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The central governor model has recently been proposed as
a general model to explain the phenomenon of fatigue. It
proposes that the subconscious brain regulates power
output (pacing strategy) by modulating motor unit
recruitment to preserve whole body homoeostasis and
prevent catastrophic physiological failure such as rigor. In
this model, the word fatigue is redefined from a term that
describes an exercise decline in the ability to produce force
and power to one of sensation or emotion. The
underpinnings of the central governor model are the
refutation of what is described variously as peripheral
fatigue, limitations models, and the cardiovascular/
anaerobic/catastrophe model. This argument centres on
the inability of lactic acid models of fatigue to adequately
explain fatigue. In this review, it is argued that a variety of
peripheral factors other than lactic acid are known to
compromise muscle force and power and that these effects
may protect against ‘‘catastrophe’’. Further, it is shown that
a variety of studies indicate that fatigue induced decreases
in performance cannot be adequately explained by the
central governor model. Instead, it is suggested that the
concept of task dependency, in which the mechanisms of
fatigue vary depending on the specific exercise stressor, is
a more comprehensive and defensible model of fatigue.
This model includes aspects of both central and peripheral
contributions to fatigue, and the relative importance of
each probably varies with the type of exercise.
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A
variety of papers have recently been

published regarding the ‘‘central governor
model’’ (CGM) of fatigue.1–5 In brief, the

CGM ‘‘…proposes that exercise performance is
regulated by the central nervous system specifi-
cally to ensure that catastrophic physiological
failure does not occur during normal exercise in
humans’’1 (p 511). This method of regulation is
based on the suggestion that, during exercise,
the subconscious brain modulates the number of
active motor units based on a ‘‘…pacing strategy
that will allow completion of the task in the most
efficient way while maintaining internal homo-
eostasis and a metabolic and physiological
reserve capacity’’3 (p 801). This series of papers
has provided a number of thought provoking
hypotheses and prompted renewed interest in
some of the classic work concerning the role of

the central nervous system (CNS) in fatigue. It is
possible, however, that the current version of the
CGM does not adequately explain the develop-
ment of fatigue in some exercise situations, most
notably in tasks that require very high forces
and/or power outputs for relatively brief periods
of time. The purpose of this paper is to review the
scientific foundations used to formulate many
aspects of the CGM. This is not a comprehensive
review of fatigue. Rather, we have examined
selected data from the fatigue literature to
determine if the results of previous studies were
consistent with what would be predicted by the
CGM. Based on this review, we argue that,
although some aspects of the CGM probably
have validity, its current version fails to explain
fatigue under many exercise conditions and is, in
many ways, incomplete. Instead, it is likely that
the concept of task dependency, in which fatigue
is not caused uniquely by any common set of
factors, but rather depends on the type of
exercise that is being performed,6 provides a
more valid, general model of fatigue.

FATIGUE AND THE CGM
Traditionally, fatigue has been conceptualised as
being driven by changes occurring anywhere in
the chain between the brain and the muscle
fibre. Effects occurring within the motor unit are
considered the domain of peripheral fatigue,
whereas events in the brain and spinal cord are
considered to reflect central fatigue.7 The issue of
central versus peripheral fatigue is not new. In
the late 1880s, Waller (cited in Edwards et al,8 p
483) wrote that:

‘‘The question is: does normal voluntary
fatigue depend upon central expenditure of
energy, or upon peripheral expenditure of
energy, or upon both factors conjointly; and
if upon both, in what proportion each? The
form of this question is justified as follows; a
maximum voluntary effort may decline: 1) by
decline of cerebral motility; 2) by sub-central
or spinal block; Central, 3) by motor end-
plate block; 4) by decline of muscle energy;
Peripheral.’’

Abbreviations: CAR, central activation ratio; CGM,
central governor model; CNS, central nervous system;
EMG, electromyographic; MVC, maximum voluntary
contraction; RM, repetition maximum; WAT, Wingate
anaerobic test
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The CGM can be viewed as a special model of central
fatigue. Specifically, Noakes and St Clair Gibson3 (p 801)
proposed that:

‘‘the subconscious brain sets the exercise intensity by
determining the number of motor units that are activated
and hence the mass of skeletal muscle that is recruited
throughout the exercise bout. The extent of motor neurone
activity and hence skeletal motor unit recruitment can be
further influenced by sensory feedback from a variety of
peripheral organs… the subconscious brain informs the
conscious brain of an increasing neural effort, perhaps
related to an increased difficulty in maintaining home-
ostasis at that exercise intensity, and this is interpreted by
the brain as the increased sensation of fatigue, which may
itself control further subconscious brain control pro-
cesses.’’

Further, the subconscious brain serves ‘‘…to regulate the
power output during all forms of exercise as part of the
controls necessary to maintain whole body homoeostasis’’3 (p
801). From a historical perspective, many aspects of the CGM
have previously been described. For example, in 1881 August
Waller wrote that ‘‘central fatigue is protective from
peripheral fatigue, and although normally in the body the
dynamic effect of the physiological stimulus emitted by a
‘motor’ centre far exceeds the maximal effect which can be
elicited by direct experimental excitations, yet that physiolo-
gical stimulus, by virtue of the rapid exhaustibility of the
organ from which it proceeds, cannot normally ‘overdrive’
and exhaust subordinate elements of the motor apparatus’’
(cited in Edwards et al,8 p 484).

The CGM is unique in at least two respects: (a) it limits the
central regulation of performance to factors above the spinal
cord (the subconscious and conscious brain), thus dismissing
any role for important regulation at the level of the spinal
cord or motor unit; (b) it seeks to explain fatigue under all
exercise conditions. With respect to the first point, a variety
of studies9–12 have reported that reflex activity in the spinal
cord is altered after different types of fatiguing tasks.
Furthermore, the CGM also does not acknowledge that
peripheral fatigue—that is, a reduction in force/power
production capability because of factors within the motor
unit—can be a primary and direct influence on performance.
To this end, the CGM is, in part, supported by discrepancies
in what the advocates of the CGM refer to as the
cardiovascular/anaerobic/catastrophe (CAC) model of fatigue,
which centres on the effects of ‘‘anaerobiosis’’ and ‘‘lactic
acidosis’’2 (p 3). Fatigue at the level of the skeletal muscle,
however, can be due to factors other than lactic acidosis and
anaerobiosis. For example, the role of inorganic phosphate
(Pi) accumulation and its effects on excitation-contraction
coupling is receiving increased attention in the muscle
physiology literature.13 In addition, to be valid as proposed,1

the CGM must explain fatigue under all of the exercise
conditions that have previously been attributed to task
dependency as a general model of fatigue.6 14–26

SEMANTICS
There are several terms that need to be clarified in order to
adequately discuss the validity of the CGM. Most impor-
tantly, a centrepiece of the CGM is a redefinition of the term
fatigue: ‘‘…fatigue should no longer be considered a physical
event but rather a sensation or emotion, separate from an
overt physical manifestation—for example, the reduction in
force output by the active muscles’’5 (p 121). In essence, what
Noakes et al5 define as fatigue is more akin to ratings of
perceived exertion which are traditionally measured with an

instrument such as the Borg scale.27 28 Further, if fatigue is a
sensation or emotion, rather than a physical phenomenon,
then one ought to measure sensations and emotions. Yet the
measures used by the advocates of the CGM are traditional
measures of exercise performance—for example, oxygen
uptake (V̇O2), electromyographic (EMG) amplitude, perfor-
mance time, power output, etc. So, by definition, the studies
generated by the advocates of the CGM are investigations not
of fatigue, but of the measures that are often used to evaluate
exercise performance. We further argue that, even if the other
major tenets of the CGM were substantively accurate, the
sensation/emotion aspect of fatiguing exercise is but one
component of the regulation of muscle performance.

Although sensations/emotions are part of the milieu that
affects how the CNS regulates muscle performance, fatigue
has long been defined in terms of a reduction in force and/or
power production capabilities.7 29 These are the physical
manifestations that the advocates of the CGM5 argue do
not directly limit exercise performance. For clarity, we
suggest that the definition put forth by Bigland-Ritchie and
Woods,30 and adapted by Gandevia,31 be used: ‘‘any exercise-
induced reduction in the ability to exert muscle force or
power, regardless of whether or not the task can be
sustained’’ (p 1732). Further, we argue that the CGM
addresses only a specific construct of fatigue. For example,
factors limiting performance in a cycling time trial or a 10 km
running race may include many factors besides fatigue—for
example, motivation, environment, tiredness, lethargy, etc. In
addition, the sensation/emotion definition of fatigue also
fails to address fatigue during locomotion and cycling
exercise induced by functional electrical stimulation in spinal
cord injury.32 33 Indeed, one of the troubling aspects of
functional electrical stimulation in spinal cord injury is the
rapid decline in muscle force and power—that is, fatigue—
that occurs during such exercise.33 This occurs despite a
complete lack of CNS control of muscle activation and only
modest changes in indices such as V̇O2 and heart rate.34 Under
the definition of fatigue proposed by Noakes et al,5 however,
this phenomenon is not fatigue.

In addition, Noakes et al1 implied that the term ‘‘fatigue’’
can be used to describe the onset of task failure or
exhaustion. For example, the phrase ‘‘…there must be
evidence of homoeostatic failure at fatigue’’1 (p 512) suggests
that fatigue occurs at a discrete point in time. Both the
traditional force/power decline and sensation/emotion mod-
els of fatigue implicitly conceptualise fatigue as a process that
occurs throughout the exercise task. Gandevia31 noted that
‘‘the maximal force generating capacity of muscles starts to
decline once exercise commences so that fatigue really begins
almost at the onset of exercise and develops progressively
before the muscles fail to perform the required task’’ (p
1732). Typically, it is necessary to define the specific criteria
for the termination of an exercise task in the study of
fatigue—for example, inability to complete another repeti-
tion, the end point of a maximal graded exercise test, etc.
Furthermore, for tasks that do not have a discrete point of
failure—for example, time trials, Wingate anaerobic test
(WAT), etc—the process of fatigue can be quantified by
performance measures such as power output or force
production, consistent with the operational definition of
fatigue that has been used in most scientific papers.

It is also important to note that endurance—for example,
time to task failure—and fatigue are separate phenomena, so
one is not simply the converse of the other. Two studies that
examined the effect(s) of aging and sex, respectively, on
fatigue are illustrative.35 36 Bilodeau et al35 reported that elbow
flexor fatigue consequent on a sustained isometric contrac-
tion (35% of maximum) resulted in similar declines in
maximal force in young and older subjects, but the time to
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task failure (time at the target force) was ,2.5 fold longer in
the older subjects. Similarly, Hunter and Enoka36 compared
men and women during continuous isometric forearm
flexion contractions at 20% of maximum until task failure
(inability to maintain the target force). The declines in
maximal force were comparable between men and women
(men ,39% of pre-fatigue force, women ,34% of pre-fatigue
force), whereas time to task failure was over twofold longer
in women. This distinction between fatigue, traditionally
defined in terms of reductions in force and power production
capability, and endurance is critically important, as the CGM
has been built on observations of tasks such as running and
cycling. We suggest that these tasks (in which pacing,
motivation, and environmental influences are present) are
not necessarily limited or defined by fatigue per se. Instead,
fatigue is but one influence on endurance performance.

Another term that is often used in discussions of the CGM
is ‘‘anaerobiosis’’, which can be defined as ‘‘Life sustained by
an organism in the absence of oxygen’’.37 For example,
Noakes and St Clair Gibson2 (p 1) stated that ‘‘The classical
theory, since defined as the cardiovascular/anaerobic/cata-
strophe model of exercise physiology, postulates that fatigue
during high intensity exercise of short duration results from a
skeletal muscle ‘anaerobiosis’ that develops when the oxygen
requirement of the active skeletal muscles exceeds the heart’s
capacity to further augment oxygen delivery to exercising
muscles by increasing the cardiac output.’’ Similarly, in
addressing the V̇O2 plateau phenomenon—that is, the
purported first hallmark of the CAC model—it is stated that
‘‘if the development of oxygen deficiency in the active
muscles is the exclusive factor limiting maximum exercise
performance, and if the ‘plateau phenomenon’ is the external
marker of this skeletal muscle anaerobiosis, then the plateau
phenomenon must occur in 100% of subjects at exhaustion
during progressive exercise’’2 (p 6). If anaerobiosis is argued
by exercise physiologists to be a proximate cause of fatigue,
then we join Noakes and St Clair Gibson2 in criticising these
arguments, as, under all exercise conditions, at least some
ATP is derived from oxidative phosphorylation and V̇O2 is
never zero. Also, we agree with Noakes and St Clair Gibson2

that the terminology advocated by Connett et al38 should be
encouraged, namely, that cellular hypoxia refers to a decrease
in O2 tension below resting values but ‘‘sufficient to maintain
O2 and ATP flux because of adaptive change in the redox and
phosphorylation drives on electron transport’’38 (p 836),
whereas dysoxia reflects conditions of O2 tension that restrict
oxidative phosphorylation. However, we are unaware of
previous studies that suggest that voluntary exercise occurs
in the complete absence of oxygen in the cellular environ-
ment. Secondly, by extension, we argue that anaerobiosis as a
concept is not a ‘‘classical theory’’ with respect to muscle
fatigue. Indeed, the role of O2 insufficiency, much less fully
fledged anaerobiosis, has been a point of controversy for well
over 20 years—for example, Brooks.39 Furthermore, an
examination of the indexes of popular academic texts in
biochemistry,40 human physiology,41 42 or exercise physiol-
ogy43–47 will fail to reveal the term ‘‘anaerobiosis.’’ Thus we
urge the abandonment of this term.

In addition, one of the major components of the CGM is
the role of homoeostasis in selecting the ‘‘optimum pacing
strategy’’3 (p 801). Specifically, the CGM proposes that the
subconscious brain determines the metabolic cost that is
required to perform the exercise task, given the environ-
mental conditions and physical state of the organism. A
pacing strategy is then selected that will allow the exercise to
be completed without presenting a major threat to internal
homoeostasis that would result in a ‘‘terminal metabolic
crisis’’3 (p 800). For example, Noakes et al5 (p 120) stated that
‘‘…the presence of homoeostasis in all organ systems at the

point of exhaustion is perhaps the most robust evidence
supporting the hypothesis that exercise performance is
regulated centrally in the brain as part of a complex dynamic
system, the principle function of which is specifically to
ensure that homoeostasis is maintained under all conditions
of exercise.’’ By definition, homoeostasis is, ‘‘a relative
constancy in the internal environment of the body, naturally
maintained by adaptive responses that promote healthy
survival’’48 (p 428). Thus this definition implies that, if
homoeostasis is maintained during physical activity, then the
internal environment of the body must remain relatively
constant. There are, however, clear changes that occur both
at the systemic and cellular level during fatiguing exercise.
For example, there is an approximately 40-fold increase in
blood lactate during the transition from rest to maximal
exercise.49 This is accompanied by potentially arrythmogenic
changes of up to a twofold increase in plasma potassium,
decreases in arterial pH of up to 0.4 unit, and up to 15-fold
increases in plasma catecholamines.50 In addition, there are
dramatic increases in the concentrations of hydrogen ions
(H+), ADP, and Pi in the muscle cell, all of which can
contribute to immediate decreases in the amount of force
that can be produced for a given level of muscle activation.20

None of these metabolic byproducts, however, permanently
impair contractile function, because force production can be
completely restored with adequate recovery time.51 Thus we
argue that, during at least some forms of fatiguing exercise,
homoeostasis as proposed by the CGM—that is, ‘‘a relative
constancy in the internal environment’’—is not maintained
(because of rapid accumulation of lactate, H+, ADP, and Pi),
yet in almost all cases, the resulting challenge cannot be
considered a ‘‘terminal metabolic crisis’’3 (p 800). Indeed,
disruption of homoeostasis may be needed to stimulate
adaptations to training.52

TASK DEPENDENCY
Perhaps the CGM as described by Noakes et al5 is most
applicable to endurance exercise. A key consideration in the
model centres on the extent of motor unit recruitment at task
failure or task cessation for activities such as graded exercise
tests to determine V̇O2max, cycling time trials, etc. At the end
of these types of task, motor unit recruitment is usually
submaximal. From this, it is argued that ‘‘…the brain does
not recruit additional motor units during prolonged exercise
because such additional recruitment would threaten the
capacity to maintain homoeostasis…’’5 (p 121). But what
about other types of exercise? The second paper in the series2

addresses high intensity/short duration exercise lasting 10–
90 seconds, but the discussion focuses to a large extent on
the WAT, with a brief discussion of comparable treadmill
exercise. In contrast, consider a 3 repetition maximum (RM)
bench press task. By definition, a 3RM load allows the subject
to complete three repetitions, but not four. What is causing
task failure in this situation? If fatigue was due solely to
limits on motor unit recruitment, as the CGM proposes, then
the level of recruitment that allowed success during the third
repetition should also allow completion of the fourth
repetition. The more probable explanation is that fatigue at
the cellular level diminished the force production capabilities
of the motor units that the CNS allowed to be recruited, such
that the force demands of the task exceeded the force
production capability of the activated muscle.

The idea of task dependency is that ‘‘fatigue is not the
consequence of a single omnipresent mechanism but rather
that it can be induced by a variety of mechanisms’’20 (p 1632).
Further, in this model, the study of fatigue changes so that
‘‘Instead of attempting to identify a global cause of muscle
fatigue, the impairment of performance resulting from an
acute decline in the force capacity of muscle can be assessed
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by asking a more fundamental question ‘What causes task
failure?’’’12 (p 44). The task dependent factors that influence
the fatigue response include exercise intensity, type of
contraction (concentric v eccentric, dynamic v static, fast v
slow), muscle group involved, environment (heat, humidity),
and the physical characteristics of the exerciser (training
status, muscle fibre type distribution, etc). For example, the
mechanisms of fatigue are likely to be quite different when
contrasting a marathon race with a 3RM weightlifting task.
Indeed, the rates of change in force v muscle power are not
equal.53 These differences are probably due to differential
effects of metabolites on muscle performance, as Pi has been
shown to reduce force output but not affect speed of
shortening, whereas MgADP can potentiate force but inhibit
shortening velocity.54

PERIPHERAL FATIGUE AND THE CAC MODEL
The advocates of the CGM create a false dichotomy in that
fatigue is portrayed as either due to what they refer to as the
CAC model (also known as the anaerobic/catastrophe/
limitations model) or a function of the CGM. To this end,
great pains are taken to note weaknesses in the ability of
lactate production and H+ accumulation to explain muscle
fatigue in a variety of exercise models.2 Although we agree
that the CAC model, at least as presented for example by
Noakes and St Clair Gibson,2 has serious limitations, we
disagree that it is the ‘‘classical theory’’ of fatigue in exercise
physiology. Indeed, Dill55 has noted that, as of 1935, workers
in the Harvard Fatigue Laboratory had identified a variety of
influences on fatigue besides lactic acid that varied depend-
ing on the nature of the task, an observation entirely
consistent with the concept of task dependency as opposed
to either the CAC or the CGM.

More recently, Westerblad et al13 observed that changes in
lactate and pH probably explain little of the observations of
muscle fatigue under physiological conditions. Further, much
of the conventional understanding of the relation between
lactate and pH is probably in error.56 However, lactic acid and
H+ represent an incomplete list of potential fatigue inducing
metabolites. For example, MacLaren et al57 noted over 15
years ago the potential roles for Pi and ammonia accumula-
tion in muscle fatigue. Indeed, data indicating an important
role for Pi accumulation in peripheral fatigue are rapidly
growing.13 58 59 Specifically, Westerblad et al13 suggested that
there are five potential mechanisms by which high concen-
trations of Pi can impair contractile function: (a) hindering
cross bridge transition to the high force state; (b) reducing
myofibrillar Ca2+ sensitivity; (c) increasing the open prob-
ability of the sarcoplasmic reticulum Ca2+ release channels;
(d) inhibiting Ca2+ uptake by the sarcoplasmic reticulum; (e)
precipitating with the Ca2+ in the sarcoplasmic reticulum,
thereby decreasing the amount of Ca2+ available for release.
Thus accumulation of Pi may influence a number of factors
related to excitation-contraction coupling.

Interestingly, the potential effect(s) of Pi accumulation
appears to be related to the influence of hypoxia and
hyperoxia on muscle performance. As noted by Hepple,60

mild hypoxia can decrease exercise performance even though
O2 consumption is submaximal and PO2 is higher than the
level necessary to inhibit mitochondrial O2 uptake. The
influence of decreased O2 tension on muscle performance,
even at a submaximal exercise intensity, and steady O2

consumption could be interpreted in the context of the CGM
as evidence of CNS downregulation of motor unit recruit-
ment. However, these effects of O2 tension directly influence
muscle tissue itself. This effect appears to be due to the
influence of O2 tension on accumulation of muscle metabo-
lites, such as Pi. Reductions in inspired O2 can increase
phosphocreatine hydrolysis, and thus Pi accumulation, at a

constant submaximal power output (and therefore submax-
imal O2 consumption).61 Further, with incremental plantar-
flexion exercise at submaximal power outputs, hypoxia
(induced by manipulation of fractional inspired O2 (FIO2))
produced greater declines in phosphocreatine and accumula-
tion of Pi than during normoxia and hyperoxia, indicating
that ‘‘hypoxia results in significant alterations (compared
with the other FIO2 condition in muscle metabolic state
before any potential O2 limitation)’’62 (pp 1371–1372). At task
failure, the cellular environment with respect to [Pi],
[phosphocreatine], and [H+] was similar across the FIO2

conditions, but the power achieved at failure was lowest for
hypoxia and greatest for hyperoxia.62 Hepple60 has suggested
that ‘‘O2 may modulate the onset of fatigue by determining
the rate of Pi accumulation as shown by the different slopes
of the phosphocreatine v work relation with different inspired
O2 concentrations…’’ (p 62).

Beyond Pi, other work63 64 has suggested that fatigue may
even reduce the capacity of the myofibrils to produce force,
regardless of the extent of muscle activation or metabolite
accumulation. This phenomenon is often examined by
adding caffeine to the external medium surrounding the
muscle fibre, which potentiates the release of Ca2+ from the
sarcoplasmic reticulum and induces contraction of the
muscle fibre without membrane excitation. For example,
Edman64 examined myofibrillar fatigue in single muscle
fibres by stimulating the fibres until the tetanic force had
been reduced by 25%. Caffeine (15 mM) was then added to
the medium surrounding the muscle fibre to induce contrac-
tion. Edman reported that, even though the caffeine was
sufficient to saturate the contractile system with Ca2+, the
force that was produced during the contraction was nearly
identical with that generated during the electrically stimu-
lated tetanus. Thus it was suggested that ‘‘…the decrease in
mechanical performance during moderate fatigue is not
attributable to failure of activation of the contractile system,’’
and the ‘‘…fatigue process apparently makes the myofibrils
less capable of producing force even though they are fully
activated by calcium’’64 (p 32). Edman also reported that the
maximum speed of shortening is reduced in fatigued skeletal
muscle. This finding is particularly important because, unlike
force production, the maximum speed of shortening is
independent of muscle activation.65 Furthermore, Danieli-
Betto et al63 provided evidence that myofibrillar fatigue may
even occur in the absence of increases in muscle metabolite
concentrations. Specifically, they found that, when the
cytoplasm of fatigued rat muscle fibres was replaced with a
normal medium, the effects of fatigue were still evident. They
hypothesised that the impaired contractile function in the
absence of high muscle metabolite concentrations may be
due to modifications in muscle proteins. Regardless of the
mechanism, the results from these studies63 64 strongly
suggest that fatigue can affect myofibrillar function, irre-
spective of changes related to muscle activation (such as
impaired excitation-contraction coupling) or metabolite
concentrations.

In addition to myofibrillar fatigue, previous studies57 66–68

have suggested that K+ may also play an important role in
fatigue at the peripheral level. Specifically, K+ accumulates in
the extracellular fluid during fatiguing exercise, depolarising
the sarcolemma and decreasing the amplitude of the action
potential.67 This reduction in action potential amplitude may
result in less Ca2+ being released from the sarcoplasmic
reticulum and/or a complete loss of excitability in some
fibres, thereby decreasing the amount of force that is
produced by the muscle.66 69 In addition, the K+ that is
located in the extracellular space also diffuses into the
bloodstream, and Zoladz et al68 suggested that the plasma K+

concentration may be closely related to physical working
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capacity. Specifically, they reported that the plasma K+

accumulation rate was greater during an incremental cycle
ergometer test performed at a pedal rate of 120 rpm than
when the test was performed at a pedal rate of 60 rpm. The
power output at exhaustion was, however, significantly less
for the 120 rpm test than for the 60 rpm test, even though
the V̇O2MAX values were the same for both tests. The authors
stated (p 585) that ‘‘…the early loss of potassium from the
working muscle may indeed be directly involved in the early
fatigue that occurs during cycling at 120 rev?min21.’’ Thus
these findings57 66–68 suggest that accumulation of K+ in the
extracellular space may contribute to the decreases in
performance that occur during sustained high intensity
exercise.

Collectively, the current data on muscle fatigue suggest
that a variety of cellular effects can alter muscle force and
power production beyond the role of lactate and pH. Thus,
although the advocates of the CGM are correct in noting the
weaknesses of what they describe as the CAC model, it does
not follow that peripheral effects have little to no direct
influence on fatigue.

LIMITATIONS TO SURFACE EMG AMPLITUDE IN THE
ASSESSMENT OF FATIGUE
In the development of the CGM, much has been made of the
EMG amplitude responses during fatiguing exercise.2 3 5 For
example, St Clair Gibson et al70 examined EMG amplitude
during a simulated 100 km cycling time trial interspersed
with periods of high intensity cycling. Their results showed
reductions in EMG amplitude (normalised to the EMG
amplitude value recorded during an isometric maximum
voluntary contraction (MVC)) during cycling that tracked
reductions in power output across the time trial. Similarly,
Kay et al71 showed changes in EMG amplitude during periodic
sprints that loosely tracked changes in cycling power over the
course of a 60 minute test in a warm and humid environ-
ment. Of particular note is that the EMG amplitude values
appeared to be less than what would be expected if motor
unit recruitment were maximal. Noakes et al5 stated that
‘‘…peripheral factors alone cannot cause the termination of
exercise when a majority of available motor units are inactive
at the point of exhaustion’’ (p 121). However, we would like
to caution the reader to not overinterpret the surface EMG
amplitude data presented in these types of study. The
amplitude of the surface EMG signal quantifies muscle
activation, which reflects both motor unit recruitment (the
number of motor units activated) and the firing rates of the
activated motor units. Subsequently, there are several
concerns with bipolar surface EMG signals that may warrant
caution when interpreting these findings to explain fatigue:
(a) surface EMG amplitude cancellation; (b) M wave area
normalisation; (c) motor unit firing rate; (d) fatigue related
reflex inhibition; (e) spectral compression; (f) EMG ampli-
tude dependence on muscle action velocity.

Perhaps the strongest argument that may complicate the
interpretation of surface EMG amplitude values, particularly
regarding the CGM, is amplitude cancellation. The surface
EMG signal is defined as an algebraic summation of all the
muscle action potentials propagating within the recording
areas of the surface electrodes. Thus, from the principle of
summation, if two action potentials—that is, waves—of the
same absolute amplitude at the same instant in time are
summed, but one is a positive deflection and the other is a
negative deflection, the resultant EMG amplitude would,
theoretically, equal zero, because the individual muscle
action potentials would cancel each other out. The concept
of surface EMG amplitude cancellation has been studied.72 73

Keenen et al73 indicated that, when a muscle is near maximal
activation, up to 62% of the muscle action potentials

propagating within the recording areas of the surface EMG
electrodes are cancelled during summation. In other words,
an EMG amplitude cancellation of 62% means that 62% of
the output from the spinal cord was not represented in the
surface EMG. The authors indicated therefore that absolute
EMG amplitude values can substantially underestimate the
true amount of muscle activation—that is, neural drive.
Moreover, decreases in the range of muscle action potential
amplitudes and increases in the duration of the action
potentials, both of which occur during fatigue, resulted in
nearly 85% amplitude cancellation.73 It was concluded there-
fore that fatigue induced changes in action potential proper-
ties ‘‘…can contribute to the inability of EMG amplitude to
reach maximal levels after a fatiguing contraction, indepen-
dent of any deficit in the capacity to activate the muscle’’ (p
128).

Indeed the findings of Keenan et al73 showed that the
interpretation of absolute EMG values was complicated by
substantial amounts of amplitude cancellation; however,
when EMG amplitude values were normalised to maximal
levels of excitation, the differences between cancelled signals
and no cancellation were generally less than 5%, with the
greatest difference being a 17% overestimation at intermedi-
ate levels of excitation. These findings suggest therefore that
normalising EMG amplitude values by reporting them as a
percentage of maximal activation may substantially reduce
the influence of amplitude cancellation, which was done for
at least three studies using EMG measures by the advocates
of the CGM.70 71 74 However, Keenan et al73 emphasised
‘‘…caution in interpreting different levels of normalised
surface EMG in muscles where recruitment range or peak
discharge rates may vary, particularly at intermediate levels
of excitation’’ (p 129). Indeed, peak discharge rates are also
known to change with fatigue (discussed below); however,
the method of normalisation is also an important considera-
tion. For example, if one is interested in describing motor
control strategies with surface EMG amplitude during
prolonged endurance exercise, it is wise to normalise the
EMG amplitude values to changes in the size of the M wave,75

a technique that is typically not performed in the studies by
advocates of the CGM.70 71 74 M waves are compound muscle
action potentials generated by electrical shocks delivered to
the peripheral motor nerve that innervates the muscle, and
they provide information on the stability of neuromuscular
propagation.76 To illustrate how M waves can contribute to
the present topic, Millet et al77 showed that, after a ski skating
marathon (mean duration 160 minutes), decreases in max-
imal isometric leg extensor torque (,8.4%) were accompa-
nied by a ,30% decrease in EMG amplitude for the vastus
lateralis muscle. However, motor unit recruitment was not
significantly affected by the marathon, as twitch interpola-
tion indicated that recruitment was 99.4% and 98.4% before
and after the marathon respectively. Furthermore, the M
wave peak to peak amplitude decreased to a similar extent to
the EMG amplitude, so that the ratio of these variables did
not change with fatigue. This may have indicated a fatigue
induced alteration in neuromuscular propagation, which
altered the surface EMG amplitude, but was independent of
motor unit recruitment. An analysis of only EMG amplitude
from the voluntary MVCs, without M wave normalisation,
would have led to the erroneous conclusion that motor unit
recruitment decreased with fatigue, which clearly did not
happen in this study.77

It may be important to note that normalisation to M wave
amplitude could also be confounded by the issue of
amplitude cancellation, as M waves also represent the sum
of many motor unit potentials. Consequently, slight changes
in the timing of the potentials can cause significant changes
in the M wave due to cancellation alone. Therefore it may be
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appropriate, although not ideal, to normalise the surface
EMG to the area of the M wave. In contrast, however, a
recent study by Calder et al78 reported stable and reliable peak
to peak M wave amplitudes and negative phase areas with
intraclass correlation coefficients ranging from 0.96 to 0.98
with no mean differences from trial 1 to trial 2. Thus the use
of M wave normalisation for surface EMG amplitude values,
with either peak to peak amplitude or M wave area, may be
the best normalisation techniques available at this time.

It is clear that potential decreases in motor unit firing rates
during fatiguing exercise may also contribute to a decline in
surface EMG amplitude.79 80 Thus fatigue induced decreases
in EMG amplitude can occur independently of changes in
motor unit recruitment, and may have contributed to the
decreases in EMG amplitude reported by St Clair Gibson et
al.70 Unfortunately, it is difficult, if not impossible, to
differentiate between motor unit recruitment and firing rate
using traditional, bipolar surface EMG techniques, such as
those used by Kay et al71 74 and St Clair Gibson et al.70

Decreases in motor unit recruitment and firing rate, and
therefore EMG amplitude, can also occur because of reflex
effects in the spinal cord,9 10 which would be inconsistent
with the CGM, which ‘‘proposes that the subconscious brain
sets the exercise intensity by determining the number of
motor units that are activated…’’3 (p 801). A variety of
structures have been proposed for such a phenomenon. For
example, type III and type IV free nerve endings are sensitive
to muscle metabolites such as H+81 and are known to synapse
with inhibitory interneurons in the spinal cord.82 Numerous
studies have noted changes in reflex motor unit activity with
a variety of exercise models (see Hunter et al12 for a brief
review). For example, Avela et al9 showed decreases in H
reflex amplitude (normalised to the M wave), an electrical
analogue of the monosynaptic stretch reflex, as well as
mechanically induced stretch reflex responses, after a
marathon run. Maximal plantarflexor isometric torque and
EMG amplitude (soleus and gastrocnemius) were also
significantly reduced after the marathon.9 The M wave
amplitude was not significantly affected after the marathon,
so the differences in EMG amplitude probably reflected
changes in motor unit recruitment and firing rate.9

Unfortunately, no twitch interpolation procedure was per-
formed, so it is difficult to differentiate between a failure of
recruitment, as predicted by the CGM, or an effect of reflex
modulation in the spinal cord. Similarly, Duchateau et al10

reported decreased H reflex amplitude (normalised to the M
wave) after sustained isometric muscle actions of the
abductor pollicis brevis at 25% and 50% MVC. Thus, given
the clear modulation of stretch reflex and H reflex responses
with fatigue, at the least a reflex influence on EMG
amplitude during the post-marathon MVCs must be con-
sidered as a plausible explanation, in contrast with a
subconscious, anticipatory regulation of motor unit recruit-
ment from the brain, as suggested by the CGM.

Furthermore, recent work has examined fatigue, time to
task failure (endurance), and EMG responses to isometric
tasks with the same force requirement, but which differed in
the type of feedback that was given.83 Specifically, subjects
perform trials with a force task, which was a submaximal
force held against a transducer (force output feedback), and a
position task, which was a submaximal inertial load that
elicited the same force as the force task, and it was held at the
same joint position as the force task (joint position feedback).
Despite comparable torque requirements (and therefore
metabolic demand), the time to task failure was shorter for
the position task (inability to maintain joint position) than
the force task (inability to maintain target force), and
resulted in a faster rate of increase in EMG amplitude, which
suggested a more rapid increase in muscle activation.

However, the declines in maximal voluntary force after
exercise were not significantly different, which indicated
comparable fatigue. It was hypothesised that the differences
between the force and position tasks were ‘‘…caused by
variation in synaptic input, likely involving heightened
sensitivity of the stretch reflex during the position task’’83

(p 389). Therefore, irrespective of the exact mechanisms,
these findings revealed two observations that were incon-
sistent with the CGM: (a) dissociation between metabolic
demand and muscle endurance and muscle activation; (b)
evidence of fatigue induced muscle activation at the level of
the spinal cord.

The amplitude of the surface EMG signal is also affected by
muscle fatigue in ways that do not directly reflect motor unit
recruitment or firing rate. The well established ‘‘spectral
compression’’ of the surface EMG signal during fatiguing
exercise, due in part to changes in muscle fibre conduction
velocity,84–86 can also influence EMG amplitude by altering
the amount of signal attenuation resulting from the low pass
filter characteristics of the subcutaneous fat and skin.
Furthermore, surface EMG amplitude is also influenced by
contraction velocity,87–90 so in tasks such as cycling time trials,
in which pedal cadence is not rigorously controlled,70 71 the
interpretation of changes in EMG amplitude are problematic.

Given the limitations outlined above, such as fatigue
induced spectral compression, alterations in neuromuscular
propagation, and amplitude cancellation, caution must be
exercised when interpreting surface EMG amplitude values
during voluntary muscle actions. In addition, more in depth
reviews of the limitations of surface EMG during fatigue are
available.91 92 These findings do not necessarily suggest that
surface EMG signals contain no useful information, but
rather that the limitations of the method should be acknowl-
edged when evaluating hypotheses based on surface EMG
data. With new technologies such as linear and multi-
dimensional arrays,93 94 perhaps the use of surface EMG can
provide more conclusive information regarding the CGM.
Thus until the hypothesis of the CGM1–5 can be tested with
more sophisticated measures, such as twitch interpolation, M
wave normalisation, invasive EMG, and/or multi-electrode
arrays, it may be misleading to justify the CGM with data
derived from traditional, bipolar surface EMG techniques.

WHAT IS THE EXTENT OF MOTOR UNIT
RECRUITMENT DURING VOLUNTARY
CONTRACTIONS?
In the presentation of the CGM, there are numerous
references to the observation that under voluntary condi-
tions, humans are not capable of maximally activating all
available motor units.2 3 5 Indeed, Noakes and St Clair
Gibson2 argued that the fourth hallmark requirement of the
CAC model is that ‘‘models of peripheral fatigue predict that
there must always be complete recruitment of all motor units
in the active limbs at fatigue’’ (p 15). Further, Noakes et al5

stated (p 121) that ‘‘…if there is a skeletal muscle reserve at
the point of physical exhaustion, then fatigue cannot be
caused by a peripherally based control but must result from
CNS regulation of skeletal muscle motor unit recruitment’’. It
should be noted, however, that the extent of motor unit
recruitment during maximal voluntary efforts has been
shown to be 100% in some studies, going back to the classic
study of Merton.51 Similar observations have been reported by
other studies95–97 that have used the twitch interpolation
technique (also known as twitch superimposition, twitch
occlusion), in which supramaximal electrical stimuli are
superimposed on MVCs.6 76 Theoretically, with twitch inter-
polation, increases in force above the voluntary level are
indicative of electrical activation of motor units that were not
recruited under purely voluntary conditions. In contrast,
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other studies have shown less than 100% recruitment98 (for
review, see Gandevia31). Differences in recruitment may differ
by muscle group examined. The dorsiflexors have been
shown to be fully recruited in a variety of studies,95 98 whereas
the plantarflexors appear to be more difficult to fully activate,
even when not fatigued.98 Of note, however, is the fact that,
even in studies showing less than complete voluntary
recruitment, the extent of motor unit recruitment is quite
high.98

However, recruitment of less than 100% of the available
motor units is not, in itself, disproof of peripheral fatigue. The
aforementioned twitch interpolation studies showed that, for
some muscles, the CNS may prevent maximal recruitment for
reasons other than in response to fatigue. More importantly,
if one assumes that a pool of motor units is unavailable for
voluntary activation, even under non-fatiguing conditions,
then a decline in muscle performance would be evidence of a
peripheral limitation to performance, at least under those
experimental conditions. Klass et al99 have recently made just
such an observation. Subjects performed multiple sets of 30
voluntary plantarflexions (50 contractions per minute pace)
until task failure, defined as range of motion ,50% of
control. Immediately after task failure, muscle activation
(twitch interpolation) was not different from rest (98.4% v
98.3%). There was also no significant change in EMG
amplitude, normalised by the M wave amplitude (2.1% v
2.0% of M wave amplitude). The authors stated (p 1518) that
‘‘Our results showed that the neural drive and M-wave
amplitude were not significantly affected by the fatiguing
experiment, indicating that mechanisms located beyond the
muscle cell membrane limited the force production after the
fatiguing task in the present experimental conditions.’’
Further, electrically evoked twitch torque from a single and
double impulse decreased by 23% and 16% respectively.
Clearly, something happened in the periphery. Similar results
have been reported after high intensity uphill running100 and
a ski skating marathon.77 In contrast, Millet et al101 showed
that, after a 30 km running race, central activation of the
quadriceps declined by ,7.5%, whereas maximal voluntary
isometric torque declined by ,24%, indicating at least some
contribution of central fatigue to the fatigue response. The
differences between the responses to uphill running and ski
skating versus the 30 km running race illustrate the task
dependent nature of the fatigue response and reflect
differences not only in exercise volume, duration, and
metabolic response, but also in the relative amount of
eccentric loading.

Lanza et al95 reported that, during intermittent isometric
contractions (five seconds on, five seconds off, for three
minutes at 100% MVC) and dynamic contractions (90
isokinetic repetitions at 90 /̊s) of the dorsiflexors, there was
no evidence of central fatigue because twitch interpolation
showed 100% recruitment both before and after the fatigue
tasks. Furthermore, the increase in relaxation time after
electrical stimulation correlated with the decline in isometric
(r2 = 0.17) and isokinetic (r2 = 0.56) torque, suggesting a
role for altered Ca2+ handling (excitation-contraction coup-
ling) in the fatigue process.95 Furthermore, Kooistra et al102

reported that, after prolonged isometric contractions of the
knee extensors, muscle activation (determined by twitch
interpolation) at task failure was about 95% and nearly
identical with the resting values before the task and
immediately after exercise. Thus, although recruitment was
not 100%, it was 100% of what was available at rest,
indicating that lack of recruitment was not, in itself, the
cause of task failure.

There are fewer studies examining activation and fatigue
during dynamic muscle actions. However, Newham et al96

were able to quantify activation failure during maximal

concentric isokinetic contractions of the knee extensors.
Before fatiguing exercise, five of 23 subjects were unable to
fully activate the quadriceps at 20 /̊s, and only two subjects
were unable to achieve maximal activation at 150 s̊. All
subjects, however, showed complete activation under iso-
metric conditions. Fatigue was then induced by two two
minute bouts of maximal concentric isokinetic knee exten-
sions at 85 /̊s, separated by one minute of rest. Voluntary
torque decreased by about 21%, 34%, and 16% under
isometric, 20 /̊s, and 150 /̊s test conditions respectively.
Voluntary activation was significantly reduced under iso-
metric (,36%) and slow (20 /̊s) isokinetic (,29%) condi-
tions. At 150 /̊s, however, motor unit activation increased
slightly after the fatigue task. These results suggested that
both central and peripheral fatigue can occur simultaneously,
and the effects can vary depending on the task conditions.

Collectively, these studies95 96 99 102 indicated that, during at
least some forms of voluntary exercise, it is possible to elicit
fatigue responses that are not due to limitations on motor
unit recruitment by the CNS. Specifically, for some exercise
conditions, recruitment is complete both before and after
fatiguing exercise.95 Other muscle groups, however, cannot
achieve full recruitment even under non-fatigued conditions,
but the extent of recruitment is not decreased after the
fatiguing task.102 Therefore it is possible that there is a cap on
motor unit recruitment that cannot be exceeded voluntarily,
and task failure occurs when the force production capabilities
of the recruited motor units reduces performance such that
the exercise intensity can no longer be maintained.

Regardless of the subtleties of the extent of motor unit
recruitment during fatigue, peripheral fatigue models require
that all motor units must be recruited with fatigue (as argued
by Noakes and St Clair Gibson2), therefore the converse
should also apply. Namely, the CGM must also require that
artificially induced maximal recruitment—for example,
magnetic supraspinal stimulation, twitch interpolation
through electrical stimulation of the muscle or nerve—
should restore muscle performance to the values before
fatigue. There is substantial evidence, however, to disprove
this hypothesis. For example, Bigland-Ritchie et al16 examined
peripheral fatigue during repeated (six second contraction,
four second rest) submaximal (50% MVC) isometric muscle
actions of the leg extensors. At the end of each minute during
this fatigue test, a single supramaximal electric shock was
delivered to the quadriceps femoris muscles through trans-
cutaneous electrical stimulation. The authors reported that
the leg extension MVC torque decreased throughout the
fatigue test, and the supramaximal electric shock never
increased torque above the level that could be produced
voluntarily. In a subsequent review,103 it was concluded (p
141) that the CNS remained capable of fully activating all
motor units during the fatigue test, and the decline in leg
extension MVC torque, ‘‘…must have been due entirely to
contractile failure within the muscle fibres.’’ Similarly,
Merton et al104 reported that the reduction in isometric force
during a sustained MVC of the adductor pollicis muscle could
not be restored by direct stimulation of the muscle fibres
themselves. Thus, under these conditions, the loss of force
must have been due to factors within the muscle fibres.

Another piece that is missing from the CGM is how much
of the decline in force/power is attributable to potential
decreases in motor unit recruitment. Unfortunately, the
relative contributions of central and peripheral factors to
fatigue have been assessed in just a few studies. James et al105

studied power and force loss during isokinetic contractions of
the knee extensors at 90 /̊s (one repetition per second for six
minutes). Central fatigue was assessed using supramaximal
electrical stimulation of the femoral nerve. In the two
subjects who were tested, there was no evidence of central
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fatigue in one subject, whereas central fatigue accounted for
,20% of the loss in isokinetic force in the other subject. Both
subjects exhibited declines of isokinetic force of ,50%, but
only ,20% losses in isometric force.

Kent-Braun106 examined simultaneous changes in central
activation ratio (CAR = maximal voluntary force/(maximal
voluntary force + electrically elicited force)), EMG, and
muscle metabolites (assessed with 31P magnetic resonance
spectroscopy) during a four minute continuous contraction of
the dorsiflexors at 100% of maximal voluntary force.
Voluntary force declined to ,22% of pre-fatigue values,
whereas EMG amplitude declined modestly to ,73% of pre-
fatigue levels (with no change in M wave amplitude). The
CAR declined from 94% to 78%. The ,16% reduction in
central drive and modest decrease in EMG amplitude in the
face of an ,88% reduction in force indicates that the
dominant effects in this fatigue model were due to factors
within the muscle cell, especially given the intracellular
changes in [phosphocreatine], which declined to ,22% of
pre-fatigue levels, [Pi], which increased about eightfold, and
pH, which declined from ,7.0 to ,6.5. More recently, Kent-
Braun et al107 showed, using similar measurements but a
different fatigue protocol, that there was no change in CAR,
despite a significant fall in maximal voluntary force (12–28%,
depending on age and sex), indicating little to no central
fatigue. Comparable results have also been reported by
Bigland-Ritchie et al,108 Schillings et al,109 and Nordlund et al.110

Collectively, these findings suggest that, under voluntary
conditions, a suboptimal level of motor unit activation
(recruitment and firing rate), in combination with deteriora-
tion of cellular contractile performance, contribute to force/
power decline. That is, both central and peripheral factors can
simultaneously act to limit force and power production. The
relative contribution of central and peripheral factors to
fatigue appears to vary depending on the nature of the task.
One of the challenges of subsequent research will be to
identify the characteristics of exercise tasks that lend
themselves to central or peripheral influences.

DOES THE CGM ADEQUATELY EXPLAIN THE
FATIGUE RESPONSE IN TASKS SUCH AS THE
WINGATE TEST (WAT)?
The WAT is a high intensity cycling test that purports to
measure anaerobic exercise capacity and is typically per-
formed for a duration of 30 seconds.111 Noakes and St Clair
Gibson2 stated (p 20) that ‘‘the marked fall in cadence that
characterises this form of exercise testing is not likely to be
the result of peripheral skeletal muscle regulation but of an
altered anticipatory skeletal muscle recruitment by the CNS’’.
What are the lines of evidence to support this statement?
Firstly, the authors noted (p 18) several tangential observa-
tions, based primarily on a paper by Calbet et al,112 that do not
preclude a peripheral contribution to performance decline per
se: (a) the WAT is not purely anaerobic ‘‘as at least 20–30% of
the energy utilised during the test comes from aerobic
sources’’, and (b) the contribution of anaerobic ATP produc-
tion can be increased when the test is performed in hypoxia,
indicating that ‘‘a reserve capacity for ‘anaerobic’ ATP
production exists that is not fully activated during exercise
in normoxia’’. However, neither of these observations
disprove a peripheral effect on performance. In addition, it
was noted2 (p 18) that, in hypoxia, WAT performance by
sprint cyclists is reduced, relative to normoxia, within two to
three seconds of test onset, and that ‘‘this cannot have
resulted from metabolites acting directly within the exercis-
ing muscles’’. It is unclear why Noakes and St Clair Gibson2

assumed that such a rapid effect (two to three seconds;
although a closer examination of the paper by Calbet et al112

reveals that the actual responses represent mean values over

five second periods, not two to three second point estimates)
cannot be due to metabolic effects within the muscle, as no
reference was included for this assertion. However, changes
in muscle metabolite concentrations and force/power can
occur extremely rapidly in skeletal muscle. For example,
Gaitanos et al113 have shown that lactate can increase up to
,7 mM (muscle biopsy) in just six seconds of high intensity
bicycle exercise. Indeed, Calbet et al112 interpret their own
findings as indicative of high rates of cellular ATP turnover,
resulting in accumulation of Pi and ADP, which would ‘‘set
the upper limit of ATP utilisation throughout their inhibitory
effects on muscle contraction’’ (p 674). In addition, several
studies have reported immediate decreases in maximal
torque production during fatiguing isometric114 and con-
centric isokinetic115 muscle actions.

More generally, Noakes and St Clair Gibson2 stated (p 19)
that, during the WAT, power output ‘‘begins to decline after
the first 7–8 seconds of the exercise. There are two broad
mechanisms that might explain the progressive fall in power
output resulting from this progressive fall in cadence: either
there is a reduced rate of motor unit recruitment by the
central nervous system (the concept of muscle wisdom) or
the rate of recruitment stays the same but the peripheral
nervous system, including excitation-contraction coupling
within the active skeletal muscles, becomes increasingly
refractory to such constant stimulation. To our knowledge, no
one has yet offered a possible mechanism for this latter
effect, which would have to be extremely effective, as
cadence falls by about 50% during the Wingate test.’’2 Two
issues are of note here. Firstly, as discussed previously, the
phenomenon of muscle wisdom describes the modulation of
motor unit firing rates during fatigue, not motor unit
recruitment. Theoretically, by decreasing firing rates during
a fatiguing task, force production may be maximised for that
set of conditions116. Increasing firing rates above the level
required for full fusion may actually decrease force produc-
tion.117 Thus, if muscle wisdom occurs during tasks such as
the WAT, it could potentially result in decreases in EMG
amplitude, which could be mistaken as changes in motor unit
recruitment, as opposed to firing rate. Secondly, evidence
that changes in excitation-contraction coupling affect muscle
fatigue continually accumulates. We specifically note the
previously discussed influence of Pi, for example, on aspects
of excitation-contraction coupling.

Is there electromyographic evidence that CNS limitations
on motor unit recruitment explain the rapid decline in pedal
cadence and power output during the WAT? Interestingly,
work performed by the advocates of the CGM actually
indicates otherwise. Specifically, Hunter et al118 examined
EMG responses from the rectus femoris during a 30 second
WAT in 10 subjects. The EMG amplitude values during the
test were normalised to values from maximal isometric
contractions. Their results showed no significant change in
EMG amplitude, despite an average fatigue index during the
test of 44.5%. The authors noted that ‘‘during the short (30
second) period of WAT, the afferent command from the
metabolic receptors to the central nervous system is
insufficient to cause a reduction in central drive to result in
an altered IEMG pattern’’, and that ‘‘during a 30 second
WAT, a protective mechanism may not be used’’118 (p 298).
Noakes and St Clair Gibson2 (p 19) subsequently tried to
reconcile these results with the CGM by arguing that the
results ‘‘seem to suggest that central neural drive remains
unchanged and that peripheral mechanisms must explain the
reduction in power output. However, the ,50% reduction in
cadence would indicate that the active limbs were generating
force for ,50% less time at the end than at the start of the
test. If EMG activity were the same, then substantially more
motor units must be recruited at the end than at the
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beginning of the Wingate test. Thus this finding implicates a
central regulation of motor unit recruitment, with the initial
recruitment of a smaller number of fast contracting fibres
contracting more frequently at the outset of the Wingate test,
with their progressive replacement by a larger number of
slower contracting fibres contracting less frequently as the
test progresses and the power production falls’’. There are at
least two problems with this argument. Firstly, the well
established size principle of motor unit recruitment119

suggests the exact opposite pattern of recruitment from that
suggested by Noakes and St Clair Gibson.2 More importantly,
no matter what the pedal cadence, the relative duty cycle of
the active muscles is the same assuming no change in the
cycling biomechanics of the subjects, an assumption not
challenged by Noakes and St Clair Gibson.2 That is, at any
cadence, the relative amount of time generating force v
relaxation (while the other limb is active) does not change, so
that the active limbs were generating force for the same
amount of time at the end as at the start of the test. As an
aside, the choice of the rectus femoris for the EMG analysis of
Hunter et al118 is particularly unfortunate, because the rectus
femoris performs both hip flexion and knee extension, and it
is not possible, based on the details provided, to be confident
that the results are not contaminated by changes in the hip
flexion effect of the rectus femoris.

In addition, a recent paper120 by the advocates of the CGM
examined potential pacing strategies during the WAT. In this
study, subjects performed six different WATs on a cycle
ergometer: two were standard 30 second protocols, two were
33 seconds in duration, and two were 36 seconds in duration.
One each of the 33 and 36 second trials were performed with
the subjects deceived as to the length of the test, as they were
told that these tests were actually 30 seconds long. The most
striking finding was the fact that decreases in power output
over the first 30 seconds of the test were the same, regardless
of the total duration of the test. Indeed, examination of
Figure 1 in Ansley et al120 shows that, over the common 30
second time period, the power profiles were essentially
superimposed on each other. The authors interpreted this
result as follows (p 311): ‘‘This finding is surprising, if it is
believed that muscle energy depletion alone acting periph-
erally limits such exercise. Rather, it would be predicted that
the same amount of chemical energy would allow a faster
rate of energy expenditure during the shorter durations.
Instead, this finding suggests that power output during the
Wingate test is controlled by factors other than purely the
magnitude of the skeletal muscle energy reserves and the
maximum rate at which such reserves can be depleted’’. They
further stated that ‘‘the similarity in pacing strategy in all
informed trials regardless of duration suggests that the
pacing strategy is centrally regulated and is independent of
the total work to be performed’’ (p 313). We suggest that the
opposite interpretation is more plausible. That is, the
similarities in the fatigue profiles over the first 30 seconds
of the tests, regardless of the test duration, suggest a
complete lack of pacing strategy or CNS modulation of
power output. If the CGM and ‘‘teleoanticipation’’4 (p 53)
were operative, then we would expect to see a slower decline
in power over the first 30 seconds of the 33 and 36 second
tests performed without deception, as the central governor
would need to dampen power output to adjust for the longer
trials and subsequently larger metabolic stress.

Finally, with respect to high intensity, short duration
exercise, it is important to address the idea of pacing
strategies in general. Noakes et al5 argued (p 122) that
peripheral limitations cannot explain the ‘‘rapidity with
which the successful pacing strategy is adopted: within
about two to three seconds in a 100 m sprint and within the
first few hundred metres in all longer running events.

Clearly, these decisions cannot be based on metabolic events
in the active muscles because a metabolic steady state is not
achieved so expeditiously. Nor can the peripheral limitations
model explain why elite athletes are able to increase their
pace during the last 5–10% of the race…when fatigue should
be greatest because the concentration of the ‘poisonous’
intramuscular metabolites should be the highest.’’ With
respect to pacing in a 100 m sprint, fig 1 shows the mean
running velocity at 10 m intervals from the men’s finals of
the 100 m dash at the 1999 World Championships.121 The
consistent pattern is one of initial acceleration, with
maximum velocity being attained typically at about 60 m,
followed by a brief period of relative stability, and then
declines in velocity towards the end of the race. There is no
hint of a pacing strategy or steady state in any of the
competitors, metabolic or otherwise. With respect to the
ability of elite athletes to increase their pace at the end of the
race, Noakes et al5 cited velocity data from a 10 km race. In
contrast, fig 1 clearly shows no such pacing strategy for elite
athletes in a high intensity sprint. In addition, Nummela et
al122 studied fatigue during 400 m sprints in competitive
sprinters and hurdlers. They found that running speed
declined significantly across each 100 m interval (fig 2),
whereas EMG amplitude of the gastrocnemius and vastus
lateralis muscles increased significantly during the race.
Thus, as with the 100 m data, there was no evidence of a
pacing strategy or ability of the athletes to increase speed at
the end of the 400 m races. Further, the increase in EMG
amplitude is in direct contradiction to the CGM, which
predicts that EMG amplitude should decline as the brain
decreases motor unit recruitment to avoid a terminal
metabolic crisis and catastrophe (rigor).
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IS THE CNS REQUIRED TO PREVENT CATASTROPHIC
ATP DEPLETION AND SUBSEQUENT RIGOR?
The advocates of the CGM have correctly noted that exercise
does not result in catastrophic reductions in muscle ATP
concentrations, and therefore rigor does not ensue. Indeed,
Noakes et al1 stated (p 511) that: ‘‘Perhaps the most
interesting question in exercise physiology is one that is not
often asked: why do muscles not develop rigor during
exercise of high intensity and short duration (seconds to
minutes) or when their fuel reserves are depleted during
more prolonged exercise lasting two or more hours?’’ The
answer, according to the CGM that they propose, is that the
CNS regulates motor unit recruitment so that ATP consump-
tion and production are matched, thus preventing rigor.
However, the observation that ATP concentration is relatively
stable during fatiguing exercise is certainly not unknown in
exercise physiology.44 In fact, peripheral fatigue may be a
protective mechanism to prevent catastrophe (rigor) from
occurring during high intensity exercise.123 For example, the
downregulation theory of muscle fatigue posits that con-
tractile function is downregulated to preserve essential cell
functions such as integrity of the ionic gradients across the
sarcolemma.44 Muscle appears entirely capable of matching
ATP production and consumption during fatiguing contrac-
tions, independent of any CNS involvement. Russ et al124 have
shown that electrical stimulation of the medial gastro-
cnemius muscle, resulting in decreases in phosphocreatine
concentration of about 37.5%, increases in Pi concentration of
about 200%, and decreases in force of about 30%, resulted in
no significant changes in ATP concentration. Thus significant
fatigue and alterations in the environment of the sarcoplasm
can occur with little change in ATP concentration and
without any involvement of the CNS.

A variety of cellular metabolites appear to play a role in
cellular regulation of ATP consumption. Any metabolite that
inhibits cross bridge activity, such as Pi, will depress ATP
consumption. In addition, recent evidence suggests that ADP
accumulation may inhibit ATP consumption at the cross
bridge.54

Further, it should be noted that, although [ATP] does not
fall to a level sufficient to cause rigor, [ATP] is not perfectly
stable.125 For example, [ATP] has been shown to decrease by
13% after one six second maximal sprint on a cycle
ergometer, and by 32% over a series of 10 such sprints
interspersed with 30 second recovery periods.113 Prolonged
electrical stimulation of the knee extensors (,22% MVC)
under conditions of blood flow occlusion resulted in whole
muscle [ATP] that was ,57% of the resting value.126 In
addition, single-fibre studies have shown that decreases in
[ATP] vary dramatically across fibres within a whole
muscle,127 so that although the net [ATP] decline may appear
relatively small, the effect on individual fibres, especially
those expressing type IIX myosin heavy chain isoforms, may
meaningfully impact force/power production.54

As the CGM proposes that the brain limits motor unit
recruitment during fatiguing exercise to prevent catastrophic
changes in [ATP], then one should predict that fatigue occurs
faster under conditions where the ATP demand is greatest.
However, muscle length has been shown to affect force loss
during isometric testing128 and the rate of change in
EMG129 130 and mechanomyographic amplitude,129 yet Baker
et al131 and Sacco et al132 have shown that ATP turnover,
assessed using nuclear magnetic resonance spectroscopy, is
similar at long and short muscle lengths. Although the EMG
and mechanomyographic amplitude data129 130 suggested that
motor control properties are involved in the length dependent
fatigue responses, they appear to be independent of the rate
of ATP turnover.

As a final comment on [ATP] and rigor, it should be noted
that rigor mortis does not occur until hours after death.133

Thus it seems extreme to suggest that a central governor is
necessary to explain why rigor does not develop during
voluntary exercise in pre-mortem humans. Further, even
extremely reduced [ATP] does not imply a threat of rigor
because ATP turnover would still be occurring through
oxidative and non-oxidative pathways.

CENTRAL FATIGUE IS MORE COMPLEX THAN THE
CGM
In previous sections, we have noted that EMG activity reflects
not just motor unit recruitment, but also motor unit firing
rate. It is well established that changes in firing rate79 80 can
occur with fatigue. Here we will address other neurological
observations that also go beyond simply regulating motor
unit recruitment to prevent catastrophe, as proposed by the
CGM.

Firstly, numerous studies have shown changes in reflex
function with fatigue in a variety of tasks. For example,
Hortobagyi et al134 had subjects perform 50 depth jumps and
measured muscle voluntary and reflex responses.
Surprisingly, the depth jump heights did not significantly
decline over the course of the repetitions. However, squat
jump height (jumps after a three second pause at a static
squat position, which eliminates the stretch-shortening cycle
aspect of the task) declined ,13%, isometric knee extension
torque declined ,20%, and EMG reflex parameters were also
significantly altered. Specifically, mechanically induced
patellar tendon responses from controlled taps with an
instrumented reflex hammer resulted in a significantly larger
EMG response (peak to peak amplitude increased ,23%), as
well as a modest increase in the time between the onset of
the EMG and the mechanical response and the duration of
the compound muscle action potential. In addition, the EMG
burst duration of the vastus lateralis and biceps femoris
muscles during the drop jumps increased by ,13%, and
ground contact time increased ,16%. The authors suggested
(p 149) that the maintenance of the stretch-shortening
performance in the face of a decline in muscle force/power
production capability could be accomplished if the subjects
lengthened ‘‘…the activity duration of the muscle groups
primarily involved and enhanced muscle spindle sensitivity
and/or used muscle fibre potentiation to compensate for the
loss of muscle force.’’ Thus these results indicated changes in
CNS control of muscle function (prolonged burst duration
and increased reflex sensitivity) that are not a function of the
subconscious brain simply adjusting the number of recruited
motor units. In contrast, Nicol et al135 showed a reduction in
gastrocnemius stretch reflex responses after two to four
minutes of jumping on an instrumented sledge.

There is also evidence of depressed Golgi tendon organ
activity during fatiguing exercise. Hutton and Nelson136

showed depressed firing in cats during electrically induced
fatigue of the gastrocnemius muscle. Thus the general picture
that emerges is that the response of the muscle spindles
(group Ia and II afferents)137 and Golgi tendon organs (Ib
afferents) can be altered to modify alpha motoneuron
excitability during fatiguing exercise.

In addition, coactivation may play an important role in
muscle fatigue. Coactivation refers to the simultaneous
activation of agonist and antagonist muscles and serves to
decrease torque/force production as activation of the antago-
nist creates an opposing torque/force. Although coactivation
may have a beneficial effect by stabilising and evenly
distributing force across a joint,138 139 the amount of antago-
nist activation varies by muscle group. For example, the
quadriceps are only minimally active during knee flexion,
but the hamstrings are meaningfully active during knee
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extension.140 141 In addition, greater coactivation occurs at
faster contraction velocities.140 141 The extent of coactivation
has also been shown to be affected by fatigue. Psek and
Cafarelli142 and Rothmuller and Cafarelli143 have shown that
the level of hamstring coactivation increases during fatiguing
isometric contractions of the knee extensors. The relative
amount of hamstring coactivation has also been shown to
increase during fatiguing maximal isokinetic knee extension
contractions at both slow (100 /̊s) and fast (250 /̊s) speeds.141

Coactivation has not been considered in the development of
the CGM, as the CGM implicitly only considers agonist
activity, and it is unclear how increased coactivation fits with
the CGM of agonist motor unit recruitment modulation. In
addition, the isokinetic coactivation data of Weir et al141

showed a decrease in EMG amplitude for the vastus lateralis
during the fatiguing contractions, which is arguably con-
sistent with the CGM. However, the relative decline in vastus
lateralis EMG amplitude was greater at the fast speed than
the slow speed, yet the normalised decline in force was not
different between speeds. This dissociation between the force
and EMG amplitude responses, along with an increase in
normalised biceps femoris EMG amplitude, is not consistent
with the CGM, at least as currently conceptualised, and
further emphasises the difficulties involved with inferring
motor unit recruitment strategies based solely on surface
EMG data70 118).

CONCLUSIONS
The CGM is based on arguments that the CAC model fails to
satisfactorily explain fatigue phenomena. By arguing that the
CAC model has been disproved—for example, by under-
mining the ‘‘six hallmark requirements’’2 (p 5) of so-called
catastrophe models—the advocates of the CGM argue, by
extension, that fatigue is not governed by changes in the
contractile machinery, but rather by the brain adjusting
motor unit recruitment to prevent ‘‘catastrophic system
failure’’5 (p 123) such as ATP depletion and subsequent
rigor. For the sake of brevity, we have not substantially
addressed three issues. (a) Is the CAC model really the
dominant model of fatigue in exercise physiology? (b) What
does catastrophe really mean in this context? (We encourage
the reader to read the original work of Edwards29 from which
the term catastrophe was applied to fatigue.) (c) Do the ‘‘six
hallmark requirements’’2 (p 5) of the CAC model flow
logically from the model? What we have shown, however,
is that insufficient motor unit recruitment from the brain is
unable to completely explain the decline in muscle perfor-
mance (force, power, etc) during a variety of fatiguing tasks,
so that whatever merits are present in the CAC model, it is
clear that the decline in muscle performance under some
fatiguing exercise conditions can be attributed, at least
partially, to factors within the muscle(s).

A limitation of many studies that have examined central
versus peripheral fatigue is that assessments of central
activation (twitch interpolation) do not typically occur during
the fatiguing exercise bout. In addition, the tests of central
activation failure are typically made during tests that are
different from the fatiguing task. We have also noted the
difficulties in inferring changes in central activation using
only surface EMG data, especially with tasks where factors
such as joint angle and contraction velocity are not rigorously
controlled (as with isometric and isokinetic testing, and
constant pedal rate cycling). Therefore it is often difficult to
quantify the extent to which central activation failure
contributes to the performance decline during the task. This
is probably not possible with current technology for tasks
such as running, but may be possible for fatigue studies of
heavy resistance exercise. Future studies in this regard will be
helpful.

Our arguments, in conjunction with the observations
presented by the advocates of the CGM, lead us to conclude
that the search for a grand unifying theory of fatigue is futile.
The CGM cannot explain all observations of fatigue.
Similarly, we acknowledge that ‘‘peripheral fatigue’’ cannot
explain all performance decrements during fatiguing exer-
cise. The concept of task dependency is that the mechan-
ism(s) of fatigue vary depending on the type of task that is
performed. Our position is that task dependency is a more
logical view of fatigue than the CGM, which attempts to
explain all fatigue phenomena through a common mechan-
ism, and that both central and peripheral factors can
contribute to muscle fatigue.
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. . . . . . . . . . . . . . COMMENTARY . . . . . . . . . . . . . .

The authors of this review are to be congratulated on an
interesting synopsis of the evidence for either peripheral or
central fatigue which occurs during different types of exercise.

However, they appear to have used it to criticise the model
that we developed in five consecutive articles published
recently in this journal.1–5 For some reason, they have focused
on one of these five articles,2 which in particular outlines the
problems with the peripheral model of fatigue and introduces
the concept of dynamic, active, central regulation of exercise.
They appear to have ignored the further development of the
complete central governor model as described in the later
papers,3 4 in which a complex system model of fatigue was
systemically developed, and summarised in the fifth and final
paper of the series.5 Indeed, the title of the fourth paper4 was
‘‘Complex systems model of fatigue: integrative homoeostatic
control of peripheral physiological systems during exercise in
humans’’.

We therefore draw the attention of the readers of this
review to the fact that the complete central governor model is
not merely a reworking of the old debate of central versus
peripheral fatigue. In the later papers in the above series, the
concepts of complex systems and non-linear control during
exercise are introduced, feedforward and feedback control
mechanisms during exercise are described, a number of
different candidates (signallers) in peripheral systems that
may regulate the fatiguing process are suggested, system
redundancy and hierarchical control mechanisms during
exercise are proposed, and the relation between these
multiple regulatory systems and the perception of effort are
described. It is not clear therefore why the authors of this
review have not acknowledged the central governor model in
its entirety, as outlined and developed in all five of our
papers, and have rather attempted to reduce the model to a
central versus peripheral debate. Therefore we suggest that
the authors of this review read all five papers more carefully,
and they will see that their ‘‘alternative’’ concept of task
dependency is one of several of the key components discussed.

In the short space available, it is not possible to rebut each
of the concerns described in this review, and indeed we do

not feel it is necessary to do so, as a number of these points
raised would support hypotheses described by us as part of
the complete central governor model in the five papers.

We suggest that the authors, and readers, of this review
ponder the following question: what organ or control
processes would decide which physiological system is used
for a specific task in the ‘‘task dependency’’ model described
here as an alternative model to the central governor model?

Finally, for readers who have not yet read our five articles
outlining the complete central governor model, we draw
attention to a section of the final paragraphs of the series:
‘‘The challenge to exercise physiologists therefore is to
examine changes in pacing strategy (and exercise) from a
complex system process, rather than concentrating on any
single physiological system or metabolic process when
researching the causes of ‘fatigue’.

Perhaps it is now finally time to replace the concept of
catastrophe with that of complexity in our future studies of
human exercise physiology.’’

The central governor model is a complex model of fatigue,
and is not a reworking of the old central versus peripheral
debate, to which the authors of this review appear to have
attempted to reduce our model.

T D Noakes, A St Clair Gibson, E V Lambert
University of Cape Town, Cape Town, South Africa;

tdnoakes@sports.uct.ac.za
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