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Relationship between ventilatory constraint
and muscle fatigue during exercise in
COPD

S.J. Butcher*#, 0. Lagerquist®", D.D. Marciniuk**, S.R. Petersen?,
D.F. Collins*" and R.L. Jones*

ABSTRACT: Dynamic hyperinflation and leg muscle fatigue are independently associated with
exercise limitation in patients with chronic obstructive pulmonary disease (COPD). The aims of
the present study were to examine 1) the relationship between these limitations and 2) the effect

of delaying ventilatory limitation on exercise tolerance and leg muscle fatigue.

In total, 11 patients with COPD (with a forced expiratory volume in one second of 52%
predicted) completed two cycling bouts breathing either room air or heliox, and one bout
breathing heliox but stopping at room air isotime. End-expiratory lung volume (EELV), leg muscle

fatigue and exercise time were measured.

On room air, end-exercise EELV was negatively correlated with leg fatigue. Heliox increased
exercise time (from 346 to 530 s) and leg fatigue (by 15%). At isotime, there was no change in leg
fatigue, despite a reduction in EELV compared with end-exercise, in both room air and heliox. The
change in exercise time with heliox was best correlated with room air leg fatigue and end-

inspiratory lung volume.

Patients with chronic obstructive pulmonary disease who had greater levels of dynamic
hyperinflation on room air had less muscle fatigue. These patients were more likely to increase
exercise tolerance with heliox, which resulted in greater leg muscle fatigue.

KEYWORDS: Dynamic hyperinflation, exercise capacity, heliox, interpolated twitch, magnetic

stimulation

ary disease (COPD) exhibit severe dys-

pnoea and exercise intolerance [1].
Determining the source of exercise limitation in
patients with COPD has been a topic of great
interest recently [2-5]. Traditionally, an inability
to increase minute ventilation (V'E) due to
expiratory flow limitation and dynamic hyperin-
flation was thought to be the primary exercise-
limiting factor in most COPD patients [5]. Indeed,
dynamic hyperinflation correlates very closely
with reduced exercise tolerance [3] and therapies
that decrease dynamic hyperinflation, such as
bronchodilators [6] and supplemental oxygen [2],
significantly improve exercise tolerance in many
patients. Heliox (79% helium, 21% oxygen),
through its effect of increasing expiratory flow
rate [7], has also been shown to increase exercise
tolerance time [8-10] by delaying dynamic
hyperinflation in COPD patients [9].

P atients with chronic obstructive pulmon-

Despite the well-established findings that many
patients with COPD primarily have ventilatory
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limitation, not all patients describe symptoms of
dyspnoea as the primary reason for stopping
exercise. Many patients describe symptoms of leg
fatigue as the primary limiting factor [11]. The
systemic consequences of COPD on skeletal
muscle strength [12, 13], morphology [14], oxy-
gen delivery [15] and leg muscle fatigue [16] have
now also been recognised as playing a significant
role in decreased exercise tolerance, at least in
some COPD patients. Quadriceps muscle fatigue
is greater in COPD patients after cycling exercise
compared with healthy age-matched adults [16],
and this may be an important exercise-limiting
factor [4]. SAEY et al. [4] studied the effects of a
bronchodilator on exercise tolerance and quad-
riceps contractile fatigue. They found that
patients who fatigued their leg muscles to a
greater degree increased exercise tolerance less
after inhaling the bronchodilator, despite signifi-
cant improvements in pulmonary function.
Although they showed muscle fatigue to be an
important limiting factor during exercise in
COPD, they did not report measures of ventilatory
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HYPERINFLATION AND LEG FATIGUE IN COPD

limitation. Therefore, it is unknown whether their patients with
greater muscle fatigue were also ventilation limited during
exercise and whether there was a relationship between the
degree of ventilatory and muscular limitations. If ventilatory
constraint is more prevalent in COPD patients who have less leg
muscle fatigue, then improving ventilatory capacity should
increase exercise tolerance, but increasing exercise could
eventually lead to greater muscle fatigue. To the present
authors’ knowledge, the relationship between measures of
ventilatory limitation and leg muscle fatigue has not been
reported. Therefore, the purpose of the current study was to test
the hypotheses that, in patients with COPD, 1) higher levels of
ventilatory limitation during exercise would be associated with
less leg muscle fatigue and 2) delaying ventilatory limitation
with heliox would increase exercise tolerance and leg muscle
fatigue. Some of the results of the present study have been
previously reported in the form of an abstract [17].

METHODS

Subjects

In total, 11 patients with COPD (table 1) were recruited from
the pulmonary rehabilitation programme at the Centre for
Lung Health (Edmonton, AB, Canada). All subjects had
previously completed >8 weeks of exercise rehabilitation
and had stable COPD at the time of the study. Post-
rehabilitation patients were selected, in order to minimise the
fear/anxiety associated with exercise-induced dyspnoea

ay-\:{BS8 B Subject demographics, baseline pulmonary
function and graded exercise test results

Males/females 6/5
Age yrs 65.5+7.4
Height cm 168.4+11.0
Weight kg 78.6+15.2
FEV1 L 15+0.6
FEV1 % pred 52.3+16.8 (range 19-69)
FVC L 3.4+0.8
FVC % pred 87.7+20.6
FEV1/FVC % 44.0+13.9
TLC % pred 129.9+14.2
DL,co % pred 80.1+13.9
Room air MVC N-m 397.1+193.8
V'0,,peak mL-kg™'-min" 14.2+4.6
WRpeak W 80.9+28.1
V'E,peak L-min’" 455 +16.8
V'E/MVV % 91.2+17.9
Sp,0, % 89.4+5.1
Reason for stopping

Dyspnoea

Leg exertion

Both”

Data are presented as n or mean+sb, unless otherwise stated. FEV1: forced
expiratory volume in one second; % pred: % predicted; FVC: forced vital
capacity; TLC: total lung capacity; DL,co: diffusing capacity of the lung for
carbon monoxide; MVC: maximal voluntary contraction; V'0,,peak: peak oxygen
consumption; WRpeak: peak work rate; V'E: minute ventilation; V'E,peak: peak
V'E; MVV: maximal voluntary ventilation; Sp,0,: arterial oxygen saturation
measured by pulse oximetry. #: dyspnoea and leg exertion.
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(which is common in exercise-inexperienced patients) and,
thus, to increase the potential for a maximal physiological
exercise response. Patients who required the use of supple-
mental oxygen, or who had significant musculoskeletal or
cardiovascular conditions (assessed through a subjective
medical history by a respirologist) were excluded. All subjects
provided their written consent for the study, which was
approved by the University of Alberta Health Research Ethics
Board (Edmonton).

Study design

A single-blinded, randomised, crossover trial was conducted.
Subjects underwent pulmonary function testing and a graded
exercise test (GXT) to symptom limitation on a cycle ergometer
prior to the experiments (table 1). Each subject then performed
two randomised constant work rate cycling trials, breathing
either room air or heliox and, finally, another heliox trial, but
stopping at isotime on the room air test. Each test was
separated by >48 h.

Baseline pulmonary function

To confirm diagnosis and determine disease severity, each
patient had a pulmonary function test (Vmax22; SensorMedics,
Yorba Linda, CA, USA) according to American Thoracic
Society standards [18] within 3 months of the study. Lung
volumes were determined using a constant-volume body
plethysmograph (6200 Autobox; SensorMedics). Spirometry
and single-breath diffusing capacity of the lung for carbon
monoxide (DL,CO) were compared with the reported norms of
CRrAPO et al. [19] and lung volumes were compared with those
from GOLDMAN and BECKLAKE [20]. Maximal voluntary
ventilation (MVV) was estimated by multiplying the forced
expiratory volume in one second (FEV1) by 35 [21].

Graded exercise test

The GXT to symptom limitation was performed on an
electronically braked cycle ergometer (Ergometrics 800S;
SensorMedics). The work rate increment (mean+SD
10.943.0 W-min™") was determined individually by the super-
vising respirologist (D.D. Marciniuk), who based this decision
on clinical judgment using disease severity and exercise
history. Heart rate and rhythm were recorded using a single-
lead ECG monitor (43200A monitor; Hewlett Packard, Palo
Alto, CA, USA). The arterial oxygen saturation (Sp,0,) was
measured using pulse oximetry (Sat-Trak; SensorMedics).
Expired gas was ducted into a calibrated metabolic cart
(TrueOne; Parvomedics, Salt Lake City, UT, USA) and
metabolic measurements were averaged every 30s. The
highest 30-s oxygen consumption (V'0,) obtained on this test
was accepted as V'O, peak.

Constant work rate exercise tests and measurements

A 5-min wash-in period was used for both room air and heliox
mixtures. Spirometry was performed using a bag-in-box
system connected to a dry-rolling spirometer (SensorMedics)
similar to that used previously [8]. The constant work rate
cycle ergometry test during room air and heliox breathing was
performed at 80% (mean +SD 79.9 4+ 3.9%) of the peak work rate
obtained on the GXT and was stopped at symptom limitation.
Either room air or heliox was inspired from a ~60-L reservoir
bag. Expired gas was ducted to the metabolic cart, which was

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 1. a) M-wave and b) resting twitch torque recruitment curves during
progressive increases in magnetic stimulator intensity used to demonstrate
supramaximality of the stimulator output. Data are presented as mean +sD.

calibrated for the gas mixture used. Inspiratory capacity (IC),
tidal volume (VT), V'E, end-expiratory lung volume (EELV)
and end-inspiratory lung volume (EILV) were measured using
a bag-in-box system to estimate ventilatory constraint and
dynamic hyperinflation [22]. Heart rate was recorded using
telemetry (Polar USA Inc., Woodbury, NY, USA). Symptoms of
dyspnoea and leg exertion were recorded using a Borg 10-
point scale [23]. After each test, subjects were asked to identify
the primary symptom limiting exercise.

Quadriceps measurements

Prior to each session and at 5, 10 and 20 min into recovery,
right knee extension maximal voluntary contraction (MVC),
interpolated twitch (ITT) [24, 25] and vastus lateralis twitch
torque (TwVL) were obtained. Each subject was seated on an
isokinetic dynamometer (System 3; Biodex Medical Systems
Inc., Shirley, NY, USA) with the right thigh horizontal (~80° of
hip flexion) and the knee flexed to ~90°. Straps were placed
across the upper thigh to secure the legs to the dynamometer
and ensure that torque generated was truly isometric. Using
the dynamometer’s isometric mode, maximal knee extension
torque was averaged over ~1 s at peak torque and recorded
during the MVC manoeuvres. After sufficient practice (to
achieve reproducibility within 5%), each subject performed
five MVC manoeuvres (30 s apart) and the highest value was
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recorded and used in the analysis. Subjects were provided with
visual feedback of torque production and were encouraged to
perform maximally.

Supramaximal muscle stimulation [26, 27] was applied over
the right vastus lateralis motor point using a magnetic
stimulator (Magpro R30; Medtronic Inc., Minneapolis, MN,
USA) and parabolic coil (MMC 140; Medtronic Inc.) [28, 29].
The coil was placed over the approximate location of the
vastus lateralis motor point then repeatedly stimulated the
muscle at 50% of the stimulator output. Throughout these
repeated stimuli, the position of the coil that produced the
largest twitch torque was marked in permanent ink and
replicated for all subsequent stimulations across each test day.
Electromyographic (EMG) responses (M-waves) were recorded
via bipolar surface Ag-AgCl electrodes (Vermed Medical Inc.,
Bellows Falls, VT, USA) placed over the belly of the right
vastus lateralis muscle. Torque and EMG data were recorded
at 2000 Hz using a custom program (LabView; National
Instruments, Austin, TX, USA) and stored on a computer for
analysis. At the beginning of each subject’s testing protocol, M-
wave and TwVL recruitment curves (fig. 1) were constructed
from responses to 40 incremental stimuli. In all subjects, a
maximal M-wave and twitch torque were obtained prior to
reaching 100% of the stimulator’s power output (mean+sp
83.449.6% and 92.1 +7.2%, respectively). For the measurement
of TwVL, the magnetic stimulator was set at 100% to evoke a
supramaximal M-wave and twitch torque.

The ITT [24, 25] was performed on the last three MVC
manoeuvres at each measurement point. Additionally, a
resting TwVL was obtained 1-2 s after each of the above
MVC manoeuvres in order to determine the contractile
properties of the vastus lateralis. Voluntary activation was
calculated as 100-(superimposed ITT/TwVL)x100% [25].
Through pilot data of scores for MVC and TwVL, excellent
test-retest reliability was demonstrated using this technique
(intra-class correlation coefficients 0.97 and 0.95, respectively).

The degree of contractile fatigue was measured as the per cent
change from baseline in TwVL torque at each of the three
testing times during recovery. Contractile fatigue was deemed
to have occurred if post-exercise TWVL was <85% of baseline
[4]. Subjects were divided into fatiguers (TwVL <85% of
baseline on the room air test) and nonfatiguers (TwVL >85% of
baseline on the room air test) for sub-analysis.

Analysis

One-way repeated-measures ANOVAs were used to deter-
mine differences between the three trials for end-exercise and
muscle data. Pulmonary function data and exercise tolerance
time were analysed using paired t-tests for room air and
heliox. To examine the relationships between muscle, ventila-
tory, and exercise data, Pearson’s correlation coefficients were
used. Where significant correlations were found, stepwise
multiple regression analysis was performed to identify
independent predictors of important variables. Exercise
responses, muscle strength and fatigue and ventilatory data
for the room air, heliox, and isotime trials were analysed using
one-way ANOVAs. Where significance was found in the
ANOVAs, Tukey’s honestly significant difference post hoc
analysis was used to determine the individual group differences.

VOLUME 33 NUMBER 4 765
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1y:\:18= 8 Resting pulmonary function data breathing room
air or heliox

Room air Heliox
FEV1 L 1.41+0.58 1.58+0.68*
FVC L 2.87+0.87 2.9640.95
FEV1/FVC % 478481 52.0+10.97*
PEFR L-s™ 6.40+2.64 7.94+3.38*
V'E L-min”’ 14.8+5.25 13.88+5.44
vrL 0.90+0.38 0.79+0.36
fR breaths-min™ 17.243.7 18.1+3.6
EELV % TLC 65.848.2 63.3+7.9
EILV %TLC 78.4+7.3 743+7.2

Data are presented as mean+ sb. FEV1: forced expiratory volume in one
second; FVC: forced vital capacity; PEFR: peak expiratory flow rate; V'E: minute
ventilation; VT: tidal volume; fR: respiratory frequency; EELV: end-expiratory lung
volume; TLC: total lung capacity; EILV: end-inspiratory lung volume. *: p<<0.05.

As a sub-analysis, fatiguers and nonfatiguers were compared
using nonparametric statistics, due to the low sample size in
each group. Mann-Whitney U-tests were used to compare the
baseline subject characteristics, exercise responses and muscle
strength and fatigue data. An o-value of <0.05 was considered
significant for all analyses and post hoc tests. Data are presented
as mean + SD unless specified.

RESULTS

Resting pulmonary function, ventilation and lung volumes
Table 2 shows the pulmonary function and ventilation data for
both the room air and heliox tests. Heliox had a significant
effect on FEV1 and peak expiratory flow rate (p<<0.05) with no
change in forced vital capacity (FVC), EELV, EILV or resting
V'E.

Exercise, ventilation and fatigue data

Individual exercise tolerance times and 5-min TwVL scores are
presented in figure 2. Heliox increased exercise tolerance time
by 53.1+40.5%, accompanied by a 14.5+11.8% decrease in 5-
min TwWVL (p<0.05). Selected exercise data are presented in
table 3 and figure 3. Heliox also significantly decreased MVC,
but did not change V'E/MVYV or VT/IC at symptom limitation.
There were no differences in perceptions of dyspnoea and leg
exertion at symptom limitation. At isotime, compared with the
room air test, heliox increased Sp,0, and VT/IC and decreased
symptoms of dyspnoea and leg exertion, but maintained MVC
and 5-min TwVL at levels similar to the room air test. There
were no differences in voluntary activation across the three
trials. EELV with heliox was reduced at isotime, but increased
to a similar level at symptom limitation compared with the
room air test (fig. 4).

Correlates

Change in exercise time between the room air and heliox tests
was correlated with the 5-min TwVL during room air
breathing (r=0.79, p<<0.05; fig. 5a), change in FEV1 (r=0.70,
p<0.05) and room air EILV (r=0.68, p<<0.05). Stepwise linear
regression revealed that only the 5-min TwVL was retained
as an independent predictor of change in exercise time
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FIGURE 2. Individual data for a) exercise time and b) 5-min vastus lateralis
twitch torque for the room air and heliox tests. *: p<<0.05 versus room air.

(R2=0.74, p<0.05). Furthermore, 5-min TwVL was correlated
with EELV (r=0.77, p<<0.05; fig. 5b) and change in EELV from rest
to peak exercise (r=0.66, p<<0.05). Stepwise linear regression
revealed that only EELV was retained as an independent
predictor of 5-min TwVL (R*=0.78, p<0.05). These results indicate
that patients with the least muscle fatigue were more ventilation
limited and increased their exercise tolerance to a greater degree
with heliox. There were no significant correlations between
exercise time, pulmonary function, muscle fatigue, ventilatory
constraint or perceptions of dyspnoea and leg exertion.

Differences between fatiguers and nonfatiguers

Using criteria similar to SAEY et al. [4] for defining fatigue, it
was noted that four out of the current 11 patients could be
defined as fatiguers. There were no significant differences
between fatiguers and nonfatiguers for age, height, weight,
FVC, total lung capacity (TLC), DL,CO, resting EELV, resting
EILV, baseline MVC, V'O, peak, V'Epeak or peak work rate on
the GXT. The nonfatiguers had significantly lower resting FEV1
(44 +£15 versus 66+9%), higher EELV after room air constant
work rate exercise (79+5 versus 67 +2% of TLC) and greater
change in constant work rate exercise time with heliox
(77 £26% versus 11421%), compared with the fatiguers. Also,
after room air exercise, inspiratory reserve volume was
significantly less in the nonfatiguers (3.1+1.5 wversus
13.6£0.6% of TLC), indicating that the nonfatiguers exhibited
greater ventilatory constraint than the fatiguers on room air.

EUROPEAN RESPIRATORY JOURNAL
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1y:\:18 %8 Selected end-exercise results from the constant
load exercise trials during room air, heliox at
symptom limitation or heliox at isotime trials

Room air Isotime Heliox

Tolerance time s 355+ 158 NA 530+270*
Sp,0: % 88.7+5.0 92.1+3.0* 90.9+39
fc beats-min™ 128.0+14.7 125.5+17.3 131.2+185
fR breaths-min™ 33.9+6.7 31.7471 35.4+9.8
VrL 1.35+0.44 1.48+0.52 1.42+0.48
V'E L-min™ 456+15.1 459+16.2 50.3+19.8
VT/IC % 80.9+10.7 73.5+10.2* 79.3+12.7
V'E/IMVV % 96.3+20.0 88.3+14.4 9454220
5-min MVC % baseline 99.0+18.5 99.6+12.0 90.8+10.3**
5-min TWVL % baseline 85.7+11.0 84.1+11.0 72.4+£7.0%F
5-min VA % baseline 103.8+11.2 101.7+£5.6 99I9ER6IY)
Dyspnoea™ 55+26 3.3+2.0* 58+29"
Leg exertion” 52427 3.6+1.7* 59+2.7%
Reason for stopping

Dyspnoea 6 NA

Leg exertion 5] NA 5]

Both 0 NA 2

Data are presented as mean+sb or n. Sp,0,: Oxygen saturation; fC: cardiac
frequency; fR: respiratory frequency; VT: tidal volume; V'E: minute ventilation; IC:
inspiratory capacity; MVV: maximal voluntary ventilation; MVC: maximal
voluntary contraction; TwVL: vastus lateralis twitch torque; VA: voluntary
activation; NA: not available. #: divided by 10; : dyspnoea and leg exertion.
*: p<0.05 versus room air; *: p<0.05 versus isotime.

DISCUSSION

The effect of changes in ventilatory constraint on leg
muscle fatigue

The current findings indicate that, during room air breathing,
increased ventilatory constraint was associated with lower
levels of contractile muscle fatigue during high-intensity
cycling exercise in patients with COPD. In addition, breathing
heliox reduced ventilatory constraint, increased exercise time
and increased vastus lateralis fatigue. This response was most
pronounced in patients with greater ventilatory limitation and
less initial leg fatigue, suggesting that those patients tended to
be more limited by ventilatory constraint than by leg fatigue.
The present results support the study hypotheses and suggest
that the presence of a ventilatory limitation during cycling
exercise impairs exercise prior to the attainment of a significant
level of leg muscle fatigue. By delaying this ventilatory
limitation with heliox, exercise capacity increases, which
eventually leads to greater levels of leg muscle fatigue.

The present results support the findings of SAEY et al. [4], who
examined the effect of ipratropium bromide on exercise
tolerance and quadriceps muscle fatigue using a similar
measure of contractile quadriceps fatigue. They demonstrated
that patients who did not fatigue their leg muscles after 80%
constant work rate cycling increased exercise tolerance and
exhibited greater muscle fatigue with ipratropium (92% and
15% increases, respectively). These changes in muscle fatigue
were similar in magnitude to the changes observed in the
present study using heliox (15% increase in muscle fatigue),

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 3. a) Maximal voluntary contraction (MVC) of quadriceps muscle and
b) vastus lateralis twitch torque (TwVL) after the room air (O) and heliox (@) tests.
Data are presented as mean +sb. *: p<0.05 versus room air; *: p<0.05 versus pre-
test resting value.

despite the fact that the current study subjects only increased
exercise tolerance by 53% and had less severe COPD (FEV1
52% versus 38% predicted, respectively). In the current study, a
significant correlation between change in exercise time and 5-
min TwVL was also demonstrated. As expected, this correla-
tion supports the current authors’” view and that of SAEY ef al.
[4], that lower levels of contractile muscle fatigue predict an
increased change in exercise time with treatment of the
ventilatory constraint. However, the current results are the
first to demonstrate that this increase is also associated with
significant changes in ventilatory constraint, and that there is a
significant inverse relationship between the degree of ventila-
tory constraint and contractile muscle fatigue.

It is of interest that not all of the current study patients
increased exercise tolerance and leg fatigue with heliox.
Compared with the seven patients that did not meet the SAEY
et al. [4] criteria for fatigue, the four who did had a tendency
towards less severe disease, reduced EELV after room air
exercise and increased exercise tolerance to a lesser degree,
suggesting that they were more exercise limited by leg fatigue,
rather than by ventilatory constraint. In addition, the seven
nonfatiguers each had an inspiratory reserve volume of <6%
of TLC, which has been shown to be indicative of impending
ventilatory limitation [3], whereas the fatiguers each had an

VOLUME 33 NUMBER 4 767
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FIGURE 4. End-inspiratory lung volumes ((J and O) and end-expiratory lung
volumes (l and @) as a percentage of total lung capacity (TLC; -+ ) during the
room air (0 and M) and heliox (O and @) trials at rest, at isotime and at peak
exercise. Data are presented as mean+sp. *: p<<0.05 versus heliox at isotime.

inspiratory reserve volume of >13%, suggesting that the
nonfatiguers were more ventilation limited. Further investiga-
tion is required to confirm this preliminary data.

Mechanisms of increased exercise tolerance with heliox
Similar to the study by PALANGE et al. [9], the current study
showed that heliox reduced dynamic hyperinflation and
increased exercise tolerance during cycling exercise in patients
with COPD. PALANGE et al. [9] found that increased exercise
tolerance with heliox was associated with both reduced
dynamic hyperinflation and increased V'E at peak exercise.
In contrast, the current authors did not observe a significant
increase in the peak exercise V'E rate with heliox. The current
finding may be due to the fact that the subjects had a response
to heliox that was reduced in comparison with those studied
by PALANGE et al. [9]. Despite a similar change in FEV1 with
heliox, the current study subjects increased exercise time by a
mean of 53%, compared with the 114% observed by PALANGE et
al. [9] using a similar exercise protocol. The patients studied by
PALANGE et al. [9] were more severely obstructed than those in
the present study (FEV1 38% versus 52% predicted, respec-
tively) and may have been more limited by ventilatory
constraints. Nevertheless, it is apparent that, in the current
study subjects, the increase in exercise tolerance with heliox
was associated more with reduced dynamic hyperinflation
than with increased V'E.

Important observations in the present study were the
decreased perceptions of both dyspnoea and leg fatigue at
isotime with heliox. Although the primary outcome variables
were physiological in nature, the associated perceptual
changes could result in the patients ceasing exercise [1]. The
reduction in both dyspnoea and leg exertion symptoms at
isotime with heliox may be important reasons for subjects
continuing to exercise beyond isotime.

Limitations

There are a few methodological considerations that may limit
the generalisation of the current results. First, patients were
recruited who were enrolled in a post-rehabilitation exercise
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FIGURE 5. Correlation plots for a) change in exercise time and b) room air
end-expiratory lung volume (EELV) at the end of exercise, versus 5-min vastus
lateralis twitch torque (TwVL). TLC: total lung capacity. a) r=0.79; b) r=0.77.

programme. Exercise-experienced patients were selected in
order to minimise the effects of fear and anxiety associated
with dyspnoea that often limit exercise in patients who have
not undergone exercise rehabilitation. It has been shown
previously that rehabilitation decreases the degree of leg
fatigue after exercise in patients with COPD [30]; therefore, it is
possible that the results of the current study would have been
different if patients who were not exercise-experienced had
been studied.

Secondly, subjects were blinded to the gas mixture being
breathed, but the study personnel were not. Due to the
complexities of proper gas, pneumotach and spirometer
calibration, and due to the nature of the exercise protocol, it
was not possible to blind the study personnel. To compensate
for this, standardised instructions were emphasised.

Thirdly, cycling was used as a mode of exercise in the current
study. Walking may be a mode of exercise testing that better
relates to functional activities in patients with COPD [31];
however, cycling is still used prominently as a testing and
training modality. Heliox has also been shown to increase
exercise tolerance during walking endurance tests [31, 32];
however, walking exercise results in lower levels of leg muscle
fatigue than cycling exercise [33]. It is likely that the effects of
heliox on walking performance would not result in significant
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levels of leg muscle fatigue. High-intensity cycling, however,
may better reflect activities that recruit the leg muscles to a
greater degree, such as stair climbing.

Fourthly, magnetic stimulation at the vastus lateralis motor
point was used, rather than at the femoral triangle as has been
previously reported [4, 16]. Based on pilot work, the current
authors found that they were able to best demonstrate a
plateau in isometric torque and M-wave amplitude at the
motor point rather than the femoral triangle, and that this
technique was more comfortable than femoral triangle stimu-
lation [29]. A plateau in M-wave amplitude during progressive
intensity motor stimulation is a critical criterion for fatigue
studies, to ensure that stimulation is supramaximal [4, 25].
Supramaximal magnetic motor point stimulation has been
used previously in other populations and has been shown to be
valid and reliable [26-29]. The current authors were able to
demonstrate an M-wave plateau in all of the study subjects
during magnetic stimulation, and the TwVL measurements
demonstrated excellent reliability; therefore, the technique
appears to be appropriate.

Lastly, patients with a relatively wide range of disease severity
were recruited. It was found that the subjects with the lowest
FEV1 values also tended to be more limited by their ventilatory
constraints than by leg fatigue. This finding suggests that, as
disease severity increases throughout the course of a patient’s
disease, there is likely to be a gradual shift from being leg
muscle fatigue limited after exercise to being progressively
more ventilation limited. It is not clear whether findings would
be similar if the study population were more homogeneous.

Conclusions

The present study demonstrated that, in patients with chronic
obstructive pulmonary disease, there was an inverse relation-
ship between the degree of contractile muscle fatigue and
dynamic hyperinflation after high-intensity constant work rate
exercise. Those patients who had greater levels of dynamic
hyperinflation on room air also had less muscle fatigue.
Patients with greater levels of dynamic hyperinflation were
more likely to respond to the reduced ventilatory constraint
due to heliox breathing by increasing exercise tolerance, which
eventually caused greater contractile muscle fatigue.
Researchers and clinicians should consider the relative balance
between leg muscle and ventilatory limitation in each patient
before prescribing therapies to reduce dynamic hyperinflation.
In addition, future research should be directed toward under-
standing the importance of increasing leg muscle fatigue,
through the use of heliox, in stimulating greater muscular
adaptation to exercise training.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the technical assis-
tance of A. Ryniak and M. Hudson (University of Alberta,
Edmonton, AB, Canada), as well as the support of the patients
and staff of the Centre for Lung Health, Edmonton.

REFERENCES
1 O’Donnell DE. Ventilatory limitations in chronic obstruc-
tive pulmonary disease. Med Sci Sports Exerc 2001; 33:
Suppl. 7, S647-5655.

EUROPEAN RESPIRATORY JOURNAL

10

11

12

13

14

15

16

17

18

VOLUME 33 NUMBER 4

HYPERINFLATION AND LEG FATIGUE IN COPD

O’Donnell DE, D’Arsigny C, Webb KA. Effects of
hyperoxia on ventilatory limitation during exercise in
advanced chronic obstructive pulmonary disease. Am |
Respir Crit Care Med 2001; 163: 892-898.

O’Donnell DE, Revill SM, Webb KA. Dynamic hyperinfla-
tion and exercise intolerance in chronic obstructive
pulmonary disease. Am | Respir Crit Care Med 2001; 164:
770-777.

Saey D, Debigare R, LeBlanc P, et al. Contractile leg fatigue
after cycle exercise: a factor limiting exercise in patients
with chronic obstructive pulmonary disease. Am | Respir
Crit Care Med 2003; 168: 425-430.

Casaburi R. Limitation to exercise tolerance in chronic
obstructive pulmonary disease: look to the muscles of
ambulation. Am | Respir Crit Care Med 2003; 168: 409-410.
O’Donnell DE, Sciurba F, Celli B, et al. Effect of fluticasone
propionate/salmeterol on lung hyperinflation and exercise
endurance in COPD. Chest 2006; 130: 647-656.

Lambert RK. Analysis of bronchial mechanics and density
dependence of maximal expiratory flow. | Appl Physiol
1982; 61: 138-149.

Eves ND, Petersen SR, Haykowsky MJ, Wong EY, Jones RL.
Helium-hyperoxia, exercise, and respiratory mechanics in
chronic obstructive pulmonary disease. Am | Respir Crit
Care Med 2006; 174: 763-771.

Palange P, Valli G, Onorati P, ef al. Effect of heliox on lung
dynamic hyperinflation, dyspnea, and exercise endurance
capacity in COPD patients. | Appl Physiol 2004; 97: 1637-1642.
Richardson RS, Sheldon J, Poole DC, Hopkins SR, Ries AL,
Wagner PD. Evidence of skeletal muscle metabolic reserve
during whole body exercise in patients with chronic
obstructive pulmonary disease. Am | Respir Crit Care Med
1999; 159: 881-885.

Killian KJ, Leblanc P, Martin DH, Summers E, Jones NL,
Campbell EJM. Exercise capacity and ventilatory, circula-
tory, and symptom limitation in patients with chronic
airflow limitation. Am Rev Respir Dis 1992; 146: 935-940.
Yende S, Waterer GW, Tolley EA, et al. Inflammatory
markers are associated with ventilatory limitation and
muscle dysfunction in obstructive lung disease and in well
functioning elderly subjects. Thorax 2006; 61: 10-16.
Bernard S, LeBlanc P, Whittom F, et al. Peripheral muscle
weakness in patients with chronic obstructive pulmonary
disease. Am | Respir Crit Care Med 1998; 158: 629-634.
Montes de Oca M, Torres SH, Gonzalez Y, et al. Peripheral
muscle composition and health status in patients with
COPD. Respir Med 2006; 100: 1800-1806.

Simon M, LeBlanc P, Jobin J, Desmeules M, Sullivan MJ,
Maltais F. Limitation of lower limb VO, during cycling
exercise in COPD patients. | Appl Physiol 2001; 90: 1013-1019.
Mador MJ, Bozkanat E, Kufel T]. Quadriceps fatigue after
cycle exercise in patients with COPD compared with
healthy control subjects. Chest 2003; 123: 1104-1111.
Butcher S], Lagerquist O, Petersen SR, Collins DF,
Marciniuk DD, Jones RL. Heliox delays dynamic hyperin-
flation and increases leg muscle fatigue in ventilatory limited
patients with COPD. Med Sci Sports Exerc 2006; 38: S31.
Standardization of spirometry, 1994 Update. American
Thoracic Society. Am | Respir Crit Care Med 1995; 152:
1107-1136.

769



HYPERINFLATION AND LEG FATIGUE IN COPD

19

20

21

22

23

24

25

26

770

Crapo RO, Morris AH, Gardner RM. Reference spirometric
values using techniques and equipment that meet ATS
recommendations. Am Rev Respir Dis 1981; 123: 659—-664.
Goldman HJ, Becklake ME. Respiratory function tests:
normal values at mean altitudes and the prediction of
normal results. Am Rev Tuberc Pulm Dis 1959; 79: 457-467.
Gandevia B, Hugh-Jones P. Terminology for measure-
ments of ventilatory capacity; a report to the thoracic
society. Thorax 1957; 12: 290-293.

Yan S, Kaminski D, Sliwinski P. Reliability of inspiratory
capacity for estimating end-expiratory lung volume changes
during exercise in patients with chronic obstructive pul-
monary disease. Am | Respir Crit Care Med 1997; 156: 55-59.
Noble BJ, Borg GAV, Jacobs I, Ceci R, Kaiser P. A category-
ratio perceived exertion scale: relationship to blood and
muscle lactates and heart rate. Med Sci Sports Exerc 1983;
15: 523-528.

Polkey MI, Kyroussis D, Hamnegard CH, Mills GH,
Green M, Moxham J. Quadriceps strength and fatigue
assessed by magnetic stimulation of the femoral nerve in
man. Muscle Nerve 1996; 19: 549-555.

Shield A, Zhou S. Assessing voluntary muscle activation
with the twitch interpolation technique. Sports Med 2004;
34: 253-267.

Morton JP, Atkinson G, MacLaren DPM, et al. Reliability of
maximal muscle force and voluntary activation as markers

VOLUME 33 NUMBER 4

27

28

29

30

31

32

33

S.J. BUTCHER ET AL.

of exercise-induced muscle damage. Eur | Appl Physiol
2005; 94: 541-548.

Belanger AY, McComas AJ. Extent of motor unit activation
during effort. | Appl Physiol 1981; 51: 1131-1135.
Madariaga VB, Manterola AG, Miré EL, Iturri ]B.
[Magnetic stimulation of the quadriceps: analysis of 2
stimulators used for diagnostic and therapeutic applica-
tions]. Arch Bronconeumol 2007; 43: 411-417.

O’Brien TD, Reeves ND, Baltzopoulos V, Jones DA,
Maganaris CN. Assessment of voluntary muscle activation
using magnetic stimulation. Eur | Appl Physiol 2008; 104:
49-55.

Mador M]J, Kufel T], Pineda LA, et al. Effect of pulmonary
rehabilitation on quadriceps fatiguability during exercise.
Am | Respir Crit Care Med 2001; 163: 930-935.

Laude EA, Duffy NC, Baveystock C, et al. The effect of
helium and oxygen on exercise performance in chronic
obstructive pulmonary disease: a randomized crossover
trial. Am | Respir Crit Care Med 2006; 173: 865-870.
Marciniuk DD, Butcher SJ, Reid JK, et al. The effects of
helium-hyperoxia on 6-min walking distance in COPD: a
randomized, controlled trial. Chest 2007; 131: 1659-1665.
Man WD, Soliman MG, Gearing J, et al. Symptoms and
quadriceps fatiguability after walking and cycling in
chronic obstructive pulmonary disease. Am | Respir Crit
Care Med 2003; 168: 562-567.

EUROPEAN RESPIRATORY JOURNAL



