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Background: Whether individuals with non-obstructive spirometry-defined small airway dysfunction
(SAD) have impaired exercise capacity is unclear, particularly in never-smokers. This study clarifies the
degree of impaired exercise capacity and its potential cause in individuals with non-obstructive SAD.
Methods: This community-based, multiyear cross-sectional study analyzed data collected in Guangdong,
China from 2012-2019 by the National Science and Technology Support Plan Program. Measurements of
exercise capacity [peak work rate and peak oxygen uptake (T}Ozpmk)] in participants with non-obstructive
spirometry-defined SAD (n=157) were compared with those in controls (n=85) and Global Initiative for
Chronic Obstructive Lung Disease (GOLD) I patients (n=239). Subgroup analyses were performed by
smoking status.

Results: The risk of impaired exercise capacity was significantly higher in participants with non-obstructive
SAD [I}Ozpeak <84%predicted, adjusted odds ratio (aOR) =2.53; 95% confidence interval (CI): 1.42-4.52]
than in controls but was not significantly different from that in GOLD I patients. Results were consistent
within subgroups of smoking status (ever-smokers: non-obstructive SAD vs. controls, aOR =2.44; 95% CI:
1.08-5.51; never-smokers: non-obstructive SAD wvs. controls, aOR =2.38, 95% CI: 1.02-5.58). Participants
with non-obstructive SAD had a significantly lower peak work rate (B=-10.5; 95% CI: -16.3 to -4.7) and

I}Ozpeak (%predicted, B=-4.0; 95% CI: -7.7 to -0.2) and tended to have higher ventilatory equivalents for
carbon dioxide at the ventilatory threshold (V/V CO,yp, B=1.1; 95% CI: 0.1 to 2.3) when compared with

controls. Both peak work rate and V'O, were negatively correlated with V./V CO, .
Conclusions: Although not meeting the current criteria for chronic obstructive pulmonary disease,

individuals with non-obstructive SAD have impaired exercise capacity that may be associated with ventilatory

inefficiency regardless of smoking status.
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Introduction

A forced expiratory volume in 1 second (FEV))/forced
vital capacity (FVC) ratio of less than 0.70 after use of a
bronchodilator is currently required to diagnose chronic
obstructive pulmonary disease (COPD). However, a
substantial proportion of individuals who do not meet this
definition have small airway dysfunction (SAD). In China,
the prevalence of spirometry-defined SAD without COPD
in adults aged 20 years or older has been reported to be
11.3% [95% confidence interval (CI): 10.3-12.5%] (1).
When compared with controls, this population has greater
decline in pulmonary function (2,3). Therefore, non-
obstructive SAD is considered to be a precursor of COPD
and warrants attention (4-6).

Abnormalities of the small airways include premature
airway closure and air trapping (7). Small airway
impairment is associated with delayed lung emptying that
can be amplified by an increased ventilatory requirement
during exercise, and is one of the main reasons for exercise
intolerance in symptomatic patients with mild COPD (8).
However, it remains unclear whether individuals with SAD
who do not have airway obstruction have impaired exercise
capacity.

Furthermore, unlike in smokers, there have been few

Highlight box

Key findings

e Although individuals with non-obstructive small airway
dysfunction (SAD) have relatively preserved spirometry (post-
bronchodilator FEV,/FVC >0.70), they have impaired exercise
capacity regardless of smoking status that may be associated with
ventilatory inefficiency.

What is known and what is new?

* Non-obstructive SAD has worse overall health and consequently a
greater decline in pulmonary function than controls.

® This study clarifies the degree of impaired exercise capacity and its
potential cause in individuals with non-obstructive SAD.

What is the implication, and what should change now?

® These findings have implications for better understanding of
the physiological and clinical abnormalities in individuals with
non-obstructive SAD.

© Journal of Thoracic Disease. All rights reserved.

studies of the relationship between abnormalities of the
small airways and cardiorespiratory fitness in never-smokers
(9-11), and whether non-smokers have similarly abnormal
physiologic responses to cardiopulmonary exercise testing
(CPET) is still unclear. This issue is particularly pressing
in developing countries, where other risk factors for
developing SAD, namely outdoor air pollution and exposure
to tobacco smoke, are increasing in prevalence (1).

There are many approaches available for evaluation of
small airway function, including spirometry, forced oscillation,
nitrogen washout, peripheral wedged catheters, and high-
resolution computed tomography (12). Spirometry is the
most widely used method in clinical practice, and we have
used post-bronchodilator spirometry to assess SAD because
of the need to obtain data comparable with those reported
previously, especially in the Chinese population (1,13).

Accordingly, the main purpose of this study was to better
understand exercise capacity in spirometry-defined SAD
without airway obstruction, including in never-smokers
and ever-smokers. Exercise tolerance was compared among
participants with SAD but no COPD, a group of controls
with normal spirometry, and a group of patients with Global
Initiative for Chronic Obstructive Lung Disease (GOLD)
stage I. We presented the following article in accordance
with the STROBE reporting checklist (available at https://
jtd.amegroups.com/article/view/10.21037/jtd-22-1328/rc).

Methods
Study design and participants

In this study, we used data collected from participants
enrolled consecutively in part of the National Science
and Technology Support Plan Program for the 12th
and 13th Five-Year Plans, which were community-
based, observational surveys of COPD conducted in
Guangdong, China in 2012-2019 (14,15). Questionnaire
and spirometry data were collected from all participants.
A subset of participants had CPET available. The present
study includes participants with eligible questionnaires,
spirometry, and CPET data who were enrolled from
July 2012 to August 2019. The study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). The study was approved by the Ethics Committee
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of Scientific Research Project Review of the First Affiliated
Hospital of Guangzhou Medical University (No. 2013-37).
All study participants provided written informed consent.

The main inclusion criteria were as follows: aged
40-80 years; acceptable CPET data; eligible spirometry
before and after a bronchodilator test; and a completed
standard epidemiological respiratory questionnaire. The
following exclusion criteria were applied: GOLD stage
II-1V [ratio of FEV, to FVC <0.70 and FEV, <80%
of the predicted value]; respiratory tract infection or
exacerbation in the 4 weeks before screening; previous
lobectomy; malignant tumor newly discovered and being
treated; history of other lung disease (e.g., asthma, lung
cancer, active pulmonary tuberculosis, pneumoconiosis,
extensive bronchiectasis, pulmonary aspergillus); and severe
cardiovascular disease or other contraindications to CPET.

We used three indicators of post-bronchodilator spirometry
to assess SAD, namely, maximal mid-expiratory flow, forced
expiratory flow at 50% of vital capacity, and forced expiratory
flow at 75% of vital capacity. When at least two of these three
indicators were below 65% of predicted values, we considered
the participants to have SAD (1,13). Non-COPD was defined
as a post-bronchodilator spirometry FEV /FVC value of
>0.70, mild COPD as a post-bronchodilator FEV/FVC
<0.70, and FEV, >80% of the predicted value.

The participants were divided into a control group
(without COPD or SAD), a SAD group (SAD without
COPD), and a GOLD I group (mild COPD).

Questionnaire

A revised version of the standardized questionnaire used
in the International Burden of Obstructive Lung Diseases
study was administered during an in-person interview (16).
Demographic information, chronic respiratory symptoms,
smoking status, and smoking index were included (14).
Chronic respiratory symptoms included chronic sputum,
cough, dyspnea, and/or wheezing. Study participants who
had smoked fewer than 100 cigarettes in their lifetime were
defined as never-smokers and otherwise as ever-smokers.
Ever-smokers included current smokers (smoking at baseline)
and former smokers (had quit smoking before baseline).
The smoking index was defined as the number of packs of
cigarettes smoked daily multiplied by years of smoking.

Spirometry

All patients underwent spirometry before and after
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administration of a bronchodilator (salbutamol sulfate
aerosol, 400 pg). Portable spirometers (CareFusion, Yorba
Linda, CA, USA) and quality control software (SentrySuite
version 2.3, CareFusion) were used to obtain the spirometric
data and calibrated daily. Spirometry was performed using
the standard methods recommended by the European
Respiratory Society and American Thoracic Society (17),
and quality grades A, B, and C were considered acceptable
for analysis. Predicted values for spirometric variables were
derived using the 1993 European Community for Steel and
Coal reference values (18).

CPET
A maximal incremental CPET (COSMED, Rome, Italy)

was performed on a calibrated cycle ergometer (Quark PFT
Ergo Bp900, Rome, Italy) and supervised by a physician.
The protocol was as follows: 2 min of rest, 2 min of unloaded
cycling at 55-65 rpm, stepwise increases in workload of
5-30 W/min at 55-65 rpm until limited by symptoms
or the test was terminated by the physician because of
electrocardiographic abnormalities or chest pain (for a total
of approximately 8-12 min), 10 min of recovery, and 3 min
of rest. During the entire test period, oxygen consumption,
carbon dioxide production (VCO,), changes in airflow, and
heart rate were monitored by a mask sampling line and a
12-lead electrocardiogram.

Measurements of exercise tolerance [peak work rate and
percentage of predicted peak oxygen uptake (I./Ozpeak)] and
ventilatory efficiency [ventilatory equivalents for carbon
dioxide at the ventilatory threshold (V/V CO,p)] were
obtained (19). The V-slope method was used to determine
the anaerobic threshold, namely, the VO, value at which
the slope of the carbon dioxide production vs. VO, changes
from <I to a slope steeper than 1 (20). The predicted

VO,,... values were determined according to the equations
P g q
proposed by Wasserman and Hansen (21) and considered to

indicate impaired exercise capacity when V' O,,., was below
84% of the predicted value (20,22).

Statistical analysis

A Kolmogorov—Smirnov test was used to explore whether
the quantitative information accorded with normal
distribution. A one-way analysis of variance or Kruskal-
Wallis test were used to evaluate differences among
control, SAD, and GOLD I groups, adjusted for multiple
comparisons using Bonferroni correction method. Chi-
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865 were invited from the community

Y

83 refused to participate in the study or
were excluded for contraindications

782 eligible for participation

Y

74 failed to complete spirometry, CPET, or
questionnaire

questionnaire data

708 had qualified spirometry, CPET, and

Y

227 with post-bronchodilator FEV,/FVC
<0.70 and FEV, <80%pred

481 were included in the final analysis

v ¥

v

Control group SAD group
N=85 N=157

GOLD | group
N=239

Figure 1 Flow chart showing the patient selection process. The control group was defined as having normal lung function (non-COPD
without SAD), the SAD group as having SAD but not COPD, and the GOLD I group as having mild COPD. CPET, cardiopulmonary
exercise test; FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; SAD, small airway dysfunction; GOLD, Global Initiative for

Chronic Obstructive Lung Disease; COPD, chronic obstructive pulmonary disease.

squared tests or Fisher’s exact tests were used to compare
the difference in categorical variables. The risk of impaired
exercise capacity (V' O,,.,. <84% of the predicted value)
was evaluated using multivariate logistic regression after
adjustment for sex, age, body mass index (BMI), smoking
status, and smoking index. Objective measurements of
exercise tolerance (peak work rate and T}Ozpcak%pred) and
ventilatory efficiency (V' /V CO,,r) were compared among
groups by analysis of multivariate linear regression. Model
1 did not include any covariates, model 2 was adjusted for
sex and age, and model 3 was adjusted for sex, age, BMI,
smoking status, and smoking index to assess the robustness
of the association. Correlations between exercise capacity
and ventilatory efficiency were determined by Pearson’s
correlation coefficients.

Subgroup analyses were performed according to smoking
status (never-smokers and ever-smokers), given that
smoking status may affect assessment of exercise capacity
(23-25). We also performed three sensitivity analyses.
First excluding participants with preserved ratio impaired
spirometry (FEV,/FVC >0.70 and FEV, <80%pred)
to avoid confounding by restrictive processes. Second
excluding participants with sub-maximal exercise defined as
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a peak respiratory exchange ratio lower than 1.10. Third,
participants were grouped using the Global Lung Initiative
2012 reference equations for South East Asian populations.
No imputation for missing values was performed; rather,
observations with relevant missing values were excluded
from the respective analyses. All statistical analyses were
performed using SPSS 24.0 (IBM SPSS, Armonk, NY,
USA). The statistical tests were two-sided and considered
statistically significant at P<0.05.

Results
Demographic and clinical characteristics

A total of 865 participants were recruited from the
community, 481 of whom had a completed questionnaire,
acceptable CPET, and spirometry data and were included in
the final analysis. There were 85 participants in the control
group, 157 in the SAD group, and 239 in the GOLD I
group (Figure 1).

Table 1 lists the demographic and clinical characteristics
of the participants by study group. The SAD group were
older than the control group (58«8 wvs. 55+7 years), had
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Table 1 Participant demographic and clinical characteristics
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Variables

Control group (n=85)

SAD group (n=157)

GOLD | group (n=239)

Demographic data

Age, years 55+7
Male sex 49 [58]
BMI, kg/m’ 23.9+3.2
Smoking status
Never 48 [57]
Former 7 [8]
Current 30 [35]
Smoking index, packxyears 17+24
Symptoms*
Chronic cough 15[18]
Chronic sputum 13 [16]
Dyspnea 1[1]
Wheezing 3[4]
Any symptom 17 [20]
Post-BD spirometry measures
FEV,, L 2.70+0.54
FVC, L 3.33+0.73
FEV,/FVC, % 81.7+4.6
FEV,%pred, % 10712
MMEF, L 2.69+0.58
FEF50, L 3.54+0.73
FEF75, L 0.98+0.38
MMEF %pred, % 83+15
FEF50 %pred, % 92+16
FEF75 %pred, % 70+23

58+8* 62+8*"

109 [69] 200 [84]*

23.2+3.4 22.3+3.1*"

65 [41]* 54 [23]*

32 [21] 41 7t

60 [38]* 144 [60]*"

26+32 38+33*

38 [25] 64 [27]

39 [25] 73 [31]

4[3] 5[2]

17 [11] 2119]

55 [35]* 93 [39]
2.33+0.47* 2.34+0.47*
3.13+0.70 3.62+0.72*
74.9+4.1* 64.8+4.0*"

9414 95+10*
1.63+0.35* 1.1420.37*
2.31+0.50* 1.67+0.51*
0.54+0.18* 0.37+0.17*

51+9* 37+10*"
61+12* 44211+

4112 31+13*

Data are shown as the mean + standard deviation or n [%]. The control group was defined as having normal lung function (non-COPD
without SAD), the SAD group as having SAD but no COPD, and the GOLD | group as having mild COPD. Baseline characteristics were
compared between the groups using one-way analysis of variance or Kruskal-Wallis test for continuous variables and chi-squared tests
or Fisher’s exact tests for categorical variables. Pairwise comparisons between groups were performed using the Bonferroni method.
*P<0.05 vs. the control group. "P<0.05 vs. the SAD group. *, numbers of participants with symptoms available: chronic cough =472,
chronic sputum =478, wheezing =467. SAD, small airway dysfunction; GOLD, Global Initiative for Chronic Obstructive Lung Disease; BMI,
body mass index; post-BD, post-bronchodilator; FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; MMEF, maximal mid-
expiratory flow; FEF50, forced expiratory flow at 50% of vital capacity; FEF75, forced expiratory flow at 75% of vital capacity.

more smokers (former smokers, 21% vs. 8%; current
smokers, 38% wvs. 35%), and more participants with
chronic respiratory symptoms (35% vs. 20%). There was
no significant difference in sex, BMI, or smoking index

© Journal of Thoracic Disease. All rights reserved.

between the SAD group and the control group. All post-
bronchodilator spirometric parameters, except for FVC,
were significantly lower in the SAD group than in the
control group. There were no significant differences in

7 Thorac Dis 2023;15(2):472-483 | https://dx.doi.org/10.21037/jtd-22-1328



Journal of Thoracic Disease, Vol 15, No 2 February 2023 477
Table 2 Measurements at the anaerobic threshold and at the peak of symptom-limited incremental cycle exercise
Anaerobic threshold * Peak exercise
Variables
Control SAD GOLD | Control SAD GOLD |

Work rate, Watt 81+19 71£20* 68+22* 138+28 126+28* 121+27*
I702, L/min 1.03+0.22 0.97+0.24 0.97+0.23 1.49+0.32 1.42+0.31 1.44+0.33

% predicted maximum 62+13 58+14 58+14 88+14 85+14 86+15
I702<84%pred at peak exercise, n (%) 28 (32.9) 83 (52.9) 108 (45.2)*
HR, beats/min 112+18 105£17* 99:+20*" 14417 142119 13917

% predicted maximum 68+11 65+11 63+13* 87+9 88+11 88+11
O, pulse, mL O,/beat 9.0+2.0 8.9+2.2 9.1£2.0 10.4+2.1 10.1£2.2 10.3+2.2
VE, L/min 29.9+7.0 28.5+6.7 30.2+8.3 52.9+15.4 51.8+14.3 52.7+13.5
% estimated MVV 32+7 36+10* 38+11* 56+13 64+15* 65+14*
|'/E/|'/(;o2 31.1+3.8 32.9+4.3* 34.7+5.2* 30.5+4.3 32.1+4.5 34.1+5.5*
V/VCO,>34 at the anaerobic threshold 17 (21.8) 53 (34.2) 112 (48.1)"
|'/E/|'/o2 28.9+4.0 29.3+4.0 30.7+5.0*" 35.2+4.9 35.9+5.9 37.0+6.5
PETCO,, mmHg 40.3+4.4 38.6+4.3" 37.1£4.7* 40.5+5.2 39.1+5.1 37.4+5.4*
fs, breaths/min 25+5 23+5 22+5* 337 33+6 34+7
R 0.93+0.08 0.89+0.08* 0.89+0.08* 1.16+0.10 1.12+0.10* 1.09+0.10*"
VT, L 1.21+0.30 1.20+0.31 1.28+0.32" 1.62+0.41 1.57+0.36 1.59+0.39

Data are shown as the mean + standard deviation or n (%). The control group was defined as having normal lung function (non-COPD
without SAD), the SAD group as having SAD but no COPD, and the GOLD | group as having mild COPD. Measurements were compared
between groups using one-way analysis of variance or Kruskal-Wallis test for continuous variables and chi-squared tests or Fisher’s
exact tests for categorical variables. Pairwise comparisons between groups were performed using the Bonferroni method. *P<0.05 vs. the
control group. "P<0.05 vs. the SAD group. *, anaerobic threshold could not be identified in 15 participants. SAD, small airway dysfunction;
GOLD, Global Initiative for Chronic Obstructive Lung Disease; O,, oxygen uptake; Ve, minute ventilation volume; HR, heart rate; MVV,

maximum ventilatory volume; VE/VCOZ, ventilatory equivalents for carbon dioxide; |'/E/|'/02, ventilatory equivalents for oxygen; PETCO,,
end-tidal carbon dioxide partial pressure; fg, respiratory frequency; R, respiratory exchange ratio; VT, tidal volume; COPD, chronic

obstructive pulmonary disease.

chronic respiratory symptoms or FEV, or predicted FEV,
values between the SAD and GOLD I groups. Comparisons
of demographic and clinical characteristics among the
groups stratified by smoking status are demonstrated in
Table S1.

Exercise capacity in non-obstructive SAD

Peak work rate was 8.7% lower in the SAD group than in
the control group but not different from that in the GOLD
I group (1able 2). The proportion of participants with a
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reported abnormality in V'O, was higher in the SAD
group than in the control group (52.9% vs. 32.9%), as was
the risk of impaired exercise capacity [adjusted odds ratio
2.53; 95% confidence interval (CI): 1.42-4.52; P=0.002],
but neither was significantly different from the GOLD I
group (Zable 3). Using the control group as the referent
group, multiple linear regression analysis showed that the
peak work rate was lower in the SAD group (B=-10.5; 95%
CI: -16.3 to -4.7; P<0.001) as was the VO, %pred (B=-4.0;

95% CI: -7.7 to -0.2; P=0.039, Table 4). However, V
O,eadopred was similar in the control and GOLD I groups

(B=-2.4;95% CI: -6.2 to 1.4; P=0.215).
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Table 3 Association between respiratory disease and impaired exercise capacity (I}Ozpenk <84%pred)

Univariate Adjusted”

Variables Participants (n) I./O2peak <84%pred, n (%)
OR (95% Cl) P value OR (95% Cl) P value

All participants

Control group 85 28 (32.9) 1 (Ref.) 1 (Ref.)

SAD group 157 83 (52.9) 2.28 (1.32-3.96) 0.003 2.53 (1.42-4.52) 0.002

GOLD | group 239 108 (45.2) 1.68 (1.00-2.82) 0.051 1.79 (1.00-3.21) 0.049
Ever-smokers

Control group 37 16 (43.2) 1 (Ref.) 1 (Ref.)

SAD group 92 56 (60.9) 2.04 (0.94-4.43) 0.071 2.44 (1.08-5.51) 0.032

GOLD | group 185 89 (48.1) 1.22 (0.60-2.48) 0.589 1.70 (0.79-3.66) 0.171
Never-smokers

Control group 48 12 (25.0) 1 (Ref.) 1 (Ref.)

SAD group 65 27 (41.5) 2.13 (0.94-4.83) 0.070 2.38 (1.02-5.58) 0.046

GOLD | group 54 19 (35.2) 1.63 (0.69-3.85) 0.266 1.98 (0.77-5.05) 0.155

The control group was defined as having normal lung function (non-COPD without SAD), the SAD group as having SAD but no COPD,

and the GOLD | group as having mild COPD. The risks of impaired exercise capacity (I./Ogpeak <84% of predicted values) were evaluated
using dichotomous logistic regression. *, adjusted for sex, age, body mass index, smoking status, and smoking index (only adjusted for
sex, age, and body mass index in never-smokers). |'/02peak, peak oxygen uptake; OR, odds ratio; Cl, confidence interval; SAD, small airway
dysfunction; COPD, chronic obstructive pulmonary disease; GOLD, Global Initiative for Chronic Obstructive Lung Disease.

Associations between ventilatory efficiency and exercise
capacity in non-obstructive SAD

Fifty-three of 155 participants (34.2%) in the SAD group
had CPET evidence of ventilatory inefficiency (Vg/V CO,ur
>34), which was slightly higher than that in the control
group (P=0.069). The mean V/VCO,,; levels were higher
in the SAD group than in the control group (32.9+4.3 vs.
31.1£3.8; P<0.05) but still within the normal range (7able
2). Using the control group as the referent group, multiple
linear regression analysis adjusted for potential confounders
showed that there was a trend towards higher Vi/V CO,ur
in the SAD group that nearly reached statistical significance
(B=1.1; 95% CI: =0.1 to 2.3; P=0.072, Tuble 4). In the
SAD group, both peak work rate and VO, %pred were

negatively correlated with V/V CO,,p (r=-0.34, P<0.001,
and r=-0.38, P<0.001, respectively, Tuble 5).

Subgroup and sensitivity analysis

When never-smokers and ever-smokers were considered
separately, the risk of impaired exercise capacity was still
higher in participants with SAD who did not meet the

© Journal of Thoracic Disease. All rights reserved.

spirometric criteria for COPD than in controls (ever-smokers:
adjusted odds ratio =2.44, 95% CI: 1.08-5.51, P=0.032;
never-smokers: adjusted odds ratio =2.38, 95% CI: 1.02-5.58,
P=0.046) but was not significantly different from that in the
GOLD I group (1able 3). Ever-smokers in the SAD group
had a 10.7% lower peak work rate and a 9.8% lower tidal
volume than those in the control group (both P<0.05) but
had a mildly elevated I./E/I./COZAT (Table S2). Compared
with the controls, never-smokers in the SAD group tended
to have a lower peak work rate (P=0.063), and a significantly
higher VE/V CO,,r (P=0.038); however, tidal volume was not
significantly different between the two groups (Table S3).

Sensitivity analysis excluding participants with preserved
ratio impaired spirometry (n=22, all in the SAD group) or
participants with sub-maximal exercise, defined as a peak
respiratory exchange ratio lower than 1.10 (n=207, of which
20 were in the control group, 61 were in the SAD group,
and 126 were in the GOLD I group), yielded consistent
results for the primary outcome variable (Table S4 and
‘Table S5). These group differences in the risk of impaired
exercise capacity remained present when we change the
reference values (Table S6).
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SAD group GOLD | group
Variables Control group
B (95% ClI) P B (95% CI) P
Exercise capacity
Peak work rate, Watt
Model 1 Ref. -11.9 (-19.2 to -4.6) 0.002 -16.7 (-23.5t0 -9.8) <0.001
Model 2 Ref. -11.9 (-17.8 to -5.9) <0.001 -14.2 (-20.1 to -8.3) <0.001
Model 3 Ref. -10.5 (-16.3 to —4.7) <0.001 -11.1 (-16.9 to -5.2) <0.001
Vogpeak%pred
Model 1 Ref. -3.7(-7.6t00.1) 0.058 -1.9(-5.5t0 1.8) 0.313
Model 2 Ref. —4.0 (-7.7 t0 -0.2) 0.039 -3.0(-6.7 10 0.8) 0.119
Model 3 Ref. -4.0 (-7.7 t0 -0.2) 0.039 -2.4(-6.2t0 1.4) 0.215
Ventilation efficiency
V/V GOy
Model 1 Ref. 1.8 (0.5 t0 3.0) 0.006 3.6 (2.4t04.7) <0.001
Model 2 Ref. 1.2 (0.02 to 2.4) 0.047 2.0(0.8t03.2) 0.001
Model 3 Ref. 1.1 (-0.1 t0 2.3) 0.072 1.5(0.3t02.7) 0.012

The control group was defined as having normal lung function (non-COPD with no SAD), the SAD group as having SAD but no COPD, and
the GOLD | group as having mild COPD. Exercise capacity and ventilation efficiency were compared between groups using multivariate
linear analysis. Model 1 (unadjusted). Model 2 (adjusted for sex and age). Model 3 (adjusted for sex, age, body mass index, smoking
status, and smoking index). SAD, small airway dysfunction; GOLD, Global Initiative for Chronic Obstructive Lung Disease; B, beta-
coefficient; Cl, confidence interval; Vozpeak%pred, peak oxygen uptake in percentage of predicted value; Ve/V/COmur, ventilatory equivalents
for carbon dioxide at ventilatory threshold; COPD, chronic obstructive pulmonary disease.

Table 5 Correlation of exercise capacity with I./pl/l./CO2 AT

Correlation with peak work rate (Watt)

Correlation with I./ngeak%pred (%)

Variables

r P value r P value
All participants -0.35 <0.001 -0.30 <0.001
SAD group -0.34 <0.001 -0.38 <0.001

Correlation coefficients were tested among exercise capacity with l'/.E/I'/.CO2AT in all participants and in the SAD group, respectively. v
O,pea%0pred, peak oxygen uptake in percentage of predicted value; V/lVCO,,, ventilatory equivalents for carbon dioxide at ventilatory

threshold; SAD, small airway dysfunction.

Discussion

This study had three novel findings. First, exercise capacity
was poorer in participants with non-obstructive SAD who
did not meet spirometric criteria for COPD than in controls
but was comparable with that in patients with mild COPD.
Second, in the SAD group, a higher risk of impaired

exercise capacity was found not only in smokers but also in

© Journal of Thoracic Disease. All rights reserved.

never-smokers. Third, impaired exercise capacity in patients
with non-obstructive SAD appeared to be associated with
ventilatory inefficiency.

Participants in the SAD group, even those with relatively
preserved spirometry (post-bronchodilator FEV,/EVC
>0.70), had lower FEV, and were more likely to report
chronic respiratory symptoms than those in the control
group. Although still within the normal range, patients
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with non-obstructive SAD had worse exercise capacity
and ventilatory efficiency during exercise relative to
controls. In a study of 4,730 healthy middle-aged men,
Hansen et al. found that lower levels of cardiorespiratory
fitness (determined as maximal oxygen uptake) were
associated with a higher long-term risk of incident COPD
and death from COPD (26). Furthermore, spirometry-
defined SAD itself is reportedly associated with an
accelerated decline in lung function (2). Collectively, these
results indicated that exclusive reliance on spirometry
may result in underestimation of clinically important
physiologic impairment and reinforce the pressing need
for a better understanding of the physiological and clinical
abnormalities in patients with non-obstructive SAD.

Previous studies have clearly shown that exercise
tolerance is lower in smokers without spirometric COPD
than in controls and that extensive SAD was one of the
reasons for this finding (11). Our present study confirmed
this finding and found that the risk of impaired exercise
capacity was higher in smokers with SAD but no airflow
obstruction than in controls. However, smoking exposure
is not the only factor associated with SAD, and a number
of other factors also play a role (1). For example, Petsonk
et al. found that dust exposure can have an impact on many
pathological processes in the small airways and considered
it to be the main cause of the inefficient ventilation and
exercise intolerance documented in miners (27). Our study
extends these findings to never-smokers and found that
patients with non-obstructive SAD who had never smoked
also had impaired exercise capacity. This finding has
implications for better recognition of chronic respiratory
diseases in developing countries where outdoor air pollution
and exposure to tobacco smoke are increasingly prevalent.

A substantial obstruction in the small airways could
affect the distribution of ventilation and gas exchange
before spirometric airway obstruction reaches a clinically
detectable level (9,28,29). Individuals with peripheral
airway dysfunction may experience pulmonary gas
trapping and dynamic lung hyperinflation during exercise
(8,30). All these factors can negatively affect ventilatory
efficiency, which has been assessed by measurement of the
quantity of ventilation needed to eliminate metabolically

produced CO, (i.e. VE/VC07AT) (19,31-34). Our results

supported those of previous studies. We found that VE/V
CO,r marginally higher in patients with non-obstructive

SAD than in controls, suggesting greater ventilation/
perfusion abnormalities. We also found that both peak
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work rate and V' O,,,,, were negatively correlated with V'

e/V CO, 1, which was similar to the findings of Devin ez
al. (31). Therefore, we speculate that impaired exercise

capacity in patients with non-obstructive SAD may be
associated with ventilatory inefficiency. As the difference of
VE/VCOZ «1 between non-obstructive SAD and controls did
not reach statistical significance (P=0.072), further research
is required to confirm this speculation.

Elbehairy ez al. found no difference in VF/V CO,, whether
expressed as the slope, intercept, or nadir, between smokers

without COPD and controls (11). In our study, VE/V COsur
increase slightly in both smoking and nonsmoking patients
with non-obstructive SAD but was only statistically relevant
in never-smokers. Moreover, the increase in peak tidal
volume was significantly smaller in the smoking participants
with non-obstructive SAD than in the control group, with
the exception of never-smokers. This suggests that never-
smokers with non-obstructive SAD are likely to have a
different underlying pathology that can cause a different
ventilatory response to exercise. It is also possible that an
even larger sample size will be required for detection of a
significant case-control difference in smokers. These ideas
warrant further study.

We are satisfied that the reduced exercise performance in
our participants was not the result of reduced motivational
effort because (I) we encouraged the participants to
continue exercise until limited by symptoms or an abnormal
electrocardiogram and (II) sensitivity analysis excluding
participants with sub-maximal exercise, defined as a peak
respiratory exchange ratio lower than 1.10, yielded consistent
results for the primary outcome variable. Significant cardiac
impairment was also unlikely to have contributed to the
impaired exercise capacity in non-obstructive SAD because
patients with active cardiac comorbidity were excluded
and heart rate responses and reserve at peak exercise were
normal, as was the O, pulse. We also performed a sensitivity
analysis excluding participants with preserved ratio impaired
spirometry (FEV,/FVC >0.70 and FEV,% <80%) to avoid
the effect of restrictive lung disease. It is well known that
sex, age, and BMI can also affect test performance (20,29).
We adjusted for major confounding factors after univariable
analysis to strengthen our findings.

This study has several limitations. First, the diagnosis of
SAD was based entirely on post-bronchodilator spirometry,
which is more variable than that based on impulse
oscillometry, pathological examination, and high-resolution
computed tomography. Therefore, our results pertain
only to post-bronchodilator spirometry-defined SAD. The
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cutoff points selected require validation, but are routinely
and widely used in clinical practice when diagnosing SAD.
Second, operating lung volumes, dyspnea, and the ratio of
dead space volume to tidal volume (invasive methods to
obtain arterial blood gases are needed) were not measured
during CPET, but would have greatly improved our ability
to infer functional status from CPET. Finally, the data are
derived from a cross-sectional study, which restricts causal
interpretations.

Conclusions

Although individuals with non-obstructive SAD have
relatively preserved spirometry (post-bronchodilator FEV,/
FVC >0.70), they have impaired exercise capacity regardless
of smoking status that may be associated with ventilatory
inefficiency.
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Supplementary

Table S1 Participant demographic and clinical characteristics according to the smoking status

Smokers (n=314)

Never-smokers (n=167)

Variables Control group SAD group GOLD Igroup  Control group SAD group GOLD | group
(n=37) (n=92) (n=185) (n=48) (n=65) (n=54)
Demographic data
Age, years 58+7 58+8 62+8*" 53+7 57+8* 61+8*"
Male sex 37 [100] 92 [100] 183 [99] 12 [25] 17 [26] 17 [32]
BMI, kg/m® 23.4+3.2 22.9+3.1 22.1£3.0 24.2+3.1 23.6+3.6 22.9+3.4
Smoking status
Never
Former 7[19] 32 [35] 41 22
Current 30 [81] 60 [65] 144 [78]"
Smoking index, packxyears 40+20 44+31 49+30
Symptoms*
Chronic cough 9 [25] 30 [33] 54 [30] 6[13] 8[13] 10 [19]
Chronic sputum 6[17] 32 [35] 64 [35] 7[15] 7 [11] 9[17]
Dyspnea 0[0] 0[0] 2[1] 1[2] 4 [6] 31[6]
Wheezing 1[3] 10 [11] 15 [9] 2 [4] 7 [11] 6 [11]
Any symptom 10 [27] 40 [44] 77 [42] 7[15] 15/65 [23] 16/54 [30]
Post-BD spirometry measures
FEV,, L 3.00+0.40 2.50+0.40" 2.43+0.41* 2.48+0.53 2.08+0.45" 2.04+0.53"
FVC, L 3.77+0.57 3.41+0.57* 3.78+0.62* 3.00+0.67 2.74+0.68 3.09+0.77"
FEV.,/FVC, % 80.0+4.2 73.7+3.9* 64.4+4.1* 83.1+4.4 76.7£4.7* 66.2+3.4*"
FEV,%pred, % 107+12 92+11* 94+10* 108+12 97+16* 97+11*
MMEF, L 2.80+0.56 1.69+0.36* 1.16+0.37" 2.60+0.58 1.55+0.33* 1.08+0.35*
FEF50, L 3.69+0.67 2.41+0.49* 1.69+0.51*" 3.43+0.77 2.17+0.47* 1.57+0.49*
FEF75, L 0.99+0.30 0.57+0.18* 0.38+0.17* 0.97+0.43 0.51+0.16* 0.33+0.15*"
MMEF %pred, % 84+15 51+9* 37£10*" 82+16 52+10* 37+9*"
FEF50 %pred, % 92116 61+£12* 45£11" 92417 61+£12* 44111
FEF75 %pred, % 72+20 43+12* 32414+ 68+25 39+12* 27+10*

Data are mean + standard deviation or n (%). The control group was defined as having normal lung function (non-COPD without SAD),
the SAD group as having SAD but no COPD, and the GOLD | group as having mild COPD. Baseline characteristics were compared
between the groups using one-way analysis of variance or Kruskal-Wallis test for continuous variables and chi-squared tests or Fisher’s
exact tests for categorical variables. Pairwise comparisons between groups were performed using the Bonferroni method. *P<0.05 vs. the
control group. "P<0.05 vs. the SAD group. ¥, numbers of participants with symptoms available: chronic cough =472, chronic sputum =478,
wheezing =467. BMI, body mass index; FEF50, forced expiratory flow at 50% of vital capacity; FEF75, forced expiratory flow at 75%
of vital capacity; FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung
Disease; MMEF, maximal mid-expiratory flow; SAD, small airway dysfunction.
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Table S2 Measurements at the anaerobic threshold and at the peak of symptom-limited incremental cycle exercise in smokers

Anaerobic Threshold *

Peak Exercise

Variables

Control SAD GOLD | Control SAD GOLD |
Work rate, Watt 89+21 7420 7022 149422 133+26* 123+25*"
I702, L/min 1.10+0.19 1.01+0.23 0.99+0.23* 1.60+0.25 1.51+0.30 1.48+0.31
(% predicted maximum) (59+10) (55+14) (58+14) (86+11) (82+13) (86+15)
I702<84%pred at peak exercise, n (%) 16 (43.2) 56 (60.9) 89 (48.1)
HR, beats/min 10717 103+18 974197 141+18 143+19 139+17
(% predicted maximum) (66+10) (64+12) (62+13) (87+10) (88+11) (88+10)
O, pulse, ml Oy/beat 9.9+1.7 9.3+2.0 9.4+1.9 11.4+1.8 10.7+2.0 10.7+2.0
|'/E, L/min 23.3+5.7 30.4+6.4 31.5+8.2 59.4+12.2 56.2+14.4 55.1£12.1
(% estimated MVV) (32+6) (36+10) (38+11) (57+10) (65+16)* (66+14)*
|'/E/|'/(;o2 32.1£4.0 33.4+4.7 35.3+5.4* 31.9+5.1 33.0+4.7 34.5+5.3*
V/VCO,>34 at the anaerobic threshold, n (%) 1131.4) 38 (41.3) 101 (55.5)""
VO, 30.4+3.9 30.0+4.1 31.3+5.1 37.0+5.6 37.1%6.3 37.4%5.9
PETCO,, mmHg 39.6+4.4 38.4+4.3 36.9+4.9* 39.5+5.5 38.5+5.1 37.3+5.7
fs, breaths/min 25+4 23+5 22+5* 32+5 33+6 34+7
R 0.95+0.06 0.90+0.08*  0.89+0.08* 1.17+0.11 1.13+0.09 1.100.10*"
VT, L 1.35+0.28 1.29+0.28 1.32+0.28 1.84+0.34 1.66+0.32* 1.66+0.35*

Data are shown as the mean + standard deviation or n (%). The control group was defined as having normal lung function [non-chronic
obstructive pulmonary disease (COPD) without SAD], the SAD group as having SAD but no COPD, and the GOLD | group as having
mild COPD. Measurements were compared between groups using one-way analysis of variance or Kruskal-Wallis test for continuous
variables and chi-squared tests or Fisher’s exact tests for categorical variables. Pairwise comparisons between groups were performed
using the Bonferroni method. *P<0.05 vs. the control group. 'P<0.05 vs. the SAD group. *, anaerobic threshold could not be identified in
5 participants. GOLD, Global Initiative for Chronic Obstructive Lung Disease; HR, heart rate; PETCO,, end-tidal carbon dioxide partial
pressure; fR, respiratory frequency; MVV, maximum ventilatory volume; R, respiratory exchange ratio; SAD, small-airway dysfunction; v
0,, oxygen uptake; Vg, minute ventilation volume; I/¢/lVCO,, ventilatory equivalents for carbon dioxide; VE/VO,, ventilatory equivalents for

oxygen; VT, tidal volume.
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Table S3 Measurements at the anaerobic threshold and at the peak of symptom-limited incremental cycle exercise in never-smokers

Anaerobic threshold*

Peak exercise

Variables

Control SAD GOLD | Control SAD GOLD |
Work rate, Watt 7716 68+20 61+£23* 129+30 116+29 113+£32*
I702, L/min 0.98+0.23 0.90+0.23 0.88+0.23 1.40+0.35 1.29+0.29 1.30+0.37
(% predicted maximum) (64+15) (62+15) (60+15) (91+16) (89+15) (89+14)
/0,<84%pred at peak exercise, n (%) 12 (25.0) 27 (41.5) 19 (35.2)
HR, beats/min 117+18 10717 104+22* 14716 141£19 140+17
(% predicted maximum) (70+12) (66+10) (66+14) (88+9) (86+11) (88+11)
O, pulse, ml O,/beat 8.3+1.9 8.3+2.3 8.0+2.1 9.6+2.1 9.3+2.2 9.2+2.5
|'/E, L/min 27.4+6.8 25.8+6.2 25.6+7.2 47.9+15.9 45.5+11.7 44.7+15.2
(% estimated MVV) (32+8) 37+10) (87+10) (56+15) (63+13)* (63+14)*
|'/E/|'/(;o2 30.4+3.5 32.1+3.5" 32.4+3.9* 29.5+3.2 30.8+3.7 32.9+6.1*
V/VCO,>34 at the anaerobic threshold, n (%) 6 (14.0) 15 (23.8) 11 (21.6)
|'/E/|'/o2 27.8+3.8 28.3+3.5 28.5+3.7 33.8+3.8 34.3+4.9 35.6+8.1
PETCO,, mmHg 40.7+4.4 38.8+4.3 37.9+4.0" 41.3+4.8 40.0+4.9 37.6+4.2*
fs, breaths/min 24+5 25+5 23+6 33+9 32+7 34+6
R 0.92+0.08 0.89+0.09 0.88+0.10 1.15+0.08 1.12+0.11 1.09+0.11*
VT, L 1.10+0.27 1.06+0.31 1.12+0.39 1.44+0.39 1.44+0.39 1.34+0.41

Data are shown as the mean + standard deviation or n (%). The control group was defined as having normal lung function [non-chronic
obstructive pulmonary disease (COPD) without SAD], the SAD group as having SAD but no COPD, and the GOLD | group as having
mild COPD. Measurements were compared between groups using one-way analysis of variance or Kruskal-Wallis test for continuous
variables and chi-squared tests or Fisher’s exact tests for categorical variables. Pairwise comparisons between groups were performed

using the Bonferroni method. *P<0.05 vs. the control group. "P<0.05 vs. the SAD group.

* anaerobic threshold could not be identified in

10 participants. GOLD, Global Initiative for Chronic Obstructive Lung Disease; HR, heart rate; PETCO,, end-tidal carbon dioxide partial

pressure; fg, respiratory frequency; MVV, maximum ventilatory volume; R, respiratory exchange ratio; SAD, small-airway dysfunction; v
0,, oxygen uptake; E, minute ventilation volume; VE/I/COQ, ventilatory equivalents for carbon dioxide; I/E/I/Oz, ventilatory equivalents for

oxygen; VT, tidal volume.
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Table S4 Association between respiratory disease and impaired exercise capacity (I}Ozpmk <84%pred) after excluding participants with preserved
ratio impaired spirometry (FEV,/FVC 20.7 and FEV,% <80%)

. Univariate Adjusted*
Groups Participants (n) V/O,pe <84%pred, n (%)
OR (95% Cl) P value OR (95% ClI) P value
Control group 85 28 (32.9) 1 (Ref.) 1 (Ref.)
SAD group 135 68 (50.4) 2.07 (1.18-3.63) 0.012 2.23 (1.23-4.03) 0.008
GOLD | group 239 108 (45.2) 1.68 (1.00-1.82) 0.051 1.80 (1.00-3.23) 0.049

The control group was defined as having normal lung function (non-COPD without SAD), the SAD group as having SAD but no COPD, and

the GOLD | group as having mild COPD. The risks of impaired exercise capacity (I'/O2peak <84% of predicted values) were evaluated using
dichotomous logistic regression. *, adjusted for sex, age, body mass index, smoking status, and smoking index. Cl, confidence interval;
COPD, chronic obstructive pulmonary disease; GOLD, Global Initiative for Chronic Obstructive Lung Disease; OR, odds ratio; SAD, small

airway dysfunction; VOzpeak, peak oxygen uptake.

Table S5 Association between respiratory disease and impaired exercise capacity (I./Olpeak <84%pred) after excluding participants with peak

respiratory exchange rate lower than 1.10

. Univariate Adjusted*
Groups Participants (n) 1/ Opeac <84%pred, n (%)
OR (95% ClI) P value OR (95% Cl) P value
Control group 65 22 (33.8) 1 (Ref.) 1 (Ref.)
SAD group 96 54 (56.3) 2.51(1.31-4.83) 0.006 2.86 (1.44-5.71) 0.003
GOLD-I group 113 54 (47.8) 1.79 (0.95-3.37) 0.072 1.90 (0.93-3.87) 0.078

The control group was defined as having normal lung function (non-COPD without SAD), the SAD group as having SAD but no COPD, and

the GOLD | group as having mild COPD. The risks of impaired exercise capacity (l./Ozpeak <84% of predicted values) were evaluated using
dichotomous logistic regression. *, adjusted for sex, age, body mass index, smoking status, and smoking index. Cl, confidence interval;
COPD, chronic obstructive pulmonary disease; GOLD, Global Initiative for Chronic Obstructive Lung Disease; OR, odds ratio; SAD, small

airway dysfunction; VOzpeak, peak oxygen uptake.

Table S6 Association between respiratory disease and impaired exercise capacity (I./Ozpcak <84%pred) when grouped according to the GLI 2012

reference equations

. Univariate Adjusted*
Groups Participants (n) 1O,y <84%pred, n (%)
OR (95% Cl) P value OR (95% CI) P value
Control group 111 40 (36.0) 1 (Ref.) 1 (Ref.)
SAD group 134 74 (55.2) 2.19 (1.31-3.67) 0.003 1.94 (1.13-3.34) 0.017
GOLD-I group 244 112 (45.9) 1.51 (0.95-2.39) 0.082 1.27 (0.76-2.13) 0.360

The Global Lung Initiative (GLI) 2012 reference values were used. SAD is defined as a post-bronchodilator spirometry MMEF <80% of
the predicted value. COPD is defined as a post-bronchodilator spirometry FEV,/FVC <0.70 and mild COPD has a post-bronchodilator
spirometry FEV, =80% of the predicted value. The control group was defined as having normal lung function (non-COPD without SAD),
the SAD group as having SAD but no COPD, and the GOLD | group as having mild COPD. The risks of impaired exercise capacity
(I./Ozpeak <84% of predicted values) were evaluated using dichotomous logistic regression. *, adjusted for sex, age, body mass index,
smoking status, and smoking index. Cl, confidence interval; COPD, chronic obstructive pulmonary disease; GOLD, Global Initiative for
Chronic Obstructive Lung Disease; OR, odds ratio; SAD, small airway dysfunction; VOzpeak, peak oxygen uptake.
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