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Abstract 

Background The role of airway impairment assessed by impulse oscillometry (IOS) in patients with chronic obstruc-
tive pulmonary disease (COPD) remains unclear. Therefore, this study aimed to analyze the proportion and clinical 
characteristics of airway impairment assessed by IOS across COPD severities, and explore whether airway impairment 
is a subtype of COPD.

Methods This study was based on cross-sectional data from the ECOPD cohort in Guangdong, China. Subjects were 
consecutively recruited from July 2019 to August 2021. They filled out questionnaires and underwent lung function 
tests, IOS and computed tomography (CT). COPD was defined as post-bronchodilator forced expiratory volume in 
one second/forced vital capacity < lower limit of normal (LLN). Meanwhile, airway impairment was defined as IOS 
parameters > upper limit of normal or < LLN. On the one hand, Poisson regression was employed to analyze the asso-
ciations between acute exacerbations of COPD (AECOPD) in the previous year and airway impairment. On the other 
hand, logistic regression was used to assess differences in CT imaging between patients with IOS parameters’ abnor-
malities and patients with normal IOS parameters.

Results 768 COPD subjects were finally enrolled in the study. The proportion of airway impairment assessed by  R5, 
 R20,  R5–R20,  X5, AX, and  Fres was 59.8%, 29.7%, 62.5%, 52.9%, 60.9% and 67.3%, respectively. Airway impairment assessed 
by IOS parameters  (R5,  R5–R20,  X5, AX, and  Fres) in patients with COPD was present across all severities of COPD, par-
ticularly in GOLD 3–4 patients. Compared with patients with normal IOS parameters, patients with IOS parameters’ 
abnormalities had more respiratory symptoms, more severe airway obstruction and imaging structural abnormalities. 
Patients with IOS parameters’ abnormalities assessed by  R5 [risk ratio (RR): 1.58, 95% confidential interval (CI): 1.13–2.19, 
P = 0.007],  R5–R20 [RR: 1.73, 95%CI: 1.22–2.45, P = 0.002],  X5 [RR: 2.11, 95%CI: 1.51–2.95, P < 0.001], AX [RR: 2.20, 95%CI: 
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1.53–3.16, P < 0.001], and  Fres [RR: 2.13, 95%CI: 1.44–3.15, P < 0.001] had a higher risk of AECOPD in the previous year 
than patients with normal IOS parameters.

Conclusions Airway impairment assessed by IOS may be a subtype of COPD. Future studies are warranted to identify 
the underlying mechanisms and longitudinal progression of airway impairment.

Keywords Impulse oscillometry, Airway impairment, Chronic obstructive pulmonary disease, Computed 
tomography, Spirometry

Introduction
Chronic obstructive pulmonary disease (COPD) is a com-
mon, preventable and treatable disease characterized by 
irreversible airflow obstruction. It has become a worldwide 
public health challenge owing to its high prevalence, dis-
ability, and mortality [1]. In 2019, the global prevalence of 
COPD in individuals aged 30–79 years, as defined by the 
Global Initiative for Chronic Obstructive Lung Disease 
(GOLD) standard, was 10.3% [95% confidential interval 
(CI) 8.2–12.8] or 391.9 million (95% CI 312.6–487.9) [2]. 
As is well documented, small airways are the primary sites 
of airflow obstruction in COPD [3]. Histological data sug-
gested that small airway inflammatory lesions may lead to 
a decrease in airway diameter, increased airway imped-
ance, and eventually progress to airway impairment [4].

Impulse oscillometry (IOS) is gaining prominence world-
wide and plays a crucial role in patients with asthma as it 
captures its variability [5]. In COPD patients, lung func-
tion is typically used to detect airway obstruction in clini-
cal practice. However, compared with lung function, IOS 
only requires patients to breathe calmly to measure airway 
impedance and more accurately detect large and small air-
way functions [6]. Previous study has identified the number 
of small airway dysfunction (SAD) diagnosed by only IOS 
but lung function not was nearly twice than that by only 
lung function but IOS not in normal subjects [7], indicat-
ing that IOS could supplement information that lung func-
tion cannot obtain. Other studies have determined that 
airway impairment detected via IOS were associated with 
impaired lung function and airway lesions [8–10]. Indeed, 
IOS parameters increase with the severities of COPD [8, 
11, 12]. Nevertheless, the proportion of airway impairment 
assessed by IOS and the clinical characteristics of airway 
impairment in patients with COPD remain unknown.

There were two primary objectives in this study. Firstly, 
we aimed to explore the proportion of airway impairment 
assessed by IOS based on Chinese IOS predictive values 
[> upper limit of normal (ULN)/ < lower limit of normal 
(LLN)] across COPD severities. Secondly, clinical char-
acteristics of airway impairment in patients with COPD 
were assessed to analyze whether airway impairment was 
a COPD phenotype.

Methods
Study design and participants
The ECOPD cohort was a prospective, observational, 
population-based cohort study in China. The baseline, 
cross-sectional data of COPD patients were collected 
from the ECOPD study. The ECOPD cohort research 
design has already been published [13]. In short, sub-
jects were continuously recruited between July 2019 
and August 2021 in Guangzhou, Shaoguan, and Hey-
uan, Guangdong province, China.

Subjects in this study were 40–80  years old, filled 
out questionnaires, and underwent pre-bronchodilator 
IOS, pre-bronchodilator lung function tests, post-bron-
chodilator lung function tests and computed tomogra-
phy (CT). COPD was defined as a post-bronchodilator 
forced expiratory volume in one second  (FEV1)/forced 
vital capacity (FVC) < LLN, and was based on a multi-
center Chinese population spirometry predicted values 
study [14]. Sensitivity analysis adopted the criterion of 
post-bronchodilator  FEV1/FVC < 0.70 for the diagno-
sis of COPD. The exclusion criteria were as follows: (I) 
aged < 40  years or > 80  years; (II) respiratory infection 
or exacerbation in the 4 weeks prior to screening; (III) 
heart attack (myocardial infarction, malignant arrhyth-
mia) in the past 3  months; (IV) hospitalized for heart 
disease within the past 1  month; (V) chest, abdomen, 
or eye surgery in the past 3  months; (VI) previous 
lobectomy; (VII) malignant tumors newly discovered 
and being treated; (VIII) receiving anti-tuberculosis 
drug treatment or active pulmonary tuberculosis; (IX) 
history of mental disorders, auditory hallucinations, 
visual hallucinations, or taking antipsychotic drugs; (X) 
history of cognitive disorders, including dementia or 
cognitive disorders; (XI) history of high paraplegia; and 
(XII) pregnant or lactating women.

This study was conducted in accordance with the 
Declaration of Helsinki and approved by The Ethics 
Committee of the First Affiliated Hospital of Guang-
zhou Medical University (Approval Number 2018–53). 
All participants signed the appropriate informed con-
sent prior to their inclusion.
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Questionnaires
The questionnaire in this study was revised in accord-
ance with the Chinese COPD epidemiology study, 
including smoking status, smoking index, history of 
occupational exposure and family history of respiratory 
diseases [15, 16]. History of occupational exposure was 
defined as occupational exposure for more than 1  year 
in a participant’s lifetime. Biomass exposure was defined 
as cooking or heating using biomass (mainly wood, crop 
residues,charcoal, grass, and dung) for more than 1 year. 
Family history of respiratory diseases was defined as hav-
ing parents, siblings, and children with respiratory dis-
eases (chronic bronchitis, emphysema, asthma, COPD, 
cor pulmonale, bronchiectasis, lung cancer, interstitial 
lung disease, or obstructive sleep apnea–hypopnea syn-
drome). Chronic respiratory symptoms included cough, 
phlegm, wheeze, and dyspnea. Symptom severities 
was assessed by the modified Medical Research Coun-
cil Dyspnea Scale (mMRC) score and COPD Assess-
ment Test (CAT) [17]. Acute exacerbations of COPD 
(AECOPD) were defined as the presence or exacerbation 
of at least two of the following symptoms: cough, spu-
tum production, purulent sputum, wheezing, and dysp-
nea lasting at least 48 h, after excluding left–right cardiac 
dysfunction, pulmonary embolism, pneumothorax, pleu-
ral effusion, arrhythmia, and other diseases [18]. Chronic 
bronchitis was defined as chronic cough and expectora-
tion for at least 3 months a year for two consecutive years 
[19].

Lung function
According to the lung function criteria recommended 
by the American Thoracic Society/European Respira-
tory Society (ERS) [20], trained physicians carried out 
daily calibration verification of lung function (CareFu-
sion, Yorba Linda, CA, USA) at low, medium, and high 
flow. The acceptable reproducibility criterion was a sin-
gle test consisting of no hesitation at the onset of expira-
tion and an extrapolated volume of < 5% FVC or 150 ml. 
The largest and second-largest values for  FEV1 and FVC 
had to be within 150  ml, and the experiments were at 
least performed in triplicates. Subjects performed a post-
bronchodilator lung function test after inhaling 400  µg 
of salbutamol (Ventolin, Glaxo-SmithKline) via a 500-ml 
spacer for 20 min. The criteria for the severity of COPD 
were as follows: GOLD 1, 80% ≤  FEV1% predicted; GOLD 
2, 50% ≤  FEV1% predicted < 80%; GOLD 3, 30% ≤  FEV1% 
predicted < 50%; GOLD 4,  FEV1% predicted < 30% [1].

Impulse oscillometry (IOS)
Respiratory resistance and reactance were measured 
using IOS (Master Screen IOS, Hochberg Germany). 

Subjects did not receive bronchodilators for 72 h before 
the IOS test. According to the ERS recommendation 
[21], the operator gently pressed the subject’s cheeks with 
both hands to avoid cheek vibration affecting the accu-
racy of measurement. The subject sat upright, clipped 
into the nose clip and carried out tidal breath for at least 
30  s. Cough, swallowing, and air leakage were avoided 
during this period. The quality control was the within-
session coefficient of variation of resistance at 5 Hz  (R5) 
less than 10% [22].  R5 indicated total respiratory resist-
ance; resistance at 20 Hz  (R20) represented central airway 
resistance; the difference between  R5 and  R20  (R5–R20), 
reflected peripheral airway resistance; reactance at 5 Hz 
 (X5) was a measure of the stiffness of the entire system; 
resonance frequency  (Fres), where  Ers and  Irs made equal 
and opposite contributions to impedance and reactance, 
was a sensitive index reflecting increase resistance; AX, 
the area under  X5 and  Fres, reflected the comprehensive 
index of reactance [23]. The criteria for airway impair-
ment were based on a multicenter Chinese population 
IOS predictive value [24]. Patients with COPD were 
divided into six IOS parameters’ abnormalities groups 
according to the following criteria:  R5 > ULN,  R20 > ULN, 
 R5-R20 > ULN,  X5 < LLN, AX > ULN,  Fres > ULN.

Computed tomography
Two multidetector-row CT scanner (Siemens Defini-
tion AS Plus 128-slicers and United-imaging uCT 760 
128-slicers) was utilized for high-resolution CT. Percent 
emphysema was defined as the total percentage of both 
lungs with attenuation values less than -950 Hounsfield 
units on inspiratory images (inspiratory  LAA-950). Mean-
while, percent gas trapping was defined as the total per-
centage of both lungs with attenuation values less than 
-856 Hounsfield units on expiratory images (expiratory 
 LAA-856). Lastly, emphysema > 5% and air trapping > 20% 
were defined as abnormal lesions [25].

Statistical analysis
Statistical analyses were performed using SPSS statis-
tics version 26.0 (IBM Corp. Armonk, NY, USA). Con-
tinuous variables following a normal distribution were 
expressed as mean (standard deviation), and continu-
ous variables not following a normal distribution were 
expressed as median [interquartile range (IQR)]. The Stu-
dent’s t-test was used to compare differences between the 
IOS parameters’ abnormalities group with the group with 
the normal IOS parameters for normal continuous vari-
ables, while the Wilcoxon rank-sum test was utilized for 
non-normal continuous variables, and Fisher’s exact or 
Chi-squared test for categorical variables. After adjust-
ing for age, sex, body mass index (BMI), smoking index, 
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smoking status, family history of respiratory diseases, 
occupational exposures, biomass exposure, and history of 
asthma, logistic regression was used to assess differences 
in CT imaging between the group with IOS parameters’ 
abnormalities and group with normal IOS parameters. 
The associations between AECOPD in the previous year 
and airway impairment were assessed by Poisson regres-
sion. Sensitivity analysis used post-bronchodilator  FEV1/
FVC < 0.70 to define COPD. P < 0.05 was considered sta-
tistically significant.

Results
Patient characteristics
The proportion of airway impairment assessed by  R5,  R20, 
 R5-R20,  X5, AX, and  Fres in COPD patients was 59.8%, 
29.7%, 62.5%, 52.9%, 60.9% and 67.3%, respectively. 
Compared with patients with normal IOS parameters, 
patients with IOS parameters’ abnormalities groups  (R5, 
 R5-R20,  X5, AX, and  Fres) had more respiratory symp-
toms (cough, phlegm, wheeze, and dyspnea), asthma, 
more emphysema and air trapping. However, there was 
no significant difference in respiratory symptoms and 
emphysema between patients with normal IOS param-
eters and patients with IOS parameters’ abnormalities 
assessed by  R20. Compared with patients with normal 
IOS parameters, patients with IOS parameters’ abnor-
malities  (R5–R20,  X5, AX, and  Fres) were older and had 
a higher proportion of ever-smokers, whereas patients 
with IOS parameters’ abnormalities  (R5–R20 and  Fres) 
had lower BMI and higher smoking index. Patients with 
IOS parameters’ abnormalities assessed by  R20 had more 
occupational exposures and  Fres had a higher proportion 
of chronic bronchitis. Besides, there was no statistical 
difference in gender and family history of respiratory dis-
eases between patients with normal IOS parameters and 
patients with IOS parameters’ abnormalities (Table  1). 
Contrastingly, patients with IOS parameters’ abnormali-
ties had more impaired lung function and severe airway 
obstruction (Table 2) and higher mMRC and CAT scores 
(Fig. 1) than patients with normal IOS parameters.

The proportion of airway impairment in different GOLD 
grades
Airway impairment was present across patients with all 
severities of COPD, particularly in COPD patients with 
GOLD 3–4. The proportion of airway impairment  (R5, 
 R5-R20,  X5, AX, and  Fres) progressively increased with 
an increase in the severities of COPD. For instance, the 
proportion of the airway impairment was the lowest in 
patients with GOLD 1 and higher in GOLD 2–3, and air-
way impairment was all identified in COPD patients with 
GOLD 4. There was a significant difference in airway 

impairment among COPD patients with GOLD 1–3 but 
no difference in COPD patients with GOLD 3–4. How-
ever, the proportion of airway impairment assessed by 
 R20 did not increase significantly with the severities of 
COPD (GOLD 1, 18.8%; GOLD 2, 36.5%; GOLD 3, 33.3%; 
GOLD 4, 35.3%) (Fig. 2).

Risk of acute exacerbations of COPD in the previous year 
and airway impairment
Compared with patients with normal IOS parameters, 
patients with IOS parameters’ abnormalities assessed by 
 R5 [risk ratio (RR): 1.58, 95% CI: 1.13–2.19, P = 0.007], 
 R5–R20 [RR: 1.73, 95%CI: 1.22–2.45, P = 0.002],  X5 
[RR: 2.11, 95%CI: 1.51–2.95, P < 0.001], AX [RR: 2.20, 
95%CI: 1.53–3.16, P < 0.001], and  Fres [RR: 2.13, 95%CI: 
1.44–3.15, P < 0.001] were at a significantly higher risk of 
AECOPD in the previous year (Table 3).

Airway impairment and radiologic features
After adjusting for age, sex, BMI, smoking status, smok-
ing index, family history of respiratory diseases, occu-
pational exposures, biomass exposure, and history of 
asthma, logistic regression analysis revealed that patients 
with IOS parameters’ abnormalities  (R5,  R5–R20,  X5, AX, 
and  Fres) had more emphysema and air trapping than 
patients with normal IOS parameters (Fig. 3).

Sensitivity analysis
Post-bronchodilator  FEV1/FVC < 0.70 was used to define 
COPD in the 833 COPD subjects. Compared with 
patients with normal IOS parameters, patients with IOS 
parameters’ abnormalities had more severe respiratory 
symptoms, emphysema and air trapping (Additional 
file 1: Table S1). Likewise, patients with IOS parameters’ 
abnormalities had more  impaired lung function and 
severe airway obstruction (Additional file  1: Table  S2) 
and higher mMRC and CAT scores (Additional file 1: Fig. 
S1) than those with normal IOS parameters. The propor-
tion of airway impairment in different GOLD grades was 
similar to that of COPD defined by post-bronchodilator 
 FEV1/FVC < LLN (Additional file  1: Fig. S2). Indeed, 
they were similar to the results of COPD defined by 
post-bronchodilator  FEV1/FVC < LLN in the associa-
tion between airway impairment, AECOPD, and imaging 
(Additional file 1: Table S3, Fig. S3).

Discussion
Firstly, this study indicated that airway impairment, 
as assessed by IOS, was present across all severities of 
COPD, particularly in COPD patients with GOLD 3–4. 
The proportion of airway impairment tended to increase 
with the severities of COPD, highlighting the contribu-
tion of airway impairment in COPD patients and directly 
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linking the presence of airway impairment with COPD 
severities evaluated by  FEV1. Secondly, patients with 
IOS parameters’ abnormalities assessed by  R5,  R5–R20, 
 X5, AX, and  Fres had more respiratory symptoms, more 
severe airway obstruction, more imaging structural 
changes, and were at a higher risk of AECOPD in the 
previous year than patients with normal IOS parameters. 
Altogether, this implies that airway impairment may be a 
COPD phenotype.

Herein, it was found that the proportion of airway 
impairment assessed by  R5,  R5–R20,  X5, AX, and  Fres 
ranged from 52.9 to 67.3% in patients with COPD. The 
proportion of airway impairment in our study was 
smaller than that in previous studies. For example, the 
ECLIPSE cohort results showed that the proportion of 
airway impairment by  R5–R20,  X5, and AX was 60%, 66% 
and 71% [8]. Meanwhile, Ernesto Crisafulli et  al. [11] 
found that 74% of patients with COPD had small air-
way dysfunction (SAD) defined by  R5–R20 > 0.07 kPa/L/s. 
In another study, Williamson PA et  al. [26] used  R5–
R20 > 0.03  kPa/L/s to assess SAD, which accounted for 

80% of patients with moderate COPD. The reason for 
these differences may be attributed to the fact that (1) 
there were many COPD patients with GOLD 1–2 in our 
study, and only about 1/3 of subjects exhibited airway 
impairment in COPD patients with GOLD 1. (2) Airway 
impairment assessed by IOS parameters > ULN or < LLN 
may lead to lower proportion than a fixed value. Overall, 
most COPD patients had airway impairment assessed by 
IOS, and our results also established that small airways 
were the chief sites of airflow obstruction in COPD [3, 
27].

We further described the proportion of airway impair-
ment across the different severities of COPD. Our 
results found that airway impairment was present across 
severities of COPD patients, particularly in GOLD 3–4 
patients. The proportion of airway impairment assessed 
by  R5,  R5-R20,  X5, AX, and  Fres tended to increase with 
severities of COPD. This result implied that the wider 
airways were affected by pathophysiological abnor-
malities with the progression of airway obstruction. An 
increase in SAD parameters  (R5,  R5-R20,  X5, AX, and  Fres) 

Fig. 1 mMRC and CAT scores between airway impairment group and non-airway impairment group in patients with chronic obstruction 
pulmonary disease, datas were shown as mean (SE) ** means < 0.01, *** means < 0.001
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may reflect the worsening airway obstruction in COPD. 
Herein, significant differences were noted in airway 
impairment among COPD patients with GOLD 1–3, but 
no difference in patients with GOLD 3–4. Our result was 
consistent with the findings of Ana Maria G.T. Di Man-
go’s study [12]. This indicated IOS parameters’ abnor-
malities can detect initial airway obstruction changes in 

COPD. In addition, we found that  R20 was not associ-
ated with the severities of COPD, given that total airway 
resistance increased with an increase in airway obstruc-
tion, which mainly occurred at lower frequencies rather 
than higher frequencies. Ana Maria G.T. Di Mango et al. 
reported that resistance at 16–32  Hz had no significant 

Fig. 2 Proportion of airway impairment in COPD patients with different GOLD grades

Table 3 Associations between acute exacerbations of COPD in the previous year and airway impairment in patients with chronic 
obstruction pulmonary disease

Datas are presented as means (standard error)

The number of acute exacerbation of COPD per patient-year was the number of times of exacerbation for a single patient per year
# After adjusting for age, sex, BMI, smoking index, smoking status, family history of respiratory diseases, occupational exposures, biomass exposure, and history of 
asthma, Poisson regression was applied to analyze the associations between acute exacerbations of COPD (AECOPD) in the previous year and airway impairment. CI, 
confidential interval. †: p < 0.05; Bold values represent signifificant p values. 

AECOPD in the previous year With airway impairment Without airway impairment Risk ratio (95%CI) # P value

Total—per patient-year R5 > ULN (n = 459) R5 ≤ ULN (n = 308)

0.18 (0.07) 0.11 (0.05) † 1.58 (1.13–2.19) 0.007
Total—per patient-year R20 > ULN (n = 228) R20 ≤ ULN (n = 539)

0.16 (0.06) 0.17 (0.07) 0.93 (0.67—1.29) 0.661

Total—per patient-year R5-R20 > ULN (n = 480) R5-R20 ≤ ULN (n = 287)

0.19 (0.07) 0.11 (0.04) † 1.73 (1.22—2.45) 0.002
Total—per patient-year X5 < LLN (n = 406) X5 ≥ LLN (n = 361)

0.19 (0.07) 0.09 (0.04) † 2.11 (1.51–2.95)  < 0.001
Total—per patient-year AX > ULN (n = 468) AX ≤ ULN (n = 299)

0.18 (0.07) 0.08 (0.03) † 2.20 (1.53–3.16)  < 0.001
Total—per patient-year Fres > ULN (n = 516) Fres ≤ ULN (n = 251)

0.18 (0.07) 0.08 (0.04) † 2.13 (1.44–3.15)  < 0.001
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difference among different COPD grades [12], which may 
be related to the effect of upper airway shunt [21].

The present study comprehensively explored the clini-
cal significance of airway impairment in COPD patients. 
The majority of studies have focused only on the clini-
cal significance of SAD defined by  R5–R20 > 0.07 kPa/s/L 
in chronic respiratory diseases, especially in asthma 
patients. However, the clinical significance of airway 
impairment in COPD was unclear. Our study further 
demonstrated that the group with IOS parameters’ 
abnormalities had more severe respiratory symptoms 
than that group with normal IOS parameters. This result 
was in line with the observations of Akane Haruna’s study 
in that SAD parameters were significantly associated with 
health status and dyspnea in COPD [28]. It may be that 
the group with IOS parameters’ abnormalities had worse 
lung function, more airflow limitation and imaging struc-
tural changes. Interestingly, our results found that large 
airway impairment assessed by  R20 was associated with 

occupational exposure. To the best of our knowledge, this 
finding has not been described in previous studies. Some 
studies determined that occupational exposure to endo-
toxin and exposure to vapors, gas, dust, or fumes were 
associated with large airways (wall area percent) [29, 30]. 
Our result also adds evidence to this view from the per-
spective of respiratory mechanics. Larger airway size may 
lower the ability of the respiratory defense mechanisms 
to remove harmful substances [31]. In addition, periph-
eral airway impairment assessed by  Fres was associated 
with chronic bronchitis, which had the excessive secre-
tion of mucus, and resulted in small airway obstruction 
[32, 33].

AECOPD were the predominant reason for hospitaliza-
tion and mortality in COPD. Moreover, AECOPD in the 
previous year were independent predictor of AECOPD 
in the following year [34]. Additionally, our study showed 
that airway impairment was associated with the risk of 
AECOPD in the previous year. This finding is of great 

Fig. 3 Differences in CT imaging between group with IOS parameters’ abnormalities and group with normal IOS parameters in patients with 
chronic obstruction pulmonary disease. OR, odds ratio; CI, confidential interval. Logistic regression analysis adjusting for age, sex, BMI, smoking 
index, smoking status, family history of respiratory diseases, occupational exposures, biomass exposure and history of asthma
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clinical significance in COPD patients; this signals that 
COPD patients with airway impairment may have a 
poorer prognosis and may be a special COPD subtype. 
AECOPD are highly implicated in airway remodeling, 
thereby leading to airway lesions [35–39]. This view was 
validated by prior studies that reported that AECOPD 
patients had aberrant airway resistance and increased 
annual change in airway resistance [40, 41]. Therefore, it is 
crucial to promptly identify and treat airway impairment; 
this will eventually minimize the risk of AECOPD as well 
as the economic burden of COPD patients. Omar S. Usm-
ani et  al. proposed approaches to optimize small airway 
treatment of COPD, including optimized drug formula-
tions, inhalers, and drugs to improve small airways [42].

There were some limitations in our study that need to be 
considered when interpreting the results. Firstly, there are 
many COPD patients with GOLD 1–2, which may impact 
the proportion of airway impairment. However, our study 
still demonstrated that airway impairment  was present 
across patients with all severities of COPD. Secondly, the 
proportion and clinical characteristics of airway impair-
ment in GOLD ABCD or ABE group were not shown in 
our study, because this study was community-based study. 
Patients in our study had less symptoms and AECOPD 
than those in hospital-based study. Meanwhile,  FEV1 
measured by body plethysmograph instead of spirometry 
was more accurate in reflecting COPD severity grade [43]. 
Finally, there were some differences between the forced 
oscillation technique (FOT) and IOS in instrument char-
acteristics, oscillating signal and data post-processing; 
FOT may be more sensitive to measuring reactance in 
patients with airflow obstruction than IOS [44].

Conclusion
To conclude, airway impairment was present across 
patients with severities of COPD, particularly in GOLD 
3–4 COPD patients. Airway impairment  assessed by 
 R5,  R5–R20,  X5, AX, and  Fres had more severe respira-
tory symptoms, airway obstruction, imaging structural 
changes, and a higher risk of AECOPD in the previous 
years. Our study revealed that airway impairment may 
potentially be a phenotype of COPD. Further studies are 
warranted to identify underlying mechanisms and longi-
tudinal progression of airway impairment.

Abbreviations
SAD  Small airway dysfunction
COPD  Chronic obstructive pulmonary disease
MMEF  Maximum mid expiratory flow
FEV1  Forced expiratory volume in one second
FVC  Forced vital capacity
CT  Computed tomography
IOS  Impulse oscillometry
R5-R20  Difference from  R5 to  R20
R5  Resistance at 5 Hz

R20  Resistance at 20 Hz
X5  Reactance at 5 Hz
Fres  Resonant frequency
OR  Odds ratio
RR  Risk ratio
CI  Confidential interval
BMI  Body mass index

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12890- 023- 02311-z.

Additional file 1. Table S1. Baseline characteristics airway impairment 
assessed by IOS in patients with chronic obstructionPulmonary disease 
(post-bronchodilator  FEV1/FVC < 0.7). Table S2. Post-bronchodilator lung 
function and pre-bronchodilator IOS parameters of airway impairment in 
patients with chronic obstruction pulmonary disease (post-bronchodilator 
 FEV1/FVC < 0.70). Table S3. Associations between acute exacerbations of 
COPD in the previous year and airway impairment in patients with chronic 
obstruction pulmonary disease. (post-bronchodilator  FEV1/FVC < 0.70). 
Figure S1. mMRC and CAT scores between airway impairment group 
and non-airway impairment group in patients with chronic obstruction 
pulmonary disease (post-bronchodilator  FEV1/FVC < 0.7). Figure S2. 
Proportion of airway impairment in patients with chronic obstruction 
pulmonary disease (post-bronchodilator  FEV1/FVC < 0.70) with different 
GOLD grades. Figure S3. Differences in CT imaging between group with 
IOS parameters’ abnormalities and group with normal IOS parameters in 
patients with chronic obstruction pulmonary disease (post-bronchodilator 
 FEV1/FVC < 0.70).

Acknowledgements
We thank all the participants who participated in the study. We would like to 
express our appreciation to Peiyu Huang, Bijia Lin, Shaodan Wei, Xiaopeng 
Ling, Heshen Tian (National Center for Respiratory Medicine, State Key Labora-
tory of Respiratory Disease, National Clinical Research Center for Respiratory 
Disease, Guangzhou Institute of Respiratory Health, The First Affiliated Hospital 
of Guangzhou Medical University, Guangzhou Medical University), Changli 
Yang, Shengtang Chen (Wengyuan County people’s Hospital), Jianhui Huang, 
Xiangwen Luo and Shuqing Yu (Lianping County People’s Hospital) for their 
effort in collecting and verifying the data.

Author contributions
PXR, YMZ, JQP and FW designed the project, planned the statistical analysis, 
and L.F.L. drafted and revised the paper. LFL, JQP, NNZ, FW, HST, HJY, ZSD, ZHW, 
SX, XW, YLZ, CQD, XHW, and KNZ collected and monitored the data collection. 
PXR and YMZ are the study guarantors. All authors read and approved the final 
manuscript.

Funding
This study was supported by the Local Innovative and Research Teams Project 
of Guangdong Pearl River Talents Program (2017BT01S155), the National 
Key Research and Development Program (2016YFC1304101), the National 
Natural Science Foundation of China (81970045), Guangdong Natural Science 
Foundation (2018A0303130227), Basic and Applied Basic Research Fund of 
Guangdong Province (2020A1515110915), Basic Research Program (Nanshan 
Foundation) of Guangzhou (202201020423), Science and Technology Program 
of Guangzhou (201904010071) and Zhongnanshan Medical Foundation of 
Guangdong Province (ZNSA-2020003, ZNSA-2020012, and ZNSA-2020013).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was conducted in accordance with the Declaration of Helsinki 
and approved by The Ethics Committee of the First Affiliated Hospital of 

https://doi.org/10.1186/s12890-023-02311-z
https://doi.org/10.1186/s12890-023-02311-z


Page 11 of 12Lu et al. BMC Pulmonary Medicine           (2023) 23:52  

Guangzhou Medical University (Approval Number 2018–53). All participants 
signed the appropriate informed consent prior to their inclusion.

Consent for publication
Not applicable.

Competing interests
No potential conflicts of interest exist with any companies/organizations 
whose products or services may be discussed in this article.

Author details
1 State Key Laboratory of Respiratory Disease, National Center for Respiratory 
Medicine, National Clinical Research Center for Respiratory Disease, Guang-
zhou Institute of Respiratory Health, The First Affiliated Hospital of Guangzhou 
Medical University, 151 Yanjiang Road, Guangzhou, China. 2 Guangzhou 
Laboratory, Guangzhou, China. 

Received: 7 September 2022   Accepted: 4 January 2023

References
 1. GOLD. Global strategy for the diagnosis, management, and prevention 

of chronic obstructive pulmonary disease; 2023 Report. Available from: 
https:// goldc opd. org/ 2023- gold- report- 2/. Accessed 15 Dec 2022.

 2. Adeloye D, Song P, Zhu Y, Campbell H, Sheikh A, Rudan I, Unit NRGRH. 
Global, regional, and national prevalence of, and risk factors for, chronic 
obstructive pulmonary disease (COPD) in 2019: a systematic review and 
modelling analysis. Lancet Respir Med. 2022;10(5):447–58.

 3. McDonough JE, Yuan R, Suzuki M, Seyednejad N, Elliott WM, Sanchez PG, 
Wright AC, Gefter WB, Litzky L, Coxson HO. Small-airway obstruction and 
emphysema in chronic obstructive pulmonary disease. N Engl J Med. 
2011;365(17):1567–75.

 4. van den Berge M, Ten Hacken NHT, Cohen J, Douma WR, Postma DS. 
Small airway disease in asthma and COPD: clinical implications. Chest. 
2011;139(2):412–23.

 5. Gulotta C, Suki B, Brusasco V, Pellegrino R, Gobbi A, Pedotti A, Del-
lacà RL. Monitoring the temporal changes of respiratory resistance: a 
novel test for the management of asthma. Am J Respir Crit Care Med. 
2012;185(12):1330–1.

 6. Bickel S, Popler J, Lesnick B, Eid N. Impulse oscillometry: interpretation 
and practical applications. Chest. 2014;146(3):841–7.

 7. Lu L, Peng J, Zhao N, Wu F, Tian H, Yang H, Deng Z, Wang Z, Xiao S, Wen X, 
et al. Discordant spirometry and impulse oscillometry assessments in the 
diagnosis of small airway dysfunction. Front Physiol. 2022;13: 892448.

 8. Crim C, Celli B, Edwards LD, Wouters E, Coxson HO, Tal-Singer R, Calverley 
PM. Investigators E: respiratory system impedance with impulse oscillom-
etry in healthy and COPD subjects: ECLIPSE baseline results. Respir Med. 
2011;105(7):1069–78.

 9. Matsuo Y, Ogawa E, Seto-Yukimura R, Ryujin Y, Kinose D, Yamaguchi M, 
Osawa M, Nagao T, Kurosawa H, Nakano Y. Novel respiratory impedance-
based phenotypes reflect different pathophysiologies in chronic 
obstructive pulmonary disease patients. Int J Chron Obstruct Pulmon Dis. 
2019;14:2971.

 10. Peng J, Wu F, Tian H, Yang H, Zheng Y, Deng Z, Wang Z, Xiao S, Wen X, 
Huang P, et al. Clinical characteristics of and risk factors for small airway 
dysfunction detected by impulse oscillometry. Respir Med. 2021;190: 
106681.

 11. Crisafulli E, Pisi R, Aiello M, Vigna M, Tzani P, Torres A, Bertorelli G, Chetta 
A. Prevalence of small-airway dysfunction among COPD patients with 
different GOLD stages and its role in the impact of disease. Respiration. 
2017;93(1):32–41.

 12. Di Mango AM, Lopes AJ, Jansen JM, Melo PL. Changes in respiratory 
mechanics with increasing degrees of airway obstruction in COPD: detec-
tion by forced oscillation technique. Respir Med. 2006;100(3):399–410.

 13. Wu F, Zhou Y, Peng J, Deng Z, Wen X, Wang Z, Zheng Y, Tian H, Yang 
H, Huang P. Rationale and design of the early chronic obstructive 
pulmonary disease (ECOPD) study in Guangdong, China: a prospective 
observational cohort study. J Thorac Dis. 2021;13(12):6924.

 14. Jian W, Gao Y, Hao C, Wang N, Ai T, Liu C, Xu Y, Kang J, Yang L, Shen H. 
Reference values for spirometry in Chinese aged 4–80 years. J Thorac Dis. 
2017;9(11):4538.

 15. Zhong N, Wang C, Yao W, Chen P, Kang J, Huang S, Chen B, Wang C, Ni 
D, Zhou Y, et al. Prevalence of chronic obstructive pulmonary disease 
in China: a large, population-based survey. Am J Respir Crit Care Med. 
2007;176(8):753–60.

 16. Zhou Y, Hu G, Wang D, Wang S, Wang Y, Liu Z, Hu J, Shi Z, Peng G, Liu 
S, et al. Community based integrated intervention for prevention and 
management of chronic obstructive pulmonary disease (COPD) in 
Guangdong, China: cluster randomised controlled trial. BMJ. 2010;341: 
c6387.

 17. Jones PW, Harding G, Berry P, Wiklund I, Chen WH, Kline Leidy N. Devel-
opment and first validation of the COPD assessment test. Eur Respir J. 
2009;34(3):648–54.

 18. Anthonisen NR, Manfreda J, Warren CP, Hershfield ES, Harding GK, Nelson 
NA. Antibiotic therapy in exacerbations of chronic obstructive pulmonary 
disease. Ann Intern Med. 1987;106(2):196–204.

 19. Definition and classification of chronic bronchitis for clinical and 
epidemiological purposes. A report to the Medical Research Council 
by their Committee on the Aetiology of Chronic Bronchitis. Lancet. 
1965;1(7389):775–9.

 20. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo 
R, Enright P, Van Der Grinten C, Gustafsson P. Standardisation of spirom-
etry. Eur Respir J. 2005;26(2):319–38.

 21. Oostveen E, MacLeod D, Lorino H, Farre R, Hantos Z, Desager K, Marchal 
F. Measurements ERSTFoRI: the forced oscillation technique in clinical 
practice: methodology, recommendations and future developments. Eur 
Respir J. 2003;22(6):1026–41.

 22. Cottee AM, Thamrin C, Farah CS, Seccombe LM. Quality assessment path-
way for respiratory oscillometry. ERJ Open Res. 2022;8(1):00569–2021.

 23. Lipworth BJ, Jabbal S. What can we learn about COPD from impulse oscil-
lometry? Respir Med. 2018;139:106–9.

 24. Liang X-L, Gao Y, Guan W-J, Du J, Chen L, Han W, Liu J-M, Lu Y, Peng Y, 
Zhao B-R. Reference values of respiratory impedance with impulse oscil-
lometry in healthy Chinese adults. J Thorac Dis. 2021;13(6):3680.

 25. Regan EA, Lynch DA, Curran-Everett D, Curtis JL, Austin JH, Grenier PA, 
Kauczor H-U, Bailey WC, DeMeo DL, Casaburi RH. Clinical and radio-
logic disease in smokers with normal spirometry. JAMA Intern Med. 
2015;175(9):1539–49.

 26. Williamson PA, Clearie K, Menzies D, Vaidyanathan S, Lipworth BJ. Assess-
ment of small-airways disease using alveolar nitric oxide and impulse 
oscillometry in asthma and COPD. Lung. 2011;189(2):121–9.

 27. Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L, Cherniack 
RM, Rogers RM, Sciurba FC, Coxson HO, et al. The nature of small-airway 
obstruction in chronic obstructive pulmonary disease. N Engl J Med. 
2004;350(26):2645–53.

 28. Haruna A, Oga T, Muro S, Ohara T, Sato S, Marumo S, Kinose D, Terada K, 
Nishioka M, Ogawa E, et al. Relationship between peripheral airway func-
tion and patient-reported outcomes in COPD: a cross-sectional study. 
BMC Pulm Med. 2010;10:10.

 29. Lai PS, Hang JQ, Zhang FY, Sun J, Zheng BY, Su L, Washko GR, Christiani 
DC. Imaging phenotype of occupational endotoxin-related lung function 
decline. Environ Health Perspect. 2016;124(9):1436–42.

 30. Paulin LM, Smith BM, Koch A, Han M, Hoffman EA, Martinez C, Ejike C, 
Blanc PD, Rous J, Barr RG, et al. Occupational exposures and computed 
tomographic imaging characteristics in the SPIROMICS cohort. Ann Am 
Thorac Soc. 2018;15(12):1411–9.

 31. Martin TR, Castile RG, Fredberg JJ, Wohl ME, Mead J. Airway size is 
related to sex but not lung size in normal adults. J Appl Physiol. 
1987;63(5):2042–7.

 32. Wu F, Fan H, Liu J, Li H, Zeng W, Zheng S, Tian H, Deng Z, Zheng Y, Zhao 
N, et al. Association between non-obstructive chronic bronchitis and 
incident chronic obstructive pulmonary disease and all-cause mortality: 
a systematic review and meta-analysis. Front Med (Lausanne). 2021;8: 
805192.

 33. Hogg JC. Pathophysiology of airflow limitation in chronic obstructive 
pulmonary disease. Lancet. 2004;364(9435):709–21.

 34. Hurst JR, Vestbo J, Anzueto A, Locantore N, Müllerova H, Tal-Singer 
R, Miller B, Lomas DA, Agusti A, Macnee W et al. Susceptibility to 

https://goldcopd.org/2023-gold-report-2/


Page 12 of 12Lu et al. BMC Pulmonary Medicine           (2023) 23:52 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

exacerbation in chronic obstructive pulmonary disease. N Engl J Med 
2010;363(12):1128-1138.

 35. Sand JM, Martinez G, Midjord AK, Karsdal MA, Leeming DJ, Lange P. Char-
acterization of serological neo-epitope biomarkers reflecting collagen 
remodeling in clinically stable chronic obstructive pulmonary disease. 
Clin Biochem. 2016;49(15):1144–51.

 36. Schumann DM, Leeming D, Papakonstantinou E, Blasi F, Kostikas K, 
Boersma W, Louis R, Milenkovic B, Aerts J, Sand JMB, et al. Collagen degra-
dation and formation are elevated in exacerbated COPD compared with 
stable disease. Chest. 2018;154(4):798–807.

 37. Mallia-Milanes B, Dufour A, Philp C, Solis N, Klein T, Fischer M, Bolton CE, 
Shapiro S, Overall CM, Johnson SR. TAILS proteomics reveals dynamic 
changes in airway proteolysis controlling protease activity and innate 
immunity during COPD exacerbations. Am J Physiol Lung Cell Mol 
Physiol. 2018;315(6):L1003-l1014.

 38. Papakonstantinou E, Karakiulakis G, Batzios S, Savic S, Roth M, Tamm M, 
Stolz D. Acute exacerbations of COPD are associated with significant acti-
vation of matrix metalloproteinase 9 irrespectively of airway obstruction, 
emphysema and infection. Respir Res. 2015;16(1):78.

 39. Higham A, Quinn AM, Cançado JED, Singh D. The pathology of small 
airways disease in COPD: historical aspects and future directions. Respir 
Res. 2019;20(1):49.

 40. Kamada T, Kaneko M, Tomioka H. Impact of exacerbations on respiratory 
system impedance measured by a forced oscillation technique in COPD: 
a prospective observational study. Int J Chron Obstruct Pulmon Dis. 
2017;12:509.

 41. Yamagami H, Tanaka A, Kishino Y, Mikuni H, Kawahara T, Ohta S, Yama-
moto M, Suzuki S, Ohnishi T, Sagara H. Association between respiratory 
impedance measured by forced oscillation technique and exacerbations 
in patients with COPD. Int J Chron Obstruct Pulmon Dis. 2018;13:79.

 42. Usmani OS, Dhand R, Lavorini F, Price D. Why we should target small 
airways disease in our management of chronic obstructive pulmonary 
disease. Mayo Clin Proc. 2021;96(9):2448–63.

 43. Pellegrino R, Crimi E, Gobbi A, Torchio R, Antonelli A, Gulotta C, Baroffio 
M, Papa GF, Dellacà R, Brusasco V. Severity grading of chronic obstructive 
pulmonary disease: the confounding effect of phenotype and thoracic 
gas compression. J Appl Physiol. 2015;118(7):796–802.

 44. Kuo CR, Jabbal S, Lipworth B. I say IOS you say AOS: comparative bias in 
respiratory impedance measurements. Lung. 2019;197(4):473–81.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Clinical characteristics of airway impairment assessed by impulse oscillometry in patients with chronic obstructive pulmonary disease: findings from the ECOPD study in China
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study design and participants
	Questionnaires
	Lung function
	Impulse oscillometry (IOS)
	Computed tomography
	Statistical analysis

	Results
	Patient characteristics
	The proportion of airway impairment in different GOLD grades
	Risk of acute exacerbations of COPD in the previous year and airway impairment
	Airway impairment and radiologic features
	Sensitivity analysis

	Discussion
	Conclusion
	Acknowledgements
	References


