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Purpose: There is an unmet clinical need for an accurate and objective diagnostic tool for early detection of acute exacerbation of 
chronic obstructive pulmonary disease (AECOPD). DETECT (NCT03556475) was a multicenter, observational, cross-sectional study 
aiming to develop and validate multivariable prediction models for AECOPD occurrence and severity in patients with chronic 
obstructive pulmonary disease (COPD) in China.
Patients and Methods: Patients aged ≥40 years with moderate/severe COPD, AECOPD, or no COPD were consecutively enrolled 
between April 22, 2020, and January 18, 2021, across seven study sites in China. Multivariable prediction models were constructed to 
identify AECOPD occurrence (primary outcome) and AECOPD severity (secondary outcome). Candidate variables were selected 
using a stepwise procedure, and the bootstrap method was used for internal model validation.
Results: Among 299 patients enrolled, 246 were included in the final analysis, of whom 30.1%, 40.7%, and 29.3% had COPD, 
AECOPD, or no COPD, respectively. Mean age was 64.1 years. Variables significantly associated with AECOPD occurrence (P<0.05) 
and severity (P<0.05) in the final models included COPD disease-related characteristics, as well as signs and symptoms. Based on cut- 
off values of 0.374 and 0.405 for primary and secondary models, respectively, the performance of the primary model constructed to 
identify AECOPD occurrence (AUC: 0.86; sensitivity: 0.84; specificity: 0.77), and of the secondary model for AECOPD severity 
(AUC: 0.81; sensitivity: 0.90; specificity: 0.73) indicated high diagnostic accuracy and clinical applicability.
Conclusion: By leveraging easy-to-collect patient and disease data, we developed identification tools that can be used for timely 
detection of AECOPD and its severity. These tools may help physicians diagnose AECOPD in a timely manner, before further disease 
progression and possible hospitalizations.
Keywords: chronic obstructive pulmonary disease, acute exacerbation, prediction model, diagnosis

Plain Language Summary
Chronic obstructive pulmonary disease causes breathing-related problems and airflow blockage. As the disease progresses, patients 
often experience worsening of symptoms in a process called exacerbation. Exacerbation can lead to poorer quality of life and even 
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hospitalization. Physicians can better manage the disease if exacerbations are detected early. However, it is difficult for physicians 
to always detect exacerbations early because hospitals and medical centres sometimes lack accurate and objective measurement 
tools.

In this study, Yin et al developed two measurement tools to help physicians detect and manage exacerbations in their patients with 
COPD. The first tool indicates whether a patient is experiencing an exacerbation, using information on disease-related history, and 
current signs and symptoms. The second tool indicates whether the patient has a severe exacerbation, using information on previous 
exacerbations, as well as current disease-related symptoms.

Physicians can better manage chronic obstructive pulmonary disease by using these measurement tools to detect exacerbations 
early on, which can help to prevent substantial worsening of the disease.

Introduction
Chronic obstructive pulmonary disease (COPD), characterized by persistent airflow limitation and chronic respiratory 
symptoms, is one of the leading causes of morbidity and mortality globally.1 In China, COPD affects close to 100 million 
individuals (13.6% of adults aged ≥40 years),2 and was identified as one of the top three causes of disability-adjusted life- 
years in 2017.3 COPD exacerbations are part of the natural course of the disease and are defined as an acute worsening of 
respiratory symptoms that result in a need for additional therapy.4 A meta-analysis of seven randomized controlled trials 
comprising 18,746 patients reported nearly one-quarter of patients with COPD experienced ≥1 severe exacerbation in the 
previous year;5 in China, patients with COPD experience 0.5–3.5 episodes of an acute exacerbation of COPD (AECOPD) 
annually.6 Acute exacerbations may enhance disease progression and are major drivers of economic burden. Among 
patients in China who were hospitalized for AECOPD, long-term mortality was 37.2%.7 The mean per capita expenditure 
for AECOPD increased from 3,472 USD to 4,538 USD between 2009 and 2017.8 Given that there is a limited window of 
time between exacerbation onset and possible hospitalization, early detection and intervention for AECOPD are crucial 
to improve disease prognosis.9

There are several challenges in detecting AECOPD, particularly in primary healthcare settings in China, leading to 
frequent misdiagnoses and missed diagnoses. These include: 1) there exists a lack of objective measurements, and 
diagnosis relies largely on clinical symptoms and the types of healthcare resources used;10 2) spirometry is currently the 
most reproducible and objective method of measuring airflow limitation,1 but many community hospitals in China lack 
access to spirometry equipment;11 3) comorbidities are common in patients with COPD,6 which may enhance the 
challenge of differential diagnosis; 4) there is a low level of COPD-specific knowledge among physicians in primary 
hospitals;12 and 5) patients may lack COPD awareness and a formal COPD diagnosis.2

There is a clear unmet clinical need for an accurate and objective diagnostic tool for early detection of AECOPD. 
Most existing models are predictive of future exacerbations, but do not detect current exacerbations.13 One diagnostic 
tool that captures exacerbation frequency, severity and duration using a patient-reported daily symptom diary is the 
exacerbations of chronic pulmonary disease tool (EXACT); however, this tool fails to detect up to two-thirds of clinically 
important outpatient COPD exacerbations.14 To address this gap, the DETECT study (NCT03556475) aimed to develop 
and validate multivariable diagnostic models to identify AECOPD in patients diagnosed with COPD and non-COPD 
patients who present with respiratory symptoms (primary objective), and severe AECOPD in patients diagnosed with 
AECOPD (secondary objective) in community hospitals across China. Development of an AECOPD identification tool 
using independent variables that are easy to obtain in the clinic setting will help to address the challenges currently faced 
in China’s primary healthcare settings, as well as the urgent global need for early AECOPD detection and improved 
disease intervention.1

As a prerequisite to the study, a literature search (to December 31, 2016) was conducted through PubMed, Embase, 
Ovid, Science Direct and Web of Science. Search terms included (“COPD” or “chronic obstructive pulmonary diseases” 
or “AECOPD”) AND (“diagnosis” or “diagnostic” or “screen”), and the search field was limited to the article title. Of 
523 studies screened, 108 full-text study publications were accessed and reviewed for potential candidate variables to use 
in development of the multivariable prediction models. These variables were reviewed and verified by respiratory experts 
in China before application to the present study.
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Methods
Study Design and Population
DETECT was an observational, multicenter, cross-sectional study conducted in seven tertiary hospitals with respiratory 
experts across six regions of China (Eastern, Southern, Northern, Central, Western and Northeastern regions). Patients 
were consecutively enrolled between April 22, 2020 and January 18, 2021. Key eligibility criteria were: 1) ≥40 years of 
age; 2) diagnosed with moderate/severe stable COPD (with a diagnosis of COPD, predicted ratio of forced expiratory 
volume in 1 second [FEV1]/forced vital capacity [FVC]< 0.7, and FEV1< 0.8 predicted), AECOPD (with a diagnosis of 
COPD, predicted ratio of FEV1/FVC< 0.7, and consulted the outpatient clinic or emergency department due to acute 
worsening of respiratory symptoms with an AECOPD diagnosed by more than two clinical experts), or no COPD (with 
chronic respiratory symptoms including cough, sputum, wheeze, and dyspnea, and ≥2 high-risk factors including 
symptoms, exposure, health history, and recent history of respiratory event) per Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) 2017 criteria.15 Full inclusion and exclusion criteria can be found in Table S1. 
COPD exacerbation was defined as worsening of ≥2 major symptoms or 1 major and ≥1 minor symptom for ≥2 
consecutive days (or 1 day for very rapid symptom development); major symptoms include dyspnea, increase in sputum 
volume, and increase in sputum color/purulence, and minor symptoms include sore throat, nasal discharge and/or 
congestion, fever without other cause, increased cough, and increased wheeze. Mild exacerbations were defined as 
having symptoms that did not require hospitalization, systemic steroids, or antibiotics for ≥3 days; moderate exacerba
tions were defined as having symptoms that required systemic corticosteroids and/or antibiotics for ≥3 days but did not 
require hospitalization or >24 hours in the emergency department; severe exacerbations were defined as having 
symptoms that required hospitalization (including >24 hours in the emergency department).

Considering a 20% margin for incomplete data and estimated two-sided 95% confidence interval (CI) widths of 0.191 
and 0.155 that were based on sensitivity and specificity of 0.70 for internal validation, we aimed to enroll 300 patients, 
including 90 non-COPD patients with high-risk factors, 90 moderate-to-severe COPD patients, and 120 AECOPD 
patients (60 mild/moderate, and 60 severe). At a face-to-face visit, information on patient demographics, signs and 
symptoms, disease and medication history, and health status were collected. Laboratory and spirometry tests were not 
mandatory, but data were collected if available. The data obtained by respiratory physicians were collected through case 
report forms, medical records, and patient-reported outcome (PRO) questionnaires. The study was designed and 
conducted in accordance with the Declaration of Helsinki, International Conference on Harmonization Good Clinical 
Practices, Good Pharmacoepidemiology Practices, and the study was approved by the Ethics Committee of The First 
Hospital of China Medical University (Reference number [2018] 2018–153-2). Written informed consent was obtained 
from patients prior to study initiation. The study findings were reported in accordance with the guidelines for Transparent 
Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD).

Outcomes and Variables
For the primary objective, the outcome was the occurrence of AECOPD (ie occurrence versus no occurrence). For the 
secondary objective, the outcome was AECOPD severity (ie severe versus mild/moderate AECOPD). Potential candidate 
variables identified from the literature search that had >10% missing data were not considered (excluding variables such 
as drug use, comorbidities, and event-type variables, where missing data were interpreted, for example, as no drug use or 
no event). The full lists of candidate variables are shown in Tables S2 and S3.

Statistical Analyses
The full analysis set (FAS) comprised patients who fulfilled the inclusion/exclusion criteria with complete information 
for all candidate variables. Multivariable prediction models were used to construct the identification tools for AECOPD 
occurrence and AECOPD severity. For the development of the prediction model for AECOPD occurrence (primary 
outcome), all patients in the FAS (which comprised patients with stable COPD, AECOPD, or no COPD) were included in 
the analysis. For the development of the prediction model for AECOPD severity (secondary outcome), only patients with 
AECOPD were included. For each study outcome, three training models were built as the source of apparent 
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performances. Performance measures used were the Akaike information criterion (AIC), Bayesian information criterion 
(BIC), adjusted R2 and area under the receiver operating characteristic curve (AUC); a smaller AIC or BIC score, and 
a higher adjusted R2 or AUC were desirable. A stepwise procedure was used to select candidate variables with 
significance levels <0.15 to enter the model, and <0.20 to stay in the model for multivariate analysis. Stepwise logistic 
regression is commonly used for variable selection16 and this method was prespecified during the study design. Age and 
sex were forced to stay in the model for the primary outcome; age, sex, and most recent exacerbation in the past 12 
months were forced to stay in the model for the secondary outcome. The bootstrap method, which is recommended for 
optimism and overfitting correction,17 was subsequently used for internal model validation, and this procedure was 
repeated until sensitivity and specificity >0.70 was reached. Cut-off values, that is, the value that maximizes the Youden 
index (sensitivity + specificity – 1), were calculated to support the clinical utility of both AECOPD occurrence and 
AECOPD severity prediction models. Individual scores were derived using the logistic regression equations of the most 
optimal models. The study followed relevant statistical guidance.18 All statistical analyses were carried out on non- 
missing data using SAS version 9.4. Missing data were handled using a complete-case approach and data were not 
imputed unless otherwise specified. For categorical variables, unknown and missing data were presented as a separate 
category, with the denominator excluding unknown or missing values as appropriate.

Results
Patient Demographics and Baseline Characteristics
Of the 302 patients screened, two did not meet inclusion/exclusion criteria and one patient withdrew consent. A total of 
299 patients were enrolled in the study, and 246 patients were included in the FAS (Figure 1). Baseline characteristics of 
patients in the FAS are presented in Table 1. Briefly, 74 (30.1%) patients had COPD, 100 (40.7%) patients had AECOPD, 
and 72 (29.3%) had no COPD. Among those who had AECOPD, 48 (48.0%) were mild/moderate while 52 (52.0%) were 
severe (Table S4). Mean (standard deviation [SD]) age was 64.1 (9.6) years and most patients were male (n=211, 85.8%); 
126 (51.2%) had exacerbations in the past 12 months, and 12 (4.9%), 33 (13.4%), and 91 (37.0%) patients had 
exacerbations resulting in ≥1 emergency room treatment, hospitalization, and outpatient treatment, respectively.

Patient Core Symptoms
Among patients in the FAS, those with COPD or AECOPD had the highest severity scores (1.8–3.0) for breathing difficulty, 
shortness of breath, sputum evaluation and difficulty, and cough evaluation (Figure 2). COPD assessment test (CAT) 
symptoms with the highest severity scores (2.0–3.0) were breathlessness, phlegm, and being limited when performing 
household activities (Figure 3). For non-COPD patients, symptoms with highest severity scores (1.9–2.1) were related to 

246 patients included in FAS

299 patients enrolled

302 patients screened

COPD (n=74)

2 patients failed screening
1 patient withdrew consent

53 patients excluded from FAS
(based on inclusion/exclusion
criteria or incomplete data for

candidate variables)

Non-COPD (n=72)AECOPD (n=100)

Figure 1 Flow of participants through the study. 
Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary disease; COPD, chronic obstructive pulmonary disease; FAS, full analysis set.
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Table 1 Patient Demographics and Baseline Characteristics (FAS)

COPD  
(N=74)

AECOPD 
(N=100)

Non-COPD 
(N=72)

Total  
(N=246)

Male, n (%) 66 (89.2) 87 (87.0) 58 (80.6) 211 (85.8)

Age (years), mean±SD 66.4±8.3 67.1±8.14 57.6±9.7 64.1±9.6

Asian, n (%) 74 (100.0) 100 (100.0) 72 (100.0) 246 (100.0)
Exposure to noxious gas/particles for >3 months, n (%)a

None 63 (85.1) 91 (91.0) 48 (66.7) 202 (82.1)

Dust 8 (10.8) 4 (4.0) 17 (23.6) 29 (11.8)
Harmful gas 0 4 (4.0) 6 (8.3) 10 (4.1)

Biofuels 3 (4.1) 0 1 (1.4) 4 (1.6)
Others 0 0 0 0

Missingb 0 1 (1.0) 0 1 (0.4)

Nicotine usage, n (%)
Never 12 (16.2) 24 (24.0) 25 (34.7) 61 (24.8)

Current 23 (31.1) 24 (24.0) 27 (37.5) 74 (30.1)

Former 39 (52.7) 52 (52.0) 20 (27.8) 111 (45.1)
Missingb 0 0 0 0

Number of cigarette pack years, mean±SD (n) 383.5±181.9 (61) 385.3±191.5 (76) 335.3±146.6 (47) 372.0±178.2 (184)

Vital signs, mean±SD
Respiratory rate (breaths/min) 17.9±2.5 19.8±2.4 18.0±2.4 18.7±2.6

BMI (Kg/m2) 22.8±2.7 22.1±3.2 23.7±3.3 22.8±3.1

Spirometry test, mean±SD (n)
FEV1 (L) 1.3±0.5 (39) 1.2±0.5 (36) 2.3±0.9 (24) 1.5±0.8 (99)

FEV1/FVC ratio (%) 53.5±14.7 (39) 50.0±10.4 (36) 70.6±15.4 (24) 56.4±15.7 (99)

FEV1% predicted 49.5±16.1 (39) 44.6±16.6 (36) 76.8±28.4 (24) 54.3±23.6 (99)
PEF (L/min) 210.6±124.4 (35) 176.4±103.0 (36) 344.6±195.2 (23) 230.8±152.6 (93)

Respiratory disease history in the past 12 months
Most recent exacerbation (yes), n (%) 48 (64.9) 78 (78.0) 0 126 (51.2)
Number of exacerbations, mean±SD (n) 1.5±1.0 (48) 1.8±1.3 (78) - 1.7±1.2 (126)

Number of exacerbations resulting in ≥1 emergency room 

treatment, mean±SD (n)

1.7±1.2 (6) 2.2±1.5 (6) - 1.9±1.3 (12)

Number of exacerbations resulting in ≥1 hospitalization, mean 

±SD (n)

1.1±0.4 (7) 1.5±1.14 (26) - 1.5±1.0 (33)

Number of exacerbations resulting in ≥1 outpatient 
treatment, mean±SD (n)

1.3±0.7 (34) 1.4±0.92 (57) - 1.4±0.8 (91)

Other respiratory diagnoses, n (%)
Any allergy 0 12 (12.0) 5 (6.9) 17 (6.9)
Bronchiectasis 16 (21.6) 16 (16.0) 1 (1.4) 33 (13.4)

Obstructive chronic bronchitis 16 (21.6) 24 (24.0) 5 (6.9) 45 (18.3)

Asthma 17 (23.0) 26 (26.0) 16 (22.2) 59 (24.0)
Allergic rhinitis 6 (8.1) 10 (10.0) 9 (12.5) 25 (10.2)

Time of onset of symptoms, n (%)
Morning symptoms 37 (50.0) 35 (35.0) 24 (33.3) 96 (39.0)
Night symptoms (affect sleep) 8 (10.8) 31 (31.0) 24 (33.3) 63 (25.6)

All the time 29 (39.2) 34 (34.0) 24 (33.3) 87 (35.4)

CAT total score, mean±SDc 13.5±8.0 17.4±8.6 11.3±7.4 14.4±8.4
mMRC grade, mean±SDd 1.5±0.9 2.0±1.2 0.8±1.0 1.5±1.2

Notes: aDust includes silica dust, coal dust, graphite dust, carbon black dust, and asbestos dust; harmful gas includes ammonia, nitrogen dioxide, sulfur dioxide, nitric oxide, and 
ethylene; biofuels includes agricultural, poultry manure, domestic sewage, and urban organic solid waste. bMissing variables will be considered as “no exposure” or “no event”. cTotal 
scores from cough, phlegm (mucus), chest tightness, breathlessness, being limited when performing household activities, confident in leaving home, able to sleep soundly, and energy 
level. dScores rated 0–4 (Grade 0: I only get breathless with strenuous exercise; Grade 1: I get short of breath when hurrying on the level or walking up a slight hill; Grade 2: I walk slower 
than people of the same age on the level because of breathlessness, or I have to stop for breath when walking on my own pace on the level; Grade 3: I stop for breath after walking about 
100 meters or after a few minutes on the level; Grade 4: I am too breathless to leave the house or I am breathless when dressing or undressing). 
Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary disease; BMI, body mass index; CAT, COPD assessment test; COPD, chronic obstructive 
pulmonary disease; FAS, full analysis set; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; mMRC, modified Medical Research Council; PEF, peak 
expiratory flow; SD, standard deviation.
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cough and sputum (Figures 2 and 3). Symptoms with the greatest difference in severity scores between patients with 
AECOPD and patients with COPD were breathing difficulty (3.0 versus 1.8), chest congestion (2.2 versus 1.2), and chest 
tightness (2.0 versus 1.1) (Figures 2 and 3). Symptom severity scores were largely similar between patients with severe 
versus mild/moderate AECOPD (Figures 4 and 5) although being limited when performing household activities had a much 
higher CAT score in patients with severe versus mild/moderate AECOPD (3.2 versus 1.8) (Figure 5).

Primary Outcome Analysis
Performance results of the training models and that after internal validation are summarized in Table 2 for the primary 
outcome. Model 2 was considered the most ideal model for identifying patients with AECOPD (sensitivity 0.84 [95% CI: 

Mean severity score

1.8

2.2

2.0

2.2

1.9

1.5

1.2

1.5

1.5

1.0

1.2

0.6

0.5

0.5

3.0

2.7

2.6

2.5

2.2

2.2

2.2

2.0

1.9

1.7

1.5

1.2

1.1

0.6

1.2

1.3

1.9

1.8

2.0

1.5

1.2

1.4

1.5

1.0

0.7

1.0

0.8

0.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Breathing difficulty

Shortness of breath

Sputum evaluation

Sputum difficulty

Cough evaluation

Sleep disturbance

Chest congestion

Energy

Phlegm color

Chest discomfort

Activity evaluation

Depression or anxiety

Chest tightness

Chest pain

Non-COPD AECOPD COPD

Figure 2 Severity scores for core symptoms (patients in FAS). We assigned the following values for phlegm color: 1=clear phlegm, 3=yellowish orange phlegm, 5=dark green 
phlegm. 
Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary disease; COPD, chronic obstructive pulmonary disease; FAS, full analysis set.
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0.75–0.90], specificity 0.77 [95% CI: 0.71–0.85], AIC 245.82, BIC 277.37, adjusted R2 0.47, AUC 0.86) (Table 2), and 
had an intercept of –6.4549 (Table 3). The following variables were significantly associated with an increase in AECOPD 
occurrence (P<0.05) and entered the final model: GOLD classification, most recent exacerbation in the past 12 months, 
number of exacerbations that resulted in hospitalization in the past 12 months, phlegm color, respiratory rate, and chest 
tightness. Age and sex were not significantly associated with the occurrence of AECOPD (P>0.05) (Table 3). The 
optimal cut-off value corresponding to the Youden index was 0.374 (derived using the logistic regression equation of 
model 2), indicating that patients were categorized as test positive (ie potentially having AECOPD) when 
dProb AECOPD≥0.374, or as test negative when dProb AECOPD<0.374 (Supplement 1).

Secondary Outcome Analysis
Performance results of the training models and that after internal validation are summarized in Table 4 for the secondary 
outcome. Model 3 was considered the most ideal model for identifying severe AECOPD (sensitivity 0.90 [95% CI: 0.83– 
0.98], specificity 0.73 [95% CI: 0.60–0.86], AIC 136.93, BIC 157.77, adjusted R2 0.22, AUC 0.81) (Table 4), and had an 
intercept of –0.6810 (Table 5). The following variables were significantly associated with AECOPD severity (P<0.05) 
and entered the final model: exacerbation in the past 12 months, number of exacerbations that resulted in hospitalization, 
limited when performing household activities, and time of onset of symptoms. Age and sex were not significantly 
associated with AECOPD severity (P>0.05) (Table 5). The optimal cut-off value corresponding to the Youden index was 
0.405 (derived using the logistic regression equation of model 3), indicating that patients were categorized as test positive 
(potentially having severe AECOPD) when dProb Severe ≥0.405, or as test negative when dProb Severe <0.405 (Supplement 2).

Breathlessness

Phlegm (mucus)

Limited when performing household activities

Cough

Chest tightness

Sleep soundly

Energy

Confident in leaving home

0.0

Non-COPD AECOPD COPD

2.0

1.9

1.1

1.5

1.5

1.2

2.6

2.6

2.1

2.0

1.9

1.7

1.5

2.3
3.0

1.5

1.9

2.0

1.1

2.1

1.1

1.5

1.3

0.8

0.5 1.0 1.5 2.0 2.5 3.0 3.5

CAT mean severity score

Figure 3 Severity scores for CAT symptoms (patients in FAS). 
Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary disease; CAT, COPD assessment test; COPD, chronic obstructive pulmonary disease; FAS, 
full analysis set.
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COPD Knowledge
Total COPD knowledge questionnaire (COPD-Q) scores (mean±SD) in the COPD (6.1±2.0) and AECOPD (6.3±2.1) 
groups were higher than that in the non-COPD group (4.2±2.6). The questions with the lowest proportion of correct 
answers were: “COPD medicines keep the disease from getting worse” (FAS: 13.0%; AECOPD patients: 12.0%), and 
“Stopping smoking will keep COPD from getting worse” (FAS: 9.8%; AECOPD patients: 10.0%). The questions with 
the highest proportion of correct answers were: “People with COPD may feel short of breath” (FAS: 78.0%; AECOPD 
patients: 90.0%), and “Cigarette smoking or second-hand smoke causes most COPD” (FAS: 71.1%; AECOPD patients: 
79.0%) (Table S5).

Discussion
To the best of our knowledge, this is the first study comprising a broad spectrum of respiratory patients to develop 
a diagnostic model for identifying patients with AECOPD, using key patient characteristics and disease-related factors 
that were easy to obtain and applicable to daily clinical practice. The model demonstrated high clinical applicability, and 
may help clinicians (especially those in primary care) enhance their awareness and ability to diagnose patients with 
AECOPD, guide disease management, and reduce inappropriate prescribing and patient monitoring.
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Chest tightness

Depression or anxiety
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Chest discomfort

Phlegm color

Sleep disturbance

Cough evaluation

Energy

Sputum difficulty

Chest congestion
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1.1

1.4
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1.9
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2.5
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3.1
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0.4
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1.2
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1.3
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1.9

1.0
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1.8
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Severe (previous) Mild/moderate (previous) Severe (present) Mild/moderate (present)

Figure 4 Severity scores for core symptoms in AECOPD patients in FAS. We assigned the following values for phlegm color: 1=clear phlegm, 3=yellowish orange phlegm, 
5=dark green phlegm. 
Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary disease; COPD, chronic obstructive pulmonary disease; FAS, full analysis set.
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Many models have predicted future exacerbations, but none have detected current exacerbations. Herer et al reported 
prediction models for AECOPD using multidimensional indices spanning patient characteristics, symptoms, use of COPD 
maintenance medications, and number of exacerbations in the previous year, and reported sensitivity of 21.9–84.4, 
specificity of 51.6–87.1, and AUC of 0.50–0.78.19 Others have used a machine-learning algorithm to predict the risk of 
severe exacerbation, with internal validation yielding an AUC of 0.82.20 In a systematic review of 27 predictive models 
from 25 studies, it was found that only two out of 25 studies validated their models, and only three out of 27 models used 
high-quality statistical approaches for model development and evaluation.13 In contrast, instead of predicting risk, our 
models were constructed to detect AECOPD occurrence and severity. Several previous studies have proposed models to 
detect AECOPD, using COPD-Q,21 patient-reported daily symptoms14,22 or patient features;23 however, all of these may be 
subjective and may limit model utility. For example, patient-reported symptoms require frequent monitoring and may result 
in poor patient compliance.14 The sensitivity (62.5–99.3%), specificity (36.0–100.0%), and AUC values (0.75–0.91) of 
these models varied widely.21–23 In contrast, our models included data for both patient symptoms and disease-related 
characteristics, which can be easily collected by respiratory physicians, further enhancing their clinical utility. In our study, 
the optimal models selected for diagnosis of AECOPD and its severity demonstrated high sensitivity (0.84 and 0.90, 
respectively) and specificity (0.77 and 0.73, respectively), with high AUC values (0.86 and 0.81, respectively), and low AIC 

Table 2 Model Performance Results for the Primary Outcome Analysis

Model AIC BIC Adjusted R2 AUC Cut-off Accuracy  
(95% CI)

Sensitivity  
(95% CI)

Specificity  
(95% CI)

Training model 1 321.31 331.83 0.09 0.65 0.34 0.59 (0.52, 0.65) 0.84 (0.74, 0.88) 0.42 (0.35, 0.52)

Bootstrap internal validation 326.48 336.99 0.07 0.64
Training model 2 226.04 257.59 0.54 0.88 0.37 0.80 (0.74, 0.85) 0.84 (0.75, 0.90) 0.77 (0.71, 0.85)

Bootstrap internal validation 245.82 277.37 0.47 0.86

Training model 3 228.81 256.85 0.52 0.87 0.34 0.77 (0.72, 0.82) 0.89 (0.81, 0.94) 0.69 (0.61, 0.77)
Bootstrap internal validation 246.28 274.32 0.46 0.86

Abbreviations: AIC, Akaike information criterion; AUC, area under the receiver operating characteristic curve; BIC, Bayesian information criterion; CI, confidence 
interval.
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Figure 5 Severity scores for CAT symptoms present in AECOPD patients in FAS. 
Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary disease; CAT, COPD assessment test; COPD, chronic obstructive pulmonary disease; FAS, 
full analysis set.
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(245.82 and 277.37, respectively) and BIC (136.93 and 157.77, respectively) values, thus indicating strong diagnostic 
accuracy. Collectively, these features reflect high clinical applicability for our models.

In the primary model, variables that were significant risk factors for AECOPD occurrence were COPD disease-related 
characteristics, and signs and symptoms. COPD disease-related characteristics (GOLD classification, exacerbation in the 
past 12 months, and number of exacerbations resulting in hospitalization) were important discriminating factors in the 
detection of AECOPD. This is consistent with findings from the ECLIPSE study, where deterioration of lung function 
and a history of exacerbations were associated with the risk of subsequent exacerbations.24,25 Other variables associated 
with AECOPD occurrence were chest tightness and respiratory rate, which are inherent pathophysiological manifesta
tions of AECOPD.1,26,27 Phlegm color was also associated with AECOPD occurrence; bacterial infections are common in 
AECOPD and are indicated by deepening sputum color.28 Age is a common risk factor for AECOPD,29 and previous 
studies have demonstrated that there is an increased risk of AECOPD in females.24,30 As such, these variables were 
included in our model to increase sensitivity and specificity. However, age and gender, while showing correlation, were 
not significantly associated with occurrence of AECOPD in our model.

Table 3 Occurrence of Exacerbation Multivariable Logistic Regression Model (FAS=246)

Item Model 1 Model 2 Model 3

β (95% CI), OR P value β (95% CI), OR P value β (95% CI), OR P value

Age 0.059 (0.029, 0.089), 

1.06

<0.0001 0.034 (–0.006, 0.074), 

1.03

0.0956 0.036 (–0.003, 0.076), 

1.04

0.0728

Female versus male –0.004 (–0.782, 0.775), 

1.00

0.9928 0.380 (–0.701, 1.462), 

1.46

0.4909 0.547 (–0.480, 1.573), 

1.7274

0.2966

GOLD classificationa – – 0.705 (0.403, 1.007), 
2.02

<0.0001 0.689 (0.392, 0.987), 
1.99

<0.0001

Most recent exacerbation in 
the past 12 months

– – 1.134 (0.394, 1.875), 

3.11

0.0027 1.200 (0.471, 1.929), 

3.32

0.0013

Number of exacerbations 
resulting in hospitalization 
in the past 12 months

– – 1.242 (0.369, 2.116), 

3.46

0.0053 1.339 (0.460, 2.22), 

3.82

0.0028

Phlegm color (present core 
symptom)b

– – 0.516 (0.187, 0.846), 

1.68

0.0021 0.537 (0.212, 0.861), 

1.71

0.0012

Respiratory rate >20 bpm 
versus ≤20bpm

– – 1.679 (0.783, 2.575), 
5.36

0.0002 1.846 (0.969, 2.723), 
6.33

<0.0001

Chest tightness (CAT) – – 0.261 (0.022, 0.500), 

1.30

0.0321 – –

Notes: The intercept for Model 1 is –4.1946; the intercept for Model 2 is –6.4549; the intercept for Model 3 is –6.3142. aWe assigned the following values for GOLD 
classification: 0=non-COPD with respiratory symptoms, 1=GOLD I, 2=GOLD II, 3=GOLD III, 4=GOLD IV. bWe assigned the following values for phlegm color: 1=clear 
phlegm, 3=yellowish orange phlegm, 5=dark green phlegm. 
Abbreviations: bpm, beats per minute; CAT, COPD assessment test; CI, confidence interval; COPD, chronic obstructive pulmonary disease; FAS, full analysis set; GOLD, 
Global Initiative for Chronic Obstructive Lung Disease; OR, odds ratio.

Table 4 Model Performance Results for the Secondary Outcome Analysis

Model AIC BIC Adjusted R2 AUC Cut-off Accuracy  
(95% CI)

Sensitivity  
(95% CI)

Specificity  
(95% CI)

Training model 1 131.03 141.45 0.19 0.69 0.80 0.64 (0.55, 0.74) 0.37 (0.24, 0.50) 0.94 (0.87, 1.00)

Bootstrap internal validation 144.40 154.82 0.02 0.65
Training model 2 119.62 132.64 0.33 0.78 0.59 0.77 (0.68, 0.85) 0.71 (0.57, 0.81) 0.83 (0.71, 0.94)

Bootstrap internal validation 135.90 148.93 0.15 0.75

Training model 3 112.17 133.01 0.46 0.86 0.41 0.82 (0.75, 0.89) 0.90 (0.83, 0.98) 0.73 (0.60, 0.86)
Bootstrap internal validation 136.93 157.77 0.22 0.22

Abbreviations: AIC, Akaike information criterion; AUC, area under the receiver operating characteristic curve; BIC, Bayesian information criterion; CI, confidence 
interval.
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In the secondary model, the number of exacerbations leading to hospitalization was significantly associated with 
severity of AECOPD. This corroborates previous findings, which showed that a history of prior severe exacerbations 
resulting in hospitalization was positively associated with new severe exacerbations and mortality.31,32 Interestingly, we 
found that exacerbation in the past 12 months was strongly associated with mild/moderate AECOPD, indicating that past 
exacerbation may be a protective factor. This may be due to a higher proportion of patients with mild/moderate compared 
with severe AECOPD in our study that sought outpatient treatment (79.2% versus 36.5%), although these values may be 
impacted by memory bias or the small sample size. History of outpatient treatment may have a positive impact on patient 
behavior and lead to standardization of medication, device use, and increased disease awareness, which in turn may 
improve disease management.33 In addition, patients who are more engaged with COPD management may be more likely 
to seek professional healthcare advice when they perceive a worsening of their respiratory symptoms,9 as well as adhere 
to treatment,34 which in turn is associated with lower rates of severe exacerbations.35 Other important risk factors for 
severe AECOPD were being limited when performing household activities, and having morning symptoms. This is in 
line with previous studies, in which increased exacerbation symptoms (breathlessness, cough and sputum, and chest 
symptoms) were associated with reduced daily physical activity,36 and the rate of severe exacerbation was higher in 
patients with severe morning symptoms.37 Similar to the primary outcome model, age and gender were not associated 
with severe AECOPD.

The diagnostic tool for identifying patients with AECOPD may help clinicians, particularly those in primary care settings, 
to enhance their awareness of AECOPD risk factors and establish a diagnosis of AECOPD. The tool may be used as 
a supplement to established rating scales or existing predictive models, and may also improve patients’ self-management 
behavior. In this study, we found that all patients had poor COPD knowledge, especially pertaining to the progressive nature of 
COPD. Low levels of disease knowledge may impact how patients with COPD interpret the complex changes in their COPD 
symptoms,9,38 and have been shown to be significantly associated with poorer self-management behavior.39 Use of this 
diagnostic tool may help patients improve their knowledge of COPD and reporting behavior, thereby reducing future 
exacerbations, hospitalizations, and healthcare costs, and ultimately improve quality of life.9

This study has several limitations. Firstly, the model developed in this study was validated internally, but not 
externally. Future prospective studies need to be conducted to validate and improve the present diagnostic model. 
Nonetheless, the variables identified here were consistent with those associated with AECOPD in previous 

Table 5 Severity of AECOPD Multivariate Logistic Regression Model (AECOPD Patients in FAS=100)

Item Model 1 Model 2 Model 3

β (95% CI), OR P value β (95% CI), OR P value β (95% CI), OR P value

Age 0.017 (–0.034, 0.069), 
1.02

0.5162 0.009 (–0.047, 0.064), 
1.01

0.7617 0.015 (–0.044, 0.073), 
1.01

0.6248

Female versus male –0.413 (–1.666, 0.840), 
0.66

0.5185 –0.371 (–1.777, 1.035), 
0.69

0.6053 –0.379 (–1.789, 1.031), 
0.68

0.5983

Most recent exacerbation in the past 
12 months

–2.109 (–3.413, –0.805), 
0.12

0.0015 –2.675 (–4.033, –1.316), 
0.07

0.0001 –2.913 (–4.487, –1.339), 
0.05

0.0003

Number of exacerbations resulting in 
hospitalization in the past 12 months

1.253 (0.388, 2.119), 3.50 0.0045 1.049 (0.187, 1.911), 
2.85

0.0171

Limited when performing household 
activities (CAT)

0.322 (0.041, 0.604), 
1.38

0.0249

Time of onset of symptoms (present 
core symptom)

Morning symptoms versus All the time 1.954 (0.623, 3.286), 
7.06

0.0040

Night symptoms versus All the time 1.039 (–0.304, 2.383), 
2.83

0.1295

Note: The intercept for Model 1 is 0.7191; the intercept for Model 2 is 1.2896; the intercept for Model 3 is –0.6810. 
Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary disease; CAT, COPD assessment test; CI, confidence interval; COPD, chronic obstructive 
pulmonary disease; FAS, full analysis set; OR, odds ratio.
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studies.24,25,31,32 Secondly, potential candidate variables for model development were not selected based on structured 
criteria, which may have introduced bias. Nonetheless, these variables were identified by expert opinion and through 
a review of literature, as recommended by others.40,41 Additionally, variables related to lung function and laboratory 
examinations, which may further improve the accuracy of the model, were not included in this study due to substantial 
missing data. These variables are not readily available in clinical practice, particularly in primary care settings, and are 
therefore of limited use in a diagnostic model. Finally, the small sample size in this study may have introduced bias, and 
this should be considered when applying these models in clinical practice.

Conclusion
By accessing readily available clinical patient and disease data, we developed diagnostic tools for identifying AECOPD and 
severe AECOPD. In addition, this study highlighted the need to improve patient education on COPD disease characteristics 
and AECOPD symptoms for more timely disease management. In primary healthcare settings, these diagnostic tools can aid 
physicians to detect AECOPD before further disease progression, and potential hospitalizations. Future studies should 
externally validate these models and directly compare their performance to other diagnostic tools.

Abbreviations
AECOPD, acute exacerbation of chronic obstructive pulmonary disease; AIC, Akaike information criterion; AUC, area 
under the receiver operating characteristic curve; BIC, Bayesian information criterion; BMI, body mass index; CAT, 
chronic obstructive pulmonary disease assessment test; COPD, chronic obstructive pulmonary disease; COPD-Q, chronic 
obstructive pulmonary disease knowledge questionnaire; CI, confidence interval; EXACT, exacerbations of chronic 
pulmonary disease tool; FAS, full analysis set; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; 
GOLD, Global Initiative for Chronic Obstructive Lung Disease; mMRC, modified Medical Research Council; OR, odds 
ratio; PEF, peak expiratory flow; PRO, patient-reported outcome; SD, standard deviation; TRIPOD, Transparent 
Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis; USD, United States Dollar.
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