details on data collection and clinical assessments are provided in the 237 

Online Repository Text and Table E1. 238 

Inflammatory biomarkers and laboratory testing 239 

Arterial blood gas analysis, blood counts, immunology and inflammation tests, 240 

biochemistry, and sputum culture were performed immediately upon hospital 241 

admission. More details on the methods for these measurements are provided in the 242 

Online Repository Text. 243 

Management of asthma exacerbations in hospitalized patients 244 

As this was a “real-world” study, management was determined by the patients’ 245 

consulting physicians based on the GINA recommendations3 (Figure E1) . All 246 

included participants underwent a brief history, physical examination, and 247 

systematic assessments as recommended by the GINA guidelines3 (Table E3 and 248 

E4) . More details about the management of AEs are described in the Online 249 

Repository Text. 250 

Primary and secondary in-hospital outcomes  251 

To explore the associations of the identified clusters with the outcomes that 252 

occurred within the in-hospital period, all participants were followed up until 253 

discharge or death. The primary and secondary outcomes were restricted to 254 

in-hospital events. In particular, the primary outcomes were death, hospital LOS, 255 

and total direct hospitalization costs. The secondary outcomes included systemic 256 
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corticosteroid exposure, noninvasive and invasive mechanical ventilation, ICU 257 

admission, and length of ICU stay. 258 

Cluster and statistical analyses  259 

Additional details on the process of variable selection and statistical analysis 260 

are provided in the Online Repository Text. In total, 150 distinct variables were 261 

collected (Figure 1). Variables with missing data for >10% of participants (n=26) 262 

were excluded. For the remaining 124 variables, missing data were imputed using 263 

the multiple imputation method (multilevel and generalized linear regression)13. An 264 

exploratory factor analysis17, for continuous variables, or a multiple correspondence 265 

analysis18, for categorical variables, was performed on the remaining 42 variables to 266 

identify those variables that should be included in the cluster analysis. Finally, the 267 

following 11 variables were included in the cluster analysis: age, sex, age at asthma 268 

onset, atopic status, pack years (the number of cigarettes smoked per day×years of 269 

smoking), prehospital rescue OCS use for exacerbation, partial pressure of oxygen 270 

(PaCO2; mmHg), neutrophils and blood eosinophils (×109/L), and c-reactive protein 271 

(CRP; mg/L) and serum albumin (ALB; g/L).  272 

Cluster analysis was conducted by applying a two-step process. First, Ward’s 273 

minimum-variance hierarchical clustering method was performed using an 274 

agglomerative approach and Ward’s linkage19. Selected variables to construct the 275 

cluster model were standardized using z-scores. In recognition that clustering is 276 

dependent on user-defined inputs, we used an iterative approach over a range of 277 

clusters (3 clusters up to a maximum of 5 clusters) to define the optimal number of 278 

clusters to characterize the data. Calinski and Harabasz’s pseudo-F index was 279 

calculated and maximized to obtain the optimum number of clusters18-20. Then, 280 

K-means analysis was carried out using the prespecified number of clusters21. A 281 

decision tree algorithm was applied to all variables used in the cluster analysis to 282 

predict the cluster for each subject, and misclassification rates were calculated22, 23.  283 
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Categorical variables are summarized as frequencies and proportions. 284 

Continuous variables were tested for Gaussian distribution (Shapiro-Wilk test) and 285 

are expressed as mean and standard deviation or median and interquartile range 286 

(IQR). The difference between clusters for each variable was evaluated using 287 

analysis of variance (ANOVA) or Kruskal–Wallis test for continuous variables and 288 

the Chi-square test or Fisher’s exact test for categorical variables, as appropriate. 289 

Unless otherwise specified, when we found differences among clusters, the 290 

Bonferroni correction was used to explore whether the medians of the clusters 291 

differed significantly from each other.  292 

Subgroup analyses for primary and secondary in-hospital outcomes were 293 

performed, excluding the participants who did not receive the treatment algorithm 294 

indicated by the asthma guidelines. Furthermore, we used logistic regression models 295 

to evaluate the correlation between identified asthma phenotypes and in-hospital 296 

adverse outcomes before and after adjusting for BMI and Charlson comorbidity 297 

index (CCI). In addition, logistic regression models were performed to identify 298 

important risk factors related to adverse in-hospital outcomes, which were adjusted 299 

for age, sex, prehospital maintenance or rescue corticosteroid use, smoking, atopic 300 

status, BMI, and CCI.  301 

Two-tailed P values <0.05 were considered statistically significant. Statistical 302 

analysis was performed using SPSS (Version 23.0, IBM Corp., Armonk, NY, USA). 303 

RESULTS 304 

Subject characteristics  305 

Between January 2009 and April 2014, 874 participants were consecutively 306 

admitted to the hospital, of whom 825 were included in the cross-sectional study 307 

after excluding those for whom the asthma diagnosis was incorrect (n=23), or who 308 

were transferred to ICU (n=5), died (n=1), were discharged from the hospital within 309 

48 hours of admission (n=6), or had incomplete clinical data (n=14) (Figure 1). All 310 

recruited patients were followed up until death or discharge, regardless of whether 311 
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they received treatment in accordance with the GINA and Chinese asthma guideline3, 
312 

24. Some patients had contraindications to the use of systemic corticosteroids, such 313 

as epilepsy (n=1, 0.12%), active peptic ulcer (n=2, 0.24%), or gastrointestinal 314 

bleeding (n=2, 0.24%), but all of these patients received nebulized corticosteroids 315 

plus short-acting β2 agonists (SABA) and/or short-acting muscarinic antagonists 316 

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

included participants are shown in Table E2.  318 

Cluster profile 319 

According to Calinski and Harabasz’s pseudo-F index, three was the optimum 320 

number of clusters20. Thus, three distinct phenotypic clusters were identified (Table 1). 321 

Using stepwise discriminant analysis, the influential variables (i.e., the important 322 

predictors in clustering) for cluster assignment were early-onset asthma (F=17671.192, 323 

P<0.001), prehospital rescue OCS use for exacerbation (F=542.143, P<0.001), CRP 324 

level (F=56.466, P<0.001), blood neutrophils (F=36.078, P<0.001), partial pressure of 325 

oxygen (PaO2; F=10.852, P<0.001), age (F=9.039, P<0.001), and blood eosinophils 326 

(F=7.690, P<0.001). The other variables, including pack years (F=1.886, P=0.152), 327 

sex (F=1.600, P=0.203), and atopic status (F=0.200, P=0.818) did not contribute 328 

significantly to cluster assignment. The three clusters with distinct characteristics 329 

were identified as follows: 330 

Cluster 1: Late-onset asthma 331 

Cluster 1 was characterized by late-onset asthma (n=526) and had the greatest 332 

number of patients (63.8%) (Table 1). Participants in this cluster had a higher blood 333 

eosinophil count (0.11 [0.01, 0.32] ×109/L) than those in cluster 3 (0.02 [0, 0.20] 334 

×109/L; P<0.001) (Table 2). 335 

Cluster 2: Early-onset asthma  336 

This cluster had the fewest number of patients (n=97, 11.8%) (Table 1). A 337 

greater proportion of patients in cluster 2, than in clusters 1 and 3, had early-onset 338 

asthma (100% vs. 0% vs. 1.0%, P<0.001) and a family history of asthma (20.6% vs. 339 

9.9% vs. 10.4%, P=0.008). The participants in this cluster had the longest duration of 340 
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asthma (40.0 [30.0 50.0] years, P<0.001), and more eosinophils (0.10 [0.01, 0.28] 341 

×109/L) and basophils (0.02 [0.01, 0.03] ×109/L) than those in cluster 3 (0.02 [0, 0.20] 342 

×109/L; 0.02 [0.01, 0.02] ×109/L, respectively) (P<0.017) (Table 2). Furthermore, 343 

they had increased levels of CRP (11.10 [1.26, 32.60] mg/L) and interleukin(IL)-6 344 

(9.44 [7.08, 21.38] ng/L) than did those in cluster 1 (2.83 [0.50, 11.88] mg/L and 3.68 345 

[1.74, 8.66] ng/L, respectively) (all P<0.017) (Table 2). 346 

Cluster 3: Phenotype with fewer eosinophils and more comorbidities 347 

Cluster 3 included 202 (24.5%) patients and was characterized by older age, a 348 

high CCI, relatively more intense maintenance medications for anti-asthma drug use 349 

(inhaled corticosteroid [ICS]/long- acting β2 agonist [LABA], anticholinergic drugs, 350 

and theophylline) in the stable phase, and severe or life-threatening exacerbations 351 

(55.5%) (Table 1). Furthermore, compared with cluster 1, cluster 3 had a greater 352 

proportion of patients who used prehospital maintenance OCS (6.4%) and rescue OCS 353 

(74.3%) (P<0.001). In addition, patients in cluster 3 had elevated neutrophils (7.28 354 

[4.20, 10.99] ×109/L), CRP (12.95 [2.10, 46.48] mg/L), and IL-6 levels (9.36 [4.33, 355 

17.89] ng/L), but a lower blood eosinophil count (0.02 [0, 0.20] ×109/L), than those in 356 

cluster 1 (all P<0.017). Intriguingly, cluster 3 had distinctly increased high density 357 

lipoprotein cholesterol (HDL-C) levels (1.56 [1.26, 1.91] mmol/L) when compared 358 

with cluster 1 (1.43 [1.13, 1.74] mmol/L) (P=0.001). We found that there was a 359 

greater proportion of patients with a positive bacterial sputum culture in cluster 3 360 

(39.1%), than in cluster 1 (28.3%) and cluster 2 (22.7%) (P=0.004). Additionally, a 361 

higher proportion of patients with a positive fungus sputum culture was identified in 362 

cluster 3 (20.3%) than in cluster 1 (10.3%) (P<0.001). In our study, more patients in 363 

cluster 3 (14.4%) were found to have high levels of procalcitonin (PCT) (≥0.05 ng/mL) 364 

than in cluster 1 (6.5%) (P<0.005) (Table 2). 365 

In-hospital outcomes of prespecified clusters 366 

Patients in clusters 2 and 3 had an increased risk of in-hospital death than 367 

patients in cluster 1 (3.1% vs. 4.0% vs. 0.2%, P<0.001) (Table 3, Figure 2). 368 

Furthermore, there was an extended length of hospital stay for patients in cluster 3 369 
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than those in clusters 1 and 2 (11 [8, 15] vs. 10 [7, 13] vs. 9 [6, 13] days, P=0.003). 370 

Compared with patients in clusters 1 (9402.33 [6328.90, 13649.68] Chinese Yuan 371 

[CNY]) and 2 (9016.16 [4881.80, 15003.16] CNY), patients in cluster 3 (13481.57 372 

[7740.75, 26123.88] CNY) had higher direct costs for hospitalization (P<0.001) 373 

(Table 3, Figure 2).  374 

Patients in clusters 1 and 3 received a higher cumulative dosage of systemic 375 

corticosteroids within the first 7 days than those in cluster 2 (320 [280.0, 480.0] vs. 376 

332.0 [280.0, 480.0] vs. 280.0 [280.0, 386.7] mg, P=0.003) (Figure E2). The pattern 377 

of daily systemic corticosteroid dose over time was assessed using log-transformed 378 

means of daily systemic corticosteroid use after admission in each cluster, and showed 379 

an underlying quadratic trend (P<0.001), indicating that a significant drop in systemic 380 

steroid dosage was observed on day 4 after admission in all clusters (Figure E2). 381 

Moreover, the incidence of requirement for mechanical ventilation was higher in 382 

clusters 2 and 3 than in cluster 1 (11.3% vs. 23.8% vs. 4.9%, P<0.001). In addition, 383 

there was a greater proportion of patients in cluster 3 than in clusters 1 and 2 who 384 

experienced noninvasive ventilation (18.3% vs. 4.0% vs. 7.2%, P<0.001) and ICU 385 

admission (18.8% vs. 9.9% vs. 8.2%, P=0.002). This resulted in a distinctly extended 386 

stay in the ICU for individuals in cluster 3 than in the other clusters (cluster 3:80.0 387 

[19.3, 209.3] vs. cluster 1:21.0 [11.0, 61.5] vs. cluster 2: 36.5 [5.3, 97.5] hours, 388 

P<0.05) (Table 3, Figure 2). When the patients who did not receive the treatment in 389 

accordance with the asthma guidelines were excluded, the subgroup analysis indicated 390 

that the primary and secondary in-hospital outcomes across these three clusters 391 

remained the same (Table E5).  392 

Logistic regression analyses 393 

We further utilized multivariable logistic regression models to analyze the risk 394 

of death, ICU admission, and mechanical ventilation among the identified clusters 395 

(Figure E3). After adjusting for BMI and CCI, similar results were obtained (Figure 396 

3). Compared with cluster 1, cluster 2 (Relative ratioadj [RRadj][95% CI], 18.10 [1.85, 397 

176.66]) and cluster 3 (19.17 [2.37, 155.33]) were at a significantly increased risk of 398 
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in-hospital death. Moreover, the patients in cluster 2 (RRadj [95% CI], 2.56 [1.21, 399 

5.38]) and cluster 3 (5.71 [3.42, 9.54]) had a significantly increased risk of 400 

mechanical ventilation during hospitalization. Furthermore, cluster 3 had a higher 401 

risk of ICU admission (RRadj [95% CI], 2.14 [1.35, 3.38]), noninvasive ventilation 402 

(4.91 [2.77, 8.69]), and invasive ventilation (6.40 [3.13, 13.08]) than did cluster 1.  403 

We further explored the risk factors of adverse in-hospital outcomes related to 404 

AEs (Online Repository Text, Tables E6 and E7). 405 

Decision tree analysis 406 

We developed a tree diagram to predict cluster assignment of patients (Figure 4). 407 

Using only two variables, prehospital rescue use of OCS for exacerbation and age of 408 

onset (cut at age 12), 90.8% of patients could be assigned to the correct cluster. 409 

Accuracy of classification in the discriminant analysis was not improved if all 11 410 

variables used in cluster analysis were included. 411 

DISCUSSION 412 

To the best of our knowledge, this is the first study that used cluster analysis to 413 

group patients with an AE into different phenotypes immediately at hospital 414 

admission, and further validated the identified phenotypes associated with disease 415 

progression and in-hospital adverse outcomes assessed for index hospitalization. Here, 416 

we identified three phenotypes in patients with AEs in a real-world setting using 417 

cluster analysis: “late-onset,” “early-onset,” and a phenotype of “fewer eosinophils 418 

and increased comorbidities.” Of these three, the “fewer eosinophils and increased 419 

comorbidities” phenotype was significantly associated with worse in-hospital 420 

outcomes.  421 

Although Qiu et al. recently studied the heterogeneity of AEs requiring 422 

hospitalization, that study was significantly different from our current study13. The 423 

patients in Qiu et al.’s study were assessed from days 3 to 10 after hospital admission, 424 

when patients were no longer in the acute phase of an AE, and had moved to the 425 

recovery phase. Further, they excluded patients with “real-life” comorbidities such as 426 
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asthma-COPD overlap. Our study had relatively lenient inclusion and exclusion 427 

criteria, which included patients with comorbidities, as well as patients who 428 

eventually died, were admitted to the ICU, or who underwent mechanical ventilation. 429 

Therefore, the population in our study was more representative, as were the clinical 430 

data included in the analysis, in reflecting AEs in real-life settings. Our results 431 

identified three important clinical phenotypes of exacerbations, of which, the 432 

phenotype with fewer eosinophils and increased comorbidities had higher treatment 433 

requirements and the worst outcomes. Patients with this phenotype required more 434 

systemic glucocorticoids and mechanical ventilation, ICU admission, and had an 435 

extended hospital LOS, more direct hospitalization costs, and increased mortality. As 436 

this study was based on a real-world environment, patients with asthma-COPD 437 

overlap were not excluded. The participants in cluster 3 had some features resembling 438 

COPD, such as being older and having less eosinophilic inflammation and more 439 

comorbidities. However, the differences in outcomes between the phenotypes could 440 

not be completely attributed to COPD due to the lack of difference in the distribution 441 

of asthma-COPD overlap among the three clusters (cluster 1: 22.4% vs. cluster 2: 23.7% 442 

vs. cluster 3: 26.2%, P=0.555). As a novel addition to our cluster analyses, we 443 

developed a decision tree diagram using only two variables (prehospital rescue OCS 444 

for exacerbation and age of onset) and found that 90.8% of patients could be assigned 445 

to the correct cluster, indicating the implementation of these clusters in clinical 446 

practice. Our findings have important and clinically relevant implications for the 447 

management of patients hospitalized for AEs, such as detecting high-risk patients 448 

hospitalized for AE, judging prognosis, and identifying treatable traits.  449 

We conducted this study in a real-world setting to provide information 450 

representative of patients in clinical practice. All patients with AEs were 451 

consecutively recruited and included patients with comorbid conditions. Our 452 

subgroup analysis indicated that the primary and secondary in-hospital outcomes 453 

remained the same, when it was performed excluding the patients who did not 454 

receive the treatment algorithm indicated by asthma guidelines3. It should be noted 455 

that the patients excluded for this analysis were a very small proportion of the 456 
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overall study population; nonetheless, documented data on such patients are 457 

valuable for informing practice. In order to establish a comprehensive dataset and 458 

ensure adequate information that truly represents the characteristics in a real-world 459 

setting, we captured data on sociodemographics, medical history, preexisting 460 

conditions, and conditions at admission (as many as 150 variables were recorded 461 

initially), as well as multidimensional information to evaluate in-hospital outcomes. 462 

Collecting such data allowed us to be able to adjust for confounding factors that may 463 

have impacted the exposure or outcomes of interest. Furthermore, to ensure the 464 

reliability of our real-world study, the patients in our study were diagnosed, treated, 465 

and managed by qualified consulting physicians who received standardized clinical 466 

training in our hospital. Together, these strategies improve the clinical relevance and 467 

generalization of our results to clinical practice.  468 

A major consideration for us was how many variables were selected for the 469 

cluster analysis. If too many or too few variables are used, it is difficult to describe 470 

and interpret the profiles of clusters in a meaningful way. Some studies selected 471 

variables for cluster analysis in a subjective manner and were not transparent about 472 

their selection process. For example, a study of patients with asthma and depressive 473 

symptoms only included variables in the cluster analysis that were significantly 474 

different between patients with asthma who had depressive symptoms and those 475 

without depressive symptoms, which may have introduced some degree of 476 

subjectivity or selection bias25. Another study that explored how low-income 477 

patients with asthma were distributed across a cluster analysis reported that they 478 

only applied multicollinearity and similarity as criteria to determine the inclusion of 479 

variables26. In the current study, dimension-reduction techniques such as exploratory 480 

factor analysis and multiple correspondence analysis were utilized to reduce the 481 

number of variables entered into the analysis. In addition, the number of variables 482 

selected for clustering (n=11) was considered to be feasible for others seeking to 483 

reproduce these results27. Moreover, some systemic inflammation biomarkers that 484 

were included in the cluster analysis, such as blood neutrophils, eosinophils, CRP, 485 

and albumin, have previously been reported to be associated with asthma28-31.  486 
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Generally, peripheral blood eosinophil count has potential utility as a 487 

biomarker of eosinophilic airway inflammation and may predict a favorable 488 

response to corticosteroids32. Cluster 1 comprised patients with higher blood 489 

eosinophil counts and had a better prognosis. Although the patients in cluster 2 490 

exhibited similar blood eosinophilia counts as cluster 1, patients in cluster 2 had a 491 

worse prognosis, indicating that other factors modified in-hospital outcomes. We 492 

investigated this and found that the patients in cluster 2 exhibited blood neutrophilia, 493 

which indicated insensitivity to corticosteroids. Second, the patients in cluster 2 494 

exhibited relatively remarkable systemic inflammation, reflected in IL-6 and CRP 495 

levels. The association between failure to respond to corticosteroids and systemic 496 

inflammation has been demonstrated in other diseases. For example, Wine et al. 497 

reported that the steroid-sparing ability of anti-IL-6 antibodies in juvenile 498 

rheumatoid arthritis and elevated levels of IL-6 strongly predicted corticosteroid 499 

failure in acute severe ulcerative colitis33. These results are important and suggest 500 

that the steroid responsivity of blood eosinophilia can be modified by co-existing 501 

systemic neutrophilic inflammation, and may help explain the association between 502 

resistance to corticosteroids and systemic inflammation in asthma.  503 

Clinical researchers have proposed the deconstruction of asthma into individual 504 

traits that can be measured and modified (i.e., “treatable traits”)14. Increased 505 

eosinophilic inflammation in peripheral blood samples in asthma is associated with 506 

favorable responses to corticosteroids and an increased risk of exacerbations 507 

following corticosteroid withdrawal34-37. These findings suggest that a high blood 508 

eosinophil count represents a common “treatable trait” for asthma (treated with 509 

OCS). Therefore, identifying eosinophilic and neutrophilic inflammation and 510 

distinguishing eosinophilic from non-eosinophilic asthma may be useful for the 511 

prevention and treatment of AE. Patients in cluster 3 with fewer blood eosinophils 512 

may benefit more from targeting systemic neutrophilic inflammation and 513 

comorbidity rather than systemic eosinophilic inflammation. Neutrophilic 514 

inflammation, as a prominent feature of AE, has been linked to steroid resistance in 515 

individuals with asthma, which may explain why the patients in cluster 3, while 516 
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having been administered the highest amount of systemic corticosteroid during 517 

hospitalization, had the worst in-hospital prognosis38.  518 

It has been demonstrated that glucocorticoids are capable of downregulating the 519 

number of eosinophils by inducing eosinophil apoptosis in asthmatic patients39-42. 520 

However, glucocorticoids exert a protective effect on human neutrophil survival by 521 

delaying apoptosis43. These findings, combined with a higher proportion of 522 

prehospital OCS for maintenance and/or rescue use and a lower level of peripheral 523 

blood eosinophils in our patients in cluster 3, suggest that prehospital OCS use may 524 

be a factor in reducing blood eosinophils in cluster 3. However, patients in cluster 3 525 

had higher levels of IL-6 and CRP, which would not be explained by prehospital 526 

OCS use because glucocorticoids reduce the expression of IL-6 and CRP44. These 527 

results suggest that the increased blood neutrophils in cluster 3 that were 528 

disproportional to the decreased blood eosinophils, could be partly explained by the 529 

presence of non-type 2 inflammation in patients in cluster 3. Other strategies, such 530 

as targeting systemic neutrophilic inflammation and comorbidity, may improve the 531 

prognosis of patients in cluster 3 and should be further explored. 532 

Treatable traits have been demonstrated to be able to predict the future risk of 533 

asthma-related outcomes45, 46. In our study, blood neutrophils independently 534 

predicted an increased risk of in-hospital death, ICU admission, and mechanical 535 

ventilation. These results suggest that fewer eosinophils or more neutrophils as 536 

treatable traits may be associated with adverse in-hospital prognosis. In addition, we 537 

identified several different treatable traits among the three clusters, each of which is 538 

clinically relevant and modifiable, such as allergic status, medication adherence, 539 

comorbidity evaluated by the CCI, non-eosinophilic inflammation, and respiratory 540 

infection. Our analyses have provided important new knowledge in terms of 541 

identifying treatable traits of AE, at least in terms of adverse in-hospital outcomes. 542 

Identifying treatable traits that have a large impact on asthma outcomes informs the 543 

design of intervention studies that aim to improve in-hospital outcomes. Although 544 

the design of randomized controlled trials that aim to test the identified treatable 545 
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traits is complex, further prospective treatment studies to determine whether any 546 

traits are associated with an improved outcome are necessary. 547 

This study can inform and change management and treatment of AE by aiding 548 

in identifying high-risk patients, targeting high-risk factors and treatable traits, and 549 

providing future research directions. First, patients in cluster 3 had the worst 550 

in-hospital prognosis. Therefore, in clinical practice, we need to pay more attention 551 

to patients with the characteristics identified in cluster 3. Second, some clinical 552 

characteristics that differed between the three clusters can be treated as treatable 553 

traits or important inflammatory biomarkers, which may help improve patient 554 

outcomes. Third, the decision tree analysis from this study can help to identify 555 

clusters accurately and improve the clinical feasibility of our study. Fourth, this 556 

study also provides important information to guide future research on AE47. For 557 

example, patients with AEs in cluster 3 could be included in randomized controlled 558 

trials that explore the relationships of “treatable traits” with adverse in-hospital 559 

outcomes. 560 

Although we performed a prospective observational study in a real-world 561 

setting to identify and validate phenotypes in patients hospitalized for AEs and 562 

found a phenotype characterized by fewer eosinophils and more comorbidities that 563 

requires greater attention, there were some limitations that need to be addressed. 564 

First, we used blood eosinophil count as a substitute for sputum eosinophils to 565 

predict the eosinophilic phenotype. However, the accuracy of this approach has been 566 

confirmed48. Second, subjectivity of variable selection cannot be totally eliminated 567 

in cluster analysis, although a broad range of variables and objective statistical 568 

methods were applied. Third, measurements of airway obstruction and airway 569 

inflammation phenotype by sputum induction would be helpful for phenotyping and 570 

clustering, but is unavailable, especially for patients with severe or life-threatening 571 

AE, in clinical practice. Moreover, the cause of exacerbation, such as viral positivity, 572 

was not identified. Fourth, there may be recall bias in determining late- and 573 

early-onset asthma based on age at asthma onset, although several studies have 574 

asserted that self-reported age at asthma onset is of high fidelity49, 50. Finally, 575 
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identifying phenotypes of patients from a single center without validation in another 576 

population may limit the generalizability of the results. However, to some extent, 577 

findings from a real-world study are characterized by good external validity and 578 

generalizability51.  579 

CONCLUSION 580 

To the best of our knowledge, this is the first study to identify clusters in patients 581 

with AEs in a real-world setting, and conduct a prospective observational study to 582 

assess the importance of these prespecified clusters. As a result, we identified a 583 

late-onset phenotype, an early-onset phenotype, and a phenotype with fewer 584 

eosinophils and more comorbidities, the latter being significantly associated with 585 

worse in-hospital outcomes, including administration of systemic glucocorticoids, 586 

mechanical ventilation, ICU admission, longer hospital LOS, more direct 587 

hospitalization charges, and death. These findings have important implications for the 588 

individualized assessment and management of patients hospitalized for AEs in clinical 589 

practice.  590 

ACKNOWLEDGEMENTS 591 

We acknowledge the support of subject recruitment from Li Ma, Shan Shan Liu, 592 

Wei Jia Luo and Yan Yan Xia (West China Hospital, Sichuan University, Chengdu, 593 

China), and the advice of statistic analysis from De Ying Kang (West China 594 

Hospital, Sichuan University, Chengdu, China). Sources of Support: This study was 595 

supported by the National Natural Science Foundation of China (81900026, 596 

81920108002, 81870027, and 81670023), the National Key Development Plan for 597 

Precision Medicine Research (2017YFC091004), Science and Technology 598 

Foundation of Sichuan Province (No. 2018SZ0167).  599 

 600 

CONFLICT of INTEREST STATEMENT  601 

On behalf of all authors, the corresponding author states that there is no conflict of 602 

Jo
urn

al 
Pre-

pro
of



 22

interest. 603 

 604 

REFERENCES 605 

1. McFadden ER, Jr. Acute severe asthma. Am J Respir Crit Care Med 2003; 168:740-59. 606 

2. Molfino NA, Slutsky AS. Near-fatal asthma. Eur Respir J 1994; 7:981-90. 607 

3. Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention. 608 

2020. Available from www.ginasthma.org. Accessed August 2020. 609 

4. James DR, Lyttle MD. British guideline on the management of asthma: SIGN Clinical 610 

Guideline 141, 2014. Arch Dis Child Educ Pract Ed 2016; 101:319-22. 611 

5. Ramsahai JM, Hansbro PM, Wark PAB. Mechanisms and Management of Asthma 612 

Exacerbations. Am J Respir Crit Care Med 2019; 199:423-32. 613 

6. Global Asthma Network. The Global Asthma Report 2018. Available from: 614 

http://www.globalasthmareport.org/Global%20Asthma%20Report%202018.pdf. 615 

Accessed August 2020.  616 

7. Gauthier M, Ray A, Wenzel SE. Evolving Concepts of Asthma. Am J Respir Crit Care 617 

Med 2015; 192:660-8. 618 

8. Haldar P, Pavord ID, Shaw DE, Berry MA, Thomas M, Brightling CE, et al. Cluster 619 

analysis and clinical asthma phenotypes. Am J Respir Crit Care Med 2008; 178:218-24. 620 

9. Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X, et al. Identification of 621 

asthma phenotypes using cluster analysis in the Severe Asthma Research Program. Am 622 

J Respir Crit Care Med 2010; 181:315-23. 623 

10. Bourdin A, Molinari N, Vachier I, Varrin M, Marin G, Gamez AS, et al. Prognostic 624 

value of cluster analysis of severe asthma phenotypes. J Allergy Clin Immunol 2014; 625 

134:1043-50. 626 

11. Tanaka H, Nakatani E, Fukutomi Y, Sekiya K, Kaneda H, Iikura M, et al. Identification 627 

of patterns of factors preceding severe or life-threatening asthma exacerbations in a 628 

nationwide study. Allergy 2018; 73:1110-8. 629 

12. Sekiya K, Nakatani E, Fukutomi Y, Kaneda H, Iikura M, Yoshida M, et al. Severe or 630 

life-threatening asthma exacerbation: patient heterogeneity identified by cluster analysis. 631 

Clin Exp Allergy 2016; 46:1043-55. 632 

13. Qiu R, Xie J, Chung KF, Li N, Yang Z, He M, et al. Asthma Phenotypes Defined From 633 

Parameters Obtained During Recovery From a Hospital-Treated Exacerbation. J Allergy 634 

Clin Immunol Pract 2018; 6:1960-7. 635 

14. Agusti A, Bel E, Thomas M, Vogelmeier C, Brusselle G, Holgate S, et al. Treatable 636 

traits: toward precision medicine of chronic airway diseases. Eur Respir J 2016; 637 

47:410-9. 638 

15. Agusti A, Bafadhel M, Beasley R, Bel EH, Faner R, Gibson PG, et al. Precision 639 

medicine in airway diseases: moving to clinical practice. Eur Respir J 2017; 50. 640 

16. Schatz M, Rosenwasser L. The allergic asthma phenotype. J Allergy Clin Immunol 641 

Pract 2014; 2:645-8; quiz 9. 642 

17. Schatz M, Hsu JW, Zeiger RS, Chen W, Dorenbaum A, Chipps BE, et al. Phenotypes 643 

determined by cluster analysis in severe or difficult-to-treat asthma. J Allergy Clin 644 

Immunol 2014; 133:1549-56. 645 

Jo
urn

al 
Pre-

pro
of



 23

18. Sendin-Hernandez MP, Avila-Zarza C, Sanz C, Garcia-Sanchez A, Marcos-Vadillo E, 646 

Munoz-Bellido FJ, et al. Cluster Analysis Identifies 3 Phenotypes within Allergic 647 

Asthma. J Allergy Clin Immunol Pract 2018; 6:955-61.e1. 648 

19. Belhassen M, Langlois C, Laforest L, Dima AL, Ginoux M, Sadatsafavi M, et al. Level 649 

of Asthma Controller Therapy Before Admission to the Hospital. J Allergy Clin 650 

Immunol Pract 2016; 4:877-83. 651 

20. J CTH. A dendrite method for cluster analysis. Commun Stat Theory Methods 1974; 652 

3:1-27. 653 

21. Wu W, Bang S, Bleecker ER, Castro M, Denlinger L, Erzurum SC, et al. Multiview 654 

Cluster Analysis Identifies Variable Corticosteroid Response Phenotypes in Severe 655 

Asthma. Am J Respir Crit Care Med 2019; 199:1358-67. 656 

22. Baptist AP, Hao W, Karamched KR, Kaur B, Carpenter L, Song PXK. Distinct Asthma 657 

Phenotypes Among Older Adults with Asthma. J Allergy Clin Immunol Pract 2018; 658 

6:244-9.e2. 659 

23. Moore WC, Hastie AT, Li X, Li H, Busse WW, Jarjour NN, et al. Sputum neutrophil 660 

counts are associated with more severe asthma phenotypes using cluster analysis. J 661 

Allergy Clin Immunol 2014; 133:1557-63.e5. 662 

24. Chinese guideline for the prevention and management of bronchial asthma (Primary 663 

Health Care Version). J Thorac Dis 2013; 5:667-77. 664 

25. Seino Y, Hasegawa T, Koya T, Sakagami T, Mashima I, Shimizu N, et al. A Cluster 665 

Analysis of Bronchial Asthma Patients with Depressive Symptoms. Intern Med 2018; 666 

57:1967-75. 667 

26. Cabral AL, Sousa AW, Mendes FA, Carvalho CR. Phenotypes of asthma in low-income 668 

children and adolescents: cluster analysis. J Bras Pneumol 2017; 43:44-50. 669 

27. Weatherall M, Shirtcliffe P, Travers J, Beasley R. Use of cluster analysis to define 670 

COPD phenotypes. Eur Respir J 2010; 36:472-4. 671 

28. Wasserman SI. The role of neutrophils in asthma. Allergol Immunopathol (Madr) 1981; 672 

Suppl 9:35-6. 673 

29. Fahy JV. Eosinophilic and neutrophilic inflammation in asthma: insights from clinical 674 

studies. Proc Am Thorac Soc 2009; 6:256-9. 675 

30. Fu JJ, McDonald VM, Baines KJ, Gibson PG. Airway IL-1beta and Systemic 676 

Inflammation as Predictors of Future Exacerbation Risk in Asthma and COPD. Chest 677 

2015; 148:618-29. 678 

31. Picado C, Deulofeu R, Lleonart R, Agusti M, Casals E, Quinto L, et al. Lipid and 679 

protein metabolism in asthma. Effects of diet and corticosteroid therapy. Allergy 1999; 680 

54:569-75. 681 

32. Kostikas K, Brindicci C, Patalano F. Blood Eosinophils as Biomarkers to Drive 682 

Treatment Choices in Asthma and COPD. Curr Drug Targets 2018; 19:1882-96. 683 

33. Wine E, Mack DR, Hyams J, Otley AR, Markowitz J, Crandall WV, et al. Interleukin-6 684 

is associated with steroid resistance and reflects disease activity in severe pediatric 685 

ulcerative colitis. J Crohns Colitis 2013; 7:916-22. 686 

34. George L, Brightling CE. Eosinophilic airway inflammation: role in asthma and chronic 687 

obstructive pulmonary disease. Ther Adv Chronic Dis 2016; 7:34-51. 688 

Jo
urn

al 
Pre-

pro
of



 24

35. Pascoe S, Locantore N, Dransfield MT, Barnes NC, Pavord ID. Blood eosinophil counts, 689 

exacerbations, and response to the addition of inhaled fluticasone furoate to vilanterol in 690 

patients with chronic obstructive pulmonary disease: a secondary analysis of data from 691 

two parallel randomised controlled trials. Lancet Respir Med 2015; 3:435-42. 692 

36. Bafadhel M, Peterson S, De Blas MA, Calverley PM, Rennard SI, Richter K, et al. 693 

Predictors of exacerbation risk and response to budesonide in patients with chronic 694 

obstructive pulmonary disease: a post-hoc analysis of three randomised trials. Lancet 695 

Respir Med 2018; 6:117-26. 696 

37. Rank MA, Hagan JB, Park MA, Podjasek JC, Samant SA, Volcheck GW, et al. The risk 697 

of asthma exacerbation after stopping low-dose inhaled corticosteroids: a systematic 698 

review and meta-analysis of randomized controlled trials. J Allergy Clin Immunol 2013; 699 

131:724-9. 700 

38. Green RH, Brightling CE, Woltmann G, Parker D, Wardlaw AJ, Pavord ID. Analysis of 701 

induced sputum in adults with asthma: identification of subgroup with isolated sputum 702 

neutrophilia and poor response to inhaled corticosteroids. Thorax 2002; 57:875-9. 703 

39. Meagher LC, Cousin JM, Seckl JR, Haslett C. Opposing effects of glucocorticoids on 704 

the rate of apoptosis in neutrophilic and eosinophilic granulocytes. J Immunol 1996; 705 

156:4422-8. 706 

40. Bentley AM, Hamid Q, Robinson DS, Schotman E, Meng Q, Assoufi B, et al. 707 

Prednisolone treatment in asthma. Reduction in the numbers of eosinophils, T cells, 708 

tryptase-only positive mast cells, and modulation of IL-4, IL-5, and interferon-gamma 709 

cytokine gene expression within the bronchial mucosa. Am J Respir Crit Care Med 710 

1996; 153:551-6. 711 

41. Hauber HP, Gotfried M, Newman K, Danda R, Servi RJ, Christodoulopoulos P, et al. 712 

Effect of HFA-flunisolide on peripheral lung inflammation in asthma. J Allergy Clin 713 

Immunol 2003; 112:58-63. 714 

42. Miyamasu M, Misaki Y, Izumi S, Takaishi T, Morita Y, Nakamura H, et al. 715 

Glucocorticoids inhibit chemokine generation by human eosinophils. J Allergy Clin 716 

Immunol 1998; 101:75-83. 717 

43. Liles WC, Dale DC, Klebanoff SJ. Glucocorticoids inhibit apoptosis of human 718 

neutrophils. Blood 1995; 86:3181-8. 719 

44. Sin DD, Lacy P, York E, Man SF. Effects of fluticasone on systemic markers of 720 

inflammation in chronic obstructive pulmonary disease. Am J Respir Crit Care Med 721 

2004; 170:760-5. 722 

45. Busse WW. Treatable traits: a step closer to the "holy grail" of asthma control? Eur 723 

Respir J 2020; 55. 724 

46. McDonald VM, Hiles SA, Godbout K, Harvey ES, Marks GB, Hew M, et al. Treatable 725 

traits can be identified in a severe asthma registry and predict future exacerbations. 726 

Respirology 2019; 24:37-47. 727 

47. McDonald VM, Clark VL, Cordova-Rivera L, Wark PAB, Baines KJ, Gibson PG. 728 

Targeting treatable traits in severe asthma: a randomised controlled trial. Eur Respir J 729 

2020; 55. 730 

Jo
urn

al 
Pre-

pro
of



 25

48. Zhang XY, Simpson JL, Powell H, Yang IA, Upham JW, Reynolds PN, et al. Full blood 731 

count parameters for the detection of asthma inflammatory phenotypes. Clin Exp 732 

Allergy 2014; 44:1137-45. 733 

49. Torén K, Palmqvist M, Löwhagen O, Balder B, Tunsäter A. Self-reported asthma was 734 

biased in relation to disease severity while reported year of asthma onset was accurate. J 735 

Clin Epidemiol 2006; 59:90-3. 736 

50. Pattaro C, Locatelli F, Sunyer J, de Marco R. Using the age at onset may increase the 737 

reliability of longitudinal asthma assessment. J Clin Epidemiol 2007; 60:704-11. 738 

51. Zuidgeest MGP, Goetz I, Groenwold RHH, Irving E, van Thiel G, Grobbee DE. Series: 739 

Pragmatic trials and real world evidence: Paper 1. Introduction. J Clin Epidemiol 2017; 740 

88:7-13. 741 

  742 

Jo
urn

al 
Pre-

pro
of



 26

Tables 

Table 1. Demographic and clinical characteristics of the included patients with acute asthma 

grouped by cluster analysis. 
Baseline characteristics Cluster 1 Cluster 2 Cluster 3 P value 

n 526 97 202  

Age, years, median (Q1,Q3)  
55.0 (44.0, 

65.0) 
48.0 (40.5, 58.5)†† 

58.0 (44.0, 

68.0)***  
<0.001 

Female, n (%) 315 (59.9) 66 (68.0) 131 (64.9) 0.202 

BMI, kg/m2 , median 

(Q1,Q3) 

22.65 (20.59, 

25.71) 

21.64 (19.53, 

25.39) 

23.95 (21.33, 

25.75) 
0.240 

Pack years, median (Q1,Q3) 

‡‡‡ 
0 (0, 60) 0 (0, 0) 0 (0, 80) 0.185 

Atopic status, n (%)  223 (42.4) 43 (44.3) 82 (40.6) 0.818 

Family history of asthma, n 

(%) 
52 (9.9) 20 (20.6)†† 21 (10.4)* 0.008 

Asthma duration, years, 

median (Q1,Q3) 
7.0 (2.0, 20.0) 

40.0 (30.0 , 

50.0)††† 

10.0 (5.0, 

20.0)†††***  
<0.001 

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 (44.1)†††** <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 

exacerbations, n (%) #  
6 (1.1) 18 (18.6)††† 150 (74.3)†††***  <0.001 

Asthma exacerbation 

severity, n (%)‡‡ 
    

Mild to moderate 327 (62.2) 54 (55.7)†† 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 

(CCI), median (Q1,Q3) 
1.0 (0, 3.0) 1.0 (0, 2.0) 2.0 (0, 3.0)†**  0.003 

Arterial blood gas, median 

(Q1,Q3) ‡ 
    

pH 
7.40 (7.37, 

7.42) 
7.40 (7.37, 7.43) 7.40 (7.37, 7.44) 0.876 

PaCO2, mmHg* 
40.21 (35.00, 

47.23) 

41.30 (34.98, 

50.12) 

41.51 (35.56, 

54.18) 
0.085 

PaO2, mmHg 75.50 (65.35, 71.09 (60.70, 80.00 (65.85, 0.118 
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87.85) 97.50) 95.35) 

BMI: body mass index; ICS, inhaled corticosteroid; LABA, long-acting β2 agonist; OCS, oral 

corticosteroids; PaCO2: partial pressure of carbon dioxide; PaO2: partial pressure of oxygen; Q1, 

first quartile; Q3, third quartile; SABA, short-acting β2 agonist. 
† 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 
# Rescue OCS use for exacerbation within 7 days before hospital admission 
‡ Within the first 48 h of hospitalization 
‡‡ The severity of asthma exacerbations classified as mild to life-threatening was defined based on 

the GINA guidelines according to the patients’ deterioration of symptoms and/or expiratory airflow 

(Table E4) 
‡‡‡ Pack years: the number of cigarettes smoked per day × years of smoking 
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Table 2. Clinical characteristics of the included patients 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, ×109/L, 

median (Q1,Q3) 
7.20 (5.66, 9.62) 

8.49 (6.72, 

11.40)†† 

8.92 (6.41, 

12.43)††† 
<0.001 

Neutrophils, ×109/L, 

median (Q1,Q3)  
4.91 (3.50, 7.44) 

6.43 (4.42 , 

9.53)††† 

7.28 (4.20, 

10.99)†††  
<0.001 

Neutrophils, %, 

median (Q1,Q3) 

70.80 (59.75, 

81.74) 

76.35 (65.22, 

85.29)†† 

80.03 (67.98, 

90.54)†††  
<0.001 

Eosinophils, ×109/L, 

median (Q1,Q3) 
0.11 (0.01, 0.32) 0.10 (0.01, 0.28) 0.02 (0, 0.20)†††** <0.001 

Eosinophils, %, 

median (Q1,Q3) 
1.92 (0.13, 5.19) 1.40 (0.10, 3.44) 0.26 (0, 2.80)†††** <0.001 

Eosinophils ≥300/μL, 

n (%) 
140 (26.6) 21 (21.6) 32 (15.8)†† 0.008 

Lymphocytes, ×109/L, 

median (Q1,Q3) 
1.38 (0.95, 1.83) 1.10 (0.77, 1.99) 

1.07 (0.61, 

1.84)†††  
<0.001 

Lymphocytes, %, 

median (Q1,Q3) 

19.03 (12.01, 

27.55) 

15.99 (8.73, 

23.15)†† 

13.24 (6.49, 

23.44)††† 
<0.001 

Basophils, ×109/L, 

median (Q1,Q3) 
0.02 (0.01, 0.03) 0.02 (0.01, 0.03) 

0.01 (0.01, 

0.02)†††* 
0.001 

Basophils, %, median 

(Q1,Q3) 
0.22 (0.11, 0.43) 0.19 (0.11, 0.33) 

0.13 (0.07, 

0.25)†††** 
<0.001 

Clinical immunology and 

inflammation‡ 
    

CRP, mg/L, median 

(Q1,Q3)  
2.83 (0.50, 11.88) 

11.10 (1.26, 

32.60)††† 

12.95 (2.10, 

46.48)††† 
<0.001 

PCT ≥0.05 ng/mL, n 

(%)‡ 
34 (6.5) 7 (7.2) 29 (14.4) †† 0.003 

IgE, IU/mL median 

(Q1,Q3) 

53.16 (22.11, 

157.4) 
21.43 (0, 42.87) 

36.66 (8.07, 

69.02) 
0.115 

IL-6, ng/L, median 

(Q1,Q3) 
3.68 (1.74, 8.66) 

9.44 (7.08, 

21.38) 

9.36 (4.33, 

17.89)† 
0.002 

Sputum culture‡     

Bacteria, n (%) 149 (28.3) 22 (22.7) 79 (39.1)†**  0.004 

Fungus, n (%) 54 (10.3) 16 (16.5) 41 (20.3)†† 0.001 

Biochemistry, median 

(Q1,Q3)‡ 
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TP, g/L 
67.60 (63.20, 

73.10) 

67.10 (62.25, 

74.75) 

67.15 (61.65, 

72.85) 
0.638 

ALB, g/L 
41.60 (38.30, 

44.50) 

41.60 (37.75, 

44.70) 

39.95 (37.10, 

43.43)†† 
0.016 

GLB, g/L 
26.20 (23.40, 

29.90) 

26.70 (22.30, 

31.15) 

26.30 (23.00, 

30.98) 
0.750 

TG, mmol/L 1.06 (0.75, 1.51) 1.15 (0.77, 1.66) 1.13 (0.77, 1.59) 0.339 

CHOL, mmol/L 4.39 (3.71, 5.09) 4.33 (3.53, 5.02) 4.44 (3.78, 5.25) 0.596 

LDL-C, mmol/L 2.46 (1.94, 3.01) 2.43 (1.77, 2.85) 2.37 (1.73, 2.97) 0.272 

HDL-C, mmol/L 1.43 (1.13, 1.74) 1.40 (1.10, 1.90) 
1.56 (1.26, 

1.91)††  
0.004 

ALB, albumin; CRP, c-reactive protein; CHOL; cholesterol; GLB, globulin; HDL-C, high density 

lipoprotein cholesterol; IL, interleukin; LDL-C, low-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 correction 
*P<0.017, ** P<0.005, *** P<0.001 vs. cluster 2, with the Bonferroni correction 
‡ Within the first 48 h of hospitalization 
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Table 3. Primary and secondary in-hospital outcomes of all 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 

Direct cost for 

hospitalization, CNY 

9402.33 

(6328.9, 

13649.68) 

9016.16 

(4881.8, 

15003.16) 

13481.57 

(7740.75, 

26123.88)†††

***  

<0.001 

Secondary in-hospital 

outcomes 
    

Systemic corticosteroid 

use within the first 7 days 

(methylprednisolone dose 

equivalent, mg)‡ 

320.0 

(280.0, 

480.0) 

(n=523) 

280.0 (280.0, 

386.7) (n=96) 

332.0 (280.0, 

480.0)††* 

(n=201) 

0.003## 

Mechanical ventilation, n 

(%) 
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) 25 (12.4)†††  <0.001 

ICU admission, n (%) 52 (9.9) 8 (8.2) 38 (18.8)††* 0.002 

ICU stay, h# 
21.0 (11.0, 

61.5) 
36.5 (5.3, 97.5) 

80.0 (19.3, 

209.3)† 
0.021 

CNY, Chinese Yuan; ICU, intensive care unit; LOS, length of stay.  

Data are not normally distributed and presented as median (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 
##One-way ANOVA was used after log transformations; Least—Significant Difference (LSD) 

was used as post hoc tests with a 0.05 significance level 
‡The patients without contraindication of systemic corticosteroids including active peptic ulcer 

or gastrointestinal bleeding. No significant difference was shown in the numbers of patients in 

this analysis among the 3 clusters (Fisher’s exact test value=0.642. P=1.000). 
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Figure legends 764 

Figure 1. Flowchart of study.  765 

Figure 2. Radar charts representing the patients’ characteristics, and the primary and 766 

secondary in-hospital outcomes in cluster 1 (blue), cluster 2 (yellow), and cluster 3 767 

(red). ALB, albumin; CRP, C-reactive protein; ICU, intensive care unit; IV, invasive 768 

ventilation; MV, mechanical ventilation; NV, noninvasive ventilation; OCS, oral 769 

corticosteroids; PaCO2, partial pressure of carbon dioxide; prehospital OCS, 770 

prehospital OCS for exacerbation. 771 

Figure 3. Correlations of three identified clusters with (A) mortality, (B) intensive 772 

care unit (ICU) admission, (C) mechanical ventilation, (D) noninvasive ventilation, 773 

and (E) invasive ventilation; logistic regression analysis, with cluster 1 as the 774 

reference, after adjusting for BMI and CCI. BMI, body mass index; CCI, Charlson 775 

comorbidity index; CI, confidence interval; RRadj, relative ratio after adjusting for 776 

BMI and CCI. 777 

Figure 4. Tree analysis and misclassification of predicted clinical cluster assignment. 778 

Patients were assigned to the three clusters using two variables: prehospital rescue 779 

OCS for exacerbation and age of onset (cut at age 12). Percent of patients correctly 780 

assigned to each cluster is indicated within each shape. Individual figure size is 781 

proportional to the frequency of a specific cluster. OCS, oral corticosteroids. 782 Jo
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