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Quantifying intervention-related

improvements in exercise tolerance
B.J. Whipp and S.A. Ward

ABSTRACT: Among the benefits expected to result from a therapeutic intervention in patients

with impaired systemic functioning is an increase in exercise tolerance. For this a constant high-

intensity work rate has been shown to provide a more sensitive index of improvement than the

maximum work rate, or oxygen uptake, on a symptom-limited incremental test.

However, the extremely large variability of the improvement in this particular index of tolerance

undermines the ability to make general inferences for the underlying functional improvement. We

argue that this is a necessary consequence of the particular work rate chosen for the test and the

change in the parameters of the subject’s hyperbolic power–duration relationship for that form of

exercise: its ‘‘critical power’’ and ‘‘curvature constant’’.

Without knowledge of these features, any absolute or per cent increase in tolerance time to a

single constant-load exercise bout must be interpreted with caution regarding the physiological

benefit(s) that have accrued from the intervention.

KEYWORDS: Critical power, endurance test, power–duration relationship, therapeutic intervention,

tolerance time

T
he extent to which a therapeutic strategy
improves exercise tolerance in a subject
with impaired physiological function is

considered to be a reflection of both the utility of
the intervention and of its effectiveness. This,
however, raises the issues of: 1) which test is
employed to assess the improvement; 2) does it
matter which; and 3) to what extent does the
improvement, as quantified, provide a valid
index of improved physiological functioning?
We believe it to be important to consider these
questions in the light of current recommenda-
tions and practice.

CURRENT RECOMMENDATIONS
In the American Thoracic Society/American
College of Chest Physicians statement on cardio-
pulmonary exercise testing, the authors recog-
nised that ‘‘although the incremental protocol is
most widely used in clinical practice, constant
work rate protocols are gaining popularity
because of their clinical applicability, particularly
for monitoring response(s) to therapy’’ [1]. The
more recent European Respiratory Society recom-
mendations went further, judging that ‘‘in COPD,
there is an increasing evidence that high-intensity
constant-load endurance protocols … are super-
ior to other protocols (e.g. V9O2 peak on maximal

intemental test, distance on 6MWT) in the
evaluation of the effects of therapeutic interven-
tions’’ [2].

These recommendations were based on the
demonstrations that the improvement in the
maximum work rate attained on the ramp-type
incremental exercise test, in response to a
particular intervention, was relatively small and
often close to the limit of the ‘‘minimum clinically
important difference’’ [3]. In contrast, the change
in time to the limit of tolerance (tLIM) on a
constant-load test, chosen to be a high fraction of
the maximum incremental work rate, was shown
to be appreciably larger and hence considered to
be more discriminatory, to the extent that
investigators now often forego the post-interven-
tion maximum incremental test [4–6]. While the
concept is similarly applicable to interventions
such as training in normal subjects, it is most
commonly utilised, and possibly most conse-
quential, in patients with, for example, chronic
obstructive pulmonary disease (COPD). OGA et al.

[7] demonstrated in subjects with COPD an
average increase of ,20% in constant-load test
duration in response to the inhaled anticholiner-
gic bronchodilator oxytropium bromide, com-
pared with only an ,5% increase in the
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maximum incremental work rate. The findings of PORSZASZ

et al. [8] are, perhaps, even more striking: endurance training
resulted in an average increase in the maximum incremental
work rate of ,20%, compared with ,300% average increase in
tolerance to a constant-load test. While others have reported
qualitatively similar results [9–13], the actual improvement, in
quantitative terms, evidently has an extremely wide range.
Naturally, the severity of the impairment and the nature and
dose of the intervention play a significant role in this
variability. However, the current authors would like to suggest
that the choice of the exercise test itself is also a major
contributor; sufficiently so that the proportional improvement
in the constant-load duration may not be appropriately
representative of the actual improvement of physiological
functioning resulting from the intervention.

LIMITATIONS OF CURRENT PRACTICE
The first concern relates to the widely used ‘‘percentage of the
maximum work rate achieved on the incremental ramp’’ as the
‘‘normalised’’ intensity for the constant load test. During the
non-steady state, the relationship between the ventilatory,
skeletal muscle and pulmonary gas exchange responses and
the imposed work rate is not constant; it varies as a result of
the characteristics of the systems’ dynamics [14]. This is
schematised for oxygen uptake (V9O2) in figure 1, which is
based on empirical data such as those from ramp testing by
MORTON et al. [15] and for small-step increments (of varying
duration) by WHIPP (e.g. [14]).

Note that, as a necessary consequence of the V9O2 kinetics, the
‘‘lag’’ in the V9O2 response with respect to the steady-state
equivalent for that work rate during a ramp-type incremental
exercise test (i.e. the vertical distance between the angled solid
line and the angled dashed line in figure 1) results in the
absolute value of V9O2 at any particular work rate becoming
progressively less the faster the incrementation rate [14, 16, 17].
Consequently, while the maximally-attained V9O2 is not

appreciably (if at all) affected, the maximum work rate attained
is (i.e. meeting the criterion for maximum V9O2 [18, 19]). While
this has been demonstrated in normal subjects [14, 16, 17, 20], a
similar body of confirming evidence is not currently available
for ramp incremental exercise in patients with COPD, although
the results of a range of constant work rate tests [21, 22]
suggests that this is likely to be the case. In addition, these
subjects may reach the limit of tolerance for reasons different
from those of ‘‘normal’’ subjects, in that while ‘‘leg fatigue’’
(and more specifically contractile fatigue, as demonstrated by
SAEY et al. [23]) is the major reported cause in a significant
number of such patients, dyspnoea is also a predominant
contributor (e.g. [23, 24]).

The imposition of a constant work rate at a particular
percentage of the maximum value achieved on the incremental
ramp test will, therefore, result in a greater metabolic stress
and reduced tolerance time for more rapid incrementation
rates than for slower ones, as depicted by the arrows (c9), (b9)
and (a9) in figure 1. And, as the current optimisation
recommendations target a duration of ,10 min for the
incremental phase of the test [1, 2, 25, 26], then different ramp
rates are chosen as a function of the known or predicted limit
of the subject’s aerobic functioning. This ‘‘problem’’ may, to a
large extent, be obviated by using the estimated steady-state
equivalent work rate of the maximum V9O2 rather than the
actual work rate attained at maximum V9O2. If the subject’s
‘‘effective’’ time constant [27] or mean response time [28] for
the V9O2 kinetics is known (however, it rarely is, and requires
prior tests for its determination) or is estimated ‘‘broad-brush’’,
then one can simply choose the work rate at that time earlier
than the maximum (i.e. the cross in figure 1). A simpler
expedient is to draw a line, beginning at the start of the
incremental phase of the test, parallel to the linear portion of
the ramp V9O2 response; where this meets the maximum V9O2

value is the required work rate (i.e. the cross in figure 1) [14].
However, as the ramp slopes used in patients with cardiovas-
cular and/or pulmonary disease are typically low [1, 2, 25, 26],
the correction for selecting an appropriately normalised
constant work rate is relatively small, although still not
without consequence for its tolerable duration. But while the
maximum V9O2-equivalent work rate chosen in this manner
provides an improvement over the actual maximum work rate
attained on the ramp, it does not completely correct it, as it
does not take into account the ‘‘slow phase’’ of the V9O2

kinetics manifest at high work rates [29–31], which will shorten
the tolerance time on the constant load test. This influence
cannot be accurately predicted from the ramp V9O2 profile.
Also, regardless of the particular percentage of the maximal
incremental work rate or V9O2 that is chosen for the constant
load test, there is likely to be a large intersubject variability in
its equivalent intensity domain [32, 33]. This results in a large
intersubject variability in the magnitude and profile of the
functional correlates of fatigue, such as: the slow phase of the
V9O2 kinetics [29–31]; muscle and blood lactate [34, 35] and pH
(e.g. [36]); and the muscle mono-basic phosphate concentration
(e.g. [37]).

A further, and even greater, concern regarding the assessment
of physiological benefit that can be inferred from the
improvement in constant load tolerance time is the relationship
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FIGURE 1. Schematic representation of the oxygen uptake (V9O2) response to

ramp incremental exercise (––––) as a function of time at three different work-rate

incrementation rates (- - - -). Note that maximal V9O2 (V9O2,max) is unaffected by work-

rate incrementation rate. However, the influence of the V9O2 time constant (thicker

lines) results in the work rate at maximum (WRmax) becoming progressively higher,

the faster the incrementation rate. The symbols (a9), (b9) and (c9) represent the

same percentage of the maximum work rates achieved at the different ramp slopes,

i.e. (a), (b) and (c). Modified from [14] with permission from the publisher.
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of the particular chosen work rate to the profile of the subject’s
power–duration capabilities.

THE POWER–DURATION RELATIONSHIP
Each subject, if appropriately exercised to the limit of
tolerance, has a particular pattern with which the tolerable
duration of a constant load exercise bout decreases the greater
the work rate; this is characteristic of, and hence characterises,
the current state of physiological (predominantly aerobic
systems) functioning. The pattern has been widely demon-
strated to be that of a rectangular hyperbola [38–41] with an
asymptote on the power axis termed the critical power and a
curvature constant conventionally termed W9, as shown in the
following equation, in which WR refers to the work rate and
CP is the critical power.

WR5(W9/tLIM)+CP

While we focused on cycle ergometry in the present analysis,
because much of the clinical testing in this regard has been on
the cycle, the concept itself is appropriate for any form of
exercise that is performed to the limit of tolerance over a range
of work rates. It has, for example, also been supported for
running [40], swimming [42], kayaking [43] and, originally, for

small-muscle finger flexion exercise [38], and, more recently,
for walking in patients with COPD [22]. In fact, CASAS et al. [22]
interestingly demonstrated that the physiological responses to
an encouraged 6-min walk test provided a close correlate of
those at critical power for walking in patients with COPD. This
provides a useful contribution towards a wholly-justified
method of assessment. However, the tolerance time at a given
work rate is also a function of W9, which can vary considerably
in such patients [21, 22].

The critical power is considered to be an important determi-
nant of exercise tolerance as it has been demonstrated to be the
highest constant work rate that can be sustained without V9O2,
blood and muscle lactate and H+ concentrations, and muscle
inorganic phosphate, for example, increasing inexorably to or
towards maximal attainable levels [39, 44, 45], i.e. an important
parameter of the aerobic energy transfer system. The curvature
constant W9, with the intriguing unit of work, is viewed as
being an index of a constant ‘‘amount’’ of energy that is
available, or at least that can be utilised, above critical power.

However, if the work rate is plotted as a function of tLIM
-1, rather

than tLIM itself, then the linearity of the response supports the
hyperbolic nature of the relationship, as shown in figure 2 for
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FIGURE 2. The power–duration relationship in a group of a) normal controls and b) subjects with chronic obstructive pulmonary disease (COPD). The power plotted as a

function of the reciprocal of the tolerable time for d) normal controls and e) subjects with COPD. Modified from [21] with permission from the publisher. c and f) The effect of
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both normal subjects [21, 39] and patients with COPD [21, 46];
critical power being the intercept on the work rate axis and W9

being the slope of the relationship. Figure 2 also demonstrates
the finding that endurance training in normal subjects results in
an increase in critical power with little or no change in W9

(fig. 2c and f) [9, 47, 48]. This has also been demonstrated in
patients with COPD, although, in this case, a small percentage
did, in fact, also increase W9 [46]. In contrast, subjects under-
going sprint training show an increase solely in W9 [49]; a link
with exercising muscle mass is suggested by the significant
correlation between W9 for cycle ergometry and thigh circum-
ference [50]. And, herewith, the ‘‘problem’’ with interpreting the
improvement in constant load tolerance time, resulting from an
intervention, and the actual improvement in physiological
functioning.

Consider, for example, figure 3, the parameters and the change
of parameter values having been taken as characteristic of the
COPD subjects studied by NEDER et al. [21] and PUENTE-MAESTU

et al. [46]. The pattern of improvement in tolerance time
resulting from the intervention is different depending on
whether the change is effected by an increase in critical power
(fig, 3a) or in W9 (fig. 3b).

It has been demonstrated that endurance training [47, 48] or
hypoxia [51, 52] modify critical power with little or no change in
W9, whereas sprint training [49], creatine loading (e.g. [53]) and
glycogen depletion [54] result in changes in W9 with little or no
change in critical power. Consequently, although the character-
istics of the power–duration relationship are of interest for any
cause of limitation of maximal exercise tolerance, the inferences
drawn from an improvement following the intervention are
likely to be different in different conditions.

While the absolute increase is progressively greater the longer
the pre-intervention tolerance time in each case, the increase
normalised to the pre-intervention tolerance time, i.e. the
conventionally used percentage increase, is quite different, as
shown in figure 4.

Changes in W9 bring about a constant, and relatively small,
increase in the proportional improvement in tolerance. An
increase in critical power, however, results in an improvement
that is highly dependent on the pre-exercise tolerance time at
the particular (and often widely varying) work rate, a point
previously made by CASABURI [3]. So much so, in fact, that we
contend that it precludes the use of the improvement in
tolerance time per se as a valid index of the physiological
benefit provided by the intervention. Consider, for example,
two subjects (e.g. 1 and 2 in figure 4) for whom the intervention
has resulted in precisely the same physiological improvement,
as reflected by the entire power–duration curve having been
shifted upward by a 10% increase in critical power without, in
this case, a change in W9. Had the chosen pre-intervention
work rate yielded tolerance times of ,5 and 8 min, for
example, then the improvement in tLIM would be ,70% in
one case and ,200% in the other. But in the latter case, this
could be appreciably greater with an even longer pre-
intervention tolerance time, as the per cent improvement
curve (fig. 4) asymptotes to infinity. But an even more
disquieting outcome is represented by considering subjects 2
and 3. In this case, with a 10% increase in critical power,
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subject 2 has had a ‘‘poorer’’ physiological response to the
intervention than subject 3, who has benefited from a 15%
increase. But, when considered in terms of the improvement in
tLIM, subject 2 would actually ‘‘seem’’ to have had a ‘‘better’’
response to the intervention; not so, of course.

TOWARDS AN IMPROVED INTERPRETATION
Although the test–retest reproducibility of critical power has
been shown to be high in normal subjects [47, 55], with
correlation coefficients .0.9, no such evidence is currently
available in patients with COPD. What is available, however,
are a few small-scale cycle ergometer studies on reproduci-
bility of a single high-intensity work rate; these have
concluded that reproducibility is high [56–58]. More work is
needed, however, on the influence of individual point
deviation on the parameter estimates of the power–duration
curve and its implications for interpretation.

While recognising that an improvement in exercise tolerance to
any particular constant work rate is indeed reflective of a
physiological benefit of the intervention, it is not of itself
adequate as an appropriate quantitative index of the actual
improvement in function, as for a change in the value of a
variable of interest at a chosen ‘‘iso-time’’ [4, 5, 59] that
provides a single point on a usually increasing profile of
response. Ideally, the pre- and post-intervention power–
duration characteristics would be necessary. At present,
however, this cannot be established with an ‘‘appropriately
simple’’ test. And even were this to have been established, then
what quantitative index of the improvement would be chosen
to be both practical and justifiable? One approach, having

similarities to the concepts of rheobase and chronaxie in
neurophysiology [60, 61], might be promising, where rheobase
is the minimum applied current strength (i.e. the asymptotic
stimulus) that will produce a response (i.e. nerve ‘‘firing’’) and
chronaxie is the stimulus duration that elicits a response when
the stimulus strength is twice that of rheobase. But, of course,
determining the exercise tolerance time at a work rate which is
double that of the critical power is quite inappropriate for
clinical exercise testing purposes: it is simply too high. There
are also concerns with using lower percentages, prominent
among which is the possibility that the critical power might
increase by an even greater percentage. And so, as a practical
expedient, one might consider the post-intervention work rate
that results in a doubling of the pre-intervention tolerance time
at that work rate (fig. 3), and normalised as a percentage of the
pre-intervention critical power. This has the advantage of
being able to be established for all subjects, regardless of the
magnitude of the intervention-induced increase in critical
power itself.

But, can this be done ‘‘simply’’? Possibly not; at least not
simply enough for the usual demands of ‘‘clinical exercise
testing’’ [62, 63]. We suggest one approach (others, naturally,
may evolve) that may provide an improvement in the current
methodology. This would involve two pre-intervention tLIM

tests being performed, as outlined in figure 5 (the solid
symbols on the solid line) [64]. From this, and assuming that
each test was a valid maximum effort, both critical power and
W9 can be determined, with the recognition that the confidence
of the parameter estimation is increased the greater the
number of valid tLIM values used (e.g. adding the open circle
value in figure 5). Post-intervention, the minimum number is
one. If, that is, the investigator is prepared to assume that W9

has not changed, as has been demonstrated for endurance
training in normal subjects and, in most cases, in patients with
COPD. That is, a line (dashed line in figure 5) through the
determined tLIM point (closed circle) parallel to the pre-
intervention slope (i.e. unchanged W9) extrapolates to the
post-intervention critical power. If that assumption is judged to
be inappropriate then, of necessity, a further tLIM point (e.g. in
figure 5 the open circle) is a necessary minimum to estimate
the parameters. The post-intervention work rate that results in
a doubling of the pre-intervention tolerance time can then be
determined (as shown by the horizontal dotted line in figure 5)
and used as an index of the functional improvement wrought
by the intervention.

While this complicates the testing somewhat, it is necessary to
recognise that without this, or a similar conceptually justifiable
index, any absolute or per cent increase in tolerance time to a
single constant load exercise bout must be interpreted with
caution regarding the physiological benefit(s) that have
accrued from the intervention.
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[Experimental definition of exitability]. Soc Biol 1909; 77:
280–283.

61 Holsheimer J, Dijkstra EA, Demeulemeester H, et al.
Chronaxie calculated from current–duration and voltage–
duration data. J Neurosci Methods 2000; 97: 45–50.

62 Brickley G, Dekerle J, Hammond AJ, et al. Assessment of
maximal aerobic power and critical power in a single 90-s
isokinetic all-out cycling test. Int J Sports Med 2007; 28:
414–419.

63 Vanhatalo A, Doust JH, Burnley M. Determination of
critical power using a 3-min all-out cycling test. Med Sci
Sports Exerc 2007; 39: 548–555.

64 Malaguti C, Nery LE, Dal Corso S, et al. Alternative
strategies for exercise critical power estimation in patients
with COPD. Eur J Appl Physiol 2006; 96: 59–65.

tLIM AS AN INDEX OF EXERCISE TOLERANCE B.J. WHIPP AND S.A. WARD

1260 VOLUME 33 NUMBER 6 EUROPEAN RESPIRATORY JOURNAL


