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Soumagne T, Guillien A, Roche N, Dalphin JC, Degano B.
Never-smokers with occupational COPD have better exercise capaci-
ties and ventilatory efficiency than matched smokers with COPD. J
Appl Physiol 129: 1257–1266, 2020. First published October 1, 2020;
doi:10.1152/japplphysiol.00306.2020.—Chronic obstructive pulmonary
disease (COPD) in never-smokers exposed to organic dusts is still
poorly characterized. Therapeutic strategies in COPD are only eval-
uated in smoking-related COPD. Understanding how never-smokers
with COPD behave during exercise is an important prerequisite for opti-
mal management. The objective of this study was to compare physio-
logical parameters measured during exercise between never-smokers
with COPD exposed to organic dusts and patients with smoking-related
COPD matched for age, sex, and severity of airway obstruction.
Healthy control subjects were also studied. Dyspnea (Borg scale), exer-
cise tolerance, and ventilatory constraints were assessed during incre-
mental cycle cardiopulmonary exercise testing in COPD patients at
mild to moderate stages [22 exposed to organic dusts: postbronchodila-
tor forced expiratory volume in 1 s (FEV1)/forced vital capacity (FVC)
z score �2.44±0.72 and FEV1 z score �1.45±0.78; 22 with smoking-
related COPD: FEV1/FVC z score �2.45±0.61 and FEV1 z score
�1.43±0.69] and 44 healthy control subjects (including 22 never-
smokers). Despite the occurrence of similar significant dynamic
hyperinflation, never-smoker COPD patients exposed to organic
dusts had lower dyspnea ratings than those with smoking-related
COPD. They also had better ventilatory efficiency, higher peak oxy-
gen consumption and peak power output than smoking-related
COPD patients, all these parameters being similar to control subjects.
Differences in exercise capacity between the two COPD groups were
mainly driven by better ventilatory efficiency stemming from pre-
served diffusion capacity. Never-smokers exposed to organic dusts
with mild to moderate COPD have better exercise capacities, better
ventilatory efficiency, and better diffusion capacity than matched
patients with smoking-related COPD.

NEW & NOTEWORTHY It is unknown whether or not never-
smokers with chronic obstructive pulmonary disease (COPD)
behave like their smoking counterparts during exercise. This is the
first study showing that never-smokers with mild to moderate
COPD [defined by a postbronchodilator forced expiratory volume
in 1 s (FEV1)/forced vital capacity (FVC) < lower limit of nor-
mal] have preserved exercise capacities. They also have lower
exertional dyspnea than patients with smoking-related COPD. This
suggests that the two COPD groups should not be managed in the
same way.

chronic obstructive pulmonary disease; exercise tolerance; nonsmokers

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a leading
cause of morbidity and mortality worldwide (29). Although
tobacco smoking is the main risk factor for COPD, it is now
admitted that up to 30% of patients with COPD have never
smoked (27, 34). Risk factors for COPD in never-smokers
include occupational or environmental dust exposure (4, 14,
27). Development of COPD following the chronic inhalation of
environmental dusts seems to be mainly driven by an inflamma-
tory reaction that occurs in a subset of exposed subjects (2, 9,
24). COPD in these patients has been associated with some Th2
phenotype markers and is considered to depend on individuals’
susceptibility rather than on the magnitude and/or the character-
istics of exposure (30, 38).
COPD in never-smokers is still poorly characterized.

Nevertheless, there is increasing evidence for differences in clini-
cal, radiological, and physiological presentations between COPD
secondary to tobacco smoking and COPD that develops in never-
smokers (3, 4, 34, 37). As an example, never-smokers with
COPD are less likely to have emphysema, and their single-breath
lung diffusion for carbon monoxide (DLCO) is less impaired than
that of patients with COPD secondary to tobacco smoking (5,
34). Whether or not these differences translate into differences in
physiological characteristics measured at exercise is unknown.
Even at mild stages of the disease, patients with smoking-

related COPD have reduced exercise capacity and higher exer-
tional dyspnea measured during symptom-limited, incremental
cycle ergometer cardiopulmonary exercise testing (CPET) (21).
In these patients, ventilatory abnormalities during CPET include
higher ventilatory demand, significant dynamic lung hyperinfla-
tion, and a relatively rapid and shallow breathing pattern (21,
32). Compared with matched healthy subjects, patients with
smoking-related mild COPD have poorer perceived health sta-
tus, higher chronic activity-related dyspnea, and reduced activ-
ity levels (20, 21, 32). Whether or not never-smokers with
COPD behave like their smoking COPD counterparts in terms
of impairment at exercise remains unknown. In addition, almost
all large trials of pharmacotherapy for COPD aiming at improv-
ing exercise-related symptoms and physiological impairmentsCorrespondence: T. Soumagne (thibaud_soumagne@live.fr).
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have excluded patients who have no history of tobacco smoking
(27). Increasing our knowledge of exercise behavior in never-
smokers with COPD is therefore a prerequisite that will guide
therapeutic strategies in these patients. To do this, we compared
the exercise physiology between never-smokers with occupa-
tional COPD due to organic dust exposure, patients with smok-
ing-related COPD (all at mild to moderate stages, matched for
severity of airway obstruction), and healthy control subjects.

METHODS

Subjects and study design. COPD patients and control subjects were
recruited through a regional COPD screening program (the BALISTIC
Study; ClinicalTrials.gov Identifier: NCT02540408), as previously
described (8, 31). For the present analysis, we identified four groups:
patients with smoking-related COPD; never-smokers with occupational
COPD secondary to organic dust exposure; ever-smokers with normal
spirometry; and never-smokers exposed to organic dusts with normal
spirometry. Never-smokers were individuals who had never smoked
in their lifetime (dairy farmers, i.e., all chronically exposed to or-
ganic dusts), whereas ever-smokers (either current or former smok-
ers) were individuals who had smoked >15 pack·yr. Among the
subjects included in the BALISTIC study, we identified pairs of
ever-smokers and never-smokers with COPD matched for age (±10
yr) and sex. These two groups were also pair-matched with ever-
smokers and never-smokers with normal spirometry for age (±10
yr), sex, and postbronchodilator (post-BD) forced expiratory volume
in 1 s (FEV1)% (±10%).

Patients with COPD had 1) a medical history compatible with the
disease (i.e., persistent respiratory symptoms, including dyspnea,
cough, and/or sputum production, and a significant exposure to noxious
particles or gases); 2) persistent airflow limitation defined as a post-BD
FEV1-to-forced vital capacity (FVC) ratio < 5th centile lower limit of
normal according to the last GLI-2012 equations; and 3) a FEV1 >
50% of predicted value according to the GLI-2012 equations (25, 29).
Control subjects had normal spirometry. Exclusion criteria for COPD
and control subjects were 1) a history of any medical conditions that
could cause or contribute to breathlessness (i.e., a respiratory disease
other than COPD and/or a cardiovascular disease) and/or 2) any other
disorder that could interfere with exercise testing (21, 32). In particular,
patients with asthma (either self-reported or confirmed by a doctor)
were carefully excluded from the present analysis.

Subjects were in stable condition (for COPD patients, no exacer-
bation during the previous 6 wk) and were not taking any oral or
inhaled anti-inflammatory drugs, including corticosteroids. COPD
patients were asked to interrupt short- and long-acting bronchodila-
tors 72 h before the visit, if required.

Ethical approval was received from the local Ethics Committee
(CPP Est; P-2011-119), and written informed consent was obtained
from all subjects.

Procedures. Subjects attended a single visit beginning early in the
morning. They underwent pulmonary function testing before broncho-
dilator and 30 min after bronchodilator administration, as previously
described (32). Symptom-limited incremental cycle ergometer cardio-
pulmonary exercise testing (CPET) was performed on the same day, at
least 6 h after the bronchodilator test and at least 4 h after a meal.

Routine spirometry, constant-volume body plethysmography, and
single-breath lung diffusion for carbon monoxide (DLCO) (Platinum
Elite; MGC Diagnostics Corporation, St. Paul, MN) were performed in
accordance with recommended techniques (12, 13, 40). Symptom-lim-
ited incremental CPET was performed on an electronically braked
cycle ergometer (Ergometrics 900; Ergoline, Bitz, Germany), as previ-
ously described (32). Briefly, after a steady-state resting period, a 3-
min warm-up was conducted at �20% of individually estimated maxi-
mal work load, and the load was increased every minute such that
CPET duration was between 8 and 12 min (22). Tests were terminated

at the point of symptom limitation (peak exercise). Physiological data
were obtained breath by breath (MGC-CPX System; MGC Diagnostics
Corporation) and were expressed as 30-s averages, according to current
recommendations (22). Blood gases were measured from samples
drawn from the arterialized earlobe, and measurements were corrected
to estimate arterial oxygen partial pressure (1). Subjects rated the mag-
nitude of their perceived breathing and leg discomfort by pointing to a
number on the 10-point Borg scale. Changes in end-expiratory lung
volume were estimated from inspiratory capacity (IC) measurements at
rest, at the end of each 1-min increment of exercise, and at peak exer-
cise. Dynamic hyperinflation was defined as a decrease of >150 mL in
IC compared with resting levels at any time point during exercise (20).

The ventilatory equivalent for carbon dioxide [minute ventilation
(V_ E)-to-carbon dioxide output (V_ CO2) ratio] plotted against work rate
(WR) and its nadir were used as surrogate markers of ventilatory effi-
ciency. Dead space (VD)-to-tidal volume (VT) ratio was calculated by
the Enghoff equation using arterialized CO2 partial pressure (PcapCO2

)
at maximal exercise (26). In the relationship between VT and V_ E, there
is an inflection point beyond which almost no further change in VT

occurs despite a continued increase in V_ E (18). This inflection in the VT

response marks the point where dyspnea sharply increases because of
mechanical constraints on VT expansion (18). This inflection point was
determined by two trained observers (B.D. and T.S.) for each patient by
analyzing individual plots of V_ E vs. VT (15).

Statistical analysis. A sample size of 22 subjects in each group was
estimated to provide 90% power to detect a 1-point difference between
never-smokers with COPD and ever-smokers with COPD in dyspnea
intensity (Borg scale) measured at a standardized work rate (WR) dur-
ing incremental cycle exercise based on an SD =1 unit, a=0.05, and a
two-tailed test of significance (21, 32). Matching procedures were per-
formed with the matchccmacro in SAS.

Between-group comparisons of subjects’ characteristics were
performed with two-factor (smoking and disease) analysis of var-
iance (ANOVA) followed by Tukey multiple comparisons tests for
continuous variables. Comparisons of categorical data between
groups were performed with Fisher’s exact test. Repeated-measures
ANOVA was performed to evaluate differences between groups for

Fig. 1. Flowchart of participants included in the study. Subjects were recruited
through a screening program in 2 branches of the social security. Common inclu-
sion criteria in the screening programs were men or women aged 40–74 yr with
no history of chronic respiratory disease including asthma and hypersensitivity
pneumonitis. COPD, chronic obstructive lung disease; LLN, lower limit of
normal.
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quantitative measurements made at different time points and/or
intensities during exercise. The Scheff�e test was applied to evaluate
pairwise comparisons when a significant difference was found by
ANOVA. Pearson’s r assessed association between continuous var-
iables. All reported P values were two sided, with a significance
level set at P < 0.05.

In addition, to identify factors associated with ventilatory effi-
ciency, a multivariate linear regression analysis with backward
stepwise selection was performed. All variables associated with
ventilatory efficiency in univariate analysis with a P value < 0.20
were included.

Statistical analysis was performed with R version 3.5.0, RStudio ver-
sion 1.1.453 (R Foundation for Statistical Computing, Vienna, Austria)
and SAS version 9.3 (SAS Institute, Inc., Cary, NC).

RESULTS

Subject characteristics. A total of 88 subjects (22 in each
group) were included (Fig. 1). By design, all groups had simi-
lar sex distribution and age (Table 1). Comorbidities were

similar except for dyslipidemia, which was more frequent in
smokers (Table 2). Among the 88 study subjects, only 1
patient with COPD was taking long-term bronchodilators at
the time of screening and none was taking inhaled corticoste-
roids (Table 2).
The two groups of patients with COPD had a similar burden

of symptoms, that is, chronic activity-related dyspnea [modified
Medical Research Council scale (mMRC)], chronic cough, and
chronic sputum production, but ever-smokers with COPD had a
baseline dyspnea index (BDI) and COPD assessment test (CAT)
that were poorer than for never-smokers (Table 1).
Pulmonary function. By design, post-BD FEV1 and FEV1/

FVC were similar in the two groups with COPD (Table 1). The
maximal midexpiratory flow (FEF25–75) was significantly lower
(mean z score < �1.64) in the two groups with COPD com-
pared with control subjects. Lung volumes measured at rest
were similar in the two groups of patients with COPD. The
major difference between the two COPD groups was that never-
smokers with COPD had preserved DLCO (mean z score >

Table 1. Characteristics, respiratory symptoms, and pulmonary function in subjects with COPD and healthy control subjects

Never-Smokers Ever-Smokers P Value

COPD

(n = 22)

Control

(n = 22)

COPD

(n = 22)

Control

(n = 22) Interaction

COPD

vs. control

Never-smokers vs.

ever-smokers

Demographics
Male, n (%) 20 (91) 20 (91) 20 (91) 20 (91) 1
Age, yr 56.4 ± 8.3 58.5 ± 7.8 58.8 ± 7.3 59.0 ± 7.8 0.55 0.50 0.40
Body mass index, kg/m2 26.1 ± 4.2 26.6 ± 2.9 25.3 ± 3.8 27.1 ± 3.7 0.41 0.15 0.90
Current smokers, % 8 (36)# 14 (64)
Tobacco, pack·yr 36.0 ± 18.8 28.7 ± 13.7

Symptoms
Chronic cough, n (%) 10 (45) 4 (18) 8 (36) 4 (18) 0.12
Chronic sputum, n (%) 10 (45) 4 (18) 9 (41) 4 (18) 0.09
mMRC dyspnea scale (0–4) 0.24 ± 0.44 0.14 ± 0.35 0.55 ± 0.80 0.36 ± 0.90 0.78 0.32 0.07
BDI dyspnea scale (0–12) 11.3 ± 1.04* 11.6 ± 1.0 10.1 ± 2.1# 11.3 ± 1.5 0.15 0.02 0.02

SGRQ 14.6 ± 10.9 6.1 ± 5.4 18.1 ± 15.4† 10.7 ± 10.2 0.67 0.002 0.06
CAT score (0–40) 8.3 ± 4.8* 11.9 ± 6.1

Pulmonary function tests
Post-BD FEV1, L (z score) 2.78 ± 0.68 3.66 ± 0.65 2.65 ± 0.54 3.67 ± 0.65 0.63 <0.0001 0.66

(�1.45 ± 0.78)#† (0.55 ± 0.79) (�1.43 ± 0.69)#† (0.59 ± 0.83)
Post-BD FEV1/FVC, % (z
score)

59.8 ± 7.1 78.7 ± 4.5 59.2 ± 5.2 79.1 ± 3.4 0.69 <0.0001 0.93
(�2.44 ± 0.72)#† (0.11 ± 0.68) (�2.45 ± 0.61)#† (0.16 ± 0.51)

Pre-BD pulmonary function
FEV1, L (z score) 2.56 ± 0.63

(�1.87 ± 0.72)#†
3.55 ± 0.62
(0.31 ± 0.65)

2.46 ± 0.48
(�1.79 ± 0.68)#†

3.56 ± 0.62
(0.37 ± 0.79)

0.68 <0.0001 0.75

FVC, L (z score) 4.48 ± 0.93
(0.01 ± 0.91)

4.72 ± 0.74
(0.57 ± 0.57)

4.27 ± 0.81
(�0.06 ± 0.79)

4.65 ± 0.87
(0.47 ± 0.89)

0.71 0.09 0.44

FRC, L (z score) 3.91 ± 0.86
(0.82 ± 1.43)

3.78 ± 0.64
(0.58 ± 0.91)

3.86 ± 0.95
(0.73 ± 1.50)

3.73 ± 0.98
(0.47 ± 1.48)

0.99 0.50 0.79

IC, L 3.54 ± 0.61 3.57 ± 0.70 3.33 ± 0.81 3.54 ± 0.60 0.56 0.44 0.43
FEF25–75, L (z score) 1.17 ± 0.48

(�2.28 ± 0.49)#†
2.83 ± 0.95

(�0.16 ± 0.73)
1.09 ± 0.32

(�2.20 ± 0.49)#†
3.07 ± 0.83
(0.11 ± 0.73)

0.29 <0.0001 0.59

RV, L (z score) 2.82 ± 0.54
(1.42 ± 1.60)

2.49 ± 0.44
(0.48 ± 0.96)

2.79 ± 0.73
(1.22 ± 1.82)

2.48 ± 0.47
(0.42 ± 1.17)

0.95 0.01 0.84

TLC, L (z score) 7.44 ± 0.84
(1.08 ± 0.89)

7.35 ± 1.02
(0.97 ± 0.82)

7.19 ± 1.19
(0.85 ± 1.27)

7.27 ± 1.05
(0.86 ± 1.09)

0.69 0.96 0.45

DLCO, mmol/min/kPa (z
score)

8.45 ± 2.24 9.96 ± 2.36 6.64 ± 1.67 8.66 ± 2.00 0.57 0.0001 0.0008

(�0.43 ± 1.22)*# (0.72 ± 1.08) (�1.69 ± 1.22)#† (�0.15 ± 1.33)
KCO, mmol/min/kPa/L (z
score)

1.31 ± 0.27*# 1.47 ± 0.24 1.09 ± 0.23 1.33 ± 0.22 0.42 0.0002 0.0009

(�0.73 ± 1.14)*# (0.07 ± 1.00) (�1.75 ± 1.15)#† (�0.54 ± 1.07)

Values are means ± SD. Significant P values are in bold. BD, bronchodilator; BDI, baseline dyspnea index; CAT, COPD Assessment Test; COPD, chronic ob-
structive pulmonary disease; DLCO, lung diffusion for carbon monoxide; FEF25–75, maximal midexpiratory flows; FEV1, forced expiratory volume in 1 s; FRC,
functional residual capacity; FVC, forced vital capacity; IC, inspiratory capacity (z score was omitted because SDs of theoretical values are not available); KCO,
carbon monoxide transfer coefficient; mMRC, modified Medical Research Council scale; RV, residual volume; SGRQ, St. George’s Respiratory Questionnaire;
TLC, total lung capacity; z score, standardized residual. *P < 0.05 vs. ever-smokers with COPD, #P < 0.05 vs. never-smoker control subjects, †P < 0.05 vs.
ever-smoker control subjects.
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�1.64) whereas ever-smokers with COPD had altered DLCO

(P< 0.05 between the 2 groups).
Symptom-limited incremental cycle exercise. Comparisons

between the two COPD groups showed that despite similar air-
flow obstruction at rest and similar heart rate (HR) and respira-
tory exchange ratio (RER) at peak exercise, ever-smokers had
significantly lower peak work rate (WR) and peak oxygen con-
sumption (V_ O2) than never-smokers (Table 3 and Fig. 2). Of
note, never-smokers with COPD and their healthy counterparts
without COPD had similar peak WR and peak V_ O2 (Table 3).

Regarding dynamic hyperinflation, the two groups with
COPD had a greater reduction in IC during exercise than
their healthy counterparts (Fig. 3), dynamic hyperinflation
being found in 14 never-smokers with COPD (64%) and in
13 ever-smokers with COPD (59%). The main difference
between the two COPD groups was that dynamic hyperinfla-
tion occurred for a lower WR in ever-smokers than in never-
smokers. Respiratory rate (f)/minute ventilation (V_ E) slope
as well as f/WR slope were greater in ever-smokers with
COPD than in the other three groups. Dyspnea/WR slope

Table 2. Comorbidities and use of medication among subjects with COPD

Never-Smokers Ever-Smokers

P Value

COPD

(n = 22)

Control

(n = 22)

COPD

(n = 22)

Control

(n = 22)

Comorbidities
High blood pressure, n (%) 2 (9) 3 (14) 7 (32) 5 (23) 0.27
Diabetes, n (%) 0 0 3 (14) 1 (5) 0.19
Dyslipidemia, n (%) 2 (9)* 3 (14) 10 (45) 7 (32) 0.02
Osteoporosis, n (%) 0 0 2 (9) 0 0.24
Obstructive sleep apnea syndrome, n (%) 2 (9) 1 (5) 4 (18) 1 (5) 0.51
Gastroesophageal reflux, n (%) 0 0 2 (9) 0 0.24

Use of pulmonary medication, n (%) 1 (5) 0 1 (5) 0 1
Short-acting b2 agonists, n (%) 0 0 0 0
Long-acting b2 agonists (LABA), n (%) 0 0 1 (5) 0 0.99
Combined LABA and inhaled corticosteroids, n (%) 0 0 0 0
Short-acting anticholinergics, n (%) 1 (5) 0 0 0 0.99
Long-acting anticholinergics, n (%) 0 0 1 (5) 0 0.99
Theophylline, n (%) 0 0 0 0
Inhaled corticosteroids, n (%) 0 0 0 0

Table 3. Measurements at peak symptom-limited incremental cycle exercise

Never-Smokers Ever-Smokers P Value

COPD

(n = 22)

Control

(n = 22)

COPD

(n = 22)

Control

(n = 22) Interaction

COPD

vs. control

Never-smokers

vs. ever-smokers

Dyspnea, Borg scale 7.8 ± 2.2 8.4 ± 2.3 7.9 ± 2.1 9.0 ± 1.5 0.68 0.12 0.52
Leg discomfort, Borg scale 8.0 ± 2.1 8.2 ± 2.3 9.0 ± 1.5 8.5 ± 2.2 0.54 0.81 0.21
Reason for exercise discontinuation
Leg discomfort 9 (41) 16 (73) 15 (68) 14 (64)
Breathing discomfort 7 (32) 4 (18) 4 (18) 8 (36)

Work rate, W (% pred) 173 ± 36
(89 ± 14)*

185± 51
(97 ± 20)

145 ± 44
(78 ± 20)#†

174 ± 38
(92 ± 18)

0.36 0.03 0.04

V_ O2, L/min (% predicted) 2.22 ± 0.46
(97 ± 15)*

2.47 ± 0.62
(110 ± 21)

1.91 ± 0.48
(87 ± 19)#†

2.30 ± 0.53
(104 ± 23)

0.52 0.006 0.03

RER 1.12 ± 0.09 1.13 ± 0.09 1.14 ± 0.09 1.16 ± 0.07 0.76 0.43 0.28
HR, % predicted maximum 98.6 ± 7.9 99.5 ± 9.0 95.3 ± 9.8 99.0 ± 9.0 0.48 0.23 0.32
O2 pulse, mL O2/beat 13.6 ± 2.6 15.3 ± 3.3 12.3 ± 2.4#† 14.5 ± 3.4 0.6 0.004 0.081
PcapO2

, kPa 11.09 ± 1.13 11.71 ± 0.91 10.92 ± 1.30#† 11.93 ± 1.01 0.42 0.0009 0.91
PcapCO2

, kPa 4.59 ± 0.56 4.66 ± 0.52 4.84 ± 0.54 4.63 ± 0.59 0.25 0.55 0.36
V_ E, L/min (% estimated MVV) 85.9 ± 19.2

(99.3 ± 22.1)
93.7 ± 26.0
(75.3 ± 15.9)

76.8 ± 18.2
(89.5 ± 15.0)#†

93.1 ± 21.1
(75.5 ± 16.1)

0.36 0.01 0.29

f, breaths/min 35.8 ± 7.1 36.0 ± 8.1 36.9 ± 6.3 35.6 ± 5.9 0.61 0.72 0.79
VT, L 2.44 ± 0.46* 2.60 ± 0.46 2.11 ± 0.46#† 2.63 ± 0.49 0.08 0.001 0.01
IC, L 3.35 ± 0.61 3.48 ± 0.55 3.08 ± 0.68† 3.57 ± 0.65 0.19 0.03 0.53
IRV, L 0.89 ± 0.37 0.88 ± 0.32 0.96 ± 0.45 0.95 ± 0.38 0.98 0.92 0.38
V_ E/V_ O2 39.2 ± 7.3 37.9 ± 5.3 41.1 ± 6.9 41.1 ± 7.0 0.65 0.64 0.08
V_ E/V_ CO2 34.6 ± 4.7 33.4 ± 3.7 36.1 ± 5.0 35.3 ± 5.1 0.79 0.32 0.09
VD/VT 0.23 ± 0.11 .23 ± 0.09 0.28 ± 0.08 0.27 ± 0.07 0.86 0.86 0.01

Values are means ± SD. Significant P values are in bold. COPD, chronic obstructive pulmonary disease; f, respiratory rate; HR, heart rate; IC, inspiratory
capacity; IRV, inspiratory reserve volume; MVV, maximal voluntary ventilation; PcapCO2

, arterialized CO2 partial pressure; PcapO2
, arterialized O2 partial pres-

sure; RER, respiratory exchange ratio; VD, dead volume; V_ E, minute ventilation; V_ E/V_ O2 and V_ E/V_ CO2, ventilatory equivalents for oxygen and carbon dioxide,
respectively; V_ O2, oxygen uptake; VT, tidal volume. *P < 0.05 vs. ever-smokers with COPD, #P < 0.05 vs. never-smoker control subjects, †P < 0.05 vs. ever-
smoker control subjects.
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A B C

Fig. 2. Exertional dyspnea intensity during incremental cycle exercise testing is shown relative to work rate (A) and minute ventilation (B). Dyspnea-to-work rate and
dyspnea-to-minute ventilation slopes were significantly different between ever-smokers with chronic obstructive lung disease (COPD) and never-smokers with
COPD (repeated-measures analysis of variance). Of note, the relationship between work rate and minute ventilation was superimposed in all the groups (C). Values
are means ±SE. #P< 0.05 vs. never-smokers with COPD, *P< 0.05 vs. control subjects at a standardized work rate (Scheff�e’s test).

A B

C D

E F

Fig. 3. A–D: tidal volume (VT; A), breathing frequency (F; B), inspiratory reserve volume [IRV, expressed as % of total lung capacity (TLC); C], and inspiratory
capacity (IC, expressed as % of the value measured at rest during the exercise test; D) plotted in relation to work rate. E and F: dyspnea plotted in relation to IRV (E)
and IC (expressed as % of the value measured at rest during the exercise test; F). Values are means± SE. #P < 0.05 vs. never-smokers with chronic obstructive lung
disease (COPD), *P< 0.05 vs. control subjects at a standardized work rate (Scheff�e’s test).
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was also significantly greater in ever-smokers with COPD
compared with the other three groups. In particular, Borg
scale rating at 80 W was higher by >1 unit in ever-smokers
with COPD than in the other three groups (Fig. 2 and Table
4). Moreover, Borg scale ratings as a function of V_ E were
similar in never-smokers with COPD and control subjects,
whereas they were increased in ever-smokers with COPD
(Fig. 2 and Table 5). Finally, the VT/V_ E inflection point
occurred at lower VT and V_ E in ever-smokers with COPD
than in the other three groups (Fig. 4).
Regarding ventilatory efficiency, V_ E/V_ CO2 nadir was modestly

but significantly higher (i.e., poorer) in ever-smokers with COPD
than in never-smokers with COPD (32.8 ±3.9 vs. 30.3± 4.1,
respectively; P < 0.05) (Fig. 5), and the VD-to-VT ratio also
tended to be higher (i.e., poorer) in ever-smokers with COPD
than in never-smokers with COPD (P = 0.06; Table 3). Of note,
never-smokers with COPD and their healthy counterparts had
similar V_ E/V_ CO2 nadir and VD-to-VT ratio. In addition, the V_ E-

V_ CO2 intercept and V_ E-V_ CO2 slope were not significantly differ-
ent among patients with COPD and control subjects (Fig. 5).
Functional correlates of ventilatory efficiency and dyspnea.

Correlations were calculated on the entire population (n = 88).
Lower DLCO z score was associated with higher V_ E/V_ CO2 nadir
(r=�0.62, P < 0.001) and higher VD/VT at peak exercise
(r=�0.36, P < 0.05) (Fig. 6). There was no correlation between
IC (% baseline) measured at peak exercise and ventilatory ineffi-
ciency. However, there was a significant correlation between IC
(% baseline) measured at 80 W (the highest work rate achieved
by all patients) and V_ E/V_ CO2 nadir (r=�0.48; P < 0.01). In
multivariate analysis, DLCO z score (b=�0.98, P < 0.001) and
IC (% baseline) measured at 80 W (b=�1.75, P < 0.01) were
independently associated with ventilatory efficiency.
Correlations with dyspnea intensity (Borg scale) measured at

80 W were DLCO z score (r=�0.35), rate of uptake of CO from
alveolar gas (KCO) z score (r=�0.24), and V_ E/V_ CO2 nadir
(r=0.27) (all P< 0.05).

Table 4. Measurements at the highest common work rate achieved by all study patients (80 W)

Never-Smokers Ever-Smokers P Value

COPD

(n = 22)

Control

(n = 22)

COPD

(n = 22)

Control

(n = 22) Interaction

COPD

vs. control

Never-smokers

vs. ever-smokers

Dyspnea, Borg scale 1.9 ± 1.4* 2.2 ± 1.5 4.1 ± 1.8#† 2.6 ± 1.8 0.04 0.15 0.004

Leg discomfort, Borg scale 2.6 ± 1.7* 2.6 ± 1.4 5.1 ± 2.9#† 3.0 ± 1.8 0.04 0.049 0.007

V_ O2, L/min (% predicted) 1.17 ± 0.09
(52 ± 9)

1.21 ± 0.11
(55 ± 10)

1.20 ± 0.13
(56 ± 10)

1.18 ± 0.13
(54 ± 9)

0.19 0.55 0.94

RER 0.93 ± 0.08 0.89 ± 0.08 0.96 ± 0.10 0.93 ± 0.09 0.79 0.07 0.06
HR, % predicted maximum 69.3 ± 9.5 68.1 ± 9.6 74.0 ± 9.1 72.2 ± 12.0 0.88 0.49 0.05
O2 pulse, mL O2/beat 10.4 ± 1.4 11.2 ± 1.7 10.2 ± 1.3 10.4 ± 1.8 0.45 0.14 0.11
SpO2

, % 97.0 ± 1.5 97.8 ± 0.9 97.1 ± 1.4 97.8 ± 1.1 0.23 0.16 0.45
V_ E, L/min (% estimated MVV) 34.5 ± 6.0

(42.8 ± 19.5)*
33.5 ± 5.7
(28.2 ± 8.9)

39.7 ± 7.5
(49.0 ± 18.3)#†

35.1 ± 5.8
(29.2 ± 7.9)

0.18 0.04 0.01

f, breaths/min 21.0 ± 4.5* 20.2 ± 3.8 25.9 ± 6.6#† 20.1 ± 4.2 0.02 0.003 0.03

VT, L 1.67 ± 0.22 1.68 ± 0.22 1.58 ± 0.28† 1.78 ± 0.24 0.06 0.048 0.91
IC, L 3.53 ± 0.64 3.51 ± 0.63 3.28 ± 0.85 3.53 ± 0.57 0.39 0.46 0.47
IRV, L 1.86 ± 0.60 1.83 ± 0.63 1.70 ± 0.84 1.75 ± 0.56 0.77 0.94 0.42
V_ E/V_ O2 29.7 ± 5.6* 27.6 ± 3.2 33.3 ± 6.7#† 29.8 ± 5.0 0.53 0.01 0.01

V_ E/V_ CO2 31.8 ± 4.3* 31.0 ± 2.8 34.5 ± 4.7#† 31.9 ± 3.4 0.27 0.04 0.03

Values are means ± SD. Significant P values are in bold. COPD, chronic obstructive pulmonary disease; f, respiratory rate; HR, heart rate; IC, inspiratory
capacity; IRV, inspiratory reserve volume; MVV, maximal voluntary ventilation; RER, respiratory exchange ratio; SpO2

, oxygen saturation; V_ E, minute ventila-
tion; V_ E/V_ CO2, ventilatory equivalents for carbon dioxide; V_ O2, oxygen uptake; VT, tidal volume. *P < 0.05 vs. ever-smokers with COPD, #P < 0.05 vs.
never-smoker control subjects, †P < 0.05 vs. ever-smoker control subjects.

Table 5. Measurements at highest common ventilation rate (50 L/min)

Never-Smokers Ever-Smokers P Value

COPD

(n = 22)

Control

(n = 22)

COPD

(n = 22)

Control

(n = 22) Interaction

COPD

vs. control

Never-smokers

vs. ever-smokers

Dyspnea, Borg scale 3.7 ± 1.9 4.3 ± 2.1 5.1 ± 1.5 4.4 ± 1.8 0.23 0.97 0.12
Leg discomfort, Borg scale 4.4 ± 2.3 4.9 ± 1.9 5.8 ± 2.7 4.9 ± 2.1 0.28 0.81 0.20
V_ O2, L/min (% predicted) 1.59 ± 0.25

(70 ± 11)
1.72 ± 0.23
(77 ± 6)

1.49 ± 0.25
(69 ± 13)

1.62 ± 0.22
(74 ± 13)

0.99 0.05 0.06

RER 1.03 ± 0.06 0.99 ± 0.09 1.03 ± 0.08 1.01 ± 0.08 0.69 0.14 0.59
HR, % predicted maximum 80.9 ± 8.2 80.5 ± 10.3 82.7 ± 8.0 82.6 ± 9.7 0.96 0.9 0.33
O2 pulse, mL O2/beat 12.1 ± 2.1 13.4 ± 2.2 11.2 ± 1.8 12.4 ± 2.4 0.95 0.06 0.07
f, breaths/min 23.8 ± 4.8* 23.4 ± 3.9 27.9 ± 5.4#† 23.7 ± 3.5 0.06 0.02 0.03

IRV, L 1.20 ± 0.48 1.32 ± 0.44 1.33 ± 0.64 1.41 ± 0.49 0.85 0.39 0.37
IC, L 3.40 ± 0.62 3.53 ± 0.57 3.20 ± 0.78 3.54 ± 0.59 0.46 0.11 0.53
VT, L 2.18 ± 0.42* 2.19 ± 0.35 1.86 ± 0.33#† 2.16 ± 0.33 0.07 0.04 0.03

Values are means ± SD. Significant P values are in bold. COPD, chronic obstructive pulmonary disease; f, respiratory rate; HR, heart rate; IC, inspiratory
capacity; IRV, inspiratory reserve volume; RER, respiratory exchange ratio; V_ O2, oxygen uptake; VT, tidal volume. *P < 0.05 vs. ever-smokers with COPD,
#P < 0.05 vs. never-smoker control subjects, †P < 0.05 vs. ever-smoker control subjects.
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DISCUSSION

This is the first study comparing responses to exercise between
never-smokers with occupational COPD and individuals with

smoking-related COPD, all at mild to moderate stages. The main
findings are that despite having similar airway obstruction, 1)
never-smokers with occupational COPD have better exercise
capacity and exercise tolerance than individuals with smoking-
related COPD; 2) these two COPD groups developed similar
dynamic hyperinflation, but hyperinflation occurred at a higher
work rate in never-smokers with occupational COPD; and 3) bet-
ter ventilatory efficiency and less dyspnea in never-smokers with
COPD is explained at least in part by a preserved DLCO.
In patients with mild COPD secondary to tobacco smoking,

the respiratory system reaches its physiological limit at lower
peak work rate and ventilation than in smokers without pulmo-
nary disease (7). This limitation is attributed at least in part to
dynamic hyperinflation leading to mechanical constraint of the
respiratory system during exercise (19). In the presence of air-
way obstruction, dynamic hyperinflation is mainly due to the
inability of patients to empty their lungs because of too short a
time available for expiration when frequency of breathing
increases during exercise (20). In patients with smoking-related
COPD, poor ventilatory efficiency leads to an increased ventila-
tory demand for a given exercise power, thus contributing to
increase frequency of breathing and dynamic hyperinflation
(19). In these patients, more extensive emphysema and lower
DLCO are two independent factors associated with ventilatory
inefficiency during exercise and poor exercise tolerance (10,
16). Our observation that despite having similar dynamic

Fig. 4. On evaluation of individual plots of minute ventilation (V_ E) vs. tidal vol-
ume (VT) (Hey plots), the group of asymptomatic subjects with airway obstruc-
tion had an inflection point of the relationship between VT and V_ E between those
of control subjects and those of never-smokers with chronic obstructive lung dis-
ease (COPD) with controls. By contrast, the inflection point occurred at a lower
VT for a lower V_ E in ever-smokers with COPD compared with control subjects
(P< 0.05). Graphs represent mean±SE values. *P< 0.05 vs. control subjects.

Fig. 5. A–C: ventilation [minute ventilation (V_ E)]-carbon dioxide output (V_ CO2) intercept (A), V_ E-V_ CO2 slope (B), and V_ E/V_ CO2 nadir (C).D: V_ E/V_ CO2 plotted in rela-
tion to work rate. Values are means ±SE. #P< 0.05 vs. never-smokers with chronic obstructive lung disease (COPD), *P< 0.05 vs. control subjects.
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hyperinflation nonsmoking patients with occupational mild to
moderate COPD have better exercise capacity and tolerance
compared with their counterparts with smoking-related COPD
deserves several comments. First, nonsmokers with occupa-
tional COPD had a frequency of breathing that was significantly
lower at a given exercise power than their smoker counterparts.
Despite similar airway obstruction, patients with occupational
COPD had therefore a longer time available for expiration (and
thus less hyperinflation) at a given exercise power. At peak
exercise, both COPD groups had similar frequency of breathing
(and similar hyperinflation), but peak power was significantly
higher in nonsmokers. Second, nonsmokers with COPD had
preserved ventilatory efficiency as assessed by V_ E-to-V_ CO2 ratio
and had therefore a “normal” ventilatory demand for a given
exercise power. This “normal” ventilatory demand is likely to
explain in part why patients with occupational COPD had simi-
lar breathing frequency at a given work rate compared with the

healthy control subjects. Although we did not quantify emphy-
sema by computed tomography (CT) scan, our comparison of
two groups of mild-to-moderate COPD patients with strictly
similar airway obstruction and resting lung volumes also sug-
gests that preserved DLCO (and thus presumably less extensive
emphysema) was the main driver of preserved ventilatory effi-
ciency and lower exertional dyspnea in nonsmokers. Using
another approach that consisted of analyzing a large group of
unselected patients with COPD across the severity spectrum of
the disease, Elbehairy et al. (11) also found that low resting
DLCO was associated with increased intensity of exertional dysp-
nea and lower exercise capacity, independently of the degree of
airflow obstruction and resting hyperinflation . Our present
results add valuable knowledge, as we demonstrate that patients
with occupational mild to moderate COPD and preserved DLCO

had exertional dyspnea and exercise capacity strictly similar to
healthy control subjects.

A B

C D

Fig. 6. Correlates of lower lung diffusion for carbon monoxide (DLCO) and higher ventilatory efficiency [ventilation (V_ E)/carbon dioxide output (V_ CO2) nadir; A],
lower peak oxygen uptake (V_ O2) (B), and higher dead space (VD)-to-tidal volume (VT) ratio (C). D: correlates of higher V_ E/V_ CO2 ventilatory efficiency and higher
VD/VT.

Table 6. Measurement at ventilatory threshold

Never-Smokers Ever-Smokers P Value

COPD

(n = 22)

Control

(n = 22)

COPD

(n = 22)

Control

(n = 22) Interaction

COPD

vs. control

Never-smokers

vs. ever-smokers

Work rate, % predicted 53 ± 12 62 ± 10 44 ± 11#† 55 ± 14 0.85 0.001 0.001

HR, % predicted maximum 75 ± 9 78 ± 8 74 ± 8 78 ± 9 0.86 0.07 0.76
V_ O2, L/min 1.43 ± 0.34 1.66 ± 0.35 1.22 ± 0.26#† 1.46 ± 0.37 0.95 0.001 0.005

RER 0.97 ± 0.05 0.97 ± 0.06 0.96 ± 0.08 0.96 ± 0.06 0.80 0.91 0.38
f, breaths/min 22.8 ± 5.4 22.7 ± 3.9 23.8 ± 2.9 21.2 ± 3.7 0.17 0.11 0.76
V_ E, L/min 42.8 ± 10.6 47.1 ± 9.2 38.2 ± 6.0 42.7 ± 10.7 0.95 0.03 0.03

Values are means ± SD. Significant P values are in bold. COPD, chronic obstructive pulmonary disease; f, respiratory rate; HR, heart rate; RER, respiratory
exchange ratio; V_ E, minute ventilation; V_ O2, oxygen uptake. #P < 0.05 vs. never-smoker control subjects, †P < 0.05 vs. ever-smoker control subjects.
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A potential link between preserved DLCO and ventilatory effi-
ciency may be preserved pulmonary capillary blood volume
and, therefore, normal diffusion capacity during exercise (36). It
has been suggested that pulmonary and systemic endothelial
and/or microvascular abnormalities may coexist in smokers
with low DLCO (39). As systemic vascular dysfunction in
patients with COPD secondary to organic dust exposure is less
frequent than in patients with COPD due to tobacco smoking
(33), it is plausible that pulmonary vascular dysfunction is also
less frequent.
Although COPD in never-smokers is now recognized, opti-

mal therapeutic management of COPD in never-smokers is
poorly studied. A proportion as high as 20–30% of patients diag-
nosed with COPD have never smoked (17, 34). Indoor and out-
door air pollutants as well as occupational hazards, including
exposure to organic dusts, have been associated with an
increased risk of COPD (4). Although to a lesser extent than in
ever-smokers, COPD has been associated with a reduction in
life expectancy in never-smokers (28, 37). Despite this burden,
therapeutic COPD trials have systematically excluded patients
who have never smoked, and the role of COPD medications (in
particular bronchodilators) and their benefit in never-smoking
COPD remains therefore to be explored. Exposing the physio-
logical traits of COPD in never-smokers, as attempted in the
present study, might help to answer these questions. Further
studies are needed to determine the need for long-acting bron-
chodilators in never-smokers with COPD at mild stages.

Strengths and limitations of the study. Our study population
was carefully selected to control as far as possible for confound-
ers that could interfere with the results. Our two groups of
COPD patients were carefully matched for age, sex, FEV1, and
FEV1/FVC, as these factors can influence dyspnea (23). We
also excluded subjects with cardiac comorbidities. This is im-
portant, because chronic heart failure and COPD frequently
coexist (35), and dynamic hyperinflation during exercise has
been reported in patients with chronic heart failure and normal
spirometry (6). In our study, significant cardiac impairment was
unlikely to have contributed to dyspnea and/or to dynamic
hyperinflation since heart rate responses, O2 pulse at peak exer-
cise, and blood pressure measurements were similar in both
COPD groups.
There are some limitations in our study. First, we did not re-

cord any information on usual physical activity. However, work
rate, V_ O2, heart rate, and breath frequency at ventilatory thresh-
old were similar in both groups (Table 6), suggesting that
deconditioning, if any, was also similar. Second, high-resolution
CT (HRCT) was not available, and we were unable to evaluate
the extent of emphysema. Third, the fact that patients only
exposed to organic dusts were labeled “never-smokers” may be
open to discussion. However, organic dust exposure is one of
the first causes of COPD in never-smokers, and patients have al-
ready been labeled in this way in previous studies (34).
Conclusions. Although they develop dynamic hyperinflation

at peak exercise, never-smokers with mild to moderate COPD
have preserved exercise capacities and lower exertional dyspnea
than smoking-related COPD patients matched for severity of
airflow limitation. These differences may be in part driven by a
better ventilatory efficiency stemming from a preserved diffu-
sion capacity. This suggests that the two COPD groups should
not be managed the same way, in particular regarding prescrip-
tion of bronchodilators. Also, this reinforces the need to

establish phenotypical differences among COPD patients.
Further studies are needed to define appropriate COPD manage-
ment in never-smokers.
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