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Abstract

Background Small airway dysfunction (SAD) is common but little is known about the longitudinal prognosis
of spirometry-defined SAD. Therefore, we aimed to evaluate the risk of lung function decline and incident chronic
obstructive pulmonary disease (COPD) of spirometry-defined SAD.

Methods It was a population-based prospective cohort study conducted in Guangdong, China. Participants were
enrolled in the years 2002, 2008, 2012, 2017, and 2019, and those who completed baseline demographic data,

a standardized epidemiological questionnaire for COPD, and spirometry were included. Follow-up visits were con-
ducted every three years after enrolment, with a maximum follow-up time of 15 years and a minimum follow-up
time of 3 years. Spirometry-defined SAD was defined as having at least two out of three parameters (maximal mid-
expiratory flow, forced expiratory flow 50%, and forced expiratory flow 75%) below 65% of the predicted value. Non-
obstructive SAD and obstructive SAD were further differentiated based on the presence of airflow obstruction (forced
expiratory volume in one second [FEV,]/forced vital capacity [FVC] <0.70). Pre- and post-bronchodilator spirometry
measurements were analyzed separately.

Results Pre-bronchodilator spirometry dataset included 4680 participants (mean age 55.3 [10.8] years, 2194 [46.9%]
males). Participants with pre-bronchodilator SAD had a significantly faster annual decline of FEV, % of predicted value
(0.31+0.05 vs. 0.20+0.03 %/year; difference: 0.12 [95% confidence interval: 0.01-0.23]; P=0.023), FVC, and FVC %

of predicted value compared to those without pre-bronchodilator SAD. The annual decline of lung function in par-
ticipants with pre-bronchodilator non-obstructive SAD was not significantly different from that in pre-bronchodilator
healthy controls, but they were more likely to progress to spirometry-defined COPD (adjusted hazard ratio: 2.92

[95% confidence interval: 2.28-3.76], P <0.001). Post-bronchodilator spirometry dataset yielded similar results.
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Conclusions Individuals with spirometry-defined SAD have a faster decline in lung function compared to those
without SAD, and non-obstructive SAD is more likely to progress to spirometry-defined COPD.

Trial registration Chinese Clinical Trials Registration ChiCTR1900024643. Registered on 19 July 2019.
Keywords Small airway dysfunction, Spirometry, Lung function decline, Chronic obstructive pulmonary disease

Introduction

The small airways are typically defined as airways with a
luminal diameter less than 2 mm [1]. Small airway dys-
function (SAD) refers to pathological and physiologi-
cal changes in the small airways, including mucus and
inflammatory exudate obstructing the airway lumen,
thickening of the airway walls with epithelial changes,
inflammatory cell infiltration in the airway walls,
increased smooth muscle mass, and peribronchial fibro-
sis [1-4]. The small airways contribute to approximately
10% of the total airway resistance in healthy individu-
als. However, in the presence of pathological and physi-
ological changes, small airway resistance significantly
increases and becomes a major contributor to airway
resistance in conditions such as chronic obstructive pul-
monary disease (COPD) and asthma [5, 6].

Measuring small airway function and assessing the
extent of SAD is crucial for guiding clinical practice [2,
6, 7]. However, measuring small airway function is chal-
lenging due to its small size, and there is currently no
gold standard for its assessment. Methods developed
for evaluating small airway function include spirom-
etry, body plethysmography, forced oscillation tech-
nique, inert gas washout, optical coherence tomography,
high-resolution computed tomography, and magnetic
resonance imaging [2, 8, 9]. Among these methods,
spirometry is the most widely used, feasible, and practical
approach for evaluating small airway function in epide-
miological studies and primary hospitals [10]. The China
Pulmonary Health study using spirometric measure-
ments of maximum mid-expiratory flow (MMEF), forced
expiratory flow 50% (FEF50), and forced expiratory flow
75% (FEF75) at least two of these parameters were less
than 65% to diagnose SAD showed that the spirometry-
defined SAD was highly prevalent in adults [11]. The risk
factors of SAD included advancing age, gender, education
level, body mass index (BMI), smoking, passive smoking,
biomass fuel exposure, and high exposure to PM, 5 [11].
The Burden of Obstructive Lung Disease (BOLD) study
utilized spirometric criteria of forced expiratory volume
in 3 second (FEV;)/forced vital capacity (FVC) <the
lower limit of normal (LLN) and the mean forced expira-
tory flow rate between 25 and 75% of the FVC (FEF,; ;)
<LLN to diagnose SAD, revealing notable regional vari-
ations in the prevalence of SAD. The study found that
age, low BMI, smoking, passive smoking, occupational

exposure to dust for more than 10 years, previous his-
tory of tuberculosis, and family history were identified as
risk factors for spirometry-defined SAD [12]. In recent
years, there have been numerous studies examining the
prevalence and risk factors of spirometry-defined SAD.
Two studies with small sample sizes and limited follow-
up periods have reported that individuals with SAD are
more prone to developing spirometric COPD compared
to those without SAD in preserved spirometry [13, 14].
Similar results were maintained in the BOLD study [15].
Longitudinal prognostic studies focusing on individuals
with spirometry-defined SAD are still limited, especially
in East Asian populations. Understanding the annual
decline of lung function and the risk of developing inci-
dent COPD in individuals with SAD is of crucial impor-
tance for the management, early screening, and diagnosis
of COPD. With this in mind, we conducted a prospective
cohort study to investigate the long-term decline of lung
function and the risk of incident COPD in individuals
with SAD in China.

Study design and methods
Study population
This study was a prospective, observational, population-
based cohort study conducted in Guangzhou, Heyuan,
and Shaoguan cities in Guangdong Province, China.
Participants were recruited in the years 2002, 2008,
2012, 2017, and 2019. Those who completed the base-
line assessment, which included demographic data, a
standard epidemiological questionnaire for COPD, and
spirometry, were included in the study. Follow-up assess-
ments were conducted every three years after enrolment,
with a maximum follow-up time of 15 years and a mini-
mum follow-up time of 3 years. All participants provided
written informed consent, and the study was approved
by the Ethics Committee of the First Affiliated Hospital
of Guangzhou Medical University . This study was con-
ducted in accordance with the Declaration of Helsinki.
Inclusion criteria were: (1) age 40-80 years; (2) will-
ingness to participate in the study and provide written
informed consent; (3) completion of the questionnaire
and spirometry meeting quality control standards. The
main exclusion criteria were: (1) age <40 years or >80
years; (2) respiratory tract infection or acute exacerba-
tion of COPD within 4 weeks before spirometry; (3)
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previous diagnosis of chronic respiratory diseases such
as asthma, bronchiectasis, or interstitial lung disease by
a respiratory physician.

Questionnaires

The baseline and follow-up assessments in this study
utilized questionnaires used in the BOLD study
and the Chinese National Epidemiological Survey
of COPD [16, 17]. Questionnaires were conducted
face-to-face by well-trained staff. The questionnaire
content included demographic information, smok-
ing status, smoking index, biomass fuel exposure,
occupational dust exposure, and family history of
respiratory diseases. Smoking status was categorized
as never-smoker, current smoker, or former smoker.
Never-smoker was defined as participants who smoked
for less than 6 months and had smoked fewer than
100 cigarettes in their lifetime. Current smokers were
defined as participants who were smoking at the time
of the baseline survey or had quit smoking within the
past 6 months. Former smokers were defined as par-
ticipants who had quit smoking for at least 6 months
at the time of the baseline survey [18]. The smoking
index was calculated as the number of packs smoked
per day (cigarettes/20) multiplied by the number of
years of regular smoking. Biomass fuel exposure was
defined as the use of biomass fuel (mainly wood, char-
coal, grass, and crop residues or dung) for cooking or
heating for 1 year or longer [19]. Occupational dust
exposure was defined as an engagement in occupations
involving exposure to dust, harmful gases, and parti-
cles for 1 year or longer [19]. Family history of respira-
tory diseases was defined as the presence of chronic
respiratory diseases in parents, siblings, or children of
the participants.

Spirometry

Portable spirometers (Cardinal Health, Basingstoke, UK)
were used for lung function testing between 2002 and
2012, while the MasterScreen Pneumo PC spirometer
(CareFusion, Yorba Linda, CA, USA) was used between
2012 and 2022. Daily calibration of flow and volume
was performed before each measurement. Spirom-
etry was conducted by well-trained and qualified staff.
All obtained lung function results were evaluated by
the personnel at the lung function center according to
the quality control and scoring criteria specified in the
European Respiratory Society/American Thoracic Soci-
ety 2005 spirometry guidelines [20, 21]. A minimum of
three acceptable and two reproducible measurement
curves were required, with a difference of 150 ml or 5%
between the highest and second highest values of forced
expiratory volume in one second (FEV;) and FVC. Forced
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exhalation was terminated when the exhalation flow rate
reached the plateau of <15 mL/s or the exhalation time
reached 6 s with the expiratory plateau still not reached.
Lung function data that did not meet the quality control
criteria were excluded from the study. Lung function pre-
dicted values and Z-scores were calculated using the lat-
est reference equations for the Chinese population [22].

The diagnostic criteria for spirometry-defined SAD
were the presence of at least two of the following param-
eters, MMEF, FEF50, and FEF75 below 65% of the pre-
dicted value at the first spirometry measurement at
study entry [11, 23]. Non-obstructive and obstructive
SAD were further distinguished based on the presence
of airflow obstruction for prespecified subgroup analy-
sis. The diagnostic criterion for airflow obstruction
was FEV,/FVC <0.70 [24]. Preserved spirometry was
defined as FEV,/FVC >0.70. Preserved ratio impaired
spirometry (PRISm) was defined as FEV,/FVC >0.70
and FEV, < 80% of the predicted value [25, 26]. Healthy
control was defined as FEV,;/FVC >0.70, FEV, > 80%
of the predicted value, and without spirometry-defined
SAD. Since bronchodilator reversibility testing was ini-
tially performed only in participants with pre-broncho-
dilator FEV,/FVC <0.70 in 2002-2011, we analyzed
pre-bronchodilator and post-bronchodilator spirometric
measurements separately. Therefore, the pre-broncho-
dilator spirometry results are used for grouping when
analysing the pre-bronchodilator spirometry dataset,
and the post-bronchodilator spirometry results are used
for grouping when analysing the post-bronchodilator
spirometry dataset.

Outcomes

This study’s outcomes included the annual decline of
lung function and the risk of developing COPD. We eval-
uated the annual decline of lung function in each group
from three perspectives: the values of FEV; and FVC, the
percentage of FEV,; and FVC predicted values, and the
Z-scores of FEV; and FVC. The development of COPD
was defined as participants with a baseline FEV,/FVC
>0.70 experiencing FEV,;/FVC <0.70 in any follow-up
assessment [24].

Statistical analysis

Differences between groups in baseline quantitative
data that followed a normal distribution were analyzed
using t-tests, while non-normally distributed quantita-
tive data were analyzed using the Mann—-Whitney U
test. Chi-square test or Fisher’s exact test was used for
categorical data analysis. A random coefficient regres-
sion model, including random coefficients and random
intercepts, was employed to fit the annual decline of
lung function in each group [27, 28]. Missing data in



Zhou et al. Respiratory Research (2025) 26:169

the random coefficient model were handled using the
maximum likelihood method, and no data imputation
was deemed necessary. The Akaike’s information cri-
terion (AIC) was used to assess the goodness of fit of
the models. Considering the biological characteristics
of the outcome variables and lowest AIC results, an
auto regressive order 1 structure covariance (AR[1])
was chosen to explain the serial correlation of indi-
vidual lung function, and an unstructured covariance
was selected to account for the random variations in
intercept and slope parameters between groups and
individuals in the final model. Interval-censored analy-
sis was performed to evaluate the risk of progression
from non-obstructive SAD to spirometric COPD [29,
30]. Covariates adjusted in the analysis included age,
sex, BMI, smoking status, smoking index, occupational
dust exposure history, biomass exposure history, fam-
ily history of respiratory diseases, and baseline lung
function. All statistical analyses were conducted using
SAS 9.4 (SAS Institute, Cary, NC) software, and a sig-
nificance level of P< 0.05 (two-sided) was considered
statistically significant.

Participants were enrolled in the years
2002, 2008, 2012, 2017, and 2019
(N=5215)
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Results

The pre-bronchodilator spirometry dataset of this study
included a total of 4,680 participants, of whom 1,419 par-
ticipants with pre-bronchodilator SAD, and 3,261 partici-
pants without pre-bronchodilator SAD (Fig. 1). Baseline
demographics, risk factors, lung function, and chronic
respiratory symptoms were presented in Table 1. Par-
ticipants with pre-bronchodilator SAD were older (59.0
+10.4 years vs. 53.7 +10.6 years; P< 0.001), had lower
BMI (22.5 +3.4 kg/m? vs. 23.1 +3.3 kg/m% P< 0.001),
higher proportion of current smokers (34.8% vs. 21.3%;
P< 0.001), and higher smoking index (21.7 +27.2 pack-
years vs. 9.9 +19.9 pack-years; P< 0.001) compared to
those without pre-bronchodilator SAD. Baseline pre-
bronchodilator spirometric measurement results were
significantly lower in participants with pre-bronchodila-
tor SAD compared to those without pre-bronchodilator
SAD (all P< 0.001). There were no significant differences
between the groups for biomass exposure, occupational
dust exposure, family history of respiratory diseases,
and chronic respiratory symptoms. The post-broncho-
dilator spirometry dataset included 2,915 participants,

does not meet quality control
(N=535)

Without longitudinal spirometry or spirometry

Available for longitudinal
spirometry analysis
(N=4680)

/ With Pre-BD Non-obstructive SAD (N=284) |
With Pre-BD SAD (N=1419) I

With Pre-BD COPD and SAD (N=795) |

(N=4680)

N=340

With Pre-BD PRISm (N=726) |

N=386

Pre-BD spirometry dataset /

With Pre-BD Healthy Control (N=2825) |

Without Pre-BD SAD (N=3261) |\;

Without longitudinal post-BD spirometry
(N=1765)

With Pre-BD COPD without SAD (N=50) |

/ With Post-BD Non-obstructive SAD (N=156) |
With Post-BD SAD (N=741) I With Post-BD COPD and SAD (N=458) |

Post-BD spirometry dataset
(N=2915)

With Post-BD PRISm (N=285)

Without Post-BD SAD (N=2174)

With Post-BD Healthy Control (N=1982) |
With Post-BD COPD without SAD (N=34) |

=

Fig. 1 Flowchart of participants throughout the study. BD = bronchodilator; SAD =small airway dysfunction; PRISm = preserved ratio impaired

spirometry
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Table 1 Characteristics of the Participants at Baseline
Characteristic Pre-BD SAD Pvalue*  Post-BD SAD P value*
Yes (N=1419) No (N=3261) Yes (N=741) No (N=2174)
Age — years 500+104 53.7+106 < 0.001 61.5+9.8 538+11.2 < 0.001
Male — no. (%) 890 (62.7) 1304 (40.0) < 0.001 523 (70.6) 923 (42.5) < 0.001
Body mass index— kg/m? 225+34 231433 <0001 222+£35 233+34 <0.001
Smoking status — no. (%) <0.001 <0.001
Never smoked 654 (46.1) 2256 (69.2) 286 (38.6) 1493 (68.7)
Current smoking 494 (34.8) 694 (21.3) 280 (37.8) 441 (20.3)
Former smoking 271 (19.1) 311 (9.5) 175 (23.6) 240 (11.0)
Smoking index — pack-year 217 +£272 99+199 <0001 258+288 11.2+218 <0.001
Family history of respiratory diseases — no. (%) 189 (13.3) 404 (12.4) 0379 92(124) 274 (12.6) 0.894
Biomass exposure—no. (%) 757 (53.3) 1769 (54.2) 0570 392(52.9) 1165 (53.6) 0.746
Occupational history of dusts/gases/fumes—no. (%) 794 (56.0) 1855 (56.9) 0.555 427 (57.6) 1162 (53.4) 0.049
Pre-BD lung function
FEV, —L 1.86 +0.64 241 +0.60 < 0.001 1.79+0.65 246 +£0.60 < 0.001
FEV, of predicted value — % 723+192 945 +13.1 < 0.001 69.6 £20.8 948 +13.0 < 0.001
FVC—L 2.82+084 296 £0.75 <0001 2.80+081 3.08+0.77 < 0.001
FVC of predicted value — % 875+193 936+144 <0.001 86.7 £19.1 96.1 +14.5 < 0.001
FEV,/FVC — % 659+13 819+113 <0001 6344135 80266 <0.001
MMEF — L/s 1.02+048 243+0.82 < 0.001 0.97 +£0.59 226 £0.90 < 0.001
MMEF of predicted value — % 421 +£164 993+27.6 <0001  405+22.1 90.0 £304 < 0.001
FEF50 — L/s 148 £0.73 323+1.01 <0001 142+087 3.11+£1.07 < 0.001
FEF50 of predicted value — % 458 £194 100.2 £25.8 < 0.001 443 +£252 949+278 < 0.001
FEF75 — L/s 039+0.20 1.03 £046 <0.001 041+029 093 £0.51 < 0.001
FEF75 of predicted value — % 434 +£18.7 1083 £42.7 < 0.001 46.0 £28.8 94.7 +44.6 <0.001
Post-BD lung function
FEV, —L - - - 1.85+0.61 252 +0.60 < 0.001
FEV, of predicted value — % - - - 723+196 974127 <0.001
FVC—L - - - 2.89+0.88 3.07+0.76 < 0.001
FVC of predicted value — % - - - 89.5+182 958+139 <0.001
FEV,/FVC — % - - - 643+132 82.7+58 <0.001
MMEF — L/s - - - 0.98 £0.48 256 £0.89 < 0.001
MMEF of predicted value — % - - - 404 +£180 1024 +287 <0.001
FEF50 — L/s - - - 146 £0.82 348 +£1.04 < 0.001
FEF50 of predicted value — % - - - 46.0 £24.2 106.5+25.8 <0.001
FEF75 — L/s - - - 043+0.29 1.08 £0.54 < 0.001
FEF75 of predicted value — % - - - 495+324 1099 £45.9 <0.001
Airflow reversibility — no. (%) - - - 113(15.2) 126 (5.8) <0.001
Chronic respiratory symptom — no. (%)
Cough 241 (17.0) 510(15.6) 0249 134(18.1) 363 (16.7) 0.386
Sputum production 259 (183) 520(15.9) 0052 139(18.8) 363 (16.7) 0.199
Dyspnea 184 (13.0) 433 (13.3) 0762  92(124) 252(11.6) 0.554
Wheeze 97 (6.8) 222 (6.8) 0972 58(7.8) 144 (6.6) 0.265

Data are mean + standard deviation or n (%)

BD =bronchodilator; SAD = small airway dysfunction; FEV, = forced expiratory volume in one second; FVC =forced vital capacity; MMEF =maximal mid-expiratory
flow; FEF50 =forced expiratory flow 50%; FEF75 =forced expiratory flow 75%

" Pvalues for continuous variables were calculated by Student’s t-test and P values for categorical variables were calculated by the chi-square test
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of which 741 participants had post-bronchodilator SAD,
and 2,174 participants did not have post-bronchodilator
SAD (Fig. 1). The clinical characteristics of participants
with post-bronchodilator SAD were similar to those with
pre-bronchodilator SAD. The median follow-up time was
6 years for participants in both the pre- and post-bron-
chodilator spirometry dataset.

There were a total of 1872 follow-up lung function
measurements for participants with pre-bronchodilator
SAD and 4343 follow-up lung function measurements
for participants without pre-bronchodilator SAD. The
annual decline rate of lung function in pre-broncho-
dilator SAD was presented in Table 2. In the pre-bron-
chodilator spirometry dataset, there was no significant
difference in the rate of decline in FEV, between partici-
pants with and without pre-bronchodilator SAD (25.8
+1.2 ml/year vs. 27.6 +0.8 ml/year; adjusted mean dif-
ference [aMD]: —1.6 [95% CI: —4.1 to 0.9]; P= 0.216).
However, the annual decline rate of FEV, of the pre-
dicted value (0.31 £0.05 %/year vs. 0.20 £0.03 %/year;
aMD: 0.12 [95% CI: 0.01 to 0.23]; P= 0.023) and FEV,
Z-score (0.025 £0.005 vs. 0.016 +0.003; aMD: 0.012 [95%
CI: 0.002 to 0.021]; P= 0.021) in participants with pre-
bronchodilator SAD were significantly faster than those
without pre-bronchodilator SAD after adjusting for con-
founding factors. Additionally, we found that the annual
decline of FVC (32.8 £1.8 ml/year vs. 16.8 +1.1 ml/year;
aMD: 18.5 [95% CI: 14.7 to 22.3]; P< 0.001), FVC of the
predicted value (0.47 +0.06 %/year vs. —0.10+ 0.04 %/
year; aMD: 0.67 [95% CI: 0.54 to 0.80]; P< 0.001), and
FVC Z-score (0.032 +0.004 vs. —0.012+ 0.003; aMD:
0.056 [95% CI: 0.045 to 0.068]; P< 0.001) in participants
with pre-bronchodilator SAD were significantly faster
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than those without pre-bronchodilator SAD after adjust-
ing for confounding factors.

We further conducted a prespecified subgroup analy-
sis based on the presence of airflow obstruction. The
annual decline rate of lung function in pre-bronchodi-
lator obstructive SAD was presented in Table 3. Among
participants who met the diagnostic criteria for airflow
obstruction, those with Pre-bronchodilator SAD had
a significantly faster annual decline in FEV, (31.9 £2.0
ml/year vs. 8.0 £7.8 ml/year; aMD: 30.9 [95% CI: 16.5
to 45.3]; P< 0.001), FEV; of the predicted value (0.62
+0.08 %/year vs. —0.58 + 0.33 %/year; aMD: 1.51 [95% CI:
0.90 to 2.11]; P< 0.001), and FEV, Z-score (0.056 +0.008
vs. —0.062 = 0.033; aMD: 0.147 [95% CI: 0.086 to 0.208];
P< 0.001) compared to those without pre-bronchodila-
tor SAD. However, there were no significant differences
between the two groups in the annual decline of FVC,
FVC of the predicted value, and FVC Z-score. Table 4
showed the annual decline of lung function in partici-
pants with pre-bronchodilator non-obstructive SAD.
Among participants who did not meet the diagnostic
criteria for airflow obstruction, there were no significant
differences in the annual decline of lung function (FEV,,
FEV, of the predicted value, FEV, Z-score, FVC, FVC of
the predicted value, and FVC Z-score) between pre-bron-
chodilator non-obstructive SAD and pre-bronchodilator
healthy control (Table 4). However, based on interval-
censored analysis, pre-bronchodilator non-obstructive
SAD was more likely to progress to a diagnosis of airflow
obstruction (83/284 [29.2%] vs. 327/2825 [11.6%]; unad-
justed hazard ratio [HR]: 3.00 [95% CI: 2.33 to 3.81], P<
0.001; adjusted HR: 2.92 [95% CI: 2.28 to 3.76], P< 0.001).
Additionally, we found that pre-bronchodilator PRISm

Table 2 Annual rate of decline in lung function in participants with pre-bronchodilator small airway dysfunction and those without

small airway dysfunction*

Variable Pre-BD SAD Unadjusted Adjusted
Yes No Mean Difference PValue Mean Difference PValue t
(N=1419) (N=3261) (95% CI) (95% CI) t
Pre-BD lung function
FEV, (ml/year) 258+12 276+08 -1.7(-45t0 1.1) 0.229 -16(-4.1t00.9) 0216
FEV, of predicted value (%/year)  0.31 £0.05 0.20+0.03 0.11 (-0.01t0 0.22) 0.072 0.12 (0.01 t0 0.23) 0.023
FEV, Z-score 0.025 £0.005 0.016 £0.003 0.009 (—0.002 to 0.020) 0.106  0.012(0.002 to 0.021) 0.021
FVC (ml/year) 328+1.8 168+1.1 159 (11.7t020.2) < 0.001 185 (14.7 t0 22.3) < 0.001
FVC of predicted value (%/year) 047 £0.06 -0.10+£ 0.04 0.57 (04310 0.70) <0001  067(054100.80) <0.001
FVC Z-score 0.032+£0.004 -0.012+0.003 0.044 (0.034 to 0.054) < 0.001 0.056 (0.045 to 0.068) < 0.001

Plus-minus values are means + standard error

BD =bronchodilator; SAD = small airway dysfunction; Cl = confidence interval; FEV, = forced expiratory volume in one second; FVC =forced vital capacity; MMEF
=maximal mid-expiratory flow; FEF50 =forced expiratory flow 50%; FEF75 =forced expiratory flow 75%

“ A random-effects model was adopted to evaluate the annual decline in lung function

T Adjusted by age, sex, body mass index, smoking status, smoking index, family history of respiratory diseases, biomass exposure, occupational exposure history, and
individual pre-bronchodilator spirometric values at baseline (FEV,, FEV, of predicted value, FEV, Z-score, FVC, FVC of predicted value, and FVC Z-score)
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Table 3 Annual rate of decline in lung function in COPD patients with pre-bronchodilator small airway dysfunction and those without

small airway dysfunction*

Variable Pre-BD COPD with SAD Pre-BD COPD Pre-BD COPD with SAD vs. Pre-BD COPD without SAD
(N=795) without SAD
(N=50) Unadjusted Adjusted
Mean Difference (95% PValue Mean Difference (95% PValue t
(@) cant
Pre-BD lung function
FEV, (ml/year) 319420 80+78 239(8.01t039.7) 0.003 309 (16.5t045.3) <0.001
FEV, of predicted value 0.62 £0.08 -0.58+0.33 1.19(0.52t0 1.87) <0.001 1.571(0.90to2.11) < 0.001
(%/year)
FEV, Z-score 0.056 +0.008 —0.062+0.033 0.118(0.050 to 0.185) <0.001 0.147 (0.086 to 0.208) <0.001
FVC (ml/year) 472 +30 503+118 —-32(-27.1t021.8) 0.796 1.9 (-26.3 to 30.0) 0.897
FVC of predicted value 0.95+0.10 0.89+0.38 0.06 (-0.72t0 0.84) 0.879 0.23 (-0.68to 1.14) 0617
(%/year)
FVC Z-score 0.080 +£0.009 0.070 +£0.035 0.010 (—0.060 to 0.080) 0.774 0.027 (—0.046 to 0.100) 0466

Plus-minus values are means + standard error

BD =bronchodilator; SAD = small airway dysfunction; COPD = chronic obstructive pulmonary disease; Cl = confidence interval; FEV, = forced expiratory volume in

one second; FVC =forced vital capacity

" A random-effects model was adopted to evaluate the annual decline in lung function

T Adjusted by age, sex, body mass index, smoking status, smoking index, family history of respiratory diseases, biomass exposure, occupational exposure history, and
individual pre-bronchodilator spirometric values at baseline (FEV,, FEV, of predicted value, FEV, Z-score, FVC, FVC of predicted value, and FVC Z-score)

was also more likely to progress to a diagnosis of air-
flow obstruction (164/726 [22.6%] vs. 327/2825 [11.6%];
unadjusted HR: 2.09 [95% CI: 1.73 to 2.52], P< 0.001;
adjusted HR: 1.78 [95% CI: 1.47 to 2.15], P< 0.001). The
risk of COPD development in each group was presented
in Table 5.

In the post-bronchodilator spirometry dataset, the
annual decline of lung function in post-bronchodilator
SAD versus those without post-bronchodilator SAD was
similar to the annual decline of lung function in pre-
bronchodilator SAD versus those without pre-broncho-
dilator SAD. The annual decline of pre-bronchodilator
FEV, and post-bronchodilator FEV; in participants with
post-bronchodilator SAD showed no significant differ-
ences compared to those without post-bronchodilator
SAD. However, the decline rates of pre-bronchodilator
FEV, of the predicted value, FEV, Z-score, FVC, FVC of
the predicted value, FVC Z-score, and post-bronchodila-
tor FVC, FVC of the predicted value, FVC Z-score were
significantly faster in participants with post-bronchodila-
tor SAD compared to those without post-bronchodilator
SAD (Supplemental Table S1). We further conducted a
prespecified subgroup analysis based on the presence of
airflow obstruction. Among participants who met the
diagnostic criteria for airflow obstruction, there was a
trend of faster annual decline rates in pre-bronchodila-
tor FEV; of the predicted value and post-bronchodilator
FEV, of the predicted value in participants with post-
bronchodilator SAD compared to those without post-
bronchodilator SAD, but the differences did not reach

statistical significance due to the small sample size of
post-bronchodilator COPD without SAD (N= 34) (Sup-
plemental Table S2). Among participants who did not
meet the diagnostic criteria for airflow obstruction, there
were no significant differences in the decline rates of lung
function between participants with post-bronchodilator
non-obstructive SAD and post-bronchodilator healthy
control (Supplemental Table S3). However, post-bron-
chodilator non-obstructive SAD was more likely to pro-
gress to a diagnosis of airflow obstruction compared to
post-bronchodilator healthy control. The specific risk of
developing COPD in each group was shown in Table 5.

Taking into account the differences in follow-up time
among participants, we additionally included follow-up
time as a confounding factor in the multivariable analy-
sis for model adjustment, and the results were consistent
with the above (Supplemental Table S4-7).

Discussion

To the best of our knowledge, this is the largest study
to date evaluating the longitudinal prognosis of lung
function for spirometric SAD. The results of our study
demonstrate that participants diagnosed with spirom-
etry-defined SAD have a faster decline in lung function
compared to those without spirometry-defined SAD.
Prespecified subgroup analysis revealed that participants
with obstructive SAD had a significantly faster decline in
lung function compared to those with the obstructive dis-
ease but without SAD. Participants with non-obstructive
SAD showed no significant difference in lung function
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Table 5 Risk of Progression to Chronic Obstructive Pulmonary Disease in Preserved Spirometry

Group The number and proportion of Unadjusted Adjustedt
participants who developed COPD during
follow-up HR (95%Cl) * Pvalue HR(95%Cl) * Pvalue
Pre-BD lung function
Pre-BD SAD vs. Pre-BD Healthy Control 83/284 (29.2%) vs. 327/2825 (11.6%) 3.00(2.33-381) <0.001 292(228-3.76) <0.001
Pre-BD PRISm vs. Pre-BD Healthy Control 164/726 (22.6%) vs. 327/2825 (11.6%) 2.09(1.73-252) <0.001 1.78(147-2.15) <0.001
Post-BD lung function
Post-BD SAD vs. Post-BD Healthy Control 45/156 (28.8%) vs. 169/1982 (8.5%) 3.50(2.52-486) <0.001 288(207-4.02) <0.001
Post-BD PRISm vs. Post-BD Healthy Control - 48/285 (16.8%) vs. 169/1982 (8.5%) 232(1.68-320) <0.001 2.07(149-288) <0.001

BD =bronchodilator; SAD = small airway dysfunction; PRISm = preserved ratio impaired spirometry; HR = hazard ratio; Cl = confidence interval

" Interval-censored proportion hazards regression model was adopted to evaluate the risk of progression to chronic obstructive pulmonary disease

* Adjusted by age, sex, body mass index, smoking status, smoking index, family history of respiratory diseases, biomass exposure, and occupational exposure history

decline compared to non-obstructive healthy control, but
they were more likely to progress to spirometry-defined
COPD.

This study has important implications for guiding the
management of spirometric SAD and the early preven-
tion of COPD. Firstly, we found that individuals diagnosed
with spirometric SAD had a faster decline in lung func-
tion, suggesting the need for enhanced evaluation, closer
follow-up, management, intervention of risk factors, and
potentially pharmacological interventions. These results
emphasize the importance of recognizing spirometric
SAD in clinical settings [31]. Secondly, inhaled medica-
tions primarily target the larger airways, but the develop-
ment of drugs specifically designed for the small airways
or those that can reach and act within the small airways
may further delay disease progression [32, 33]. Thirdly, we
found that non-obstructive SAD was more likely to pro-
gress to a diagnosis of spirometry-defined COPD com-
pared to healthy controls, suggesting that non-obstructive
SAD could serve as one of the definitions of pre-COPD,
guiding screening, management, and follow-up of high-
risk individuals in primary care settings [34].

A small sample size study conducted on 83 never-
smokers with alpha-1 antitrypsin deficiency and normal
spirometry found that individuals with MMEF <80% of
the predicted value were more likely to progress to COPD
compared to those with MMEF >80% of the predicted
value, and they had a faster decline in FEV, and FEV; %
predicted [13]. However, due to the specific population of
never-smoking individuals with alpha-1 antitrypsin defi-
ciency, the generalizability of the findings to the broader
population is limited. In a retrospective study in South
Korea involving 307 participants with normal spirometry,
it was found that participants with FEF, .- z-score < —
0.8435 were more likely to progress to COPD compared
to those with normal FEF,; ;. z-score, suggesting that
this parameter could be used to predict the occurrence
of COPD [14]. The BOLD study found that FEF,; .- <

LLN or FEV4/FEV¢< LLN are high-risk factors for future
chronic airflow limitation [15]. This is the largest sample
size report so far. An analysis of participants with perse-
vered spirometry from the SubPopulations and InteRme-
diate Outcome Measures In COPD Study revealed that
individuals with SAD defined by FEV;/FEV, <LLN were
more likely to progress to COPD compared to those with
FEV,/FEV¢ >LLN, but there was no significant difference
in the annual decline of FEV, between the two groups
[35]. The results of our study regarding the risk of devel-
oping COPD in individuals with non-obstructive small
airway disease are consistent with these three published
studies. However, we did not observe a faster decline in
lung function in individuals with non-obstructive SAD
compared to healthy controls, and the inconsistent find-
ings may be attributed to differences in study populations
and methods of diagnosing SAD.

The pathology and physiology of SAD are defined dif-
ferently and, at best, may be associated. Previous stud-
ies have suggested that histopathological evaluation of
SAD is a relatively accurate approach [1, 4]. However, for
individuals with normal spirometry or mild disease, ethi-
cal considerations prevent the acquisition of lung tissue
for histopathological assessment of SAD. Lung function
assessment is currently the most convenient and feasi-
ble method used in epidemiological research to suggest
SAD and pathology. Therefore, we employed lung func-
tion assessment to suggest SAD. Nonetheless, we should
be aware that educated mid- or end-expiratory flows in
spirometry assessment cannot fully represent SAD meas-
ured by histopathology. Further comparative analysis
between lung function assessment and histopathologi-
cal evaluation of SAD is still needed to clarify the con-
sistency and comparability of lung function diagnosis of
SAD with actual small airway pathology [36].

Methods for diagnosing SAD based on lung function
included MMEF <80% predicted [13], FEV,/FEV, <LLN
[35], FEV4/FVC <LLN [12, 37], MMEF <LLN [12], and the
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presence of at least two of MMEEF, FEF50, FEF75 below 65%
of the predicted value [11, 23, 26], among others [14]. Cur-
rently, there is a lack of head-to-head comparisons of dif-
ferent lung function-based methods for diagnosing SAD.
Additionally, there is currently a lack of consensus on opti-
mal spirometry parameters or defining criteria for identify-
ing SAD [10]. We choose MMEF, FEF50, and FEF75 with
more than two less than 65% of the predicted value as the
diagnostic criteria for SAD mainly for comparability with
previous studies, especially for the Chinese population
[11, 23, 26]. Large-scale longitudinal studies are needed to
determine the advantages, limitations, and value of differ-
ent spirometric measurements for diagnosing SAD.

There are several limitations to mention in this study.
Firstly, SAD, as defined by reduced mid- and end-expir-
atory flow rates, does not represent histopathologi-
cal small airway disease. Secondly, the study excluded
participants with previously diagnosed other chronic
respiratory diseases such as asthma, bronchiectasis,
and interstitial lung disease. Due to the underdiagno-
sis of these conditions, including asthma, bronchiecta-
sis [38—40], and interstitial lung disease, in China, it is
possible that the study included some participants with
undiagnosed diseases, which could have influenced the
study results. Thirdly, the lung function instruments
used in this study differed before and after 2012, which
could have affected the assessment of longitudinal
decline in lung function. We included the type of lung
function instrument as a categorical variable in the ran-
dom coefficient models and interval censoring analysis
as a covariate adjustment, and the study results did not
change significantly (not presented in this paper). This
is a random error that affects both groups equally and
is not controlled by human factors. Additionally, the
spirometric results were quality-controlled and scored
according to the European Respiratory Society/Ameri-
can Thoracic Society 2005 standards, ensuring that only
quality-controlled lung function data were included.
Therefore, it is unlikely that the use of different lung
function instruments before and after 2012 would have
affected the study conclusions. Fourthly, the varying
lengths of follow-up among participants may have influ-
enced the assessment of the decline rate of lung func-
tion and the risk of developing COPD in this study.
Lastly, this study did not collect the COPD medication
history of participants in a standardized manner. Taking
into account the very low proportion of use of inhaled
medications in participants with SAD and patients with
COPD [11, 26], and the impact on the rate of decline in
lung function is small. This is unlikely to have affected
the estimates of the rate of decline in lung function in
this study. Finally, we did not perform an analysis using
mid-expiratory and end-expiratory flow rate indicators
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lower than LLN as diagnostic criteria due to the lack of
LLN calculation formulas for FEF50 and FEF75.

Conclusions

Our study results demonstrate that participants with
spirometry-defined SAD exhibit a faster decline in lung
function compared to those without SAD, and individu-
als with non-obstructive SAD are more likely to progress
to spirometry-defined COPD. There is an urgent need to
strengthen follow-up, management, intervention of high-
risk factors, and even pharmacological intervention for
SAD to reduce the burden caused by SAD.
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