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Decreased mechanical efficiency in clinically
stable patients with COPD

Erica M Baarends, Annemie M W J Schols, Marco A Akkermans, Emiel F M Wouters

Abstract

Background - It has recently been re-
ported that total daily energy expenditure
(TDE) is increased in patients with chronic
obstructive pulmonary disease (COPD)
and it was hypothesised that these patients
may have a decreased mechanical effi-
ciency during activities. The purpose of
the present study was to measure the
mechanical efficiency of submaximal leg
exercise, and to characterise patients with
apotentially low efficiency in terms of body
composition, resting energy expenditure,
lung function, and symptom limited ex-
ercise performance.

Methods — Metabolic and ventilatory vari-
ables were measured breath by breath dur-
ing submaximal cycle ergometry exercise
performed at 50% of symptom limited
achieved maximal load in 33 clinically
stable patients with COPD (23 men) with
forced expiratory volume in one second
(FEV)) of 40 (12)% predicted. Net mech-
anical efficiency was calculated adjusting
for resting energy expenditure (REE).
Results — Median mechanical efficiency
was 15.5% and ranged from 8.5% to 22.7%.
Patients with an extremely low mechanical
efficiency (<17%, n=21) demonstrated an
increased VO,/VE compared with those
with a normal efficiency (median differ-
ence 4.7ml/l, p=0.005) during sub-
maximal exercise. There was no difference
between the groups differentiated by
mechanical efficiency in blood gas tensions
at rest, airflow obstruction, respiratory
muscle strength, hyperinflation at rest,
resting energy expenditure or body com-
position. There was a significant difference
in total airways resistance (92% predicted,
p=0.03) between the groups differentiated
by mechanical efficiency.

Conclusions - It is concluded that many
patients with severe COPD have decreased
mechanical efficiency. Furthermore,
based on the results of this study it is
hypothesised that an increased oxygen cost
of breathing during exercise contributes
to the decreased mechanical efficiency.
(Thorax 1997;52:981-986)

Keywords: mechanical efficiency, chronic obstructive
pulmonary disease, exercise.

Patients with chronic obstructive pulmonary
disease (COPD) often suffer from a severely
impaired exercise tolerance. Over the years it
has become increasingly clear that the limited
exercise capacity in patients with COPD is

multifactorially determined. After considering
factors such as an impaired ventilatory capacity,
respiratory muscle dysfunction, impaired gas
exchange and cardiovascular problems,’ recent
studies have focused on peripheral muscle
weakness and impaired muscle metabolism as
factors that contribute to the decreased exercise
capacity in patients with COPD.?? Muscle
strength and muscle metabolism are closely
related to body composition.* In patients with
COPD a disturbed body composition is fre-
quently present’ owing to loss of body weight
as well as to a selective depletion of fat free mass
(FFM). In particular, loss of FFM negatively
influences the exercise capacity in patients with
COPD®’ independently of lung function im-
pairment.

The reason for the observed disturbances in
body composition is not completely un-
derstood, but loss of body weight implies a
negative energy balance. We have recently
shown that total daily energy expenditure is
increased in patients with COPD compared
with healthy subjects.® Furthermore, it was
demonstrated that, in particular, the non-rest-
ing component (predominantly the energy ex-
penditure for activity) contributes to the
increased total daily energy expenditure
(TDE). In a subsequent study it was shown
that the variation in TDE in patients with
COPD was not strongly related to resting en-
ergy expenditure (REE) but was mainly a re-
flection of the energy expenditure for activities.’
Based on the results of these two studies it was
hypothesised that patients with COPD could
have a reduced mechanical efficiency during
exercise.

To test this hypothesis we measured the
mechanical efficiency of submaximal leg ex-
ercise in a group of patients with COPD, and
investigated whether mechanical efficiency is
related to patient characteristics such as body
composition, resting energy expenditure, lung
function, and symptom limited exercise per-
formance.

Methods

PATIENTS

Thirty three patients (23 men) with moderate
to severe COPD according to the criteria of
the American Thoracic Society'® were studied
(table 1). Patients exhibiting an increase in
forced expiratory volume in one second (FEV,)
of >10% after inhalation of B, agonists or those
requiring oxygen supplementation (Pao, at rest
<7.3 kPa) were not included. All patients were
admitted to a pulmonary rehabilitation centre
in a stable clinical condition. None of the
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Table 1 Characteristics and maximal exercise capacity of
the study group

Characteristics Median (range) % pred

Age (years) 61 (38-82)

BMI (kg/m?) 22.8 (18-44)

REE (%HB) 112.6 (76-166)

FEV, (% pred) 36.7 (17-69)

FVC (% pred) 84.2 (64-110)

TLC (% pred) 125.3 (87.7-144.6)

TLco (% pred) 50.9 (36-112)

Pao, (kPa) 9.3 (7.7-12.5)

Exercise capacity
Peak load (W) 58 (24-145) 36 (16-77)
Peak Vo, (I/min) 0.96 (0.59-2.14) 36 (21-81)
Peak VE (I/min) 38 (24-72) 95 (56-185)
Peak HR (/min) 128 (85-176) 83 (56-108)

BMI=body mass index; REE (%HB)=resting energy ex-
penditure as percentage of the Harris and Benedict equations;
FEV, =forced expiratory volume in one second; FVC =forced
vital capacity; TLC =total lung capacity; TLco =carbon mon-
oxide transfer factor; Pao, = arterial oxygen tension; VO, =oxy-
gen consumption; VE=minute ventilation; HR =heart rate.

patients had a respiratory tract infection or
clinically visible signs of oedema at the time of
the study, and none had any known cardio-
vascular, neurological, endocrine, or locomotor
diseases. The patients were fully informed of
the nature and purpose of the study and gave
informed consent. The study was approved
by the ethical committee of the Maastricht
University and was performed in accordance
with the Helsinki declaration of 1977 as revised
in 1983.

PULMONARY FUNCTION TESTS

Flow volume measurements included FEV,
and forced vital capacity (FVC), the highest
value of at least three measurements being
used. Total lung capacity (TLC), intrathoracic
gas volume (ITGV) and airways resistance
(Raw) were measured by body plethysmo-
graphy (Masterlab, Jaeger, Wurzburg). The
values were expressed as a percentage of ref-
erence values."" A value of Raw of <0.3 kPa x
s/l was considered normal.'? The carbon mon-
oxide transfer factor (TLCcO) was measured by
a single breath method (Masterlab, Jaeger,
Wurzburg) and expressed as a percentage of
the reference value."! Inspiratory muscle
strength was assessed by maximal inspiratory
mouth pressure (Pimax) according to the
method described by Black and Hyatt and
expressed in positive values.'’ Blood was drawn
from the brachial artery at rest while breathing
room air. Arterial oxygen and carbon dioxide
tensions (Pao, and Paco,) were analysed with
a blood gas analyser (Radiometer, ABL 330,
Copenhagen, Denmark).

METABOLIC PROFILE

Body height was determined to the nearest
0.5cm (Lameris, WM 715, Breukelen, The
Netherlands) with subjects standing barefoot.
Body weight was measured with a beam scale
to the nearest 0.1 kg (SECA, Germany) with
subjects barefoot and in light clothing. To
adjust body weight for body surface area the
body mass index (BMI) was calculated as
weight/height?.

Baarends, Schols, Akkermans, Wouters

Fat free mass (FFM) was assessed by bio-
electrical resistance measurements at 50 kHz
(Xitron 4000b, Xitron Technologies, San
Diego, California, USA). Resistance (R) was
measured in the supine position at the right side
as described by Lukaski.'* FFM was calculated
from height*R and body weight using a patient
specific regression equation'® and also adjusted
for body height (FFM-index: FFM/height?).

Resting energy expenditure (REE) was meas-
ured by indirect calorimetry using a ventilated
hood system (Oxycon B, Mijnhardt, Bunnik,
The Netherlands). Measurements were per-
formed in the early morning after an overnight
fast with the subject lying supine on a bed.!®
The system was calibrated before measure-
ments were taken, and the accuracy of the
system (3-4%) was regularly tested with an
ethanol combustion test.

EXERCISE TESTS

During exercise tests heart rate (HR) (Sport-
tester, Polar Electro cy, Kempele, Finland)
and transcutaneous oxygen saturation (StO,)
(Sensor Medics Co, Anaheim, California,
USA) were monitored. Oxygen consumption
(Vo,), carbon dioxide production (Vco,), min-
ute ventilation (VE), breathing frequency (BF)
and tidal volume (VT) (Oxyconbeta, Jaeger BV,
Bunnik, The Netherlands) were measured and
calculated from breath by breath analysis using
a breathing mask. The equipment was cal-
ibrated before the tests which were performed
in the two weeks before the patients entered
the rehabilitation exercise programme.

INCREMENTAL CYCLE ERGOMETRY TEST

The incremental cycle ergometry test was per-
formed on an electromagnetic braked ergo-
meter (Corival 400, Lode, Groningen, The
Netherlands). After a two minute resting period
and one minute unloaded cycling, power was
increased every minute by 10 W. The load
cycled was unknown to the patients who were
encouraged to cycle for as long as possible.
Immediately before and two minutes after
reaching the peak workload a venous blood
sample was taken to measure the concentration
of lactate. The blood samples were stored on
ice (4°C) and were centrifuged for five minutes
at 3000 rpm (Sigma 2-15, Lameris, Breukelen,
The Netherlands). The plasma lactate con-
centration was determined by an enzymatic
method'” using an automated system (Cobas
Mira, Roche, Basel, Switzerland). Peak Vo,
was predicted using formulae for healthy elderly
subjects’® and peak VE was predicted from
the formula of Carter er al® (37.5 x FEV)).
Maximal HR was calculated using the equation
220 — age in years.

SUBMAXIMAL LEG EXERCISE TESTS

The patients performed a submaximal leg ex-
ercise test at 50% of individually measured
peak load for seven minutes at a fixed pedal
rate of 60/minute. The mean values of the last
three minutes of the metabolic and ventilatory
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Figure 1  Frequency distribution for mechanical efficiency.

Table 2 Submaximal exercise response in patients with low and normal mechanical
efficiency

Low efficiency (<17%) Normal efficiency (>17%) p value
(m=21) (m=12)
Vo, (% peak) 85.1 (74.4-104.5) 73.6 (60.8-95.8) 0.002

RQ (% peak) 93.0 (60.9-120.2) 91.1 (86.8-101.9) NS

VE (% peak) 89.2 (72.9-110.0) 75.8 (64.5-100.6) 0.02
Vo,/VE (ml/l) 25.6 (17.5-36.8) 20.9 (16.1-28.9) 0.005
AVo,/load* (ml/watt) 20.6 (17.6-33.7) 14.6 (12.8-17.1) 0.000
VT (% peak) 102.3 (80.6-131.5) 89.6 (77.0-115.0) NS
BF (% peak) 90.0 (67.0-100.6) 86.1 (70.6-100.9) NS
HR (% peak) 88.7 (77.6-103.6) 87.4 (64.3-105.9) NS
Sto, (% peak) 101.1 (93.2-108.4) 101.5 (98.9-104.9) NS
Vo,/HR (ml/x) 7.1 (4.6-12.4) 6.2 (5.0-11.8) NS

Data are presented as median (range). RQ=respiratory quotient: VT=tidal volume; BF=
breathing frequency; Sto,=transcutaneous oxygen saturation. For further abbreviations see
legend to table 1. .

*AVo,/load =steady state Vo, during submaximal exercise minus resting oxygen consumption
(obtained from REE measurement) divided by submaximal cycled load.

Table 3 Characteristics of patients differentiated by mechanical efficiency

Low efficiency (<17%) Normal efficiency (>17%) p value

(m=21) (m=12)
Age (years) 60 (38-82) 67 (43-74) NS
BMI (kg/m*) 24.1 (17.9-44.1) 22.3 (18.1-27.9) NS
FFM-index (kg/m?) 17.5 (13.1-21.9) 16.9 (13.0-21.2) NS
REE (kcal/24h) 1524 (1174-2148) 1522 (1168-2121) NS*
FEV, (% pred) 36.1 (17.4-67.9) 44.0 (30.1-62.7) NS
FVC (% pred) 82.9 (63.9-107.0) 86.8 (75.2-109.8) NS
TLC (% pred) 126.5 (87.7-142.4) 121.6 (92.9-144.6) NS
ITGV (% pred) 169.8 (105.5-225.7) 166.7 (120.8-205.9) NS
Raw (% pred) 250.0 (113.3-373.3) 158.3 (103.3-273.3) 0.03
Trco (% pred) 58.9 (36.4-111.6) 45.9 (36.5-80.4) NS
Pimax (cm H,0) 79 (35-137) 62 (44-117) NS
Pao, (kPa) 9.3 (8.3-12.5) 9.6 (7.7-11.4) NS
Paco, (kPa) 5.7 (4.4-7.1) 5.3 (4.0-8.2) NS

Data are presented as median (range). BMI=body mass index; FFM-index =fat free mass index;
REE =resting energy expenditure; FEV,=forced expiratory volume in one second; FVC=
forced vital capacity; TLC =total lung capacity; ITGV =intrathoracic gas volume; Raw =airway
resistance; TLCO =carbon monoxide transfer factor; Pimax =inspiratory mouth pressure; Pao, =
arterial oxygen tension; Paco,=arterial carbon dioxide tension.
* Also not significantly different corrected for FFM (ANOVA).

variables were used for analysis. Net efficiency®
was calculated by the following equation:

Net efficiency =

load (watt) of exercise x 0.01433 (kcal/min)

100%
(energy expenditure during exercise — REE) (kcal/min) x ’

Energy expenditure during exercise was cal-
culated from the steady state values of Vo, and
Vco, using the abbreviated Weir formula.?

The steady state values of the metabolic
and ventilatory variables during submaximal
exercise were expressed as percentages of the
peak values.
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REPRODUCIBILITY OF THE TEST

In a pilot study the reproducibility of a sub-
maximal cycle ergometry test was determined
in 11 patients with COPD (FEV, 49.8 (10.5)%
predicted). There was no significant difference
between the first and the second test in all
measured metabolic and ventilatory variables as
well as in net efficiency. The mean differences in
Vo, and Vco, between the first and the second
test were respectively 26.7 ml/min (95% con-
fidence interval (CI) —9.9 to 63.3) and 22.4
ml/min (95% CI —11.6 to 56.6), respectively,
resulting in a mean difference of 0.6% in net
efficiency (95% CI —1.6 to 0.4%). For the
other variables (VE, BF, VT, and HR) the mean
difference was also between 0% and 3%.

DATA ANALYSIS
The characteristics of the study group are given
as median (range). The Wilcoxon rank test was
used to test within group differences. In order
to identify characteristics of the patients with
decreased efficiency, the group was split into
patients with a low efficiency and those with a
normal efficiency. In healthy subjects the net
mechanical efficiency of cycle ergometry is
23%.% Efficiency can be lower (approximately
19 (1)%) at low work rates,”® comparable to
the load of the submaximal exercise tests in
the present study. We therefore considered an
efficiency of 17% or lower (twice the standard
deviation below the lowest mean mechanical
efficiency reported in healthy subjects) as low.
The Mann-Whitney U test was used to com-
pare groups. A p value of <0.05 was considered
to be statistically significant. The Bonferroni
correction was applied when necessary.

Results

The median net mechanical efficiency was
15.5% (range 8.5-22.7%). The frequency dis-
tribution for the mechanical efficiency is shown
in fig 1. There were 21 patients (13 men)
with a low mechanical efficiency (14.0%, range
8.5-16.7%) and only 12 (10 men) with a nor-
mal mechanical efficiency (19.3%, range 17.2—
22.7 %, p<0.001).

As shown in table 2, patients with a low
mechanical efficiency had a significantly higher
Vo, (% peak), VE (% peak), a higher Vo,/load
relationship, a higher Vo,/VE (ml/l), and tended
to achieve a higher VT (% peak; p=0.03) than
the patients with a normal mechanical effi-
ciency during submaximal exercise. BF (%
peak), Sto, (% peak), HR (% peak), and oxygen
pulse (Vo,/HR) were comparable between the
two groups.

No significant differences in body com-
position, REE, flow-volume measurements,
static lung volumes, carbon monoxide transfer
factor, or blood gas tensions at rest were found
between the patients with a low mechanical
efficiency and those with a normal mechanical
efficiency (table 3). Raw was significantly
higher (p<0.05) in the patients with a low
mechanical efficiency.

Patients with a low mechanical efficiency
achieved a lower peak load during the cycle
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Figure 2 Peak exercise response in patients with a low or
normal mechanical efficiency. Box plots indicate the Sth,
25th, 50th, 75th and 95th percentile of the data. V0,=
oxygen consumption; VE=minute ventilation; RQ =
respiratory quotient; FFM = fat free mass.

ergometry test, a lower peak respiratory quo-
tient (RQ), and a higher peak V0,/VE as shown
in fig 2. Peak V0,, peak VE, peak plasma lactate
concentration, peak HR, and peak Sto, were
not significantly different between the groups
differentiated by mechanical efficiency (data
not shown).

Discussion

This study has shown that many patients with
COPD have a severely impaired mechanical
efficiency during exercise. The results suggest
that a decreased efficiency is related to an
increased oxygen cost of breathing. Patients
with a severely impaired efficiency were char-
acterised by an enhanced ventilatory response
to exercise and had higher airways resistance
at rest. Peak exercise capacity was slightly re-
duced in patients with a low efficiency, and the
peak oxygen consumption per litre ventilation
was increased.

Baarends, Schols, Akkermans, Wouters

Only limited data of mechanical efficiency
in patients with COPD are available to date.
This study confirms the recent findings by
Palange et al® who reported a significantly
decreased (net) efficiency of 16% in patients
with COPD (which corresponds to the median
mechanical efficiency in the present study)
compared with 25% in healthy subjects during
submaximal cycling. Owing to the limited in-
vestigations, it is not clear how a decreased
mechanical efficiency can be explained, but
several mechanisms might be considered in-
cluding an increased oxygen cost of ventilation.
Levison and Cherniack** showed that during
exercise the oxygen consumption per litre vent-
ilation was significantly higher in patients with
COPD than in healthy subjects. Spiro et al,?
however, reported that the physiological strain
of ventilation during submaximal exercise was
much higher in patients with COPD than in
healthy subjects.

In patients with COPD the increased oxygen
cost of breathing is assumed to be related to
an increased inspiratory work of breathing. In
clinically stable patients with COPD both the
resistive and elastic components of inspiratory
work are increased due to high airways re-
sistance and hyperinflation.”® Recent studies
have focused attention on the importance of
acute-on-chronic hyperinflation during ex-
ercise in patients with COPD.?”?® The dynamic
hyperinflation results in a substantial increased
elastic load since VT is forced to oscillate on a
stiffer portion of the pressure-volume re-
lationship of the respiratory system. Fur-
thermore, dynamic hyperinflation increases the
inspiratory threshold loading caused by the
inward elastic recoil of the respiratory system.
In addition, the ability of the respiratory
muscles to generate pressure is decreased dur-
ing dynamic hyperinflation due to length-ten-
sion inappropriateness.”® However, the exact
effect of dynamic hyperinflation on the oxygen
cost of breathing during exercise and mech-
anical efficiency of exercise in patients with
COPD needs further study.

Other factors such as test conditions, the age
of the patients, and familiarisation with exercise
may have influenced mechanical efficiency in
the present study. Gaesser et al*® have shown
that at low loads the net efficiency is decreased
to approximately 19%. In the present study the
cycled load was relatively low which could have
resulted in a slightly lower efficiency than the
assumed 23% efficiency.? Furthermore, age is
probably no confounder in the present study
since it has been shown by deVries et al that
age has no influence on mechanical efficiency.?
In addition, in the Netherlands cycling is a very
familiar activity, making it unlikely that the
patients in the study had never cycled before
in their life. Moreover, it was shown in the
present study that the submaximal exercise test
was highly reproducible.

It could also be suggested that maintenance
medication influences metabolism during ex-
ercise. Unfortunately only little attention has
been paid to the metabolic effects of drugs
(during exercise) in patients with COPD. Re-
cently it was suggested that inhalation of B,
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sympathicomimetics could be related to an
increased total daily energy expenditure in
patients with COPD?® but the potential stimu-
lating effects of medication on exercise induced
metabolism needs further investigation.

In the present study a comprehensive analysis
of potential factors contributing to a variation
in mechanical efficiency in patients with COPD
was performed. However, measurements per-
formed at rest — including pulmonary function,
body composition, resting energy expenditure,
or information obtained by incremental ex-
ercise testing — could not characterise patients
with a normal or those with an increased mech-
anical efficiency. We therefore analysed the
response to the submaximal exercise test in
detail. Patients with a decreased mechanical
efficiency had a significantly higher oxygen con-
sumption per litre ventilation during sub-
maximal exercise than those with a normal
efficiency. With respect to the possible sig-
nificance of dynamic hyperinflation to an in-
creased oxygen cost of breathing in patients
with COPD, it could be hypothesised that a
more pronounced level of dynamic hyper-
inflation is assumed in patients with decreased
mechanical efficiency as suggested from the
observed enhanced ventilatory response and
maximal VT response during submaximal ex-
ercise. Furthermore, under resting conditions
the patients with a decreased mechanical effi-
ciency had higher airways resistance which also
could have contributed to a higher oxygen
cost of breathing than in patients with normal
mechanical efficiency.

Enhanced oxygen cost of breathing in the
patients with decreased mechanical efficiency
was also suggested by the significantly increased
Vo,/load relationship compared with the
patients with a normal mechanical efficiency
since the Vo,/load relationship can be in-
terpreted as a reflection of the oxygen cost of
breathing.! In earlier studies it was reported
that patients with COPD have a normal
Vo,/load relationship during incremental
exercise.?*>2>> However, when the Vo,/load re-
lationship reported for healthy subjects during
incremental as well as submaximal exercise
(£ 10 ml/min/watt) is considered,’ it should
be noted that an enhanced Vo,/load re-
lationship was found in this study in both
patients with a decreased mechanical efficiency
and also in those with normal mechanical effi-
ciency, suggesting an increased oxygen cost of
breathing in the latter group as well.

There are several important clinical im-
plications of the decreased mechanical effi-
ciency found in the present study. Although the
patients with decreased mechanical efficiency
were characterised by a slightly lower per-
formance on cycle ergometry and a higher peak
Vo,/VE, the presence of decreased efficiency
cannot be determined from an incremental
cycle ergometry test. Furthermore, as shown
in this study, cycling at 50% of symptom-
limited maximum workload results, in many
patients with COPD, in a metabolic response
which is close to the peak physiological re-
sponse. We have already shown in an earlier
study that supposed submaximal exercise such
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as the 12 minute walking test results in a
ventilatory and metabolic response close to the
peak physiological response.* Training load
should induce a certain metabolic response in
order to result in a physiological training effect.
The results of the present study may therefore
explain  why  training at  relatively
low loads could have resulted in a significant
physiological training effect in patients with
severe COPD, as reported by Maltais et al.>® A
submaximal exercise test should therefore be
performed to choose an adequate training load
and the metabolic and ventilatory response it
evokes. Although in patients with less severe
COPD it was found that high intensity training
should be performed in order to achieve a
training effect,” the results of the present study
suggest that, from a metabolic point of view, a
lower intensity training programme can also be
successful, particularly for patients with severe
COPD.

In conclusion, the results of the present study
suggest that many patients with COPD have
decreased mechanical efficiency which is not
related to body composition, REE, chronic
hyperinflation, airflow obstruction, or res-
piratory muscle strength. The findings suggest
that the decreased efficiency is related to an
increased oxygen cost of breathing during ex-
ercise. Dynamic hyperinflation in patients with
COPD is probably an important contributing
factor to the increased oxygen cost of breathing
during exercise, but this needs further in-
vestigation.

This study was supported by a grant from the Dutch Asthma
Foundation (project number 91.38).

1 Loke J, Mahler DA, Man P, Wiedemann HP, Matthay RA.
Exercise impairment in chronic obstructive pulmonary
disease. Clin Chest Med 1984;5:121-42.

2 Hamilton AL, Killian KJ, Summers E, ]ones NL. Muscle
strength, symptom intensity, and exercise capacity in
patients with cardiorespiratory disorders. Am ¥ Respir Crit
Care Med 1995;152:2021-31.

Maltais F, Simard A, Simard C, Jobin J, Descagnés P,
LeBlanc P. Oxidative capacity of skeletal muscle and lactic
acid kinetics during exercise in normal subjects and in
patients with COPD. Am ¥ Respir Crit Care Med 1996;
153:288-93.

McRussel DM, Walker PM, Leiter LA, Sima AAF, Tanner
WK, Mickle DAG, et al. Metabolic and structural changes
in skeletal muscle during hypocaloric dieting. Am ¥ Clin
Nuzr 1984;39:503-13.

Schols AMW], Soeters PB, Dingemans ANC, Mostert R,
Frantzen PJ, Wouters EFM. Prevalence and characteristics
of nutritional depletion in patients with COPD eligible
for pulmonary rehabilitation. Am Rev Respir Dis 1993;
147:1151-6.

Schols AMW], Mostert R, Soeters PB, Wouters EFM. Body
composition and exercise performance in patients with
chronic obstructive pulmonary disease. Thorax 1991;46:
695-9.

Cotes JE, Zejda J, King B. Lung function impairment as a
guide to exercise limitation in work-related lung disorders.
Am Rev Respir Dis 1988;137:1089-93.

Baarends EM, Schols AMW], Pannemans DLE, Westerterp
KR, Wouters EFM. Total free living energy expenditure
in patients with severe chronic obstructive pulmonary
disease. Am ¥ Respir Crit Care Med 1997;155:549-54.

Baarends EM, Schols AMW], Westerterp KR, Wouters
EFM. Total daily energy expenditure relative to resting
energy expenditure in clinically stable patients with chronic
obstructive pulmonary disease. Thorax 1997;52:780-5.

10 American Thoracic Society. Standards for the diagnoses
and care of patients with chronic obstructive pulmonary
disease (COPD) and asthma. Am Rev Respir Dis 1987;
137:225-8.

Quanjer Ph, ed. Standardized lung function testing. Eur
Respir ¥ 1993;6(Suppl 16):5-40.

12 Peslin R. Lung mechanics II: resistance measurements. Bull

Eur Physiopathol Respir 1983;19(Suppl 5):33-8.

13 Black LF, Hyatt RE. Maximal respiratory pressures: normal
values and relationship to age and sex. Am Rev Respir Dis
1969;99:696-702.

Lukaski HC, Bolunchuk WW, Hall CB, Siders WA. Val-
idation of tetrapolar bioelectrical impedance method to

W

'S

(S}

(=}

N

oo

o

—
—

—_
'S


http://thorax.bmj.com

986

1

[S)]

1

(=

1

~

19

20

2

—

2

[N}

2

W

24

2

%1}

26

assess human body composition. § Appl Physiol 1986;60:
1327-32.

Schols AMW]J, Dingemans ANC, Soeters PB, Wouters
EFM. Within day variation of bioelectrical impedance
resistance measurements in patients with chronic ob-
structive pulmonary disease. Clin Nutr 1990;9:266-71.

Schols AMW], Schoffelen PF, Ceulemans H, Wouters EFM,
Saris WH. Measurement of REE in patients with COPD
in a clinical setting. ¥ Parenter Enter Nutr 1992;16:364-8.

Noll F. L-(+)-lactate, determination with LDH, GTP and
NAD. In: Bergmeyer, ed. Methods of enzymatic analysis.
New York: Academic Press, 1974: 1475.

Blackie SP, Fairbarn MS, McCelvaney GN, Morrison NJ,
Wilco PG, Pardy RL. Prediction of maximal oxygen uptake
and power during cycle ergometry in subjects older than
55 years of age. Am Rev Respir Dis 1989;139:1424-9.

Carter R, Peavler M, Zinkgraf S, Williams J, Fields S.
Predicting maximal exercise ventilation in chronic ob-
structive pulmonary disease. Chest 1987;92:253-9.

Gaesser GA, Brooks GA. Muscular efficiency during steady-
rate exercise; effects of speed and work rate. ¥ Appl Physiol
1975;38:1132-9.

Weir JB. New methods for calculating metabolic rate with
special reference to protein metabolism. ¥ Physiol 1949;
109:1-9.

Shephard R]J. Efficiency of muscular work. Some clinical
implications. Phys Ther 1975;55:476-81.

Palange P, Galassetti P, Mannix ET, Farber MO, Manfredi
F, Serra P, et al. Oxygen effect on O, deficit and Vo,
kinetics during exercise in obstructive pulmonary disease.
¥ Appl Physiol 1995;87:2228-34.

Levison H, Cherniack RM. Ventilatory cost of exercise in
chronic obstructive pulmonary disease. § Appl Physiol
1968;25:21-7.

Spiro SG, Hahn HL,, Edwards HT, Pride NB. An analysis of
the physiological strain of submaximal exercise in patients
with chronic obstructive bronchitis. Thorax 1975;30:415—
25.

Similowski T, Derenne J, Millic Emili J. Respiratory mech-
anics during acute respiratory failure in chronic obstructive
pulmonary disease. In: Derenne J, Whitelaw WA, Si-

2

3

28

29

3

(=)

31
32

33

34

3

v

3

(=)}

37

Baarends, Schols, Akkermans, Wouters

milowski T, eds. Acute respiratory failure in chronic obstructive
pulmonary disease. Lung Biology in Health and Disease, Vol
92, New York: Marcel Dekker, 1996: 23-46.

Belman MJ, Botnick WC, Shin JW. Inhaled bronchodilators
reduce dynamic hyperinflation during exercise in patients
with chronic obstructive pulmonary disease. Am ¥ Respir
Crit Care Med 1996;153:967-75.

O’Donnell DE, Webb KA. Exertional breathlessness in
patients with chronic obstructive pulmonary disease. The
role of lung hyperinflation. Am Rev Respir Dis 1993;148:
1351-7.

deVries HA, Wiswell RA, Romero G, Moritani T, Bulbulian
R. Comparison of oxygen kinetics in young and old sub-
jects. Eur ¥ Appl Physiol 1982;49:277-86.

Hugli O, Schutz Y, Fitting JW. The daily energy expenditure
in stable chronic obstructive pulmonary disease. Am ¥
Respir Crit Care Med 1996;153:294-300.

Younes M. Interpretation of clinical exercise testing in res-
piratory disease. Clin Chest Med 1984;5:189-206.

Filley GF. Pulmonary ventilation and the oxygen cost of
exercise in emphysema. Trans Am Clin Climat Assoc 1958;
70:193-203.

Shuey CB, Pierce AK, Johnson RL. An evaluation of exercise
tests in chronic obstructive lung disease. ¥ Appl Physiol
1969;27:256-61.

Wasserman K, Hansen JE, Shue DY, Whipp BJ. Principles
of exercise testing and interpretation. Philadelphia: Lea and
Febiger, 1987: 27-46.

Baarends EM, Schols AMW], Mostert R, Janssen PP, Wou-
ters EFM. A comparison between the 12 minute walking
test and incremental cycle ergometry in patients with
severe COPD. Am Rev Respir Dis 1993;147:A742.

Maltais F, LeBlanc P, Simard C, Jobin J, Bérubé C, Bruneau
J, et al. Skeletal muscle adaptation to endurance training
in patients wth chronic obstructive pulmonary disease.
Am ¥ Respir Crit Care Med 1996;154:442-7.

Cassaburi R, Patessio A, Ioli F, Zanaboni S, Donner CF,
Wasserman K. Reductions in exercise lactic acidose and
ventilation as a result of exercise training in patients with
chronic obstructive lung disease. Am Rev Respir Dis 1991;
143:9-18.


http://thorax.bmj.com

