
Exercise and dyspnoea in COPD
P.M.A. Calverley

ABSTRACT: Dyspnoea provoked either by exercise or during a disease exacerbation is one of the

most feared symptoms of the chronic obstructive pulmonary disease (COPD) patient. It

contributes to impaired quality of life and patients who are more limited by exertional dyspnoea

are more likely to die. The physiological mechanisms responsible for these two outcomes vary in

different settings, but in both situations, changes in the resting lung volume and increased activation

of the respiratory muscles relative to their maximum capacity is the final common pathway.

Although increased metabolic carbon dioxide production from weak or poorly conditioned

muscles is an important cofactor, most patients limited by exertional dyspnoea exhibit dynamic

hyperinflation that parallels their symptom intensity. This results from the longer respiratory time

constant of the lungs in COPD and coexisting expiratory flow limitation during tidal breathing. The

response of the chest wall muscles to this change in lung volume is variable: most patients with

more severe COPD allow chest wall volume to increase, while others try to defend chest wall volume.

The latter is not a good breathing strategy as the patient’s exercise capacity is very limited.

Treatment with bronchodilators reduces operating lung volumes and delays the time until tidal

volume is mechanically limited by the inspiratory reserve volume. Breathing oxygen and heliox

gas mixtures further increases exercise endurance and slows the rate at which end-expiratory

lung volume increases.

During exacerbations there is a consistent increase in end-expiratory lung volume and this

parallels the reduction in forced vital capacity. This suggests that gas trapping due to airway

closure is the main mechanism involved here, although changes in lung volume still track the

symptomatic improvement in dyspnoea reported by patients both as the episode resolves and

after nebulised bronchodilator treatment.
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exacerbation, exercise performance, heliox

E
xercise limitation and the breathlessness
that accompanies it are key features of
chronic obstructive pulmonary disease

(COPD). The inability to exercise as much as
unaffected contemporaries is one of the principal
worries of patients who have symptomatic COPD
[1]. As a result, patients’ lives are more limited
than would otherwise be the case. In a large
international telephone survey, 60% of patients
reported that they were greatly restricted in their
ability to undertake sports or recreational activ-
ities and 55% had similar limitations to normal
physical exertion. Problems limited family activ-
ities in 29% of affected people [2]. The presence of
impaired exercise performance is one of the
major determinants of overall reduction in health
status [3], and limitation of daily activities at
home is an independent predictor of the like-
lihood of having a COPD exacerbation [4]. COPD
patients undertake less physical activity than age-
matched controls and spend more time sitting or
lying down when at home [5]. Moreover, max-
imum exercise capacity is now known to predict

prognosis, whether this is assessed using tests
like the 6-min walking distance [6] or by more
sophisticated physiological measurements made
while using a cycle ergometer [7].

Breathlessness on exertion is an integral part of
the problem. Most patients exercise until they can
no longer tolerate their breathlessness. This point
is often determined by mechanical factors (dis-
cussed further later), but other variables, parti-
cularly the patient’s mood and expectations of
exercise, will also determine how much they
exercise, at least in self-paced walking tests [8].
Despite being a less ‘‘objective’’ measurement, it
is still useful to evaluate breathlessness in COPD.
In populations of patients, the severity of exercise
limitation that they report can be classified
simply using a modified Medical Research
Council Breathlessness Scale. In a 5-yr follow-
up study of 227 patients in Japan, the severity of
breathlessness was an appreciably better predic-
tor of the patient’s subsequent survival than was
the severity of airflow obstruction, which was
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assessed with forced expiratory volume in one second (FEV1)
at the start of the study [9]. The information provided by
breathlessness scoring appears to be complimentary to that
derived from self-paced exercise testing, and these properties
have been utilised to develop what appears to be the most
powerful prognostic scoring system thus far reported. This is
the so-called BODE index, based on body mass index (B),
obstruction (O), dyspnoea (D) and exercise (E), the latter two
being assessed by the modified Medical Research Council scale
and a 6-min self-paced walking test, respectively. These
variables can be combined within several broad categories to
produce a composite score that clearly distinguishes longer-
term survival in patients with COPD more reliably than the
use of currently reported spirometric classification systems
[10]. Thus far, the relative importance or weight of each of
these four variables in a given population has not been
reported and may well vary across a range of populations
studied. Nonetheless, the general principle that exercise and
breathlessness are valuable for more than just symptomatic
reasons now appears to be generally accepted.

COPD exacerbations are an equally important outcome and
this topic has been reviewed previously in detail [11]. Patients
are just as concerned about the possibility of uncontrolled
attacks of breathlessness as they are about dyspnoea on
exertion [1], where exacerbations contribute significantly to
impaired health status in COPD [12]. Patients who report
taking less exercise and who go out less in cold weather
exacerbate more frequently [13]. However, not all exacerba-
tions are accompanied by increased breathlessness [14], and
whether different processes produce consistently different
symptomatology has still to be resolved.

The present article will consider how breathlessness is related
to exercise performance in stable COPD and how new methods
of studying and/or predicting lung volumes during exercise
can help to inform this relationship. Far fewer data are
available regarding lung mechanics and, specifically, operating
lung volume in unstable COPD, but recent data suggest that
hyperinflation may be an important mechanism driving
symptoms in this setting.

PHYSIOLOGICAL FACTORS LIMITING EXERCISE
CAPACITY IN COPD
A large number of potentially important mechanisms may
operate singly, but most commonly in combination, to limit
exercise performance in patients with COPD. Their relative
importance is likely to vary with the severity of the airflow
obstruction. The symptoms that people report as limiting their
exercise capacity are also variable. In a large unselected
population of patients undergoing cardiorespiratory exercise
testing, a majority of patients said that they stopped exercising
during cycle exercise because of leg fatigue or a combination of
leg fatigue and dyspnoea [15]. It was proposed that factors that
determine peripheral skeletal muscle performance, such as
oxygen delivery during exercise and the presence of peripheral
muscle weakness [16], were at least as important as variables
related to lung mechanics in determining exercise performance
in COPD. These observations stimulated considerable debate,
although more recent reports in smaller populations of well-
characterised patients with very severe COPD indicate that, in
most cases, breathlessness limited exercise rather than leg

fatigue [17]. An explanation for this discrepancy has now been
provided in a mechanistic study in which exercise during
treadmill walking was compared with that during cycle
exercise [18]. This clearly showed that different types of
exercise tests lead to different limitations, even in people with
quite severe COPD. More specifically, patients who exercise on
a bicycle are more likely to develop peripheral muscle fatigue,
which can be objectively demonstrated, than is the case when
patients are exercising during walking on the level. Thus, the
interpretation of exercise limitation and its related breath-
lessness depend on the type of test carried out, and it is evident
that not all tests produce the same answers.

Despite the frequent observation that many patients with
moderate-to-severe COPD have falls in oxygen saturation
when they exercise, there is little evidence that the severity of
oxygen desaturation itself determines exercise performance.
Oxygen desaturation can worsen after a bronchodilator is
given, and yet the patient can undertake more exercise
subsequently [19]. Although oxygen desaturation is abolished
when supplementary oxygen is given, the improvement in
exercise performance is more likely to reflect a reduction in
minute ventilation and, possibly, a reduction in skeletal muscle
lactate production, than the degree to which desaturation is
prevented [20]. Indeed, the majority of data now point to
COPD patients being limited by mechanical factors during
exercise, although this interplay between primary pulmonary
and extrapulmonary causes for exercise limitation continues to
be debated. As already noted, in an individual patient, many
factors may be operative, not least the presence of relevant
comorbidities that affect cardiac function, something which
certainly influences oxygen delivery to exercising muscle.

MECHANICAL DETERMINANTS OF EXERCISE
IMPAIRMENT IN COPD
For many years, it has been clear that mechanical constraints to
breathing set a ceiling on exercise performance in patients with
all forms of persistent airflow obstruction. Indeed, the FEV1

that is now used to characterise expiratory airflow obstruction
was originally developed as an ‘‘indirect maximum breathing
capacity’’ measurement and, using a variety of formulae, the
maximum voluntary ventilation of an individual can be
estimated from the FEV1 [21]. This is clearly relevant, as the
maximum ventilation attainable by a patient with airflow
obstruction will be reduced, partly because of the lengthened
mechanical time constant of the respiratory system in these
patients, and also because the respiratory muscles themselves
operate at a mechanical disadvantage in patients whose end-
expiratory lung volume (EELV) is increased. Important
insights into dynamic factors that cause further deterioration
in lung mechanics during exercise resulted from a series of
experiments in the 1990s [22, 23], although historically the first
observations in this field had been made some 25 yrs
previously [24]. There is now no doubt that patients with
severe and very severe COPD do not reduce their EELV in the
same way as healthy normal subjects, but instead exhibit
dynamic hyperinflation (DH) with a rise in EELV throughout
exercise [25]. The presence of airflow obstruction appears to be
crucial here, although loss of elastic recoil in some fit elderly
individuals is associated with a tendency to DH at the end of
exercise but not during it [26]. This problem is discussed in
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detail in one of the accompanying articles in this issue of the
European Respiratory Review [27]. It is sufficient to say that there
is abundant evidence that DH is highly prevalent in COPD, is
more likely to occur as the airflow obstruction progresses
and can be demonstrated even after self-paced corridor
walking [28].

Most reports on DH are made in the setting of cycle ergometry
with an externally imposed incremental workload. In these
circumstances, it is clear that neuromechanical dissociation is
an important factor producing breathlessness during exercise
that is most marked towards the end of exercise when the end-
inspiratory lung volume comes to within a few hundred
millilitres of the total lung capacity (TLC) [29], a change that is
also seen in severely breathless patients admitted to hospital
reporting breathlessness at rest [30]. Measurements of EELV
are normally made by asking the patient to perform an
inspiratory capacity (IC) manoeuvre, and good data have been
taken during exercise that show the TLC to be apparently
constant. Thus, changes in IC reflect changes in the operating
lung volumes and overcome the otherwise complex issue of
having to measure TLC during exercise and then subtract the
independently measured IC from this. This undoubtedly
reduces the reported error in these measurements. The
tendency to develop DH of the lungs reflects the onset of
expiratory flow limitation (EFL), which mechanically limits the
ability of the patient to obtain a higher tidal volume at the
original operating lung volume. Recently, developments in
measurement techniques have added to the ability to study
this problem and also the way in which the whole of the chest
wall muscles are activated during exercise. These data indicate
that patients use a range of strategies rather than simply
allowing their lung volumes to change when they exercise.

NEW METHODS FOR ASSESSING FLOW LIMITATION
AND CHEST WALL VOLUMES
The assessment of EFL is complex and, until recently, has been
extremely difficult to carry out at rest, let alone during exercise
[31]. This situation was greatly improved by the development
of the negative expiratory pressure method, which provides a
global assessment of EFL in the lungs by comparing a normal
tidal breath with one immediately afterwards in which a
negative pressure is applied [32]. If expiratory flow increases
over the tidal volume range during the second expiration, then
it is reasonable to assume that EFL was not present in the first.
This relatively new method overcomes a range of complex
technical issues that have bedevilled the evaluation of flow
limitation in patients with COPD. Studies have shown that
patients with resting EFL are more likely to develop DH when
they exercise, whereas in those who do not, the ratio of the
FEV1 to forced vital capacity (FVC) is a better predictor of their
exercise capacity [33]. Likewise, the behaviour of patients who
do and do not have EFL at rest predicts their subsequent
response to bronchodilator drugs [34]. There are some data to
show that patients who are not flow limited at rest can develop
EFL when they exercise, which would be an important
predictor of performance, although establishing this is techni-
cally complex, mainly because of the higher respiratory
frequencies during exercise [35].

An alternative way of assessing the presence of EFL has
recently been reported, this time by defining a threshold at

which global flow limitation occurred based on the within-
breath change in respiratory system reactance that happens
when airways become flow limited [36]. This method involves
more complex instrumentation, although it has the advantage
that it is likely to be reduced in size and automated in the near
future. It allows flow limitation to be assessed in multiple
consecutive breaths. It is clear that in people who are close to
the threshold for the onset of flow limitation, testing one breath
may lead to a positive result for flow limitation, whereas a
breath two or three breaths later would lead to a different
classification. This is a result of dynamic regulation of EELV.
This process may be important in limiting conditions during
exercise, when the patient can choose a pattern of hyperinfla-
tion or instead adopt a different breathing strategy that may be
more physiological but less adapted to sustaining exercise.
Applying these new noninvasive methods should lead to
better understanding of this problem.

OPTOELECTRONIC PLETHYSMOGRAPHY
During the last few years, for the first time, it has become
possible to noninvasively measure the absolute volume
enclosed by the chest wall through the technique of optoelec-
tronic plethysmography (fig. 1), which uses the reflection of
infrared light from the series of 89 markers positioned over the
chest wall to accurately compute its volume. Absolute volumes
are difficult to estimate for practical reasons but the change in
volume can be accurately recorded and broken down into
regions of interest, particularly the movement of the pulmon-
ary and abdominal ribcage and the abdominal compartmental
volume, which reflects the action of the diaphragm and the
abdominal muscles. In healthy subjects, this method gives
excellent agreement with lung volume measurements derived
from recordings at the mouth made at rest and during exercise
[37, 38]. When healthy subjects exercised to their maximum
performance breathing through a Starling resistor circuit, most
of them maintained a relatively constant end-expiratory chest
wall volume, although some tried to behave as they normally
would and reduced EELV, which was an energetically
counterproductive strategy [39].

Measurements in COPD patients using optoelectronic plethys-
mography at rest have shown good agreement between
measured volumes at the mouth but, like the patients breath-
ing through the resistive circuit, the behaviour during exercise
is different. In initial studies of COPD patients performed by
the present author and co-workers, most patients allowed their
chest wall volume to rise during incremental exercise,
although a significant minority were able to maintain constant
lung volumes, even at the cost of developing very high intra-
abdominal pressures and stopping after shorter periods of
exercise than those who allowed hyperinflation to occur [40].
The behaviour of the abdominal compartment, and hence the
relationship between diaphragm activation and activation of
the abdominal wall muscles during exercise, appears to be
crucial. In a recent study, the present author and co-workers
found that patients who improved their exercise performance
after nebulised salbutamol allowed their resting EELVs to fall
and then continued to show a pattern of hyperinflation, albeit
at a lower absolute volume [41]. This is very similar to
behaviour reported in previous studies that measured
dynamic lung volume changes after use of a bronchodilator.
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In contrast, individuals whose exercise performance deterio-
rated changed their breathing strategy during exercise to try to
further reduce their end-expiratory chest wall volume when
they exercised after the bronchodilator, which in their case led
to a shortening of total exercise time (fig. 2). These data help
explain results in the literature in which some patients
improve lung function after use of a bronchodilator but do
not necessarily improve their functional performance [42].
Other patterns of chest wall behaviour during exercise have
been reported recently, with some patients maintaining their
chest wall volume at a relative constant until late in exercise
[43]. How these patients are affected by other interventions, e.g.
pulmonary rehabilitation, has yet to be determined.

EXERTION AND BREATHLESSNESS
As previously noted, breathlessness is a major factor limiting
exercise capacity in COPD patients. Exercise testing provides a
powerful way to study the sensation of breathlessness and the
factors that determine its intensity, since a given stimulus can
be repeatedly applied in a standardised fashion and the
patient’s subjective response can be evaluated. Drugs that
improve exercise performance will normally reduce the
intensity of breathlessness relative to the same stimulus, i.e.
the isotime value, before the drug was administered [44]. This
provides good evidence that breathlessness during exercise is
largely determined by mechanical factors and the changes in
the activation of abdominal and diaphragmatic muscles during
exercise provide further support for this [40, 45]. Nonbroncho-
dilator intervention can also reduce exertional breathlessness,
the most widely used being ambulatory oxygen. Good data

showing that oxygen is associated with less breathlessness for
a given level of exercise performance exist in laboratory
exercise and field exercise testing [46]; this is thought to be due
to reduced peripheral chemoreceptor drive, as well as a
reduction in lactate production [47]. Recently, studies in which
the inspired gas density has been reduced by substituting
nitrogen with helium have also reported a reduced intensity of
breathlessness relative to air breathing data [48]; this has been
confirmed during endurance shuttle walk testing in a large
population of COPD patients [49]. In the latter study, there was
evidence of an interaction between reduced gas density
breathing and relative hyperoxia, although this was seen only
in patients with more severe airflow obstruction. Studies of
improving physical exercise performance with pulmonary
rehabilitation also show a reduction in DH relative to pre-
rehabilitation data, although this too is likely to reflect a lower
metabolic carbon dioxide production post-exercise for the
same external work [50].

Thus, in a variety of settings using a range of interventions, it is
clear that breathlessness during exercise in COPD is deter-
mined by mechanical factors, and it can be therapeutically
useful to improve these by a number of different and
potentially additive interventions. However, exercise is a very
specific circumstance in which the intensity of breathlessness
increases because the metabolic load and consequently the
respiratory drive to breathe also rise as exercise progresses.
This can be seen even during self-paced walking tests [51]. The
same is not necessarily true when exercise stops, although in
clinical practice many patients often take their bronchodilators
to relieve breathlessness when they stop exercising; some

FIGURE 1. Schematic representation of the system for acquiring quantitative volume measurements noninvasively during exercise. Data obtained from the motion

analysis software can be compared with volumes measured at the mouth and the degree of intrathoracic gas compression and blood shift calculated. Poes: oesophageal

pressure; Pga: gastric pressure; Vrc: ribcage volume; Vab: abdominal compartmental volume; Vcw: chest wall volume.
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physicians advocate using oxygen as a way of reducing
ventilatory drive when the patient is no longer capable of
performing. A recent study in which the intensity of breath-
lessness was carefully standardised by exercise testing before
patients were randomised to treatment with air or oxygen has
cast doubt on whether this is a sensible approach [52]. In that
study, in which almost all patients showed DH during
exercise, oxygen breathing during the recovery period was
associated with a small but significant reduction similar to
exercise stopped in the degree of DH. However, the intensity
of breathlessness and the rate of recovery of breathlessness
were not different in patients who received oxygen in air;
neither did it matter whether the patients were instrumented
and breathing through a mouthpiece or simply breathing
oxygen from a face mask. These data demonstrate that
although mechanical factors can be very important against a
background of rising ventilatory drive, other factors, particu-
larly repayment of oxygen debt when exercise ceases, can be
more important.

LUNG VOLUMES DURING EXACERBATIONS OF COPD
Investigating the relationship between operating lung volumes
and dyspnoea during exercise is a relatively straightforward
problem once appropriate methods of measurement have been
developed. Patients can attend when clinically stable and
motivated, and perform tests using accepted measures of
performance, such as peak oxygen consumption or heart rate.
Retesting the patient after an intervention allows determina-
tion of whether treatment modifies operating volumes and
provides a mechanistic explanation for its effect.

Studying patients during an exacerbation is much more
difficult and is essentially opportunistic. Moreover, the ability
of the patient to satisfactorily perform respiratory manoeuvres
may be significantly less than when they are well, while their
reluctance to return for restudy is greater. These logistical
constraints have, until recently, severely limited knowledge
about lung mechanics in spontaneously breathing COPD
patients during a period of exacerbation. In the 1980s and
1990s, studies in the intensive care unit in ventilated COPD
patients with hypercapnic respiratory failure defined the
importance of intrinsic positive end-expiratory pressure
(PEEPi) as an important and previously unsuspected inspira-
tory threshold load that significantly increased the elastic work
of breathing [53]. Despite much discussion about how to
measure this variable in the face of continuing abdominal
muscle activation [54], there was widespread agreement that
PEEPi arose because of incomplete lung emptying during
spontaneous or artificially ventilated breathing and, as such,
these data prefigured much of the subsequent discussion about
DH during exercise in stable COPD [31]. However, assessing
breathlessness in this clinical situation is difficult when
patients are either intubated or the effect of sedation is wearing
off; thus, the relationship of these pressure-related measure-
ments to operating lung volume has proven difficult to
interpret.

Two recent reports in nonhypercapnic patients have provided
more direct information about how operating lung volumes
change as an exacerbation resolves [30, 55]. The numbers of
subjects studied are still modest (20 and 22, respectively), with
significant numbers not completing all of the measurement
protocol. The majority of patients in the Canadian study were
managed as outpatients, while all the British patients were
initially admitted to hospital. Spirometric lung function was
not as impaired as might be expected in either study, with a
mean FEV1 of 41% predicted in Canada and 47% pred in the
UK, although these measurements were made on the day of
presentation after treatment commenced. STEVENSON et al. [30]
followed all patients daily for 3 days and up to discharge, with
a final review at 6 weeks, while PARKER et al. [55] saw the
patient at presentation, and then 14, 30 and 60 days later. Both
groups measured spirometry; in the UK patients, this was
measured both pre- and postbronchodilator.

The change in FEV1 was small over time in both studies,
amounting to some 200 mL over the 6–8 week recovery period.
The FEV1/FVC ratio did not change in either trial, nor did it
change acutely when nebulised bronchodilators were adminis-
tered, suggesting that the increase in FEV1 was because lung
volume fell rather than because of a change in airways
resistance. This was supported by the constant respiratory

FIGURE 2. Change in total end-expiratory chest wall volume (DEELVcw) for a)

improvers and b) nonimprovers during endurance exercise after nebulised saline

($) or 5 mg of nebulised salbutamol (#) in patients with stable chronic pulmonary

obstructive disease separated by their subsequent change in exercise performance

after salbutamol. The patients in whom exercise performance increased (a) showed

dynamic hyperinflation before and after exercise but operated at a lower lung volume

after the bronchodilator. Those whose performance worsened (b) tried to maintain their

chest wall volume constant after the bronchodilator and stopped sooner.
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system resistance measured by impulse oscillometry in the UK
patients. In contrast, both studies showed significant improve-
ments in IC, which was measured using plethysmography in
the Canadian study. The mean respiratory system reactance
became less negative during recovery, which might reflect the
reduction in lung volume at which it was measured but could
also reflect a reduction in the degree of EFL and airway closure
[36]. Resting breathlessness fell as hyperinflation lessened,
regardless of whether it was assessed by the Chronic
Respiratory Questionnaire or a modified Borg scale. Patients
in whom the Borg scale did not change showed no improve-
ment in lung volume in the British study, a finding that was
not confirmed in the small number of Canadian patients in
whom this happened. An acute improvement in FEV1 post-
bronchodilator was not seen initially but became more obvious
over time. In contrast, a significant increase in IC was seen in
all the bronchodilator tests, as was an acute reduction in
reported dyspnoea.

These studies suggest that in nonhypercapnic COPD exacer-
bations, the change in lung volume is the most important
variable associated with a reduction in dyspnoea, and is
responsive to therapy and improves as the episode resolves.
These changes may reflect airway closure and gas trapping
during the exacerbation and the Canadian patients showed a
significant improvement in oxygen saturation breathing air
compatible with better ventilation/perfusion matching over
time. Both trials found the respiratory frequency to be
relatively constant, which would favour a change in static
rather than dynamically regulated lung volume in this setting.
Whether comparable changes in volume during exercise and
exacerbation would produce equivalent degrees of breath-
lessness awaits further study.

CONCLUSIONS
Exercise limitation and its attendant increase in breathing
difficulty remains at the heart of much of the clinical manage-
ment of stable chronic obstructive pulmonary disease, while
improvement in the management and prevention of exacerba-
tions are urgently needed. Advances in physiological measure-
ment have now made it possible to record changes in lung
volumes in a standardised way that can be applied in multiple
laboratories and thus address important clinical issues [56].
Insights into the activation of the chest wall muscles compli-
ment these observations and should help to explain some of
the individual variability in performance that patients report. It
must also be remembered that factors other than pulmonary
disease determine exercise performance, not least the daily
levels of activity and coexisting cardiac problems. Evaluating
chronic obstructive pulmonary disease patients in terms of
their exercise capacity is likely to remain a multidisciplinary
task, but one in which treatment can be extremely rewarding.
Applying these complex methodologies to more acutely ill
patients during exacerbations will be an even greater chal-
lenge, but one in which the gains in understanding should
prove to be just as rewarding.
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