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Abstract

Background: To have a better understanding of the mechanisms of exercise limitation in mild-to-moderate chronic
obstructive pulmonary disease (COPD), we compared detailed respiratory physiology in patients with COPD and healthy
age- and sex-matched controls.

Methods: Data were collected during the pre-treatment, patient characterization phase of a multicenter, randomized,
double-blind, crossover study. Patients with COPD met Global Initiative for Chronic Obstructive Lung Disease (GOLD) 1 or 2
spirometric criteria, were symptomatic, and had evidence of gas trapping during exercise. All participants completed
pulmonary function and symptom-limited incremental treadmill exercise tests.

Results: Chronic activity-related dyspnea measured by Baseline Dyspnea Index was similarly increased in patients with
GOLD 1 (n=41) and 2 (n=63) COPD compared with controls (n = 104). Plethysmographic lung volumes were increased and
lung diffusing capacity was decreased in both GOLD groups. Peak oxygen uptake and work rate were reduced in both GOLD
groups compared with controls (p<<0.001). Submaximal ventilation, dyspnea, and leg discomfort ratings were higher for a
given work rate in both GOLD groups compared with controls. Resting inspiratory capacity, peak ventilation, and tidal
volume were reduced in patients with GOLD 2 COPD compared with patients with GOLD 1 COPD and controls (p<<0.001).

Conclusions: Lower exercise tolerance in patients with GOLD 1 and 2 COPD compared with controls was explained by
greater mechanical abnormalities, greater ventilatory requirements, and increased subjective discomfort. Lower resting
inspiratory capacity in patients with GOLD 2 COPD was associated with greater mechanical constraints and lower peak
ventilation compared with patients with GOLD 1 COPD and controls.
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Introduction

The majority of patients with chronic obstructive pulmonary
disease (COPD) worldwide have mild-to-moderate disease severity
[1], yet these patients are less extensively studied than those with
severe disease. Population-based studies have shown that smokers
with milder COPD have increased mortality [2], increased
hospitalizations, decreased health-related quality of life [3,4],
increased activity-related dyspnea, and reduced daily physical
activity levels compared with non-smoking healthy individuals [5—
9]. Although evidence has recently emerged to support the link
between dyspnea and activity restriction in mild COPD [10,11], a
better understanding of the underlying pathophysiology is needed
to rationalize management strategies for symptomatic patients.

It is well established that apparently minor airflow obstruction
(as measured by spirometry) may obscure widespread damage to
the peripheral airways (<2 mm diameter), lung parenchyma, and
pulmonary vasculature [12]. Previous studies have revealed vast
pathophysiological heterogeneity in mild COPD and successfully
quantified the extent of small airway dysfunction and pulmonary
gas exchange abnormality at rest [13-15]. More recently, small
studies have shown that these physiological perturbations are
amplified during the stress of cycle ergometer exercise in mild
COPD. Thus, compared with age-matched healthy controls,
ventilatory requirements were consistently increased for a given
metabolic load and gas trapping was increased, suggesting
significant ventilation—perfusion abnormalities and small airway
dysfunction, respectively [10,11,16,17]. The current multicenter
study extends previous investigations in mild-to-moderate COPD
by providing comparisons of detailed pulmonary physiology in a
large number of patients with Global Initiative for Chronic
Obstructive Lung Disease (GOLD) spirometry grade 1 and 2
COPD [18] and healthy controls. We selected symptomatic
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Treadmill Exercise in Mild-to-Moderate COPD

patients (reflective of group B in the 2014 GOLD recommenda-
tions [18]) and evidence of dynamic lung hyperinflation during
exercise, where pharmacologic treatment is more likely to be
beneficial. The latter criterion (dynamic hyperinflation) was
included because it is a marker of expiratory flow limitation
during exercise in symptomatic patients with COPD who have a
largely preserved forced expiratory volume in 1s (FEV))
[10,11,16,17]. Moreover, recent studies in symptomatic patients
with mild-to-moderate COPD have shown that measureable
dynamic hyperinflation was present in the vast majority of cases
[10,11,14,19]. In the current study, treadmill exercise was selected
rather than cycling because it is potentially more reflective of
common daily activity ie., walking. Weight-bearing treadmill
exercise is fundamentally different from weight-supported cycling
in terms of the extent of metabolic loading, acid-base and
pulmonary gas exchange abnormalities, and locomotor muscle
recruitment pattern [20-22]. Therefore, it remains to be
determined if mechanical and gas exchange derangements exist
during walking in milder COPD, and if these are similar in
magnitude and direction to those previously documented during
cycle ergometry in this population.

Our main objective was to evaluate the continuum of
physiological heterogeneity during rest and exercise in symptom-
atic patients with GOLD 1 and 2 COPD who had demonstrable
gas trapping (inspiratory capacity [IC] decline =100 mL) during
exercise. Therefore, we compared resting pulmonary function and
ventilatory responses to treadmill exercise, including breathing
pattern, operating lung volumes, and dyspnea and leg discomfort,
in patients with GOLD 1 and 2 COPD and healthy controls
matched for age and sex. This prospective physiological study
represents the initial “patient characterization” phase of a
randomized, placebo-controlled study designed to evaluate the
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Screen failures (n=17)
* Inclusion criteria not met (n=4)
« Exclusion criteria met (n=10)
» Adverse event on exercise (n=1)
» Exceeded IET parameters (n=1)
» Withdrew consent (n=1)

Screen failures (n=151):
« Inclusion criteria not met (n=83)
« Exclusion criteria met (n=42)
» Withdrew consent (n=12)
* Administrative reasons (n=12)
« Lost to follow-up (n=2)
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+ Age- and sex-matched with
COPD patients (n=104)

» Age- and sex-matched with controls (n=104)*
» Not age- and sex-matched with controls (n=22)
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Figure 1. Subject disposition during the characterization phase of the study. IET, incremental exercise testing. *Since 104 control subjects
had full characterization data available, only the first 104 patients with COPD, who were eligible for randomization, were age- and sex-matched with

the controls for characterization data analysis.
doi:10.1371/journal.pone.0096574.g001
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Table 1. Subject characteristics.

Treadmill Exercise in Mild-to-Moderate COPD

(tiotropium)

GOLD 1 GOLD 2 Control

n=41 n=63 n=104
Male 21 (51) 27 (43) 48 (46)
Female 20 (49) 36 (57) 56 (54)
Age (years) 59.9+7.7 58.6+8.2 58.8+8.4
Height (cm) 169.710.6 167.6+8.3 167.9%11.2
Weight (kg) 78.6+14.6 80.2+13.8 77.6%16.1
Body mass index (kg/m?) 27.0*3.8 28.4+3.9 27.4+4.1
Race
Asian 0 (0) 0(0) 2(2)
Black 0 (0) 11(017) 5(5)
White 41 (100) 52 (83) 97 (93)
Alcohol status
Non-drinker 11 (27) 30 (48) 32 (31)
Average consumpticvn+ 30 (73) 33 (52) 72 (69)
Employment status
No 28 (68) 48 (76) 49 (47)
Yes 13 (32) 15 (24) 55 (53)
Time since COPD diagnosis (years) 35*36 51*57 N/A
Smoking history (pack-years¥) 461+ 19%** 45 0%*% 09+14
Smoking status
Never smoked 0 (0) 0 (0) 97 (93)
Ex-smoker 23 (56) 26 (41) 7(7)
Current smokers 18 (44) 37 (59) 0 (0)
Baseline Dyspnea Index focal score 6.9+ 1.5%% 7.1£1.9%%* 11.4+1.0
Cough/sputum for 3 months for 2 years 27 (66) 42 (67) N/A
Most troublesome respiratory symptom
Shortness of breath 29 (71) 44 (70) N/A
Cough 8 (20) 9 (14) N/A
Wheezing 0 (0) 5 (8) N/A
Sputum 4 (10) 3(5 N/A
Other 0 (0) 2 (3) N/A
Respiratory medications at baseline
Long-acting B,-agonist 1(2) 9 (14) 0 (0)
Inhaled corticosteroid 0 (0) 8 (13) 0 (0)
Long-acting B,-agonist/inhaled corticosteroid combination 0 (0) 6 (10) 0 (0)
Anticholinergics 3(7) 8 (13) 0 (0)
Short-acting muscarinic antagonist 2 (5 4 (6) 0 (0)
Long-acting muscarinic antagonist 1(2) 5(8) 0 (0)

**%p<<0.001 versus control, using a two-sample t-test with unequal variance.

*1 pack-year represents 20 cigarettes per day for 1 year.
doi:10.1371/journal.pone.0096574.t001

efficacy of tiotropium in patients with mild-to-moderate COPD.
Results of the treatment phase will be presented separately.

Methods

The protocol for this trial and supporting CONSORT checklist
are available as supporting information; see Protocol S1 and
Checklist S1.

PLOS ONE | www.plosone.org

Data are presented as mean = standard deviation for continuous variables and number of patients (%) for categorical variables.
GOLD, Global Initiative for Chronic Obstructive Lung Disease; N/A, not applicable.

Drinks alcohol, but to an extent that would not interfere with participation in the trial.

Ethics Statement

The study was carried out in compliance with the approved
protocol, the principles laid down in the Declaration of Helsinki
version as of October 1996, and in accordance with the
International Conference on Harmonisation Tripartite Guidelines
for Good Clinical Practice. Written informed consent was
obtained from all participants; the study protocol, informed
consent, and patient information were reviewed and approved by
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Table 2. Pulmonary function.

Treadmill Exercise in Mild-to-Moderate COPD

GOLD 1 GOLD 2 Control

n=41 n=63 n=104
FEV, post-bronchodilator (L) 2.65+0.75%%* 1.84+0.46% 777 3.11+0.81
FEV; post-bronchodilator (% predicted) 92+ 10%** 67 £ grrxitH 112+15
FEV,/FVC post-bronchodilator (%) 645%** 56 grrx A H# 81%5
Pre-bronchodilator (Visit 1)
FEV; (L) 2.45+0.71%%% 1.67£0.48*** ### 3.02+0.80
FEV; (% predicted) 86 12%*x 6011 %= A7 109+15
FEV,/FVC (%) 61+6%** 55+ grrn it 78+6
SVC (L) 4.04+1.20 3.23+0.87*** 7 3.99+1.04
IC (L) 2.90+1.01 2.35+0.64*x+#HH 2.86+0.84
IC (% predicted) 103+22 89+ 16*¥* 77 10618
FRC (L) 3.77+0.91%%* 3.65+0.81%%* 2.95+0.76
FRC (% predicted) 1172455 118+26%** 93+18
RV (L) 2.63+0.81%%* 2.77+0.72%%%# 1.81+0.58
RV (% predicted) 121£38%%* 130 35%%*# 84124
TLC (L) 6.67+1.63*** 6.01+1.11%%# 5.77+1.36
TLC (% predicted) 111 +16%** 105+ 14%** 99+12
SRaw (cMH,0/L/s)" 12.0+5.7%%* 14.8+10.9%** 7 7.2+47
SRaw (% predicted)” 202+ 144%%x 363+267%** 176+120
DLco (mL/min/mmHg)* 18.6£6.7*** 16.0+4.6%%*7 22.9+6.7
DLco (% predicted)* 73220%** 65+16%** 92+17

Data are presented as mean * standard deviation.

monoxide.

**p<<0.01 versus control;

*#%n<0.001 versus control.

#p<0.05 GOLD 1 versus GOLD 2;
###p<0.001 GOLD 1 versus GOLD 2.
fGOLD 1, n=40; GOLD 2, n=62.
*GOLD 2, n=61.
doi:10.1371/journal.pone.0096574.t002

the following local Institutional Review Boards/Independent
Ethics Committees: Chesapeake Research Review, Inc. (Colum-
bia, MD); The John F. Wolf, M.D. Human Subjects Committee of
the Los Angeles Biomedical Research Institute at Harbor UCLA
Medical Center (Torrance, CA); Partners Human Research
Committee (Boston, MA); Western Institutional Review Board
(Olympia, WA); Springfield Committee for Research Involving
Human Subjects (Springfield, IL); Trustees of Dartmouth College,
Dartmouth—Hitchcock Medical Center, Committee for the
Protection of Human Subjects (Hanover, NH); Saint Francis
Hospital and Medical Center Institutional Review Board (Hart-
ford, CT); McGill University Health Center Research Ethics
Office (Montreal, QC); Comité d’Ethique de la Recherche de
P’Institut Universitaire de Cardiologie et de Pneumologie de
Quebéc (Québec, QC); Queen’s University, Health Sciences and
Affiliated Teaching Hospitals Research Ethics Board (Kingston,
ON); and Centre Hospitalier de I'Université de Montreal
(CHUM) Research Ethics Committee (Montreal, QC).

Study Design

This was a multicenter, multinational (11 US and four Canada
sites), randomized, double-blind, two-period crossover study

PLOS ONE | www.plosone.org

GOLD, Global Initiative for Chronic Obstructive Lung Disease; FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; SVC, slow vital capacity; IC, inspiratory
capacity; FRC, functional residual capacity; RV, residual volume; TLC, total lung capacity; sR,, specific airway resistance; DLco, diffusing capacity of the lung for carbon

P-values are from a linear regression model, adjusted for age, sex, alcohol status, employment status, and body mass index.

(Clinical Trials.gov identifier: NCT01072396). The current anal-
ysis covered the 2-week pre-treatment patient characterization
phase of the study (Visits 1-3) in which patients with COPD were
compared with control subjects. Participants completed symptom
and activity assessments, pulmonary function tests, and an
incremental cardiopulmonary exercise test (Visit 1) and constant
work rate tests (Visits 2 and 3). Constant work rate test data are not
presented here.

Participants

Study participants were males and females, age =40 years, with
a body mass index (BMI) 18-35 kg/m”. Patients with COPD met
the following inclusion criteria: current or ex-smokers with >10
pack-year history; post-bronchodilator FEV/forced vital capacity
FVC) <70% and FEV,=50% of predicted normal at Visit 1;
clinically stable as defined by no exacerbations in the previous 6
weeks and <3 exacerbations in the preceding year; symptomatic
as defined by a Baseline Dyspnea Index (BDI) [23] focal score =9
and/or daily cough with sputum for 3 months per year during =2
consecutive years; and =100 mL decrease in IC during treadmill
exercise, as evidence of dynamic lung hyperinflation. Decrease in
IC was measured as the difference between the last acceptable IC

May 2014 | Volume 9 | Issue 5 | 96574



Table 3. Peak symptom-limited incremental treadmill exercise.

Treadmill Exercise in Mild-to-Moderate COPD

GOLD 1 GOLD 2 Control

n=41 n=63 n=104
Work rate (W) 116+42%%+ 106+31%%* 196+67
Dyspnea Borg scale’ 56+2.5 55+2.4 5.0+2.8
Leg discomfort Borg scale” 47+28 53*26 47*28
Vo, (L/min) 1.81+0.59%%* 1.62+0.41%*%7 2.17+0.70
Vco, (L/min)’ 1.94+0.71%%* 1.69+0.47%#%7# 2.46+0.79
Ve/NVco,’ 35.3£6.6%** 33.8%12.1% 29.3*3.9
Ve (L/min)’ 67.1+23.6 55.1%15 4xxxd## 715+234
Breathing reserve (L/min)* 25.6+15.4%** 9.6+ 14.3%xx 77 37.3*19.9
VE/MBC (%)" 72+14 87+ 20%xxHH# 66+16
vr (OF 1.92+0.59%** 1.57 +0.44*x 5 # 2.17+0.66
Fb (breaths/min) 354+7.6 35.7+7.3 33.4+6.6
Ti/Tror’ 0.44+0.05 0.41+0.06***## 0.45+0.06
IC (L) 2.67+0.78** 2.17+0.59%*x ### 2.90+0.81
AIC peak-rest (L) -0.52+0.44%%* -0.42+0.31%%* 0.01+0.39
RV (L) 0.75+0.40 0.60+0.40* 0.73+0.36
EELV (L) 4,00+1.11%%* 3.85+0.87%%* 2.87+0.78
SpO, minimum (%)" 94.4+28 93.5+2.9%* 949+27

Data are presented as mean * standard deviation.

*p<<0.05 versus control;

**p<<0.01 versus control;

***p<<0.001 versus control

#p<0.05 GOLD 1 versus GOLD 2;
##5<0.01 GOLD 1 versus GOLD 2;
###p<0.001 GOLD 1 versus GOLD 2.
fGOLD 2, n=62.
doi:10.1371/journal.pone.0096574.t003

maneuver during exercise and the average pre-exercise resting IC.
To meet the inclusion criteria patients had to demonstrate =
100 mL decrease in IC in two of three exercise tests during the
pre-treatment patient characterization phase (incremental [Visit 1]
or constant work rate [Visits 2 and 3]). A control group consisted
of healthy subjects that were age- and sex-matched to the patients
with COPD. Control subjects were non-smokers, 1.e., no cigarettes
in the previous 2 years and <1 pack-year smoking history.
Subjects were excluded if they had contraindications to exercise, a
condition that limited exercise ability, or if they required
supplemental oxygen. Patients with COPD were categorized into
two groups: GOLD 1 (post-bronchodilator FEV,/FVC <0.7 and
FEV, =80% of predicted normal) and GOLD 2 (post-broncho-
dilator FEV,/FVC <0.7 and 50%= FEV, <80% of predicted
normal).

Respiratory medications permitted during the baseline period
included: albuterol meter-dose inhaler (100 pg/puff) as needed
(withheld 8 h prior to each visit); short-acting anticholinergics
(withheld 8 h prior to each visit); long-acting Po-agonists (withheld
36 h prior to each wvisit); antihistamines, mucolytics, and
antileukotrienes. Medications not permitted included: long-acting
anticholinergics (not allowed within 2 weeks of Visit 1), oral p-
adrenergics, B-blockers, cromolyn sodium/nedocromil sodium,
and methylxanthines.

PLOS ONE | www.plosone.org

GOLD, Global Initiative for Chronic Obstructive Lung Disease; Voz, oxygen uptake; Vcoz, carbon dioxide production; Ve, minute ventilation; MBC, maximum breathing
capacity; V7, tidal volume; Fb, breathing frequency; Ti, inspiratory time; Tror, total respiratory time; Ti,TtoT, inspiratory duty cycle; IC, inspiratory capacity; A, change; IRV,
inspiratory reserve volume; EELV, end-expiratory lung volumes; SpO,, arterial oxygen saturation measured by pulse oximetry.
P-values are from a linear regression model, adjusted for age, sex, alcohol status, employment status, and body mass index.

Ve

Procedures

Pre-bronchodilator spirometry, body plethysmography, and
single-breath diffusing capacity of the lung for carbon monoxide
(DL¢o) were measured according to recommended standards [24—
26]. Post-bronchodilator spirometry was measured after inhalation
of albuterol (400 ng). Predicted normal values for FEV, were
calculated using European Community for Steel and Coal
equations [27].

Symptom-limited exercise tests were performed on an electron-
ically controlled treadmill using cardiopulmonary exercise testing
systems capable of measuring IC. The incremental test in patients
with COPD consisted of a 10 W/min protocol, which was
repeated at 15 W/min if peak work rate was =150 W. Control
subjects performed a 15 W/min protocol or repeated the test at
20 W/min if peak work rate was =200 W. All tests included a 3-
min warm-up (0.27 m/s, 0% grade) followed by stepwise increases
in work rate: speed increased linearly from 0.27 to 1.79 m/s, and
inclination was calculated based on speed, individual’s weight, and
desired work rate [28]. Exercise measurements included: meta-
bolic parameters; minute ventilation (VE); breathing pattern;
operating lung volumes; intensity of dyspnea and leg discomfort
rated using a modified 10-point Borg scale [29]; and locus of end-
exercise symptom limitation (dyspnea, leg discomfort, or both).
Maximum breathing capacity (MBC) was estimated as FEV,

May 2014 | Volume 9 | Issue 5 | 96574
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Figure 2. Ventilatory parameters versus work rate during incremental treadmill exercise. (A) Minute ventilation (VE), (B) ventilatory
equivalent for carbon dioxide (Ve/Vco,), and (C) ventilation as a fraction of estimated maximum breathing capacity (VE/MBC). Data are shown as mean
+ standard error. Data plotted at 0 watts are warm-up data (0.27 m/s), followed by points at standardized work rates and at peak exercise. *p<<0.05
GOLD 1 and 2 versus controls at a standardized work rate; #p<0.05 GOLD 1 versus controls; "p<0.05 GOLD 2 versus controls (confidence intervals do

not overlap indicating p<<0.05).
doi:10.1371/journal.pone.0096574.g002

multiplied by 35 [30], and breathing reserve at end-exercise was
calculated as MBC minus peak VE.

Statistical Analysis

The sample size of 100 was dictated by the requirements of the
study’s treatment phase. Assuming a 20% dropout rate, 124
patients needed to be randomized to ensure 100 completed the
treatment phase, providing 90% power to detect a 100 mL
difference in dynamic hyperinflation (change in IC) during
exercise from baseline, based on a correlation of 0.6 and a type
one error rate of 0.05 using a two-sided test of significance. In the
characterization phase, a control group of equal size (n = 100) was
included in the study design. Data are presented as means *
standard deviation (SD), unless indicated otherwise. P-values are
based on either a two-sample t-test with unequal variance or from
a linear regression model, adjusted for age, sex, alcohol status,
employment status, and body mass index (smoking status and race
were not included in the model because of the small number of
participants in some categories). Fisher’s exact test was used to
analyze locus of symptom limitation during incremental treadmill
exercise. Statistical analyses were applied using SAS version 9.2
software (SAS Institute, Cary, NC, USA).

PLOS ONE | www.plosone.org

Results

Participants

Participants were enrolled into the study between March 16,
2010 and August 1, 2011, the first patient entered the treatment
phase on April 14, 2010 and the last completed on November 29,
2011. Participant disposition during the characterization phase is
presented in Figure 1. Of the 277 patients with COPD enrolled in
the study, 195 met GOLD 1 or 2 spirometric criteria and
performed an incremental treadmill exercise test. The reasons for
study participant exclusion are given in Figure 1. In total, there
were 151 screen failures and 126 patients with COPD eligible for
randomization into the treatment phase. In the overall patient
population, only 23% (38 out of 164 patients; 17 out of 65 [26%]
for GOLD 1 COPD and 21 out of 99 [21%] for GOLD 2 COPD)
were excluded for the sole reason of not meeting the operational
definition of dynamic lung hyperinflation (i.e., =100 mL decrease
in IC during at least two out of three of the baseline exercise tests).
Of the 121 control subjects enrolled in the study, 104 completed
the characterization phase. Only the first 104 patients with
COPD, who met the eligibility criteria and were randomized to
treatment, were therefore age- and sex-matched with the 104
control subjects for the characterization phase data analysis.
Demographic data for the study participants are given in Table 1.
The GOLD groups were well matched for baseline demographics.
Respiratory medication use at baseline was greater in patients with

May 2014 | Volume 9 | Issue 5 | 96574
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Figure 3. Breathing pattern and operating lung volume measurements versus work rate during incremental treadmill exercise. (A)
Breathing frequency (Fb), (B) tidal volume, (C) inspiratory capacity (IC), and (D) inspiratory reserve volume (IRV) showing that all three groups reach a
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overlap indicating p<0.05).
doi:10.1371/journal.pone.0096574.g003

GOLD 2 compared with GOLD 1 COPD. BDI focal scores were
similarly reduced in both GOLD groups compared with controls
(p<<0.001). The frequency of troublesome respiratory symptoms
was similar in the two GOLD groups.

Pulmonary Function

Pulmonary function data are shown in Table 2. Both GOLD
groups had a significantly greater functional residual capacity
(FRC) and residual volume (RV) compared with controls (p<
0.001). Compared with controls, IC and slow vital capacity (SVC)
at rest were significantly lower in patients with GOLD 2 COPD
(p<<0.001), but not in patients with GOLD 1 COPD. Specific
airway resistance was significantly higher (p<<0.001) and DL¢o
significantly lower (p<<0.001) in both GOLD groups compared
with controls.

Incremental Exercise

Peak exercise data are shown in Table 3. Peak work rate was
significantly lower in both GOLD groups compared with controls
(p<<0.001), but was similar in GOLD 1 and 2. Peak oxygen uptake
(VOy) and carbon dioxide production (Vcog) were significantly
lower in both GOLD groups compared with controls (p<<0.001),
and were significantly lower in GOLD 2 compared with GOLD 1
(p<0.05). Peak VE was significantly reduced in GOLD 2
compared with the GOLD 1 and control groups (p<<0.001), but
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GOLD 1 was similar to the controls. Both GOLD groups had
significantly greater VE and ventilatory equivalents for carbon
dioxide (VE/VcCOy) at rest and at any given work rate during
exercise compared with controls (Figure 2). VE/MBC at rest and
throughout exercise was also significantly greater in both GOLD
groups compared with controls, and was higher in GOLD 2
compared with GOLD 1 (Figure 2). Minimum oxygen saturations
were not significantly different in GOLD 1 compared with GOLD
2 and controls, but were lower by 1.4% in GOLD 2 compared
with controls (p<<0.01) (Table 3).

In accordance with subject inclusion criteria, dynamic hyper-
inflation was shown in both GOLD groups as a significant
decrease in IC from rest to peak exercise; whereas, the controls did
not change IC significantly during exercise (Table 3). IC values at
rest and throughout exercise were similar in the GOLD 1 and
control groups, but were significantly smaller in the GOLD 2
group (Figure 3). The GOLD 2 group also had a significantly
smaller inspiratory reserve volume (IRV) than both the GOLD 1
and control groups at rest and at a given work rate during exercise,
but all groups reached a similar IRV at end-exercise (Figure 3).
End-expiratory lung volumes (EELV) and end-inspiratory lung
volumes (EILV) were significantly greater in patients with COPD
at rest and throughout exercise compared with controls (Figure 4).

To evaluate breathing pattern differences across groups,
measurements were plotted against VE (Figure 5). There was a
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significantly smaller tidal volume (VT) response in GOLD 2
compared with the GOLD 1 and control groups at peak exercise,
which was attributable to the smaller IC in the GOLD 2 group
(Table 3). The inspiratory duty cycle (inspiratory time/total
respiratory time [T1/TTOT]) at rest and throughout exercise was
also lower in GOLD 2 compared with the GOLD 1 and control
groups.

There were no significant differences across the groups in peak
symptom intensity ratings for dyspnea and leg discomfort (Table 3);
however, both GOLD groups had consistently higher values for
these parameters at a given work rate compared with controls
(Figure 6). There was a significant difference in the distribution of
reasons for stopping exercise across the groups (p<<0.001). There
was a higher frequency of dyspnea, either alone or in combination
with leg discomfort in the GOLD 1 (88% [36/41]) and GOLD 2
(81% [51/63]) groups compared with controls (63% [65/104])
and a higher frequency of no dyspnea or leg discomfort in the
controls (14% [15/104] compared with the GOLD 1 (2% [1/41])
and GOLD 2 (0% [0/63]) groups.

Discussion

The main findings of this study are: (1) compared with healthy
participants, symptomatic patients with mild-to-moderate COPD
and measurable dynamic hyperinflation showed distinct physio-
logical impairment at rest and during exercise; (2) the magnitude
of dyspnea, leg discomfort, and exercise limitation was similar in
GOLD 1 and 2 COPD; (3) higher ventilatory requirements and
greater dynamic respiratory mechanical abnormalities were
present in both GOLD groups compared with controls; and 4)
increased constraints on VT expansion during exercise were
present in GOLD 2 COPD, in association with a reduced resting
IC in this group.
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Healthy participants and patients with COPD were well
matched for age, sex, and BMI. Subjects in both GOLD groups
had a history of heavy smoking and reported moderate-to-severe
chronic dyspnea. Only a minority of patients received regular
pharmacotherapy for COPD. Of the three major respiratory
symptoms, the majority of patients reported that dyspnea was the
most troublesome (Table 1).

Contrary to our expectation, the nature and extent of lung
function impairment were remarkably similar in the two GOLD
groups. Both groups showed increased pulmonary gas trapping
(RV), increased lung hyperinflation (FRC) and reduced DL,
reflecting increased airway closure, alterations in the elastic
properties of the respiratory system and/or delayed mechanical
time constants for lung emptying, and disruption of the alveolar—
capillary surface area for gas exchange, respectively. However, in
contrast to patients with GOLD 2 COPD, those with GOLD 1
COPD had preserved resting IC and SVC. Thus, total lung
capacity (TLC), FRC, and RV increased in parallel in GOLD 1
COPD, whereas FRC and RV increased more relative to TLC in
GOLD 2 COPD. This preservation of IC: and SVC in those with
milder airway obstruction (as measured by FEV)) has previously
been reported in cross-sectional studies in COPD [10,11,31,32],
and may have important implications for ventilatory capacity
during exercise and response to therapy.

Peak work rate and Vo, during incremental treadmill exercise
were reduced in both the GOLD groups compared with controls.
This magnitude of reduction in exercise performance in the
GOLD groups is considered clinically meaningful [33]. Ventila-
tory requirements were increased to a similar extent in the GOLD
groups compared with controls, by 5-10 L/min at a standardized
submaximal work rate, but represented a greater proportion of
MBC in patients with GOLD 2 COPD. The cause of the
additional ventilatory stimulation in COPD was not determined.
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Many patients in both GOLD groups had physiological features of
emphysema (i.e., reduced DL¢o and increased FRC), which is
known to be associated with disruption of pulmonary vascular
beds. VE/V€0, was elevated at rest and throughout exercise in the
GOLD groups compared with controls, suggesting increased
inefliciency of COj elimination related to an increased physiolog-
ical dead space. However, arterial partial pressure of COg
measurements would be required to evaluate such abnormalities
of pulmonary gas exchange more accurately. In accordance with
the study of Barbera et al. [13], there was no significant arterial Oq
desaturation at peak exercise in either GOLD group. Other
possible contributors to increased VE, such as earlier metabolic
acidosis due to skeletal muscle deconditioning (with increased
afferent sensory inputs), reduced inspiratory muscle strength, or
occult cardiovascular impairment, were not quantified in this study
[34-37].

In accordance with the selection criteria, all study patients with
COPD showed evidence of dynamic lung hyperinflation during
exercise. This criterion was met in 77% of those originally
screened, who met all the other inclusion criteria, i.e., 23% of
otherwise eligible patients were excluded because of a lack of
dynamic hyperinflation. Breathing pattern alterations during
exercise were more pronounced in the GOLD 2 group because
of the decreased resting IC. This group had a relatively diminished
breathing reserve as crudely measured by the MBC minus peak
V& difference. Moreover, such patients reached a minimal IRV of
0.6 L and a V1/IC ratio exceeding 70% at a peak VE of only
55 L/min. The reduced VT expansion in the GOLD 2 group
compared with the GOLD 1 group and controls was associated
with a reduced T1/TToT and lack of a compensatory increase in
mean inspiratory flow rate. It is not clear if these differences in
breathing pattern reflect the imposed restrictive mechanics
because of high lung volumes, central neural inhibition of the
drive to breathe as a result of the vagal inflation reflex, a
compensation strategy to minimize discomfort associated with
increased elastic loading, shallow breathing as a result of increased
inspiratory muscle dysfunction [37], or some combination of these.
The low IRV at a relatively low peak VE and power output in
patients with GOLD 2 COPD, indicates that EILV was positioned
close to TLC and the upper alinear extreme of the respiratory
system’s pressure-volume relation where elastic loading of
respiratory muscles is increased. Collectively, our results suggest
that critical mechanical constraints and the associated severe
breathing discomfort at a relatively low peak VE may have
contributed to exercise limitation in patients with GOLD 2
COPD. The preservation of resting IC in patients with GOLD 1
COPD compared with those with GOLD 2 COPD, allowed
greater VT expansion and the attainment of a significantly higher
peak VE before the onset of intolerable dyspnea.

At the limits of tolerance, all groups reported severe dyspnea
and leg discomfort, although these symptoms occurred at lower
peak work rates in the GOLD groups compared with controls.
Dyspnea and leg discomfort ratings were increased throughout
exercise in both GOLD groups compared with controls. Previ-
ously, we postulated that increased dyspnea in patients with mild-
to-moderate COPD compared with healthy individuals ultimately
reflects the increased contractile respiratory muscle effort (and
increased central corollary discharge) associated with increased VE
and the increased resistive and elastic loads on the respiratory
muscles [11,17]. It is noteworthy that leg discomfort intensity
ratings were broadly similar in magnitude to the dyspnea intensity
ratings in both GOLD groups and were higher than in the control
group for a given work rate. This was unexpected as perceived leg
discomfort is thought to be less problematic during treadmill
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exercise compared with cycle exercise [38]. One potential reason
for the higher than expected ratings of leg discomfort in this study
could be the relatively steep inclination that subjects were required
to walk using this incremental exercise protocol, especially those
with lower body weights. Alternatively (or in addition), there is
increasing evidence of measurable peripheral muscle dysfunction
in patients with COPD who have mild-to-moderate airway
obstruction [39,40].

Our strict selection criteria (i.e., the requirement for dynamic
hyperinflation to occur) could mean that our results may not be
generalizable to the broader COPD population with milder airway
obstruction, many of whom may be less symptomatic than our
study subjects. However, study exclusion solely due to a lack of
significant dynamic hyperinflation during exercise occurred in
only 23% of those meeting GOLD 1 or 2 spirometric criteria that
performed the baseline exercise tests. A focus on symptomatic
patients who have documented impairment of respiratory
mechanics 1s justified, as this was the primary outcome measure
of interest in the subsequent intervention phase of the study. The
lack of a detailed evaluation of pulmonary gas exchange in this
study means that the mechanism of the increased ventilatory
demand in COPD remains unresolved.

In conclusion, this study is the first to elucidate the nature and
extent of physiological impairment during treadmill exercise in a
sizeable population of symptomatic patients with mild-to-moder-
ate COPD who have evidence of air trapping. Thus, it provides
new insights into mechanisms of poor exercise tolerance in this
group. Consistent ventilatory abnormalities during exercise in
both GOLD groups included higher ventilatory requirements for a
given power output and greater dynamic mechanical constraints.
Lower resting IC in the GOLD 2 group was associated with
altered breathing pattern responses during exercise with attain-
ment of minimal dynamic IRV (and associated severe dyspnea) at
a significantly lower peak VE than the GOLD 1 and control
groups. Thus, in the GOLD 2 group, the respiratory system had
approached or reached its physiological limits at the termination of
exercise. It remains to be determined whether bronchodilator
treatment, which improves respiratory mechanics, can increase
exercise tolerance in this little-studied population.

Supporting Information

Checklist S1 CONSORT checklist.

(DOC)
Protocol 81 Trial protocol.
(PDE)
Acknowledgments

The 205.440 investigators included the following investigators: Jean
Bourbeau, Richard Casaburi (and Janos Porszasz, sub-investigator), Mark
Dransfield, Gary Ferguson, Charles Fogarty, Joseph Henkle, Donald
Mabhler, Frangois Maltais, Denis O’Donnell, Claude Poirier, Frank
Sciurba, Selwyn Spangenthal, Jan Westerman, Dennis Zawadski, Richard
ZuWallack. The authors meet criteria for authorship as recommended by
the International Committee of Medical Journal Editors (ICMJE) and were
fully responsible for all content and editorial decisions, and were involved
at all stages of manuscript development. The authors received no
compensation related to the development of the manuscript. The authors
would like to thank Zhenchao Guo of BIPI for additional statistical
support. Presented in part as a poster at the American Thoracic Society
2012 International Conference, May 18-23, 2012, San Francisco,
California, USA. O’Donnell DE, Maltais F, Porszasz P, Albers F, Deng
Q, Hernandez G, Igbal A, Paden H, Casaburi R. Lung function and
exercise impairment in patients with GOLD stage I and II COPD. D80

May 2014 | Volume 9 | Issue 5 | 96574



EMPHYSEMA AND COPD: PATHOPHYSIOLOGY. American Tho-
racic Society; pp. A6400-A6400.

References

1.

o

Buist AS, McBurnie MA, Vollmer WM, Gillespie S, Burney P, et al. (2007)
International variation in the prevalence of COPD (the BOLD Study): a
population-based prevalence study. Lancet 370: 741-750.

. Mannino DM, Buist AS, Petty TL, Enright PL, Redd SC (2003) Lung function

and mortality in the United States: data from the First National Health and
Nutrition Examination Survey follow up study. Thorax 58: 388-393.

. Antonelli-Incalzi R, Imperiale C, Bellia V, Catalano F, Scichilone N, et al.

(2003) Do GOLD stages of COPD severity really correspond to differences in
health status? Eur Respir J 22: 444-449.

. Ferrer M, Alonso J, Morera J, Marrades RM, Khalaf A, et al. (1997) Chronic

obstructive pulmonary disease stage and health-related quality of life. The
Quality of Life of Chronic Obstructive Pulmonary Disease Study Group. Ann
Intern Med 127: 1072-1079.

. Decramer M, Rennard S, Troosters T, Mapel DW, Giardino N, et al. (2008)

COPD as a lung disease with systemic consequences—clinical impact,
mechanisms, and potential for early intervention. COPD 5: 235-256.

. Pitta F, Troosters T, Spruit MA, Probst VS, Decramer M, et al. (2005)

Characteristics of physical activities in daily life in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 171: 972-977.

Steuten LM, Creutzberg EC, Vrijhoef HJ, Wouters EF (2006) COPD as a
multicomponent disease: inventory of dyspnoea, underweight, obesity and fat
free mass depletion in primary care. Prim Care Respir J 15: 84-91.

. Walker PP, Burnett A, Flavahan PW, Calverley PM (2008) Lower limb activity

and its determinants in COPD. Thorax 63: 683-689.

. Watz H, Waschki B, Boehme C, Claussen M, Meyer T, et al. (2008)

Extrapulmonary effects of chronic obstructive pulmonary disease on physical
activity: a cross-sectional study. Am J Respir Crit Care Med 177: 743-751.

. Guenette JA, Jensen D, Webb KA, Ofir D, Raghavan N, et al. (2011) Sex

differences in exertional dyspnea in patients with mild COPD: physiological
mechanisms. Respiratory physiology & neurobiology 177: 218-227.

. Ofir D, Laveneziana P, Webb KA, Lam YM, O’Donnell DE (2008) Mechanisms

of dyspnea during cycle exercise in symptomatic patients with GOLD stage I
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 177: 622—
629.

. Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, et al. (2004) The nature

of small-airway obstruction in chronic obstructive pulmonary disease.

N Engl ] Med 350: 2645-2653.

. Barbera JA, Ramirez J, Roca J, Wagner PD, Sanchez-Lloret J, et al. (1990) Lung

structure and gas exchange in mild chronic obstructive pulmonary disease. Am
Rev Respir Dis 141: 895-901.

. Chin RC, Guenette JA, Cheng S, Raghavan N, Amornputtisathaporn N, et al.

(2013) Does the respiratory system limit exercise in mild chronic obstructive
pulmonary disease? Am J Respir Crit Care Med 187: 1315-1323.

. Rodriguez-Roisin R, Drakulovic M, Rodriguez DA, Roca J, Barbera JA, et al.

(2009) Ventilation—perfusion imbalance and chronic obstructive pulmonary
disease staging severity. ] Appl Physiol 106: 1902-1908.

. Babb TG, Viggiano R, Hurley B, Staats B, Rodarte JR (1991) Effect of mild-to-

moderate airflow limitation on exercise capacity. J Appl Physiol 70: 223-230.

. O’Donnell DE, Laveneziana P, Ora J, Webb KA, Lam YM, et al. (2009)

Evaluation of acute bronchodilator reversibility in patients with symptoms of
GOLD stage I COPD. Thorax 64: 216-223.

Global Initiative for Chronic Obstructive Lung Disease (2014) Global Strategy
for the Diagnosis, Management, and Prevention of Chronic Obstructive
Pulmonary Disease. January 2014. Available: http://www.goldcopd.org/
Guidelines/guidelines-resources.html. Accessed 2014 January 27.

. O’Donnell DE, Guenette JA, Maltais F, Webb KA (2012) Decline of resting

inspiratory capacity in COPD: the impact on breathing pattern, dyspnea, and
ventilatory capacity during exercise. Chest 141: 753-762.

PLOS ONE | www.plosone.org

1

Treadmill Exercise in Mild-to-Moderate COPD

Author Contributions

Conceived and designed the experiments: DEO FCA RC. Performed the
experiments: DEO FM JP HAP RC. Analyzed the data: DEO FM KAW
QD AI HAP RC. Wrote the paper: DEO FM JP KAW FCA QD AI HAP
RC. Trial clinical monitor: HAP. Trial co-ordinating investigator: RC.

20. Hsia D, Casaburi R, Pradhan A, Torres E, Porszasz J (2009) Physiological
responses to linear treadmill and cycle ergometer exercise in COPD. Eur Respir J
34: 605-615.

21. Mabhler DA, Gifford AH, Waterman LA, Ward J, Machala S, et al. (2011)
Mechanism of greater oxygen desaturation during walking compared with
cycling in patients with COPD. Chest 140: 351-358.

22. Palange P, Forte S, Onorati P, Manfredi F, Serra P, et al. (2000) Ventilatory and
metabolic adaptations to walking and cycling in patients with COPD. J Appl
Physiol 88: 1715-1720.

23. Mahler DA, Weinberg DH, Wells CK, Feinstein AR (1984) The measurement
of dyspnea. Contents, interobserver agreement, and physiologic correlates of two
new clinical indexes. Chest 85: 751-758.

24. Maclntyre N, Crapo RO, Viegi G, Johnson DC, van der Grinten CP, et al.
(2005) Standardisation of the single-breath determination of carbon monoxide
uptake in the lung. Eur Respir J 26: 720-735.

25. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, et al. (2005)
Standardisation of spirometry. Eur Respir J 26: 319-338.

26. Wanger J, Clausen JL, Coates A, Pedersen OF, Brusasco V, et al. (2005)
Standardisation of the measurement of lung volumes. Eur Respir J 26: 511-522.

27. Quanjer PH, Tammeling GJ, Cotes JE, Pedersen OF, Peslin R, et al. (1993)
Lung volumes and forced ventilatory flows. Report Working Party Standard-
ization of Lung Function Tests, European Community for Steel and Coal.
Official Statement of the European Respiratory Society. Eur Respir J Suppl 16:
5-40.

28. Porszasz J, Casaburi R, Somfay A, Woodhouse L], Whipp BJ (2003) A treadmill
ramp protocol using simultaneous changes in speed and grade. Med Sci Sports
Exerc 35: 1596-1603.

29. Borg GA (1982) Psychophysical bases of perceived exertion. Med Sci Sports
Exerc 14: 377-381.

30. Gandevia B, Hugh-Jones P (1957) Terminology for measurements of ventilatory
capacity; a report to the Thoracic Society. Thorax 12: 290-293.

31. Deesomchok A, Webb KA, Forkert L, Lam YM, Ofir D, et al. (2010) Lung
hyperinflation and its reversibility in patients with airway obstruction of varying
severity. COPD 7: 428-437.

32. Macklem PT (2010) Therapeutic implications of the pathophysiology of COPD.
Eur Respir J 35: 676-680.

33. American Thoracic Society, American College of Chest Physicians (2003) ATS/
ACCP Statement on cardiopulmonary exercise testing. Am J Respir Crit Care
Med 167: 211-277.

34. Allaire J, Maltais F, Doyon JF, Noél M, LeBlanc P, et al. (2004) Peripheral
muscle endurance and the oxidative profile of the quadriceps in patients with
COPD. Thorax 59: 673-678.

35. Clark CJ, Cochrane LM, Mackay E, Paton B (2000) Skeletal muscle strength
and endurance in patients with mild COPD and the effects of weight training.
Eur Respir J 15: 92-97.

36. Malerba M, Ragnoli B, Salameh M, Sennino G, Sorlini ML, et al. (2011) Sub-
clinical left ventricular diastolic dysfunction in early stage of chronic obstructive
pulmonary disease. J Biol Regul Homeost Agents 25: 443-451.

37. Kabitz HJ, Walterspacher S, Walker D, Windisch W (2007) Inspiratory muscle
strength in chronic obstructive pulmonary disease depending on disease severity.
Clin Sci (Lond) 113: 243-249.

38. Morgan MD, Singh SJ (2007) Assessing the exercise response to a
bronchodilator in COPD: time to get off your bike? Thorax 62: 281-283.

39. Coronell C, Orozco-Levi M, Méndez R, Ramirez-Sarmiento A, Galdiz JB, et al.
(2004) Relevance of assessing quadriceps endurance in patients with COPD. Eur
Respir J 24: 129-136.

40. Seymour JM, Spruit MA, Hopkinson NS, Natanck SA, Man WD, et al. (2010)
The prevalence of quadriceps weakness in COPD and the relationship with
disease severity. Eur Respir J 36: 81-88.

May 2014 | Volume 9 | Issue 5 | 96574


http://www.goldcopd.org/Guidelines/guidelines-resources.html
http://www.goldcopd.org/Guidelines/guidelines-resources.html

