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ABSTRACT

Background: Recently, the severities of chronic obstructive pulmonary disease (COPD) can also be
assessed by impulse oscillometry (I0S). This study aimed to explore a new classification of severity of
COPD based on I0S and associations with acute exacerbations (AE) in patients with COPD.
Methods: The data of our study were based on the baseline and 2-year follow-up data of a prospective
cohort in China. COPD was defined as post-bronchodilator FEV;/FVC <0.70. A new severity classification
(staging of airflow obstruction by 10S, SAIO) was evaluated based on I0S parameters (R5, R5-R20, and X5
z-scores). We quantified using the weighted Bangdiwala B for agreement of severities of COPD between
I10S parameters and FEV;%pred. The differences among SAIO stages were performed in symptom scores
and imaging using analysis of covariance, and in the AE using Poisson regression.
Results: Overall, 833 patients with COPD were included in this study. The weighted Bangdiwala B of R5,
R5-R20, X5 z-scores, and FEV;%pred for evaluating agreement of the severities of COPD was 0.68, 0.70
and 0.83, respectively. The SAIO classifications system identified a greater number of patients with stage
III-IV. SAIO provided significant discrimination between the stage I and stage III, IV for symptom scores,
emphysema, and air trapping. SAIO provided significant discrimination between the stage I and other
stages for AE.
Conclusions: The SAIO classifications provide discrimination between the stage I and stage III, IV for
symptom scores, emphysema, air trapping, and AE, similar to the GOLD classifications.
Trial registration: Chinese Clinical Trial Registry, ChiCTR1900024643. Registered on 19 July, 2019.

© 2024 Published by Elsevier Espafia, S.L.U. on behalf of SEPAR.

Introduction

of mortality and disability. With the aging population increasing
in high-income countries and rising smoking rates in developing

Chronic obstructive pulmonary disease (COPD) ranks as the
third leading cause of death globally, following ischemic heart dis-
ease and stroke.! Characteristics of COPD are persistent airflow
limitation and corresponding respiratory symptoms such as dysp-
nea, cough, and sputum production. COPD is usually diagnosed at an
advanced stage, resulting in a heavy disease burden with high rates
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nations, the number of deaths due to COPD is projected to exceed
5.4 million by 2060.2 A national cross-sectional study in China
reported that approximately 100 million individuals have COPD,
and prevalence was higher in men than in women (11.9% vs 5.4%).3
COPD in women has distinct characteristics expressed differently
compared to men in terms of respiratory symptoms and disease
outcomes. Sex differences in COPD management and therapy also
warrant attention.*-6 The Global Initiative for Chronic Obstructive
Lung Disease (GOLD) guidelines recommend diagnosing COPD with
apost-bronchodilator forced expiratory volumein 1 s (FEV; )/forced
vital capacity (FVC) ratio <0.70 and using FEV% predicted to assess
the severity of the obstruction.! FEV % predicted was associated
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with increased symptoms and long-term mortality.”® Recently,
some studies have proposed new classifications of severity of the
obstruction, including FVC-adjusted FEV,% predicted, the FEV; [FVC
ratio, and FEV; z-scores.”?~!11 However, regardless of the obstruc-
tion standard employed, these measures are all based on spirome-
try tests. Spirometry tests require patients to exert maximal effort
in exhalation, and certain clinical patients with severe dyspnea,
may not complete spirometry tests. Consequently, clinicians faced
significant challenges in assessing the severity of COPD to guide
pharmacological treatment. Therefore, there is an urge to find sup-
plementary methods to indirectly evaluate the severity of COPD.

Impulse oscillometry (IOS) is a technique to measure airway
resistance during calm breathing but not require patient effort. [0S
plays a crucial role in assessing small airway dysfunction, expi-
ratory flow limitation, monitoring disease recovery, and disease
progression.'2-16 Recently, Liang et al. proposed new obstruction
severity classifications using I0S z-scores, establishing cutoff values
for grading the severity of COPD using I0S parameters|resistance
at 5Hz (R5), difference between resistance at 5Hz and 20Hz
(R5-R20), reactance at 5Hz (X5) z-scores]: stage [, II, III, IV (stag-
ing of airflow obstruction by 10S, SAIO).!” However, it remained
unclear whether SAIO grades were correlated with respiratory
symptoms, image abnormalities, and prognosis and had similar
results to the GOLD classifications.

The objective of our study was to identify a supplementary
method to assess COPD severity and guide treatment of patients
with COPD. We hypothesized that SAIO grades may correlate with
respiratory symptoms, image abnormalities, and prognosis simi-
larly to GOLD classifications. To test this hypothesis, we conducted
a prospective cohort study in China to investigate the associations
between SAIO grades and symptom scores, imaging abnormali-
ties, acute exacerbations (AE) and lung function decline at a 2-year
follow-up.

Method
Settings and Participants

We analyzed data from a prospective population-based cohort
study in Guangdong Province, China. The details of the cohort
design have been published previously.'® Briefly, individuals aged
40-80 years were enrolled in the study between July 2019 and
August 2021, including approximately 2000 individuals with never,
current, or former cigarette smoking history with or without COPD
(post-bronchodilator FEV{/FVC <0.7). Individuals were excluded if
they met any of the following criteria at baseline: (1) age <40 years
or >80 years; (2) incomplete IOS tests; (3) respiratory infection
or exacerbations within four weeks prior to screening; (4) heart
attack (myocardial infarction or malignant arrhythmia) within the
past three months. The previous cohort design report contained
more details. Our study only included patients with COPD (post-
bronchodilator FEV;/FVC <0.7). At baseline, participants filled up
questionnaires including the modified Medical Research Council
dyspnea scale (mMRC) and COPD assessment test (CAT) scores.!®
Information regarding medical history and risk factors was col-
lected including family history of respiratory diseases, occupational
exposure, and biomass exposure.

To avoid airway constriction after spirometry testing that
could affect airway resistance measurements, pre-bronchodilator
I0S (CareFusion, Hochberg, Germany) testing was performed
according to European Respiratory Society (ERS) 2003 guidelines
prior to spirometry testing.2’ 10S parameters include resistance
at 5Hz (R5), resistance at 20 Hz (R20), the difference between R5
and R20 (R5-R20), reactance at 5 Hz (X5), reactance area (AX), and
resonant frequency (Fres). The z-scores of 10S parameters were
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calculated using the predicted value formulas of I0S in healthy
Chinese subjects.?!

Subsequently, spirometry (CareFusion, Yorba Linda, CA, USA)
tests were included for analysis if they met the American
Thoracic Society (ATS)/ERS acceptability and repeatability crite-
ria, with post-bronchodilator spirometry being performed after
inhalations of 400 g albuterol.?? These participants completed
questionnaires, pre-bronchodilator I0S tests, and pre- and post-
bronchodilator spirometry tests at each visit. COPD was defined as
post-bronchodilator FEV /[FVC <0.70.

This study adhered to the ethical guidelines outlined in the Dec-
laration of Helsinki. The research protocol received approval from
the Ethics Committee of the First Affiliated Hospital of Guangzhou
Medical University (Approval No. 2018-53) prior to initiation. Writ-
ten informed consent was obtained from all participants prior to
their enrollment in the study.

Imaging

Quantitative assessment of CT images was performed using the
3D Slicer 4.11 software within the Chest Imaging Platform. Emphy-
sema was defined as the percentage of voxels with attenuation
values less than —950 Hounsfield units at maximal inspiration
(LAA_gs0), while air trapping was quantified as the percentage of
voxels with attenuation values less than —856 Hounsfield units at
end-expiration (LAA_gsg).2>24

Definitions and Outcomes

A new severity classification (staging of airflow obstruction by
10S, SAIO) from the Liang et al. study'’ was evaluated based on I0S
parameters (R5, R5-R20, X5 z-scores). As we explored the effect of
the new classification in patients with COPD, we adjusted the COPD
severities definitions based on SAIO stages as follows:

1. R5 z-scores. Stage I: z-scores <1.645; stage II: 1.645 <R5 z-scores
<2.5; stage III: 2.5 <R5 z-scores <4; stage IV: R5 z-scores >4.

2. R5-R20 z-scores. Stage I: z-scores <1.645; stage II: 1.645
<R5-R20 z-scores <3; stage Ill: 3 <R5-R20 z-scores <5; stage
IV: R5-R20 z-scores >5.

3. X5 z-scores. Stage I. z-scores >—1.645; stage II: —1.645 <X5 z-
scores <—4.5; stage Ill: —4.5 <X5 z-scores <-8.5; stage IV: X5
z-scores >—8.5.

Meanwhile, the severity of obstruction was graded (GOLD
stages) using spirometry parameters FEV;% predicted value based
on European Coal and Steel Community 1993: stage I, FEV,% pre-
dicted >80%; stage II, 50% <FEV % predicted <80%; stage III, 30%
<FEV:% predicted <50%; stage IV, FEV; % predicted <30%.!

We defined AE as the onset or worsening of at least two of the
following symptoms: cough, sputum production, purulent sputum,
wheezing, and dyspnea lasting for at least 48 h after excluding self-
reported left and right heart dysfunction, pulmonary embolism,
pneumothorax, pleural effusion, arrhythmia, and other diseases.'8
Moderate-severe AE were defined as those resulting in outpatient
or emergency department visits, even hospitalization, or the need
for COPD medication.>>26

Statistical Analyses

Firstly, we assessed concordance between the GOLD stages
and SAIO stages using Bangdiwala plots, and quantified using the
weighted Bangdiwala B for agreement between multiple classes,
which adjusts for the frequency of each severity class. Subse-
quently, we compared the difference among different SAIO stages
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groups in mMRC score, CAT score, %LAA _gs59, and %LAA_gsg using
analysis of covariance at baseline.

We then constructed a Poisson regression analysis to assess
the associations between SAIO grade and AE. The model included
covariates: age, sex, smoking status, pack-years, body mass index
(BMI), family history of respiratory diseases, occupational expo-
sure, and biomass exposure. To account for differences in individual
follow-up time, the natural logarithm (In) of follow-up time was
adjusted as an offset variable. A linear mixed-effects model was
applied to explore the associations between decline in FEV; and
the SAIO grades. The model included covariates: age, sex, smoking
status, pack-years, body mass index (BMI), family history of res-
piratory diseases, occupational exposure, biomass exposure, and
post-bronchodilator FEV;. All analyses were conducted using IBM
SPSS 27.0 and R statistical package v4.3.3, with a two-sided alpha
of 0.05 considered statistically significant.

Results

Patients with COPD who had acceptable I0S data were enrolled
in our study, of 833 patients. Table 1 presents the demographic
characteristics of patients with COPD stratified by sex. Of the
patients, 91.6% were male and 8.4% were female. Among males,
94.6% were current or former smokers, while 44.3% of females had
a history of biomass exposure. The mean + standard deviation (SD)
FEV; of male patients was 2.01 4+ 0.61 L. Table S1 illustrates the cat-
egorization of airflow obstruction using SAIO and GOLD stages.
The proportion of grade I-IV assessed by R5 z-score was 42.3%,
11.6%, 19.8%, 26.3%; assessed by R5-R20 was 38.7%, 15.7%, 16.8%,
28.8%; assessed by X5 was 48.7%, 25.5%, 14.2%, 11.6%; assessed
by FEV;%pred was 44.1%, 43.5%, 10.6%, 1.9%. Most subjects who
changed categorization shifted from a less severe FEV{% predicted
category to a more severe R5 z-score or R5-R20 z-score (Fig. 1).

Concordance Between GOLD and SAIO Classes

Fig. 2 illustrates the Bangdiwala plots depicting agreement
between GOLD and R5 z-scores, R5-R20 z-scores, and X5 z-scores.
The agreement, measured by the weighted Bangdiwala B, between
GOLD stages and R5 z-scores, R5-R20 z-scores, and X5 z-scores was
0.68, 0.70, and 0.83, respectively.

Symptom score, Emphysema, Air trapping Among SAIO Stages and
GOLD Stages

Fig. 3 displays the difference of symptom score, emphysema,
air trapping across SAIO stages. After adjusting for age, sex, smok-
ing status, pack-years, BMI, family history of respiratory diseases,
occupational exposure, and biomass exposure, the analysis of
covariance indicated that SAIO stages IIl and IV were associated
with higher mMRC and CAT scores, as well as more severe emphy-
sema and air trapping, compared to stage I. However, no significant
differences were observed between SAIO stage I and Il in symptom
scores, emphysema, and air trapping. Meanwhile, the GOLD stages
demonstrated significant differentiation in terms of stages I-IV in
symptom scores, emphysema, and air trapping (Fig. S1).

AE

The SAIO stages exhibited similar discriminatory power to GOLD
stages in predicting AE at 2-year follow-up between stage I and
stage II-1V. After adjusting for age, sex, smoking status, pack-years,
BMI, family history of respiratory diseases, occupational exposure,
biomass exposure and follow-up time. Compared with SAIO stage
I, the incidence rate ratio (IRR) for the presence of SAIO stages
assessed by R5 z-scores II through IV airflow obstruction were
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1.33 (95% CI 1.03-1.71), 1.30 (95% CI 1.05-1.60), and 1.91 (95% CI
1.60-2.28). The IRR for the presence of SAIO stages assessed by
R5-R20 z-scores II through IV airflow obstruction were 1.38 (95%
CI1.09-1.74), 1.38 (95% CI 1.10-1.74), and 2.02 (95% CI 1.68-2.43);
The IRR for the presence of SAIO stages assessed by X5 z-scores Il
through IV airflow obstruction were 1.04 (95% CI 0.86-1.26), 1.79
(95%C11.48-2.18),and 1.38(95% CI 1.10-1.73). Similarly, compared
with GOLD stage I, IRR for the presence of GOLD stages II through
IV airflow obstruction were 1.61 (95% CI 1.37-1.90), 1.47 (95% CI
1.14-1.90), and 2.08 (95% CI 1.29-3.37) (Fig. 4). We additionally
analyzed the differences in moderate-to-severe AE among the SAIO
stages and GOLD stages. Our results showed that SAIO stages IlI-1V
had higher risk of moderate-to-severe AE than stage I, but no dif-
ferences in moderate-to-severe AE were observed between SAIO
stages I and Il (Fig. S2). Then subgroup analysis stratified by sex was
conducted, our results showed that significant differences in AE or
moderate-to-severe AE between SAIO stages III-1V and stages I was
observed in male individuals but hardly any in female individuals
(Figs. S3-S6).

Lung Function Decline

After adjusting for age, sex, smoking status, pack-years, BMI,
family history of respiratory diseases, occupational exposure,
biomass exposure and post-bronchodilator FEVy, a linear mixed-
effects model indicated no significant differences in the decline in
FEV; among SAIO grade I-IV. However, our results showed that
GOLD grade I had a faster decline in FEV; than grade IV (Fig. S7).

Discussion

Our study presents a novel severity classification based on I0S
parameters (SAIO stages) and investigates their associations with
symptoms, imaging abnormalities, AE and lung function decline.
Our study has reported several significant findings. Initially, SAIO
stages evaluated by X5 z-scores demonstrated a stronger agree-
ment with GOLD stages in severity classifications compared to
other parameters. Secondly, the SAIO grades identify a higher pro-
portion of patients in stages Il[-IV compared to the GOLD grades.
Finally, SAIO grade I and III-IV exhibited similar discrimination
in symptom scores, emphysema, air trapping symptoms, and AE
compared to GOLD grades.

The SAIO stages were defined based on severity classifications
of COPD using FEV; z-scores.!” However, the clinical significance
of the SAIO stages in COPD remains unclear. In this study, we uti-
lized FEV; %pred instead of FEV; z-score to evaluate COPD severity.
Several factors were considered: (1) the ATS/ERS and GOLD guide-
lines recommend using FEV%pred for severity classifications. (2)
Although the FEV; z-score can eliminate biases related to age, sex,
height, and race,?” in terms of mortality, a study by Hegewald et al.
indicated that FEV;%pred was more accurate in predicting the risk
of 5-year mortality than FEV; z-score.” Therefore, we focused on the
agreement between the GOLD stages as assessed by FEV,%pred and
SAIO stages. We found that the SAIO stages assessed by X5 z-scores
demonstrated better agreement with GOLD stages in severity clas-
sifications compared to other parameters. This result indicated
that the reactance value was more appropriate than the resistance
values for reflecting GOLD stages using FEV; %pred. We further ana-
lyzed the distributions of SAIO and GOLD stages. Compared to the
GOLD classifications, the SAIO classifications, as defined by R5 and
R5-R20, divided the GOLD stage Il into SAIO III-1V. We believed that
this phenomenon was attributable to the different physiological
mechanisms of each indicator. Firstly, Rrs (R5 and R5-R20) pri-
marily reflects changes in airway diameter, particularly the degree
of small airway stenosis.?® Small airway disease represented an
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Table 1

Demographics.
Variable Male Female
Number (%) 763 (91.6) 70(8.4)
Age, years 65.0+6.9 61.5+8.1
BMI, kg/m? 22.0+3.2 23.3+35
Pack-year 40.6+31.4 0.6+4.8
Current/former smoker, n (%) 722 (94.6) 1(1.4)
Never smoker, n (%) 41 (54) 69 (98.6)
Family history of respiratory diseases, n (%) 141 (18.5) 13 (18.6)
Occupational exposure, n (%) 209 (27.4) 4(5.7)
Biomass exposure, n (%) 281(36.8) 31(44.3)
Post-bronchodilator FEVy, L 2.01+0.61 1.58+0.44
Post-bronchodilator FEV, %pred 74.26 +19.68 83.74+19.42
Post-bronchodilator FVC, L 3.44+0.73 2.48 +0.57
Post-bronchodilator FVC, %pred 100.14+17.95 109.33+20.25
Post-bronchodilator FEV; [FVC, % 57.85+9.99 63.25+6.50
LAA 950 5.39+7.47 0.93+1.69
LAA g56 30.36+21.32 17.48+17.76
mMRC score 0.52+0.70 0.49+0.70
CAT score 5.09+5.28 4.94+5.48

BMI: body mass index; FEV;: forced expiratory volume in 1s; FVC: forced vital capacity; LAA_g50: low-attenuation area of the lung with attenuation values below —950
Hounsfield units; LAA_ss6: low-attenuation area of the lung with attenuation values below —856 Hounsfield units; mMRC, modified British medical research council score;

CAT, COPD assessment test.
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early lesion in the progression to COPD.>? Conversely, FEV;%pred
primarily reflected the obstruction of large airway, and may not
be sensitive to small airway lesions.?®3! Thus, small airway dis-
ease may occur before abnormalities in FEV,; become evident. This
result also explained why the SAIO classifications defined by R5 and
R5-R20 divided GOLD stage Il into SAIO III-1V.

The strength of our study lies in exploring the distribution of
the new SAIO classifications in COPD and analyzing the differences
in physiological indicators and AE among SAIO stages. Clinically,
some patients cannot cooperate with spirometry due to the

exertion of maximal effort in exhalation, which makes it challeng-
ing for clinicians to assess disease severity in these cases. Our study
aimed to provide an indirect, effortless tool for evaluating the
severity of COPD patients who cannot cooperate with lung function
tests. We further analyzed the discriminatory ability of SAIO grades
in assessing severity through symptom scores and imaging. Our
study showed that SAOI stage III-IV had higher mMRC and CAT
scores, more severe emphysema, and air trapping than those with
stage I. Similar findings were also observed in GOLD grades. Mean-
while, GOLD stage Il showed higher mMRC and CAT scores, more
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severe emphysema, and air trapping compared to GOLD stage I. This
finding was consistent with that reported by Bhatt et al., who found
that mMRC score and emphysema worsen with increasing GOLD
grade severity in the Pittsburgh Cohort.? However, no significant

differences were observed in symptom scores, emphysema, or air
trapping between SAIO grade I and II. This is not surprising. Patients
with GOLD grade I and II have already exhibited imaging abnor-
malities (emphysema, air trapping), whereas SAIO grade I and II
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only exhibit early lesions (such as SAD), and these patients may not
present with specific imaging abnormalities or obvious respiratory
symptoms. Of course, our results showed that SAIO classifications
may be more effectively used to assist in the evaluation of patients
with GOLD III to IV who cannot cooperate with lung function. Due
to severe dyspnea typically occurred in these patients. It was diffi-
cult for the patients to complete spirometry. I0S only requires calm
breathing and has a similar distinction of symptoms, imaging, and
AE as spirometry. Therefore, I0OS can be used to assist in evaluating
the severity of patients with GOLD III-IV to guide treatment.

The goal of COPD treatment is to alleviate current symptoms
and reduce the risk of future AE.! We analyzed the differences in
the number of AE between GOLD and SAIO classifications based
on 2-year follow-up data. We found that GOLD grades demon-
strated results similar to SAIO grades in predicting AE. Patients with
grade II-1V experienced a higher number of AE over the following
two years compared to those with grade I. This result indicated
that both the GOLD and SAIO grades were effective in predicting
the risk of AE, suggesting their potential as alternative tools in
clinical practice. Identifying high-risk patients with grades II-IV
can assist clinicians in developing personalized treatment plans
that emphasize aggressive intervention and management to miti-
gate the occurrence of AE. Interestingly, it has been observed that
patients classified in stage III of the X5 parameter presented a
higher number of exacerbations than those in stage [V. We consid-
ered possible explanations, such as limited sample size or patient
heterogeneity across these stages. Additionally, it would be bene-
ficial to reflect on the need for future studies with larger samples
to verify this trend and gain a better understanding of the behavior
of the X5 parameter in COPD. Finally, in lung function decline, we
only found GOLD grade I had a faster decline in FEV; than grade IV.
The result was consistent with previous studies that have reported
faster lung function decline in patients with GOLD I compared to
patients with advanced COPD.?233 However, no differences were
found in the FEV; decline among SAIO grades. We also guessed
that the distribution gap of SAIO and GOLD grades could play an
important role, especially as some patients with GOLD grade II
were classified as SAIO grade I, IlI-IV. Lung function decline was
measured on the basis of FEV;, and there was a so-called “horse
race effect” that patients with advanced COPD had slower lung
function decline than mild to moderate COPD because of a lower
baseline FEV;. Inconsistent GOLD classifications exist in all SAIO
grades, which also affects disease prognosis to some extent. Long-
term follow-up is needed in the future to explain this potential
mechanism.

There were some limitations to our research. First of all, due to
a small number of patients with GOLD grade III-IV in our study, in
the more advanced stages, where variability in exacerbations could
influence the results. Future large cohort studies will be necessary
to further elucidate the relationship between SAIO classifications
and the prognosis of COPD. Secondly, our study only demonstrated
that SAIO classifications and GOLD classifications had similar effects
in predicting AE, but we found that SAIO classifications do not offer
advantages in distinguishing certain physiological reactions than
GOLD classifications in patients with grade I and II. Therefore, new
physiological indicators are needed to explore the advantages of
SAIO grades. Thirdly, all-cause mortality is an important indicator
for assessing disease prognosis.? Since our cohort was followed up
for only 2 years and there have been few fatalities, we could not
compare differences in all-cause mortality between SAIO and GOLD
classifications. Furthermore, the SAIO classifications were based
on the I0S parameter z-scores, which were affected by race,??
and lacked validation of results in other countries.>*3> Therefore,
the generalizability of our study’s findings was limited. Moreover,
AXS5, the difference between inspiratory and expiratory reactance
at 5Hz, was an indicator of assessing expiratory flow limitation
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in COPD. AX5 showed significantly correlated with FEV;, and
reflected the severity of COPD to some extent.3537 Therefore,
exploring whether AX5 can be used as a new classification of
COPD is worth considering. However, we currently lack a cutoff
value for AX5 to effectively assess the severity classifications.

Conclusion

The new severity classifications, SAIO grades, provide dis-
crimination between the stage I and stage III, IV for symptom
score, emphysema, air trapping, and AE similar to the GOLD clas-
sifications. The SAIO classifications method offer an alternative
assessment for patients unable to complete spirometry, thereby
assisting clinicians in gaining a comprehensive understanding of
a patient’s disease status, leading to more accurate diagnosis and
treatment decisions. With further research and clinical validation,
the SAIO classifications are expected to become a crucial tool in the
management of COPD.
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