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Purpose: To evaluate the value of impulse oscillometry (IOS) and quantitative HRCT 
parameters for differentiating asthma–COPD overlap (ACO) in COPD patients.
Patients and Methods: We enrolled 44 controls and 66 COPD patients, divided into the 
pure COPD group (n=40) and the ACO group (n=26). Spearman correlation analysis was 
utilized to assess the relationship between the quantitative HRCT and IOS parameters. 
A binary logistic regression analysis was performed to analyze the associations between 
the different variables and the risk of ACO. Receiver operating characteristic (ROC) curves 
were employed to identify the optimal cutoff and assess the diagnostic value of relative 
volume change −856 HU to −950 HU (RVC−856 to −950), decrease in the resistance from 5 Hz 
to 20 Hz (R5-R20) and their combination in predicting ACO. Bootstrapping validation was 
used to evaluate the internal validation. The concordance index (C-index) and calibration 
plot were calculated to assess the discrimination and calibration of the prediction model.
Results: Binary logistic regression analysis indicated that RVC−856 to −950 and the IOS 
parameters (R5-R20, R5, X5) were independently correlated with a higher risk of developing 
ACO after adjusting for age, sex, body mass index (BMI), history of smoking, exacerbation 
and atopy or allergic rhinitis. A correlation analysis showed a good correlation between the 
pulmonary function parameters and RVC−856 to −950, with a weaker correlation with the % 
area of low attenuation (LAA%) in ACO patients. Combining RVC−856 to −950 and R5-R20 to 
predict ACO, the AUC was 0.909, and the optimal cutoff value was >-0.62 for RVC−856 to 

−950 and >0.09 for R5-R20. Good calibration and favorable discrimination were displayed 
with a higher C-index.
Conclusion: More serious small airway impairment exists in ACO patients. The combina-
tion of RVC−856 to −950 and R5-R20 could be applied to differentiate ACO from COPD 
patients.
Keywords: relative volume change −856 HU to −950 HU, decrease in resistance from 5 Hz 
to 20 Hz, quantitative HRCT, ROC curve, diagnosis

Introduction
Asthma and COPD are both considered chronic inflammatory disorders of the 
airway. In clinical practice, it is not easy to distinguish between asthma and 
COPD. Moreover, a significant proportion of subjects who have overlapping fea-
tures of the two conditions, termed asthma-COPD overlap (ACO),1–3 makes the 
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diagnosis of obstructive lung diseases more challenging 
and difficult. Currently, there is a lack of universally 
accepted criteria and therapeutic information related to 
ACO, as these patients are often excluded from 
a majority of large clinical trials; thus, it is easy to mis-
classify ACO phenotypes in clinical practice, which can 
cause ineffective treatment with an increased risk of unde-
sired side effects4 and a poor prognosis. Due to the differ-
ent diagnostic criteria and the sample sizes used, previous 
studies have reported that approximately 5–20% of 
patients diagnosed with COPD have ACO.2,3,5,6 Evidence 
has demonstrated that patients with ACO experience more 
frequent symptoms, more severe and frequent exacerba-
tions and hospitalizations, more comorbidities, more 
impaired lung function, a worse quality of life, greater 
economic burdens and a higher risk of death than those 
with either COPD or asthma alone.7–10 A combination of 
inhaled corticosteroids (ICSs), long-acting beta-agonists 
(LABAs), and long-acting muscarinic antagonists 
(LAMAs) are commonly recommended for ACO patients. 
In contrast, the addition of ICS to LABAs and/or LAMAs 
should only be used when COPD patients still experience 
frequent or severe exacerbation events despite suitable and 
adequate maintenance bronchodilator treatment, especially 
if blood eosinophils are higher than 300 cells·µL−1, but 
ICS monotherapy is not recommended for COPD 
patients.11 Although ICS use can reduce acute exacerba-
tion rates and delay declines in lung function, inappropri-
ate use of ICS will increase the risk of respiratory 
infections.4 As mentioned previously, it is essential to 
distinguish ACO from COPD and then carry out appro-
priate and effective clinical management as early as 
possible.

As the most widely employed pulmonary function test, 
spirometry is usually used to assess airflow limitation and 
monitor disease progression in obstructive lung diseases; 
however, spirometry is insufficient and not precise enough 
to discriminate between COPD and ACO. Respiratory 
impedance, measured by the IOS, which is comprised of 
respiratory resistance and reactance, provides additional 
valuable information on small airway function12 and is 
deemed to have greater sensitivity than spirometry in 
terms of detecting subtle changes in airways in COPD 
and asthma.13 Respiratory impedance abnormalities have 
been exhibited even in healthy smokers without airflow 
limitation (on the basis of spirometry), which indicates 
that there are structural changes of the small airways in 
the early period of the disease.14,15 A previous study 

indicated that the IOS parameters were higher in the 
ACO group than in the COPD group.16 Thus, IOS mea-
surements could be a useful tool to clarify the features of 
ACO. Additionally, quantitative HRCT is noninvasive and 
can be used as an established technique for analyzing the 
changes in lung morphometry and densitometry in patients 
with chronic airway disease, which allows for the compar-
ison of the features of airway remodeling, emphysema and 
air trapping between ACO and COPD. Taken together, the 
differences in physiology and morphology between ACO 
and COPD might help to understand and differentiate 
between these two diseases. Therefore, we hypothesized 
that IOS parameters coupled with quantitative HRCT para-
meters would improve the clinical recognition of ACO 
patients among patients with COPD.

Herein, we aimed to compare the physiological, morpho-
metric and densitometric changes of airways in COPD patients 
versus ACO patients in a cohort of patients with COPD, which 
were measured by the IOS and HRCT scans, respectively. 
Furthermore, we evaluated the diagnostic value of the IOS 
parameters and quantitative HRCT parameters to provide 
a basis for identifying ACO among patients with COPD.

Patients and Methods
Participants
In this prospective study, we enrolled 110 participants: 66 
patients with COPD and 44 normal control participants who 
underwent pulmonary function tests (spirometry and IOS 
tests) and chest HRCT scans from outpatient clinics between 
August 2017 and December 2018. The diagnosis of COPD 
was based on the GOLD guidelines.17 The main inclusion 
criteria were as follows: (1) age ≥40 years old; (2) history of 
smoking ≥10 pack-years; (3) persistent respiratory symptoms, 
including productive cough, wheezing, and progressive exer-
tional dyspnea; and (4) persistent airflow limitation (post-
bronchodilator FEV1/FVC ratio<70%). Among the patients 
with COPD, those who had (1) variable clinical history com-
patible with asthma (wheezing, chest tightness, shortness of 
breath, or cough) and (2) variable expiratory airflow limitation 
(postbronchodilator improvement in FEV1> 12% and > 
200 mL from baseline values) were diagnosed with ACO.11

Therefore, the COPD patients were allocated to the 
COPD group (n=40) or the ACO group (n=26). All patients 
were in the stable condition. The exclusion criteria were as 
follows: 1) medical history of any other pre-existing respira-
tory diseases (such as interstitial lung disease, pulmonary 
tuberculosis, bronchiectasis, or lung cancer) or significant 

https://doi.org/10.2147/COPD.S331853                                                                                                                                                                                                                               

DovePress                                                                                              

International Journal of Chronic Obstructive Pulmonary Disease 2021:16 2884

Lu et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


cardiovascular comorbidities or a history of surgical lung 
resection; 2) having received intravenous or oral glucocorti-
coid therapy in the month preceding enrollment, the use of 
long-acting β2 agonists or theophylline in the previous 48 
hours, the use of inhaled corticosteroids in the previous 24 
hours, or the use of short-acting β2 agonists in the previous 4 
hours; 3) pregnancy or lactation; and 4) inability to complete 
pulmonary function tests. The control participants had no 
respiratory symptoms and no history of other respiratory 
diseases, including asthma or COPD, and had normal pul-
monary function and HRCT imaging. The enrollment flow 
chart of the study is presented in Figure 1.

Pulmonary Function Tests
We performed pulmonary function tests [including spirometry 
and impulse oscillation (IOS)] using a Jaeger Master Screen 
IOS-Jaeger (Germany). We measured the following para-
meters: FEV1/forced vital capacity (FEV1/FVC) (%), FEV1 
(%pred), FVC (%pred), forced expiratory flow at 25% of the 

FVC (FEF25%) (%pred), forced expiratory flow at 50% of the 
FVC (FEF50%) (%pred) and FEF25-75% (%pred). In addi-
tion, IOS was performed according to current standard 
recommendations18,19 and was calibrated daily. The resis-
tances at 5 Hz (R5) and 20 Hz (R20) reflected the total and 
central airway resistances, respectively, and peripheral airway 
resistance was obtained from their difference (R5–R20). The 
reactance at 5 Hz (X5) represented the resistance to inertia and 
elasticity within the lung. The elastic and inert properties are 
equal and opposite between 8 and 12 Hz where reactance at 
zero is termed the resonant frequency (Fres). The area under 
the reactance curve (AX) is considered to be associated with 
the resistance at lower frequencies and reflects the elastic 
properties of the peripheral lungs.20 A minimum of 3 measure-
ments were performed in each participant.

HRCT Scans
HRCT scans were performed within 24 hours of the pul-
monary function tests using a multidetector CT scanner 

Figure 1 Enrollment flow chart of study.
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(Brilliance iCT, Philips Healthcare) with the following 
parameters: collimation at 128×0.625 mm; 120 kVp; 100 
mAs; rotation time at 0.5 s; and pitch at 0.915. The scans 
were performed in the supine position with the arms held 
over the head at suspended full inspiration. The bronchi 
images were reconstructed using a high-spatial frequency-
(bone) algorithm and the ratio of emphysema was evalu-
ated with a soft tissue algorithm. The right upper lobe 
apical segmental bronchus (RB1) was selected as the tar-
get bronchial tube for detailed analysis. The 4th- to 6th- 
generation airways of RB1 were identified and analyzed.

HRCT Data Analysis
Quantification of Emphysema, Airway Wall 
Dimensions and Air Trapping
COPD analysis software was employed for the assessment 
of emphysema, airway wall dimensions and air trapping 
(Figures 2 and 3). The three lung density parameters were 
calculated automatically: the % area of low attenuation 
(LAA%)], relative volume change −856 HU to −950 HU 
(RVC−856 to −950) and the expiration to inspiration ratio of 
mean lung density (MLDE/I). LAA% was defined as the 
percentage of low-attenuation areas lower than −950 
Hounsfield units (HU) on inspiratory CT.21 RVC−856 to 

−950 was calculated by the following formula: RVC−856 to 

−950 = relative lung volume −856 HU to −950 HU on 
expiratory CT%−relative lung volume −856 HU to −950 
HU on inspiratory CT%.22 MLDE/I was calculated as the 
ratio of the expiratory to the inspiratory mean lung density 
in HU.23 Measurement of the RVC−856 to −950 and the 
MLDE/I values allowed for an indirect quantitative evalua-
tion of air trapping and reflected peripheral airway 
obstruction regardless of the severity of emphysema, as 
shown in previous studies.22,24 We also measured and 
recorded the bronchial parameters [wall thickness (WT), 
wall area (WA), luminal area (LA), wall area percentage 
(WA%)] from the 4th-6th generation of RB1 to evaluate 
the airway wall dimensions. To balance the effect of BSA, 
WT/BSA, WA/BSA, and LA/BSA were calculated. The 
WA was calculated as TA (total area)- LA, and the WA% 
was calculated as [WA/TA×100%]. These quantitative 
HRCT parameters were measured by two independent 
radiologists who were blinded to the participants’ clinical 
histories and diagnoses.

Statistical Analysis
The distribution of the quantitative data was examined 
with the Kolmogorov–Smirnov method. Normally 

distributed data are reported as the mean (SD), while 
nonnormally distributed data are expressed as the median 
(range). To compare the differences in the parameters of 
the COPD group, ACO group and control group, ANOVA 
and the Kruskal–Wallis test were used for normally and 
nonnormally distributed variables, respectively. Next, 
Pearson or Spearman correlation analysis was utilized to 
assess the relationships between the quantitative HRCT 
parameters and the pulmonary function indices. 
Additionally, the associations between the different vari-
ables and the risk of ACO were estimated using univariate 
analysis and a binary logistic regression analysis. 
Parameters from the univariate analyses with a P < 0.05 
were selected for the multivariate logistic regression ana-
lyses, and the model was adjusted for age, sex, BMI, 
history of smoking, exacerbation and atopy or allergic 
rhinitis. The results are presented as odds ratios (ORs) 
with 95% confidence intervals (CIs). Finally, the ROC 
curve was used to evaluate the diagnostic value of 
a combination of the quantitative HRCT and IOS para-
meters or either parameter alone, which simultaneously 
obtained the optimal cutoff values. The differences in the 
areas under the curves (AUCs) were compared by the 
DeLong test. P values < 0.05 were considered to be 

Figure 2 Quantitative measurement of airways by HRCT.
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statistically significant. The concordance index (C-index) 
and calibration plot were calculated to assess the discrimi-
nation and calibration of the models, which were estab-
lished using 1000 bootstrapped resamples.

Results
Participants’ Characteristics
We included 110 participants; 44 participants were enrolled 
as healthy controls, 40 of the 66 COPD patients were allo-
cated to the pure COPD group and 26 participants were 
included in the ACO group. Comparisons of the patient 
demographic information are shown in Table 1. The mean 
age, sex ratio and BMI were significantly different between 
the three groups (P=0.019, P=0.004 and P=0.011, respec-
tively). The COPD patients were older than the controls 
(P=0.004). The male ratio was significantly higher in the 
COPD group than in the ACO group and the healthy con-
trols (COPD 87.50% versus ACO 61.54%, P=0.009 and 
COPD 87.50% versus control 54.55%, P=0.001); however, 
the male to female ratio between the ACO group and the 
healthy controls was not statistically significant (P=0.660). 
The ACO subjects had more exacerbations requiring hospi-
talizations or visits to the emergency department in the year 
preceding enrollment (P=0.028). There was no significant 

difference in BSA, smoking history or inhaled medications 
(LAMA, ICS/LABA or ICS/LABA/LAMA) among the par-
ticipants in the different groups.

Differences in the Spirometry and IOS 
Indices Among the Healthy Control, 
COPD Patients, and ACO Patients
The pulmonary function test results (including spirometry 
and IOS) are presented in Table 2. All spirometry indices 
were significantly lower in the ACO and COPD groups than 
in the healthy control group (P<0.001). Except for R20, the 
IOS values were significantly different between the groups 
(all P<0.001). The ACO group showed significantly higher 
R5, R5-R20 and X5 than patients with COPD (P<0.05).

HRCT Differences Among the Healthy 
Control, COPD Patients, and ACO 
Patients
The quantitative HRCT results for the healthy control, 
COPD and ACO patients are shown in Table 3. Significant 
differences in the bronchial parameters (WT, WA, WA% 
from the 4th to 6th bronchi) and air trapping parameters 
(RVC−856 to −950, and MLDE/I) between the groups were 
observed among the groups, except LA5/BSA and LA6/ 
BSA (P=0.575, P=0.335, respectively). A pairwise compar-
ison showed that the COPD and ACO groups had signifi-
cantly higher LAA%, WT, WA, WA% and MLDE/I than the 
control group, although there were no statistically significant 
differences between the ACO and COPD groups. In con-
trast, patients with ACO showed a significantly higher 
RVC−856 to −950 level than the COPD patients (P=0.001).

Correlations Between the Quantitative 
HRCT Parameters and Pulmonary 
Function Indices in COPD Patients and 
ACO Patients
Correlations between the HRCT parameters and the pulmon-
ary function indices are shown in Supplementary Tables S1 
and S2. Moderate-to-strong correlations were observed 
between the emphysema parameters, air trapping parameters 
and pulmonary function indices in the patients with COPD. 
However, the WA% values showed no significant correlations 
with the spirometry indices. Airflow obstruction in the patients 
with COPD was strongly associated with the LAA% values 
and, to a lesser extent, the RVC−856 to −950 and MLDE/I values. 
In contrast, there was a good correlation between airflow 

Figure 3 Quantitative measurement of emphysema and air trapping by HRCT.
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limitation and the RVC−856 to −950 and MLDE/I values, with 
a weaker correlation with LAA% in the patients with ACO.

Univariate Analysis and Multivariate 
Analysis of the Association of RVC−856 to 

−950 and IOS Parameters with ACO 
Among COPD Patients
The results of the univariate analysis showed that patients 
with RVC−856 to −950 in the higher group (≥-0.41) had 
a higher risk of developing ACO than patients in the 
lower group (<-0.41) (odds ratio [OR]: 3.365, 95% con-
fidence interval [CI]: 1.541–7.344, P<0.001). We further 
performed a binary logistic regression analysis to ensure 
that the relationship between the disease group and the 
different parameters could be assessed by adjusting for the 
participants’ general information (age, sex, BMI, smoking 
history, exacerbation history and atopy or allergic rhinitis). 
After adjusting for confounders, we found that the signifi-
cant difference remained statistically significant (odds 
ratio [OR]: 3.615, 95% confidence interval [CI]: 1.010– 
12.940, P=0.048). The same result was also found for R5- 
R20, R5 and X5 (Table 4).

The Value of RVC−856 to −950 and Small 
Airway Parameters for Diagnosing ACO
Significant differences were found between the COPD and 
ACO groups in terms of the following indicators: RVC−856 

to −950, R5-R20, R5 and X5. Thus, these are potential 
diagnostic indicators for distinguishing ACO from 
COPD. To evaluate the value of the indicators above, we 
used ROC curves to differentiate ACO patients from 
COPD patients. The AUCs and the optimal cutoff values 
are shown in Table 5. The largest AUCs for diagnosing 
ACO were the RVC−856 to −950 (AUC, 0.803) and the R5- 
R20 level (AUC, 0.771), along with the optimal cutoff 
points of −0.41 and 0.24, respectively. Therefore, we 
combined RVC−856 to −950 and R5-R20 (AUC=0.909) to 
improve the diagnostic value. The optimal cutoff points for 
recognizing ACO from COPD were RVC−856 to −950>-0.62 
and R5-R20>0.09 with a sensitivity of 76.19% and 
a specificity of 95.12%, which gives a positive predictive 
value (PPV) of 88.9% and a negative predictive value 
(NPV) of 88.6% for ACO (Figure 4).

Model Validation
The calibration curves of the established model for identi-
fying ACO among COPD patients demonstrated good 
consistency (Figure 5). The C-index of the model was 
0.892 through bootstrapping validation, which revealed 
good discrimination of the model.

Discussion
To the best of our knowledge, compared with the previous 
literature, we are the first to explore the value of IOS 
parameters and quantitative HRCT parameters in 

Table 1 Comparison of General Information Among the Healthy Control, COPD Patients, and ACO Patients

General Information COPD 
(n=40)

ACO 
(n=26)

Control (n=44) P value

Age, years 61.28±10.73 58.62±11.06 54.07±12.62* 0.019
Males 35(87.50) 16(61.54) 24(54.55) *@ 0.004
BMI, kg.m−2 22.66±3.07 21.00±3.92 23.75±3.32# 0.011
BSA,m2 1.61±0.18 1.53±0.15 1.63±0.22 0.180

Smokers, n (%) 21(52.50) 14(53.85) 13(29.55) 0.052

Atopy or allergic rhinitis, n (%) 2(5.00) 6(23.08) 1(2.27) #@ 0.006
0 exacerbation, n (%) 31(77.50) 12(46.15) NT 0.028
1 exacerbation, n (%) 6(15.00) 8(30.77) NT
≥2 exacerbations, n (%) 3(7.50) 6(23.08) NT

LAMA, n (%) 8(20.00) 2(7.70) NT 0.293

ICS/LABA, n (%) 27(67.50) 20(76.92) NT 0.579
ICS/LABA/LAMA, n (%) 5(12.50) 4(15.38) NT 0.730

Notes: Exacerbations were defined as the number of respiratory exacerbations that resulted in a hospitalization or an emergency room visit in the year preceding 
enrolment. Data are presented as number (%) or mean ± standard deviation%), unless otherwise stated. Bold indicates P-values less than 0.05. *P<0.05, health control vs 
COPD group; #P<0.05, health control vs ACO group; @P<0.05, COPD group vs ACO group. BSA = 0.20247 × height0.725 × weight0.425, BMI= weight/ height2, where height 
was measured in meters and weight was measured in kilograms. 
Abbreviations: n, number; COPD, chronic obstructive pulmonary disease; ACO, asthma–COPD overlap; BSA, body square area; BMI, body mass index; LABA, long-acting 
β2-agonist; LAMA, long-acting muscarinic antagonist; ICS, inhaled corticosteroids.
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Table 2 Pulmonary Function Test Results Among the Healthy Control, COPD Patients, and ACO Patients

Parameters COPD ACO Control P

FVC (%pred) 89.13±17.87 79.39±19.80 105.01±15.75 *# <0.001
FEV1 (%pred) 64.00 (42.25–82.25) 57.40 (34.35–67.25) 98.75 (94.05–110.00) *# <0.001
FEV1/FVC (%) 53.97 (42.14–66.66) 53.92 (43.29–61.02) 78.28 (75.47–81.84) *# <0.001
MEF75 (% pred) 35.90 (14.30–58.05) 19.60 (12.35–42.75) 92.70 (81.55–115.48) *# <0.001
MEF50 (% pred) 22.30 (11.85–46.75) 16.60 (9.05–29.70) 81.15 (63.08–99.50) *# <0.001
MEF25 (% pred) 23.65 (19.78–32.65) 20.30 (12.50–27.60) 55.35 (46.13–74.15) *# <0.001
MMEF (%pred) 22.45 (13.03–39.20) 16.10 (9.25–26.20) 69.65 (57.50–89.18) *# <0.001
Fres (Hz) 19.95 (13.15–25.74) 23.27 (16.37–28.20) 13.00 (9.25–16.26) *# <0.001
R5(kpa·L−1·s−1) 0.46 (0.36–0.59) 0.58 (0.53–0.66) 0.37 (0.31–0.46) *#@ <0.001
R20(kpa·L−1·s−1) 0.32 (0.28–0.37) 0.30 (0.26–0.46) 0.33 (0.27–0.38) *#@ 0.918

R5-R20(kpa·L−1·s−1) 0.14 (0.06–0.22) 0.31(0.19–0.37) 0.06 (0.02–0.08) *#@ <0.001
X5(kpa·L−1·s−1) −0.17 (−0.30 to −0.10) −0.26(−0.45 to −0.20) −0.11 (−0.15 to −0.07) *#@ <0.001
AX (kpa·L−1) 1.18 (0.40–2.62) 1.49 (0.81–4.00) 0.34 (0.15–0.68) *# <0.001

Notes: Data are presented as mean ± standard deviation or medians (interquartile range). Bold indicates P-values less than 0.05. *P<0.05, health control vs COPD group; 
#P<0.05, health control vs ACO group; @P<0.05, COPD group vs ACO group. 
Abbreviations: COPD, chronic obstructive pulmonary disease; ACO, asthma–COPD overlap; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; 
FEV1/FVC (%), forced expiratory volume in the first second/forced vital capacity; FEF75%, forced expiratory flow at 75% of the FVC; FEF50%, forced expiratory flow at 50% 
of the FVC; FEF25%, forced expiratory flow at 25% of the FVC; FEF25-75%, forced expiratory flow between 25–75% of the FVC; Fres, resonant frequency; R5, resistance at 
5 Hz; R20, resistance at 20 Hz; R5-R20, difference between R5 and R20; X5, reactance at 5 Hz; AX, area under the reactance curve.

Table 3 Quantitative HRCT Parameters Among the Healthy Control, COPD Patients, and ACO Patients

Parameters COPD ACO Control P

LAA% Whole lung 5.20(1.55–13.10) 3.50(0.95–14.80) 0.30(0.10–0.68) *# <0.001
RL 3.60(1.10–11.75) 3.50(0.65–13.45) 0.20(0.10–0.50) *# <0.001
LL 5.50(1.55–15.30) 2.90(1.20–14.95) 0.25(0.13–0.70) *# <0.001
RUL 3.30(0.65–9.70) 2.90(0.55–12.75) 0.10(0.03–0.40) *# <0.001
RML 5.70(1.70–12.10) 3.40 (1.05–7.30) 0.30(0.13–0.90) *# <0.001
RLL 3.40 (0.60–8.90) 4.30 (0.50–11.75) 0.15 (0.10–0.50) *# <0.001
LUL 4.80(1.15–13.30) 2.30(1.30–17.40) 0.30 (0.10–0.78) *# <0.001
LLL 4.60(1.75–12.40) 3.70(0.90–13.65) 0.20(0.10–0.60) *# <0.001
WT4/BSA (mm/m2) 0.64±0.14 0.65±0.17 0.49±0.16 *# <0.001
WT5/BSA (mm/m2) 0.38(0.27–0.49) 0.37(0.29–0.49) 0.28(0.19–0.37) *# <0.001
WT6/BSA (mm/m2) 0.25 (0.19–0.34) 0.29 (0.22–0.35) 0.17 (0.13–0.22) *# <0.001
WA4/BSA (mm2/m2) 9.00(7.57–11.42) 8.70(6.61–11.07) 7.91 (5.73–9.67) * 0.030
WA5/BSA (mm2/m2) 4.39(2.80–6.56) 4.77(2.86–5.44) 2.88(1.91–4.66) *# 0.004
WA6/BSA (mm2/m2) 2.09 (1.43–2.95) 2.44 (1.84–2.90) 1.55(1.05–1.86) *# <0.001
LA4/BSA (mm2/m2) 6.85±3.21 5.95±2.83 8.54±4.13 *# 0.013
LA5/BSA (mm2/m2) 3.89 (2.77–5.63) 3.69 (2.77–4.75) 3.88 (3.24–5.24) 0.575

LA6/BSA (mm2/m2) 2.36(1.71–3.93) 2.58(1.97–3.36) 2.91(2.29–3.86) 0.335

WA4% (%) 0.59±0.10 0.61±0.11 0.48±0.10 *# <0.001
WA5% (%) 0.52±0.11 0.54±0.13 0.41±0.12 *# <0.001
WA6% (%) 0.45(0.35–0.54) 0.52(0.37–0.56) 0.34(0.29–0.40) *# <0.001
RVC−856 to −950 −0.32(−0.39 to −0.27) −0.25(−0.30 to −0.16) −0.50(−0.63 to −0.35) *#@ <0.001
MLDE/I 0.92(0.88–0.96) 0.92(0.85–0.95) 0.83(0.79–0.89) *# <0.001

Notes: Data are presented as mean ± standard deviation or medians (interquartile range). Bold indicates P-values less than 0.05. *P<0.05, health control vs COPD group; 
#P<0.05, health control vs ACO group; @P<0.05, COPD group vs ACO group. 
Abbreviations: COPD, chronic obstructive pulmonary disease; ACO, asthma–COPD overlap; LAA%, the % area of low attenuate to the corresponding lung area= the 
percentage of low-attenuation areas lower than −950 Hounsfield units (HU) on inspiratory CT; RL, right lung; LL, left lung; RUL, right upper lobe; RML, right middle lobe; 
RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; BSA, body surface area; WT, bronchial wall thickness; WA, wall area; LA, luminal area; WA%, wall 
area percent; BSA, body square area; RVC−856—950, relative volume change −856HU to −950HU= change of the relative volume of voxels between −856 to −950 HU from 
inspiratory to expiratory CT; MLDE/I, the expiration to inspiration ratio of mean lung density.
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differentiating ACO from COPD. Our study shows that 
RVC−856 to −950 combined with R5-R20 might be promis-
ing candidates for the early recognition of ACO among 
COPD patients.

Our results showed that R5, R5-R20 and the absolute 
value of X5 in patients with ACO were higher than those 
in COPD patients and control subjects. Among these IOS 
parameters, respiratory resistance across frequencies (R5- 
R20) denotes small airway resistance. A higher respira-
tory resistance in ACO patients suggests that ACO has 
greater airway narrowing than COPD, which is supported 
by our quantitative HRCT analyses of the airways. As 
proposed by Matsuoka et al,22 RVC−856 to −950 as an 
HRCT parameter of air trapping can indirectly reflect 
small-airway impairment in airway disease. In our study, 
patients with ACO had a significantly higher RVC−856 to 

−950 than the control and COPD groups, indicating that 
there was more damage to the small airways in ACO 
patients than in COPD patients, which then caused more 
severe air trapping. Moreover, several reports have 
pointed out that the quantitative HRCT measurements of 
air trapping had a stronger relationship with the physiolo-
gical indices for airway disease than the bronchi 
measurements,25,26 which is similar to the results 
observed in our study, and this indicates that the evalua-
tion of air trapping can better estimate the degree of air-
flow obstruction and can reflect the severity of airway 
disease. Similarly, Hartley et al also demonstrated that 

air trapping is strongly associated with the impairment 
of lung function in both COPD and asthma patients.27 

As such, the airflow limitation in patients with ACO 
may be attributed to distinct pathological changes of the 
small airways, which differ from those patients with 
COPD alone. Thus, patients with ACO would benefit 
more from therapy specifically targeting the small airways 
with extrafine particle inhalers than COPD patients, and 
this treatment aims to reduce small airway inflammation 
and alleviate airway narrowing.28 Small airway disease 
(SAD) is recognized as a pivotal pathology in COPD and 
asthma patients. Furthermore, studies by McDonough 
et al showed that narrowing and loss of the small airways 
may precede the occurrence of emphysema, which can 
explain the elevated small airway resistance in COPD.29 

Thus, a comprehensive description of physiological and 
HRCT markers of SAD may help to better identify ACO 
in a COPD cohort, evaluate disease severity and progres-
sion, and monitor therapeutic responses between the two 
diseases.

In our study, we found a strong association of either 
RVC−856 to −950 ≥-0.41 or R5-R20≥0.24 with an increased 
in the risk of ACO among COPD patients regardless of 
adjustment for confounders or not. These data indicated 
that both RVC−856 to −950 and R5-R20 were effective pre-
dictors of ACO, which was independent of the general 
characteristics (age, sex, BMI, history of smoking, exacer-
bation and atopy or allergic rhinitis). Currently, the 

Table 4 Multivariate Analysis of the Association of RVC−856 to −950, R5-R20, R5 and X5 with ACO Among COPD Patients

Parameters Univariate Analysis Multivariate Analysis

OR (95% CI) P OR (95% CI) P

RVC−856 to −950 <0.001 RVC−856 to −950 0.048
<-0.41 1.00 (reference) 1.00 (reference)

≥-0.41 3.365(1.541–7.344) 3.615(1.010–12.940)

R5-R20 

(kpa·L−1·s−1)

<0.001 R5-R20 (kpa·L−1·s−1) 0.001

<0.24 1.00 (reference) 1.00 (reference)
≥0.24 3.269(1.656–6.453) 432.018(10.240–18,226.731)

R5 (kpa·L−1·s−1) <0.001 R5 (kpa·L−1·s−1) 0.003
<0.46 1.00 (reference) 1.00 (reference)

≥0.46 1.789(1.331–2.404) 49.176(3.770–653.599)

X5 (kpa·L−1·s−1) 0.004 X5 (kpa·L−1·s−1) 0.017
≥-0.22 1.00 (reference) 1.00 (reference)
<-0.22 2.145(1.270–3.620) 5.364(1.347–21.353)

Notes: Adjusted for age, sex, BMI, history of smoking, exacerbation and atopy or allergic rhinitis. 
Abbreviations: RVC−856—950, relative volume change −856HU to −950HU; R5-R20, difference between R5 and R20; R5, resistance at 5 Hz; X5, reactance at 5 Hz; OR, 
odds ratio.
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diagnostic value of RVC−856 to −950 for ACO remains 
unclear. Our study is the first to evaluate the clinical utility 
of RVC−856 to −950 in the prediction of ACO. At the same 
time, we attempted to combine RVC−856 to −950 and R5- 
R20 to obtain a greater accuracy in identifying ACO 
among patients with COPD. Here, our study demonstrated 
that the AUC of RVC−856 to −950 used to distinguish ACO 
was 0.803, with the best cutoff being −0.41, and that the 
AUC of R5-R20 was 0.771, with an optimal diagnostic 
cutoff value of 0.24. Here the NPV of ACO for RVC−856 to 

−950 (93.3%) and R5-R20 (80.5%) was higher than the 
PPV (RVC−856 to −950: 59.4%; R5-R20: 68.0%), which 
indicates that lower values of RVC−856 to −950 and lower 

R5-R20 values are more likely to help clinicians exclude 
ACO, while patients with higher RVC−856 to −950 and R5- 
R20 need further examinations to confirm the diagnosis. 
The combination of RVC−856 to −950 and R5-R20 was 
superior to a single measurement for identifying ACO 
from COPD. The AUC was 0.909 (with cutoff points of 
>-0.62 for RVC−856 to −950 and >0.09 for R5-R20).

Additionally, we also found that individuals with ACO 
had more frequent severe exacerbations despite similar 
spirometry results and smoking history compared to 
patients with COPD alone, which is in accordance with 
prior studies9,30,31 and provides support for the concept 
that this is a distinctive clinical condition with a greater 
morbidity. Additionally, our analysis of quantitative HRCT 
of the proximal airways showed that the ACO and COPD 
groups had higher LAA%, WT/BSA, WA/BSA and WA% 

Table 5 ROC Curves for RVC−856 to −950 Combined with R5-R20 in Predicting ACO

Parameters Cutoff Values AUC (95% CI) Sensitivity 
(%)

Specificity 
(%)

PPV 
(%)

NPV 
(%)

RVC−856 to −950 > −0.41 0.803 (0.682–0.893) # 90.48 68.29 59.4 93.3

R5-R20(kpa·L−1·s−1) >0.24 0.771(0.651–0.866) # 68.00 80.49 68.0 80.5

R5(kpa·L−1·s−1) >0.46 0.758(0.636–0.855) # 92.00 53.66 54.8 91.7
X5(kpa·L−1·s−1) ≤-0.22 0.716(0.592–0.820) # 76.00 60.98 54.3 80.6

RVC−856 to −950 + R5- 

R20

RVC−856 to −950> −0.62 and R5- 

R20>0.09

0.909(0.808–0.967) 76.19 95.12 88.9 88.6

Note: #P<0.05, compared with AUCRVC-856 to −950 +R5-R20; The cutoff points were obtained by maximizing the sum of sensitivity and specificity (maximum Youden index). 
Abbreviations: RVC−856 to −950, relative volume change −856HU to −950HU; R5-R20, difference between R5 and R20; R5, resistance at 5 Hz; X5, reactance at 5 Hz; AUC, 
Area under the curve; PPV, positive predictive value; NPV, negative predictive value.

Figure 4 ROC curves for RVC−856 to −950 combined with R5-R20 in predicting 
ACO. 
Abbreviations: AUC, area under the curve; RVC−856 to −950, relative volume 
change −856HU to −950HU; R5-R20, difference between R5 and R20. Figure 5 Calibration curve of RVC−856 to-950 combined with R5-R20.
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than the control group. Although the ACO group had 
a higher median value, no significant difference was seen 
between the ACO and COPD patients, suggesting that 
there was no obvious difference in terms of emphysema 
and proximal airway remodeling between patients with 
ACO and COPD. In contrast to our study, previous 
HRCT studies have pointed out the differences in the 
features of the airways and parenchyma between the 
ACO and COPD groups. Karayama et al reported that 
patients with ACO had a greater WT, a smaller LA, and 
less emphysema than COPD patients.32 Hardin et al 
showed that patients with ACO had thicker airways in 
segmental or subsegmental bronchi and less emphysema 
than patients with COPD alone after adjustment for gen-
eral information factors in a multivariate regression 
analysis.31 These discrepancies may be attributed in part 
to the different methods to measure the quantitative HRCT 
parameters and the difference in the study populations. 
Another possible reason may be that, in our study, patients 
with COPD and ACO had differences in the proportion of 
women, age and BMI but did not have any differences 
regarding smoking history, inhaled medications and air-
flow limitation as measured by spirometry.

There are several limitations in our study that merit 
mention. First, our study was performed at a single center 
which resulted in selection bias and thus was not general-
izable. The sample size was relatively small so our study 
was limited to confirming some results in the stratified 
analysis. Smokers were not divided into current and ex- 
smoker groups. Hence, future studies should include 
a greater sample size of patients from multiple centers, 
and current and ex-smoker groups will be classified for 
further analysis. Second, there is currently no definitive 
way to characterize ACO, and therefore different defini-
tions of ACO may demonstrate different results. Third, we 
only measured 4th- to 6th-generation bronchi of RB1 
owing to the resolution limitation of CT; as such, the 
different morphological and pathological changes in 
small airways could not be confirmed between the COPD 
group and the ACO group. Fourth, we were limited in 
exploring the long-term outcomes of the patients; there-
fore, further longitudinal follow-up and therapeutic studies 
are necessary to track disease progression, to demonstrate 
distinct clinical outcomes and to identify the optimal ther-
apy in this population. Last, it is recognized that ACO 
comprises two main clinical phenotypes: patients with 
COPD who have features of asthma; asthmatic patients 
who develop an irreversible airflow limitation after long- 

term smoking.8,33 Our cohort included the former only; 
therefore, some results of our study are not generalizable 
to the entire ACO population.

Conclusion
In summary, our current study shows that subjects with 
ACO have a higher respiratory impedance during tidal 
breathing and more serious air trapping in the HRCT 
analysis than patients with COPD, which indicates that 
there exists more serious small airway impairment in 
patients with ACO than in patients with COPD. 
Additionally, our results suggest that combined RVC−856 

to −950 and R5-R20 values had the highest diagnostic value 
for differentiating ACO patients among COPD patients. 
Together, RVC−856 to −950>-0.62 and R5-R20>0.09 can be 
used in an early diagnosis of ACO and therefore could 
enable a more accurate and targeted therapeutic protocol to 
optimize individual patient management and improve clin-
ical outcomes.
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