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Perhaps the hallmark study in human exercise
physiology was performed by Nobel Laureate
Professor AV Hill on himself in Manchester,
England in the early 1920s. Hill circled an 88 metre
grass running track at three different speeds each for
4 minutes while he measured his average oxygen
consumption every 30 seconds (Hill and Lupton;1
fig 2 of that paper). He concluded that his oxygen
consumption reached a maximum at 16 km/hour
‘‘beyond which no bodily effort can drive it’’.2 (page
1661) This experiment established the single most
popular test in the exercise sciences – the progressive
exercise test for the measurement of the maximum
oxygen consumption (VO2max). The experimental
protocol in this test forces the subject progressively
to increase the work rate until voluntary exhaustion.
According to the modern interpretation,3–14 the
outcome of this test defines the limits of the human
cardiorespiratory system, because it apparently terminates when the cardiac output reaches a maximum
value.9 11 13 It also established a model to explain the
biology of human exercise performance, for if the
cardiovascular system determines maximal exercise
performance, then it must also determine performance during many other forms of exercise, as
suggested by Bassett and Howley9 and others.15 16
Thus, champion athletes able to run very fast for long
distances do so because of the metabolic consequences in their skeletal muscles of their superior
cardiovascular function,9 15 16 even though they exercise at intensities below that at which the VO2max is
reached and at which, according to that model,
cardiovascular function is not maximal and cannot
therefore, by definition, be the ‘‘limiting’’ factor.
This explanation seems paradoxical because, if
correct, it predicts that athletes should be able to
exercise more vigorously and for longer simply by
increasing their (submaximal) cardiac outputs until
maximal values are reached. Only then should
exhaustion occur. Alternatively, any athlete chasing
the race leader should be able to increase the cardiac
output to a maximal value and so pass the leading
athlete, who is exercising at a lower and submaximal
cardiac output. However, this does not happen; as is
well known, prolonged exercise always terminates
at submaximal levels of cardiac output.
It is my opinion that the manner in which the
VO2max test is conducted has encouraged a reductionist mindset, which teaches that the ‘‘limits’’ of
exercise performance can be explained by one or
two cardiovascular variables, such as the cardiac
output and muscle blood flow,15 but the VO2max
test includes three components that are foreign to
all forms of freely chosen exercise.
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First, the tested subject does not know the
expected duration of the exercise bout when it
begins. Accurate knowledge of the exercise duration optimises the exercise performance.17 Second,
the intensity of the exercise increases progressively,
sometimes rapidly8 from low to ‘‘maximal’’ work
rates. Humans do not usually exercise this way.
Third, the tested subject cannot regulate the
exercise intensity except by choosing when to
stop. This adds a subjective component to the test,
as the athlete’s conscious brain makes the final
decision when to terminate the exercise. Thus
psychological and not purely physiological factors
can presumably influence that decision.18
More to the point, a characteristic of freely chosen
exercise is the choice of different pacing strategies
that change continuously from moment to
moment.19–21 Unique, constantly changing pacing
strategies are most likely produced by a central motor
command that continually modulates the number of
motor units recruited in the exercising limbs.
However, during the VO2max test, this critical brain
function cannot be evaluated, because the change in
work rate is preset and immutable, thereby controlling the tested subject’s level of central motor output
in an unnatural way (fig 1).
Finally, the VO2max test has produced an unusual
definition of the intensity at which exercise is
performed, because the intensity is expressed relative
to that at which the VO2max occurs. Workloads
beyond those reached during the VO2max test are
defined as ‘‘supramaximal’’;5 12 however, this does
not make sense, because a (lower) exercise intensity
cannot be maximal if a higher exercise intensity can
be achieved, even if under different circumstances.
Experimental models such as the VO2max test have
their uses, because they can define the maximal
capacity of each human for oxygen use,15 but their
generalisability must be carefully scrutinised. Thus
one must ask: is it appropriate to explain the
physiological factors determining human exercise
performance according to an experimental model of
exercise in which (1) humans do not usually engage
and (2) the brain of the tested subject does not set
the pacing strategy as is usual in freely chosen
exercise? If we base our interpretations exclusively
on a testing model that is so unnatural as to exclude
the usual function of the brain during exercise, we
may miss the obvious. Thus, this traditional
reductionist explanation of the factors limiting the
VO2max excludes any possible contribution of the
brain and central motor command.3–9 11–14 The point
is, as Kayser18 reminds us, that exercise begins and
ends in the brain. Thus, before any movement can
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Figure 1 The homeostatic failure (catastrophic) model of human
exercise physiology originates from the testing method developed to
measure the factors that A V Hill believed limit maximal exercise
performance. In this protocol, the subject’s work rate is regulated by the
experimenter controlling the test, who increases the work rate
continuously until the subject chooses to terminate the exercise as a
result of ‘‘voluntary exhaustion’’. This experimental model has produced
the (reductionist) concept that exercise is ‘‘limited’’ by a failure of
homeostasis in either the exercising muscles (peripheral fatigue) or in the
central nervous system (central fatigue). This model violates the
fundamental teaching in normal human physiology, which holds that the
body uses feed-forward and feedback control, integrated in the brain, to
regulate homeostasis in all bodily systems under all environmental
conditions. The manner in which this ‘‘brainless’’ model of human
exercise physiology has gained ascendancy since the initial studies of
Hill and colleagues in 1923 has been described previously.26 27
occur, the appropriate number of motor units in the exercising
skeletal muscles must first be activated by the central nervous
system. As a result, the power output of the exercising limbs
increases, raising the whole body oxygen consumption consequent to metabolite-induced arteriolar vasodilation, which directs
the increase in blood flow to the exercising muscles. Thus, as is
usually taught in standard textbooks of human physiology22
increases in blood flow and cardiac output during exercise are
the consequence and not the cause of the increase in power output
by the exercising muscles. Attempts to point this out are usually
dismissed out of hand.23
However, the logical point is that this critical role of central
motor command cannot be identified if its most important
function — the setting of the pacing strategy — is the controlled
variable in the experimental model — the VO2max test — used to
predict athletic ability and to determine the factors that limit
human exercise performance. Rather as the subject’s pacing
strategy is predetermined during the VO2max test, the popular use
of this specific test must entrench the conclusion that exercise
performance is determined by the cardiovascular system, as it is
the only obvious candidate other than central motor command.
However, the absence of proof for an effect does not prove the
absence of that effect. If central motor command plays no part in
determining the VO2max, then the VO2max test must terminate
because a severe degree of peripheral fatigue has developed in the
exercising muscles as recently acknowledged: ‘‘…athletes stop
exercising at VO2max because of severe functional alterations at the
local muscle level due to what is ultimately a limitation in
convective oxygen transport, which activates muscle afferents
leading to cessation of a central motor drive and voluntary effort’’.15
This novel explanation differs from the more usual theory that
maximal exercise performance terminates purely as a result of the
development of ‘‘peripheral fatigue’’; however, it is closer to Hill’s
original theory that maximal exercise performance is limited by a
‘‘governor’’ in either the brain or heart,24 the function of which is
552

to terminate exercise before severe myocardial ischemia causes
irreversible heart damage or even death.
Remarkably, this presumption that the VO2max test produces
‘‘severe’’ alterations in skeletal muscle function has only just
been tested. Thus Thomas and Stephane25 have reported that
the function of the quadriceps femoris muscle was little affected
by the performance of a VO2max test of ,13 minutes that
terminated at a mean power output of 381 W and a mean
VO2max of 75 ml/kg/min. They also showed that oxygenation
of the pre-frontal cortex fell during exercise. They propose that
a decrease in oxygenation of the pre-frontal cortex may modify
central motor output to the exercising limbs, causing the
termination of exercise before the onset of peripheral skeletal
muscle fatigue.
This interpretation differs in two important ways from the
new model of Levine,15 which theorises that (1) sensory feedback
from fatigued skeletal muscles, not from an increasingly hypoxic
prefrontal cortex, causes a failure of central motor output and (2)
that this occurs only after the peripheral fatigue has already
developed. Interestingly, both models accept that the brain
ultimately determines when the exercise will terminate, a
significant conceptual advance.18 26 27
In a somewhat related study, Kabitz et al28 have reported that
electrically stimulated diaphragmatic force output increased
progressively during exercise but fell immediately exercise
terminated, but only when whole-body exercise was performed.29
The authors concluded that diaphragmatic fatigue develops after,
not during exercise, so that ‘‘the conventional understanding of
fatigue might be flawed because it does not distinguish between
the sensation itself and the physical expression of that
sensation26’’. Interestingly, there are studies showing that skeletal
muscle contractile function may also increase during exercise,30
indicating the absence of fatigue. However, the relevance of these
studies is not often acknowledged as they produce a result that is
so unexpected.31
Although the mechanisms explaining the unexpected findings
of Kabitz et al28 29 need to be determined, those studies should
encourage exercise physiologists to re-evaluate the implications
of studies showing that skeletal muscle contractile function
does not necessarily fall during exercise but may sometimes
increase.
Importantly, the studies of Kabitz et al28 29 raise the possibility
that the use of electrical stimulation to detect the presence of
‘‘peripheral fatigue’’ in skeletal muscle might theoretically
produce contrasting results if tested during exercise rather than
after the termination of exercise. Indeed, it is clear that electrical
stimulation overestimates the degree of ‘‘peripheral fatigue’’ that
may be present at the end of exercise. Thus, for example, the
study of Amann et al32 found that cyclists produced an ‘‘end
spurt’’ in 5 km cycling time trials in which their power outputs
reached higher values in the final 500 m than at any time during
the trials. Furthermore, power output during the end spurt
increased more than did lower limb EMG activities. This suggests
an increase in power production for each unit of EMG activity—
that is, an increase in the capacity of the voluntarily activated
skeletal muscle motor units to produce force, hence resulting in an
increased, not a reduced mechanical function. Yet, when studied
4 minutes after the end of exercise, the ability of these muscles to
produce a maximal voluntary contraction had fallen by ,10%
compared with pre-exercise values. Similarly, muscle-stimulation
techniques consistently found a reduction of ,35% in skeletal
muscle force production. The authors interpreted this finding as
evidence that the previously exercised skeletal muscles showed a
35% increase in ‘‘peripheral fatigue’’. All these discrepant findings
Br J Sports Med 2008;42:551–555. doi:10.1136/bjsm.2008.046821
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Figure 2 The anticipatory (central governor) model proposes that human
exercise performance is regulated (not limited) by a complex, intelligent
system, the goal of which is the maintenance of homeostasis in all bodily
systems. According to this model, subjects begin exercise at an intensity
that is determined by their physiological capacity including their state of
training, the expected duration of the exercise bout, their previous
experience and the relative importance of the exercise bout, among many
other potential influences. This established the feed-forward component of
the central motor command, which determines the initial pace by recruiting
the appropriate number of motor units in the muscles in the exercising limbs.
Feedback from a variety of organs that monitor both the internal and external
environment, then modify the pace by altering the number of motor units
recruited in the exercising limbs. The goal of this control is to ensure that the
exercise bout terminates before there is damage to any organ system as a
result of a failure of homeostasis. The symptoms of fatigue become
progressively more severe during exercise in order to ensure that exercise
terminates within a predetermined and safe duration.26–28 31 33 36 39 40 47 60 61 65

raise the question of how the extent of ‘‘peripheral fatigue’’
should be quantified during or after whole body exercise.
More to the point, if it is correct that cardiovascular function
determines maximal exercise performance when the work load
is set by the experimenter,15 then the cardiovascular system
must also explain the performance of humans when they set
their own pacing strategies19–21 (fig 2). Such strategies are
present essentially from the first muscular contraction33 and are
constantly changing.20 21 There is also usually an ‘‘end spurt’’
shortly before the end of exercise.32–34 As the pacing strategy is
evident from the onset of exercise, it must be anticipatory and
part of a feed-forward control mechanism (fig 2).19 21 35 36
How can the cardiovascular system determine the exercise
performance ‘‘in anticipation’’ even from the very onset of
exercise? How does it sanction moment-to-moment changes in
power output?20 21 And how does it produce the ‘‘end spurt’’,36
given that neither the heart nor the exercising limbs can ever
know when the exercise will end?
More logically, central motor command determines the exercise
intensity and sets the pacing strategy at the start of exercise, based
largely on the expected duration of the exercise bout or the
distance to be covered.37 The goal of the pacing strategy is to
complete the exercise bout without the development of total
exhaustion. However, this role of central motor command cannot
be detected when the pacing strategy is externally directed and
immutable as occurs during the VO2max test. To match the
progressive, experimenter-controlled increase in workload during
such testing, the central motor output of the tested subject must
Br J Sports Med 2008;42:551–555. doi:10.1136/bjsm.2008.046821

progressively increase in order to recruit a progressively greater
number of motor units in the exercising muscles (fig 1).
Uniquely during the VO2max test, this increase occurs in
response to proprioceptive sensory feedback in response to the
externally directed increases in workload (fig 1) and not as part of
a
feed-forward
constantly
changing
central
motor
command, anchored in part by the prior knowledge of the
anticipated exercise endpoint (fig 2).17 38 39 As the testing protocol
is predetermined, any feed-forward, anticipatory control by the
tested subject’s central motor command cannot be identified,
other than when it causes the subject to terminate the exercise.
In contrast, when the exercise is self-paced, the central motor
command probably determines the number of motor units that
are activated in the exercising muscles in a feed-forward manner
on the basis of prior experience, the specific circumstances in
which that activity is being undertaken, and the physical
condition of the subject, presumably among many other
factors.20 21 39 Once exercise commences, sensory feedback
continually modifies the response40 on a moment-to-moment
basis. These are clearly anticipatory responses, beyond the
capabilities of the cardiovascular system.33
There are also many published findings that cannot easily be
explained by the model depicted in fig 1, which holds that all
exercise performance is determined by the development of a
peripheral fatigue consequent to a limiting cardiovascular
function.15 16 Recently it has been shown that erythropoietin
(rHuEPO) administration has a greater effect on submaximal
than on maximal exercise performance.41 The authors acknowledge that while ‘‘it would seem obvious that the main reason
(for the effects of rHuEPO administration is) ….. the augmented
oxygen carrying capacity of the blood’’, the improved exercise
performance ‘‘cannot be explained by the improvement in
VO2max alone’’. Logically rHuEPO administration does not
improve submaximal exercise performance by increasing muscle
oxygenation, as this could occur only if, in the absence of
rHuEPO use, the exercising muscles (of all humans) are
inadequately oxygenated. This conflicts with the established
finding that muscle blood flow and oxygen demand are
appropriately matched during submaximal exercise.42
Indeed, this conclusion is confirmed by the finding by the
same group that the intra-arterial infusion of ATP at near
maximal exercise increases blood flow without altering oxygen
consumption.43 This establishes that (1) blood flow during near
maximal exercise is indeed appropriate for the muscular demand
so that (2) this (and lower) intensities of exercise cannot be
‘‘limited’’ by an inadequate blood flow and oxygen delivery.
Thus under those experimental conditions, the rate of blood
flow and oxygen delivery could not have determined the
exercise performance; rather, the exercising work rate set the
demand for blood flow and oxygen delivery as it must.23 Indeed,
the analogous finding that the coronary blood flow is
submaximal during ‘‘maximal’’ exercise in normoxia44 45 indicates that the heart achieves its ‘‘maximal’’ cardiac output at
submaximal rates of coronary blood flow.
This finding that skeletal muscle blood flow is submaximal
during ‘‘maximal’’ exercise has also recently been independently
confirmed. Thus Barden et al46 found that the infusion of
adenosine increased blood flow and skeletal muscle oxygen
delivery during maximal one-legged extension exercise without
increasing the VO2max. They concluded that skeletal muscle has
vasodilatory reserve during maximal exercise confirming that in
their experiments, the VO2max was not limited by an inadequate
blood flow and oxygen delivery. Predictably, they did not cite
the anticipatory model (fig 2) to conclude that adenosine
553
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therapy cannot increase the VO2max unless it first increases
central motor command and therefore the number of motor
units that are activated in the exercising limbs. The work rate
must first increase before there can be an increased demand for
and hence utilisation of oxygen. Like others,23 all these authors
are apparently wedded to the concept that oxygen delivery
alone determines the power output of the exercising limbs, and
thus, they appear blind to a converse interpretation (fig 2).
The most clearly established paradox that disproves this
theory is its prediction that cardiovascular function determines
exercise performance at altitude. It is difficult to understand
how cardiovascular function can determine performance at
extreme altitude,14 as ‘‘maximal’’ exercise in severe hypoxia
terminates at low levels of cardiovascular and metabolic stress.47
If cardiovascular function truly limits exercise performance
then, as already argued, exercise in extreme hypoxia must
always terminate with a maximal cardiac output. However, this
clearly does not occur.
In contrast, there is a growing body of evidence that shows
that central motor command is altered during prolonged
exercise and contributes substantially to the impaired exercise
performance that typically occurs during and after such
exercise.48–58
In summary, the classic studies of Hill and Lupton1 and the
development of the VO2max test59 probably explain why most
modern exercise physiologists seldom consider that central
motor command to the exercising muscles could be an
important regulator of human exercise performance. In this
unnatural form of exercise, the pacing strategy is predetermined, immutable and imposed on the experimental subject
(fig 1). As a result, the key function of anticipatory (feedforward) central motor output in establishing the pacing
strategy during exercise19–21 23 33 35 cannot be identified; rather,
it is the controlled variable in the study. In contrast, when
humans exercise voluntarily, their brains chose patterns of
central motor command (pacing strategies) that will optimise
their performances under the prevailing conditions (fig 2). This
is probably achieved through a regulation of the number of
motor units that are active in the exercising limbs initially from
the start of exercise. As the exercise progresses, the number is
reduced or increased on the basis of sensory feedback and
knowledge of the exercise endpoint.17 23 32 35 38 40 60 61 Near the
end of exercise, the end spurt occurs consequent to an increased
skeletal muscle activation.23 32 34 38 61 62
The finding that all the motor units in the exercising limbs
are never recruited during any form of exercise testing, whether
for the measurement of the VO2max27 or the maximum
voluntary contraction (MVC),63 indicates that central motor
command to the exercising muscles regulates the exercise
performance.39 However, this crucial component of brain
function during exercise can be identified only during self-paced
exercise19–21 32 34–36 40 61 and not during the VO2max test.1–14 59 64
Perhaps it is now time to develop novel testing methods in
which the contribution of each athlete’s central motor command—for example in establishing the pacing strategy and the
timing and magnitude of the ‘‘end spurt’’32–34 36 during competition—can be measured in order further to improve our capacity to
quantify athletic ability and predict athletic performance. That
the measured VO2max is a relatively poor predictor of both the
performance potential of athletes with similar athletic ability and
of the changes in performance that occur with continued training
over months or years65 should encourage both basic and applied
sports scientists to reconsider the real value of this iconic test.
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What is already known on this topic
c

c

c

The measurement of maximum oxygen consumption (VO2max)
is probably the most popular test used by exercise scientists
to predict athletic potential.
It is based on the theory that the development of an oxygen deficit
causing ‘‘peripheral fatigue’’ in the exercising muscles, ‘‘limits’’
both maximal and submaximal (endurance) exercise performance.
The VO2max is considered a surrogate measure of those
limiting factors, particularly the maximal cardiac output and
hence the maximal potential for skeletal muscle blood flow
and oxygen delivery.

What this study adds
c

c

c

c

c

The VO2max test includes three features that are foreign to the
manner in which humans usually exercise.
Most importantly, the work rate is predetermined, externally
directed, immutable and beyond the control of the experimental
subject’s brain. As a result, the tested subject’s brain merely
responds to changes in work rate imposed by the experimenter
and is therefore the controlled variable in the experiment.
In contrast, when subjects exercise of their own volition, they
chose different paces depending on the anticipated exercise
duration. Their brains achieve this by recruiting the exactly
appropriate number of motor units in the exercising muscles.
The goal of this strategy is to complete the activity without
homeostatic failure and the development of a ‘‘limiting’’
skeletal muscle fatigue.
As the VO2max test does not evaluate the athlete’s ability to
choose and sustain the optimum pace during exercise of
different durations, it cannot be the optimum test either to
evaluate a subject’s athletic potential or to understand the
biological basis of superior athletic performance.

Acknowledgements: The research on which this review is based is funded by
Discovery Health (Pty) (Ltd), the Medical Research Council of South Africa, the Harry
Crossley and Nellie Atkinson Staff Research Funds of the University of Cape Town, and
the National Research Foundation of South Africa through its THRIP initiative.
Competing interests: None.

REFERENCES
1.
2.
3.
4.
5.
6.

7.
8.

9.
10.
11.

Hill AV, Lupton H. Muscular exercise, lactic acid, and the supply and utilization of
oxygen. Quart J Med 1923;16:135–71.
Hill AV, Long CHN, Lupton H. Muscular exercise, lactic acid and the supply and
utilisation of oxygen: parts VII–VIII. Proc Royal Soc Bri 1924;97:155–76.
Mitchell JH, Saltin B. The oxygen transport system and maximal oxygen uptake.
Exercise physiology Oxford: Oxford University Press, 2003;255–91.
Day JR, Rossiter HB, Coats EM, et al. The maximally attainable VO2 during exercise
in humans: the peak vs. maximum issue. J Appl Physiol 2003;95:1901–7.
Brink-Elfegoun T, Kaijser L, Gustafsson T, et al. Maximal oxygen uptake is not
limited by a central nervous system governor. J Appl Physiol 2007;102:781–86.
Rossiter HB, Kowalchuk JM, Whipp BJ. A test to establish maximum O2 uptake
despite no plateau in the O2 uptake response to ramp incremental exercise. J Appl
Physiol 2006;100:764–70.
Bassett DR Jr, Howley ET. Maximal oxygen uptake: ‘‘classical’’ versus
‘‘contemporary’’ viewpoints. Med Sci Sports Exerc 1997;29:591–603.
Mortensen SP, Dawson EA, Yoshiga CC, et al. Limitations to systemic and
locomotor limb muscle oxygen delivery and uptake during maximal exercise in
humans. J Physiol 2005;566:273–85.
Bassett DR Jr, Howley ET. Limiting factors for maximum oxygen uptake and
determinants of endurance performance. Med Sci Sports Exerc 2000;32:70–84.
Bassett DR Jr. Scientific contributions of A. V. Hill: exercise physiology pioneer.
J Appl Physiol 2002;93:1567–82.
Saltin B, Calbet JAL. Point: In health and in a normoxic environment, VO2 max is
limited primarily by cardiac output and locomotor muscle blood flow. J Appl Physiol
2006;100:744–45.

Br J Sports Med 2008;42:551–555. doi:10.1136/bjsm.2008.046821

Downloaded from bjsm.bmj.com on 15 July 2009

Review
12.

13.

14.
15.
16.
17.

18.
19.
20.
21.
22.
23.

24.
25.
26.

27.
28.
29.

30.

31.

32.

33.
34.

35.
36.
37.
38.
39.

Hawkins MN, Snell PG, Stray-Gundersen J, et al. Maximal oxygen uptake as a
parametric measure of cardiorespiratory capacity. Med Sci Sports Exerc
2007;39:103–7.
Wagner P. Counterpoint: In health and in a normoxic environment, VO2max is not
limited primarily by cardiac output and locomotor muscle blood flow. J Appl Physiol
2006;100:745–48.
Wagner PD. Reduced maximal cardiac output at altitude—mechanisms and
significance. Respir Physiol 2000;120:1–11.
Levine BD. VO2max: what do we know, and what do we still need to know?
J Physiol 2008;586:25–34.
Joyner MJ, Coyle EF. Endurance exercise performance: the physiology of
champions. J Physiol 2008;586:35–44.
Ansley L, Robson PJ, St Clair GA, et al. Anticipatory pacing strategies during
supramaximal exercise lasting longer than 30 s. Med Sci Sports Exerc 2004;36:
309–14.
Kayser B. Exercise starts and ends in the brain. Eur J Appl Physiol 2003;90:411–19.
Tucker R, Lambert MI, Noakes TD. An analysis of pacing strategies during men’s
world record performances in track athletics. Int J Sp Phys and Perf 2006;1:233–45.
Tucker R, Bester A, Lambert EV, et al. Non-random fluctuations in power output
during self-paced exercise. Br J Sports Med 2006;40:912–17.
Abbiss CR, Quod MJ, Martin DT, et al. Dynamic pacing strategies during the cycle
phase of an Ironman triathlon. Med Sci Sports Exerc 2006;38:726–34.
Guyton AC, Hall JE. Textbook of medical physiology. Philadelphia: Elsevier Saunders,
2006:1–1116.
Noakes TD, Calbet JA, Boushel R, et al. Central regulation of skeletal muscle
recruitment explains the reduced maximal cardiac output during exercise in hypoxia.
Am J Physiol Regul Integr Comp Physiol 2004;287:R996–9.
Noakes TD. How did AV Hill understand the VO2 max and the ‘‘plateau
phenomenon’’? Still no clarity? Br J Sports Med 2008;42:574–80.
Thomas R, Stephane P. Prefrontal cortex oxygenation and neuromuscular responses
to exhaustive exercise. Eur J Appl Physiol 2008;102:153–63.
Noakes TD, St Clair Gibson A, Lambert EV. From catastrophe to complexity: a novel
model of integrative central neural regulation of effort and fatigue during exercise in
humans: summary and conclusions. Br J Sports Med 2005;39:120–4.
Noakes TD, St Clair Gibson A. Logical limitations to the ‘‘catastrophe’’ models of
fatigue during exercise in humans. Br J Sports Med 2004;38:648–49.
Kabitz HJ, Walker D, Schwoerer A, et al. New physiological insights into exerciseinduced diaphragmatic fatigue. Respir Physiol Neurobiol 2007;158:88–96.
Kabitz HJ, Walker D, Walterspacher S, et al. Independence of exercise-induced
diaphragmatic fatigue from ventilatory demands. Respir Physiol Neurobiol
2008;161:101–7.
Vuorimaa T, Virlander R, Kurkilahti P, et al. Acute changes in muscle activation and
leg extension performance after different running exercises in elite long distance
runners. Eur J Appl Physiol 2006;96:282–91.
Noakes TD. Commentary on ‘‘Independence of exercise-induced diaphragmatic
fatigue from ventilatory demands’’ by Kabitz et al. Respir Physiol Neurobiol
2008;161:108–10.
Amann M, Eldridge MW, Lovering AT, et al. Arterial oxygenation influences central
motor output and exercise performance via effects on peripheral locomotor muscle
fatigue in humans. J Physiol 2006;575:937–52.
Noakes TD. The central governor model of exercise regulation applied to the
marathon. Sports Med 2007;37:374–7.
Amann M, Dempsey JA. Locomotor muscle fatigue modifies central motor drive in
healthy humans and imposes a limitation to exercise performance. J Physiol
2008;586:161–73.
Joseph T, Johnson B, Battista RA, et al. Perception of fatigue during simulated
competition. Med Sci Sports Exerc 2008;40:381–6.
Noakes TD, Marino FE. Arterial oxygenation, central motor output and exercise
performance in humans. J Physiol 2007;585:919–21.
Atkinson G, Peacock O, Gibson AS, et al. Distribution of power output during cycling:
impact and mechanisms. Sports Med 2007;37:647–67.
Ansley L, Schabort E, St Clair GA, et al. Regulation of pacing strategies during
successive 4-km time trials. Med Sci Sports Exerc 2004;36:1819–25.
St Clair Gibson A, Noakes TD. Evidence for complex system integration and
dynamic neural regulation of skeletal muscle recruitment during exercise in humans.
Br J Sports Med 2004;38:797–806.

Br J Sports Med 2008;42:551–555. doi:10.1136/bjsm.2008.046821

40.
41.
42.

43.
44.
45.
46.
47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

Tucker R, Marle T, Lambert EV, et al. The rate of heat storage mediates an
anticipatory reduction in exercise intensity during cycling at a fixed rating of perceived
exertion. J Physiol 2006;574:905–15.
Thomsen JJ, Rentsch RL, Robach P, et al. Prolonged administration of recombinant
human erythropoietin increases submaximal performance more than maximal aerobic
capacity. Eur J Appl Physiol 2007;101:481–86.
Gonzalez-Alonso J, Mortensen SP, Dawson EA, et al. Erythrocytes and the
regulation of human skeletal muscle blood flow and oxygen delivery: role of
erythrocyte count and oxygenation state of haemoglobin. J Physiol 2006;572:295–
305.
Calbet JA, Lundby C, Sander M, et al. Effects of ATP-induced leg vasodilation on
VO2 peak and leg O2 extraction during maximal exercise in humans. Am J Physiol
Regul Integr Comp Physiol 2006;291:R447–53.
Grubbstrom J, Berglund B, Kaijser L. Myocardial oxygen supply and lactate metabolism
during marked arterial hypoxaemia. Acta Physiol Scand 1993;149:303–10.
Grubbstrom J, Berglund B, Kaijser L. Myocardial blood flow and lactate metabolism
at rest and during exercise with reduced arterial oxygen content. Acta Physiol Scand
1991;142:467–74.
Barden J, Lawrenson L, Poole JG, et al. Limitations to vasodilatory capacity and
.VO2 max in trained human skeletal muscle. Am J Physiol Heart Circ Physiol
2007;292:H2491–7.
Noakes TD. The limits of human endurance: What is the greatest endurance
performance of all time? Which factors regulate performance at extreme altitude? In:
Roach RC, Wagner PD, Hackett PH, et al, eds. Hypoxia and the circulation New York:
Springer, 2007:259–80.
Millet GY, Martin V, Lattier G, et al. Mechanisms contributing to knee extensor
strength loss after prolonged running exercise. J Appl Physiol 2003;94:193–8.
Millet GY, Lepers R, Maffiuletti NA, et al. Alterations of neuromuscular function after
an ultramarathon. J Appl Physiol 2002;92:486–92.
Petersen K, Hansen CB, Aagaard P, et al. Muscle mechanical characteristics in
fatigue and recovery from a marathon race in highly trained runners. Eur J Appl
Physiol 2007;101:385–96.
Nicol C, Komi PV, Marconnet P. Fatigue effects of marathon running on
neuromascular perfomance. I. Changes in muscle force and stiffness characteristics.
Scand J Med Sci Sports 2003;1:10–17.
Place N, Lepers R, Deley G, et al. Time course of neuromuscular alterations during a
prolonged running exercise. Med Sci Sports Exerc 2004;36:1347–56.
Presland JD, Dowson MN, Cairns SP. Changes of motor drive, cortical arousal and
perceived exertion following prolonged cycling to exhaustion. Eur J Appl Physiol
2005;95:42–51.
Ross EZ, Middleton N, Shave R, et al. Corticomotor excitability contributes to
neuromuscular fatigue following marathon running in man. Exp Physiol 2007;92:417–26.
Racinais S, Bringard A, Puchaux K, et al. Modulation in voluntary neural drive in
relation to muscle soreness. Eur J Appl Physiol 2008;102:439–46.
Millet GY, Lepers R. Alterations of neuromuscular function after prolonged running,
cycling and skiing exercises. Sports Med 2004;34:105–16.
Racinais S, Bishop D, Denis R, et al. Muscle deoxygenation and neural drive to the
muscle during repeated sprint cycling. Med Sci Sports Exerc 2007;39:268–74.
Racinais S, Girard O, Micallef JP, et al. Failed excitability of spinal motoneurons
induced by prolonged running exercise. J Neurophysiol 2007;97:596–603.
Howley ET. VO2 max and the plateau - needed or not? Med Sci Sports Exerc
2007;39:101–2.
Noakes TD. Linear relationship between the perception of effort and the
duration of constant load exercise that remains. J Appl Physiol 2004;96:
1571–72.
Tucker R, Rauch L, Harley YX, et al. Impaired exercise performance in the heat is
associated with an anticipatory reduction in skeletal muscle recruitment. Pflugers
Arch 2004;448:422–30.
Tucker R, Kayser B, Rae E, et al. Hyperoxia improves 20 km cycling time trial
performance by increasing muscle activation levels while perceived exertion stays the
same. Eur J Appl Physiol 2007;101:771–81.
Kendall TL, Black CD, Elder CP, et al. Determining the extent of neural activation
during maximal effort. Med Sci Sports Exerc 2006;38:1470–75.
Amann M, Romer LM, Subudhi AW, et al. Severity of arterial hypoxaemia affects the
relative contributions of peripheral muscle fatigue to exercise performance in healthy
humans. J Physiol 2007;581:389–403.
Noakes TD. Lore of running. Champaign, IL: Human Kinetics Publishers, 2003:1–930.

555

