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Abstract

Over the past 13 years, Noakes and his colleagues have argued repeatedly
for the existence of a ‘Central Governor’, a specific brain centre that provides
a feed-forward regulation of the intensity of vigorous effort in order to conserve homeostasis, protecting vital organs such as the brain, heart and
skeletal muscle against damage from hyperthermia, ischaemia and other
manifestations of catastrophic failure. This brief article reviews evidence
concerning important corollaries of the hypothesis, examining the extent of
evolutionary pressures for the development of such a mechanism, the effectiveness of protection against hyperthermia and ischaemia during exhausting
exercise, the absence of peripheral factors limiting peak performance (particularly a plateauing of cardiac output and oxygen consumption) and proof
that electromyographic activity is limiting exhausting effort. As yet, there is
a lack of convincing experimental evidence to support these corollaries of
the hypothesis; furthermore, some findings, such as the rather consistent
demonstration of an oxygen consumption plateau in young adults, argue
strongly against the limiting role of a ‘Central Governor’.

1. Concept of a ‘Central Governor’
An early graduate textbook[1] made a systematic
review of possible factors limiting physical performance. Depending on duration of the bout of effort, critical physiological factors were, in turn,
maximal anaerobic power, maximal anaerobic capacity, maximal aerobic power, maximal aerobic
capacity, and reserves of food (glycogen and fat),
water and minerals. In some situations, environmental constraints such as difficulty in eliminating
metabolic heat could also intervene, and with any
period of exercise, psychological factors (motivation, arousal and release of cerebral inhibition)
could sustain or enhance an individual’s performance. However, this comprehensive evaluation
found no need to postulate that a specific subconscious feed-forward control mechanism was
setting an upper limit to the intensity of exercise.

A more recent systematic review of the causes of
fatigue during prolonged endurance cycling[2]
made brief mention of the idea of such a control
system, tracing its origin to Ulmer.[3] Ulmer had
envisaged a feedback of information on force
generation, displacement and metabolism to a
central regulator, where these data were matched
against motor learning and desired objectives to
ensure a teleo-anticipatory optimization of the individual’s metabolic rate. In developing the concept of a ‘Central Governor’, Noakes[4] reached
back to the classic studies of Hill et al.,[5] who had
postulated some mechanism (either peripherally, in
cardiac muscle or in the CNS) that restricted cardiac output as the arterial oxygen saturation began
to fall. Noakes envisaged the central control mechanism as limiting motoneuron output in order to
conserve homeostasis and prevent tissue damage
from such threats as ischaemia or hyperthermia.[4]
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A long list of papers promoting the concept
of a ‘Central Governor’ has been written by
Noakes, his immediate colleagues and collaborators,[4,6-24] with a varying degree of support
from some other laboratories.[3,25-40] However,
most sports scientists have yet to accept the
hypothesis.[41-46] In a recent debate conducted by
the Journal of Applied Physiology,[22] seven commentators offered arguments against the hypothesis, against one brief and tepid endorsement
from Carl Foster:[47]
‘‘y as anyone who has performed an incremental exercise test knows, this leads to the
compelling ‘I don’t want to continue’ sensation. So, yes, there must be a command
coming from the CNS that tells the exerciser
that homeostasis is becoming disturbed and
that it would be advisable to stop. But, many,
if not most, of these ‘stop’ signals are reasonably attributable to limitations in central O2
transport and aerobic ATP generation.’’
Under the title ‘The implausible governor,’ a
recent editorial[48] in the journal Sportscience
(p. 9) summarized the issue thus:
‘‘When you’re trying to outrun a predator or
cross the line first in an Olympic final, is your
physiology truly pushed to the limit? Most
exercise scientists assume it is, but for the last
10 years or so one of our number has been
promoting a different view. Tim Noakes
believes that our bodies are capable of exercise
intense enough to cause catastrophic failure of
physiology somewhere in the body. He argues
that the demand for oxygen or the release of
metabolites or heat by exercising muscles
could result directly or indirectly in development of catastrophic malfunction in the
muscles, heart, lungs or brain. Noakes believes
that our brains therefore have a ‘governor’
that caps the drive from the brain to skeletal
muscles before these catastrophes occur.’’
Reasoned discussion of the hypothesis has
been hampered by the absence of a systematic
and clearly enunciated listing of its inherent correlates. Sometimes, enthusiasm has also led to
an unfortunate misrepresentation of opposing
viewpoints, and/or too quick a dismissal of critical questions as ‘irrelevant’.
ª 2009 Adis Data Information BV. All rights reserved.

2. Key Correlates of the ‘Central
Governor Hypothesis’
Review of papers written to promote the idea
of a ‘Central Governor’ suggests several key
correlates of the concept:
1. The governor has evolved in response to
evolutionary pressures. Although Noakes currently argues that the hypothesis applies to all
forms of exercise with the specific exception of
running on a treadmill where speed is controlled
by the investigator, most discussions of possible
evolution have focused on species that engage in
prolonged endurance activity when hunting their
prey.[14,17,49]
2. The controller limits the drive to the working
muscles in order to maintain homeostasis throughout the body. Thus, the brain, heart, skeletal muscle
and other body organs are protected against
ischaemic and thermal injury, and the lungs against
pulmonary oedema.[6,7,9,49]
3. Cardiac output does not reach a ceiling value
that limits the maximal intensity of exercise when
measuring maximal oxygen intake or engaging in
other forms of intense endurance activity.[22]
4. Oxygen consumption does not reach a plateau
value that limits maximal exercise intensity. If there
is neither a ceiling of cardiac output nor a
plateauing of oxygen consumption, then some
alternative mechanism must be limiting maximal
performance, and this could be the postulated
‘Central Governor’.[50,51]
5. Feed-forward regulation limits central drive to
the muscles, so that electromyographic (EMG)
activity is submaximal when an individual is
making a peak voluntary effort.[10,52]
These several issues are examined critically
below.
2.1 Potential for the Evolution of a
‘Central Governor’

How strong are evolutionary pressures to
develop a mechanism such as the postulated
Central Governor? Many years ago, Mosso[53]
noted that 3 years of learning was needed to perfect
migration patterns in quails; he argued that the
birds were then able to regulate their energy
Sports Med 2009; 39 (9)
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expenditures over prolonged flights in such a
manner as to conserve a final store of metabolites
against easy capture. Marino[49] saw this observation as evidence for the evolution of a feed-forward
regulator that enabled a bird to calculate its
physiological requirements ahead of time, and to regulate potentially fatiguing exercise patterns accordingly. Marino[54] argued that in similar fashion,
evolutionary pressures had led to the development
of central regulatory mechanisms in both hunting
dogs and humans, allowing prey to be run into the
ground without endangering the homeostasis of
the hunter. However, Hopkins[48] has recently
pointed out that this scenario could be argued in
several different ways – perhaps with predators
risking a loss of homeostasis in order to avoid
death from starvation, or the prey risking loss of
homeostasis in order to avoid capture.
Animals plainly have adapted to hostile environments, given sufficient time and selective
pressures. The potential for human genetic adaptation to challenging habitats was thus a major
concern of the International Biological Programme (IBP).[55] Particular attention was focused
on the ability of various isolated populations to
undertake fatiguing work of various durations.
However, the IBP found surprisingly little evidence
that humans had developed unusual physiological
characteristics in response to prolonged residence
in extreme environments. The available findings of
human anthropology, the extent of selective pressures and molecular genetics all argued against
significant modification of human exercise tolerance in this way, even in small and circumscribed
populations that had been exposed to rigorous
conditions for many generations.
Anthropological evidence emphasized that
most human groups lived at the junction of several habitats, which were exploited at different
seasons. Thus, an adaptation favouring survival
in one habitat would often prove a disadvantage
in a second habitat exploited at other times during the year. Experimental data showed not
diversity, but rather remarkably similar physiological working capacity in populations that
occupied strikingly different environments.[55]
A partial explanation may lie in differences in
hunting techniques between animals and humans.
ª 2009 Adis Data Information BV. All rights reserved.
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Although some animals capture their prey by
‘running them into the ground’, field studies
of traditional neolithic populations suggest that
their success in hunting trips, and thus any selective pressures, depends much more on intellect
than brute force, running ability or tolerance of
physical fatigue.[56] Even in the savannah that
Marino envisaged, !Kung bushmen can survive
by working only 2.2 days per week.[57] Thus, if
individuals are handicapped by a poor physique,
they can compensate for this by working a
slightly longer week. Moreover, hunting skills
such as a knowledge of the habits of game, and
the ability to fashion and use weapons are acquired progressively over the adult life-span.[56]
In contrast, reproduction occurs as a young
adult, and this limits the potential for genetic
transmission of hunting skills. Further research
may yet uncover genetically acquired characteristics favouring sustained exercise in small and
isolated populations, but even if they were to be
demonstrated, they would be unlikely to persist
in the genetic melting pot that is our 21st century.
If natural selection were a major determinant
of such traits as maximal oxygen intake and
heat tolerance, one would anticipate the ready
identification of molecular markers of these
characteristics. Further research on the human
genome may yet uncover consistent genetic markers of exercise tolerance and fatigue resistance,
but positive findings have to date been meagre.[58]
Some 50 genes can be modified by heat exposure,
but to date most interindividual differences in
both exercise tolerance and thermoregulation
seem phenotypic rather than genotypic.[59]
Thus, at present we lack any strong evidence
for the existence of selective pressures favouring
the evolution of a thermally protective ‘Central
Governor’ in humans.
2.2 Ability of a Putative ‘Central Governor’ to
Protect against Hyperthermia and Ischaemia

If there is indeed a ‘Central Governor’ with a
teleo-anticipatory mechanism designed to conserve homeostasis and protect the body against
such hazards as hyperthermia and ischaemia,
it seemingly has a limited effectiveness. In the
Sports Med 2009; 39 (9)
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African hunting dog, where natural selection is
suggested as having acted strongly to develop
such a governor,[49] rectal temperatures climb
several degrees higher than those seen in domestic
dogs. This observation has been constrained to
the ‘Central Governor’ hypothesis by drawing
upon the concept[60] that the African hunting dog
focuses on conservation of water rather than
regulation of its core temperature. Exercising
humans also face a significant toll of deaths and
dangerous episodes of hyperthermia in hot
weather, particularly during American football
games[61] and endurance runs.[62,63] Available
data suggest that there is a far from perfect evolution of mechanisms to ensure thermal homeostasis. Rectal temperatures of those undertaking
prolonged exercise commonly reach a level of
42C (compared with the prudent ceiling of
39.5C imposed by most Committees on Human
Experimentation), and 21 US football players
are known to have died of heat stroke between
1995 and 2001.[64] Nevertheless, the number
of individuals who die is small relative to those
at risk, and some mechanism, whether peripheral
or central, at least protected the majority of
the population against such fatalities.
The putative system also seems to have a less
than perfect ability to protect the exerciser
against myocardial ischaemia and its fatal consequences. A bout of vigorous exercise can increase the risk of sudden cardiac death as much as
50-fold.[65] Possibly, many of those who succumb
to a bout of exercise had some predisposing
atherosclerosis. However, even in young adults,
participation in an endurance or ultra-endurance
event leads to signs usually interpreted as indicative of minor myocardial damage, such as the
release of cardiac troponins, and an associated
depression of myocardial function of variable
duration.[66,67] Myocardial fibrosis may also
develop with repeated participation in such
events.[68] In older adults, episodes of severe
exercise-induced myocardial ischaemia are
commonplace.[69]
In similar fashion, there is incomplete protection against skeletal muscle damage following
not only eccentric contractions but also prolonged bouts of endurance exercise.[70] About a
ª 2009 Adis Data Information BV. All rights reserved.

Shephard

half of ultramarathoners show elevated levels of
circulating myoglobin following a race,[71] and
sometimes this progresses to acute renal failure;
19 such cases were observed in the Comrades
Marathon between 1969 and 1986.[72] Recent reviews by González-Alonso[73] and Cheung and
Sleivert[74] comment specifically on the potential
risks of impaired brain, heart and muscle function during and immediately following marathon
running.
There is also limited protection against pulmonary hypertension, and some endurance
competitors show marked right ventricular dysfunction[75] and pulmonary oedema following
a prolonged bout of exercise.[76,77] Zavorsky[77]
reviewed 11 studies performed in 137 subjects;
approximately 65% of those who had performed
a prolonged bout of maximal exercise showed
radiographic evidence of pulmonary oedema.
Exercise plainly leads to large increases in demand on many homeostatic systems. The limited
long-term morbidity and mortality that follows a
sustained bout of vigorous physical activity could
perhaps be construed as evidence for some process that limits physical activity sufficiently to
avoid catastrophe in most people, although there
are various well known mechanisms that could
account for this, without invoking the action of a
specific feed-forward ‘Central Governor’. Thus,
Hopkins[48] suggests that the fall in local reserves
of adenosine triphosphate (ATP) inevitably
limits the activity of both skeletal and cardiac
muscle as fatigue develops, and the negative
effect of insipient pulmonary oedema upon oxygen transfer likewise serves to brake the intensity
of exercise.
2.3 Absence of a Ceiling of Cardiac Output
during Maximal Effort

If a ceiling of cardiac output were to be
reached during maximal effort, this would point
strongly to a limitation of performance by oxygen
transport rather than to a ‘Central Governor’.
The oxygen conductance equation[78] looks at
the gradient of oxygen concentration from the
inspired air to the active muscles. During vigorous exercise, the main concentration gradient is
Sports Med 2009; 39 (9)
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between the pulmonary and the tissue capillaries,
emphasizing that the individual’s peak cardiac
output is the primary factor limiting oxygen
transport. Furthermore, since the oxygen concentration in the tissue capillaries is low, the
implication seems to be that the limitation is imposed by the pumping ability of the heart rather
than a restriction of peripheral demand, as would
occur with a feed-forward control of motoneuron
activity.
The standard understanding of the circulation
has been that as the intensity of effort is increased, cardiac output reaches a plateau, mainly
because a ceiling of heart rate has been reached,
but also (particularly in older adults) because
there is no further increase in cardiac stroke
volume. The peripheral vasculature nevertheless
retains the capacity to accept a larger blood
flow.[79,80] Details of the cardiovascular response
depend somewhat on the individual’s posture,
other details of the exercise protocol such as
continuous versus discontinuous testing, and the
steepness of the ramp function if a progressive
exercise test is used. However, typically, the
characteristics observed in a person who is approaching maximal oxygen intake (an ashen grey
vasoconstriction of the skin, impaired coordination of the muscles, and a clouding of
consciousness progressing to collapse) strongly
support a cardiac limitation of performance.
Possible underlying factors include local or general myocardial ischaemia, a failure of venous
return, and restrictions imposed by the pericardium.[81,82] It has sometimes been objected
that a pericardial limitation is unlikely, since the
stroke volume is smaller when a person is exercising in a normal, upright position than when
supine or semi-supine. This is certainly true of
light and moderate exercise, where most of the
experimental observations have been made, but
in severe and maximal exercise, the cardiac output in the upright position is equal to or slightly
greater than that seen when supine.[83] A second
alternative possibility, suggested by Noakes and
associates, is that blood flow, venous return and
cardiac output are all ultimately limited by a
central restriction of muscle recruitment; this
possibility is addressed below.
ª 2009 Adis Data Information BV. All rights reserved.
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Noakes and Marino[22] have argued against a
plateauing of stroke volume, citing as support for
their view a paper that applied the acetylene rebreathing technique to ten ordinary young men,
ten runners and five elite runners;[84] this investigation used a rather steep ramp function, but
nevertheless it demonstrated a clear plateauing of
stroke volume in 20 of the 25 subjects. A second
small study of seven normal young men and seven competitive cyclists also used the acetylene
rebreathing technique; again a plateauing of
stroke volume was seen in normal individuals,
but values for the cyclists continued to increase
up to the highest heart rate tested (190 beats/min,
which did not coincide with attainment of an
oxygen consumption plateau).[85] Other more recent studies have pushed equally fit subjects to an
oxygen consumption plateau. These observations
have demonstrated convincingly that the stroke
volume does indeed plateau; indeed, it tends to
decline as effort is increased, this decline being
exacerbated by heat stress.[42,86-89]
The second plank in this argument[22] was that
if cardiac output plateaued, myocardial ischaemia would necessarily develop.[13] Myocardial
ischaemia was denied on the basis of two
Scandinavian papers that had suggested a reserve
of coronary oxygen supply during vigorous effort.[90,91] However, the proof of this point is less
than convincing. In the first of these papers,[90]
the level of exercise was only moderate (a heart
rate of 130–140 beats/min). In the second paper,
maximal effort was said to have been reached,[91]
but it is unlikely that subjects attained a true
maximal effort, since they had cardiac catheters
inserted into their coronary sinuses. In the first
study, a switch from air to the breathing of a
hypoxic gas mixture (4500 m altitude equivalent)
led to a small net production of lactate by the
heart muscle, indicating that coronary vasodilatation was not able to compensate completely for
the 27% decrease in arterial oxygen content. In
the second study, hypoxia was less severe (2300 m
altitude equivalent), but nevertheless some of the
subjects again showed a net release of lactate
from the myocardium.
The myocardial ischaemia inferred from lactate release also seems likely on theoretical
Sports Med 2009; 39 (9)
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grounds. Maximal effort leads to a 6-fold increase in cardiac work rate.[1] However, oxygen
extraction from the coronary vessels is relatively
complete even under resting conditions, so that
maintenance of an adequate oxygen supply during vigorous exercise depends almost entirely
upon coronary vasodilatation. There is a potential for a 5-fold increase in coronary blood flow if
the cardiac output increases sufficiently to sustain systemic blood pressure.[92] During maximal
effort, any overall margin of coronary oxygen
transport is very slender even in a young adult,
and there is plainly potential to develop at least
local pockets of myocardial ischaemia.
It is worth underlining that myocardial
ischaemia is not the only possible reason for the
observed plateauing of cardiac output. Autonomic function, the mechanics of diastolic filling
and even the restraints of the pericardium could
play a role. Nevertheless, there is considerable
empirical evidence that some degree of myocardial ischaemia does develop during vigorous
exercise. In younger adults, this is manifested by
minor changes in the electrocardiogram and a
release of cardiac troponins, and in many middleaged and older adults the electrocardiogram indicates substantial myocardial ischaemia.[69] The
progressive fall in peak heart rate with both
aging[93] and exposure to hypoxic environments[94] provides some support to the concept
that cardiac output is restricted by local ischaemia in the cardiac pacemaker. However, it remains puzzling why the breathing of oxygen-rich
mixtures does not restore the maximal heart rate
of the older individual to the values seen in a
young adult. Possibly, the small increase in arterial oxygen content induced by inhaling
oxygen-rich mixtures is insufficient to compensate for substantial deteriorations in regional
myocardial blood flow.
2.4 Absence of an Oxygen
Consumption Plateau

Noakes and associates have argued that an
oxygen consumption plateau is rarely seen during
incremental exercise testing.[4,95] If effort is limited by a feed-forward mechanism rather than a
ª 2009 Adis Data Information BV. All rights reserved.

peaking of cardiac output, this would seem a logical corollary. In a review of studies worldwide
that included children and the elderly but omitted
key papers such as the definitive International
Biological Programme Working Party Study,[96]
Noakes and St Clair Gibson[13] found that a plateau had been demonstrated in about 50% of
subjects. This in itself would seem to argue
strongly against a ‘Central Governor’ in at least
half of the population. Moreover, review of the
papers cited suggests that failure to demonstrate
a plateau in many of the remaining subjects
reflected a failure to adopt the methodology recommended by the International Working Party.[96] Problems included: (i) failure to commence
a definitive ramp test in the recommended manner (close to the individual’s maximal oxygen
intake[78]); (ii) use of a metabolic cart with an inappropriately brief gas sampling time;[97] (iii) use
of a test mode differing from that of an athlete’s
specialty (e.g. testing runners or rowers on a cycle
ergometer);[78] (iv) activation of an inadequate
muscle mass (e.g. use of a cycle ergometer in
people with weak quadriceps muscles);[42,78,98]
and (v) poor motivation of the individual or
limitations imposed by excessive caution of
the observer (particularly in young children, the
elderly and those with chronic disease).[78,99] The
use of a steep ramp function was perhaps
the most common problem. Two examples will
suffice. One such study exercised five men and
one woman on a treadmill, increasing the individual’s oxygen intake by as much as
7.0 mL/kg/min per stage;[100] only three of the
six subjects in this report reached a typical plateau. A second study was even less successful,
finding a plateau in only 12 of the 71 individuals;[101] it used a cycle ergometer rather
than a treadmill as the source of exercise, and it
adopted a ramp function that began with zero
loading of the ergometer and increased continuously over a 12-minute protocol. However,
many investigators using a more appropriate
methodology have had no problems in demonstrating a clear ceiling of oxygen consumption
when testing healthy adults.[41,42,44,78,89,102-105]
We noted that the few elderly individuals who
failed to reach an oxygen consumption plateau
Sports Med 2009; 39 (9)
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could be identified by an a priori rating of their
motivation before and during the test.[78,93]
2.5 Neuromuscular Drive and
the Electromyogram

If there were a ‘Central Governor’, this should
limit neuromuscular drive and thus EMG activity
as fatigue is approached in order to conserve
homeostasis and avoid catastrophic biological
failure.[10,52] In effect, the peak level of oxygen
consumption would be set by this centrally determined drive. Given such a system, it becomes
hard to explain why the maximal oxygen intake is
augmented by blood transfusion or hyperoxia; it
is easy to see how such measures could boost a
peripheral limitation of oxygen transport, but
much harder to explain how such treatment could
modify a central drive.[48]
If there were a central limitation of drive,
Noakes has argued that a subject would be likely
to terminate exercise before reaching full activation of available motor units in the exercising
limbs.[51] A magnetic resonance imaging study
estimated that between 40% and 80% of potential
muscle power was used during treadmill running
to exhaustion.[106] Other information on this
question is limited, much being based on surface
or needle EMG recordings from one or two
muscles. There are many limitations to interpreting such data in terms of motor unit recruitment and the generation of force and power
during relatively complicated dynamic tasks.
Kayser and associates[107] compared maximal
exercise to exhaustion at sea level and after
1 month of acclimatization to an altitude of
5050 m (where the sea level maximal oxygen intake was reduced by some 20%). At sea level,
exhaustion was associated with an increase rather
than a decrease of the integrated EMG, with a
sizeable increase in arterial lactate concentration
and a decrease in arterial pH, a pattern the authors considered consistent with a peripheral
limitation of effort. At altitude, the changes in
lactate and pH were smaller and there was no
increase of the EMG signal at fatigue, leading
them to suggest that in this specific situation there
could have been a central limitation of muscle
ª 2009 Adis Data Information BV. All rights reserved.
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drive; however, it is difficult to assess the influence of other factors such as respiratory distress,
weight loss, dehydration and altered acid-base
balance. Further evidence to support the expectations of the ‘Central Governor’ hypothesis
was sought in 100 km cycling time trials.[108] The
peak effort over the first 4 km high-intensity
epoch of the trial averaged 318 W, with a mean
integrated rectus femoris EMG that was 16% of
that recorded during a maximal voluntary isometric contraction. In contrast, over the final
4 km high intensity epoch, power output had
dropped to 278 W, and the integrated EMG
showed a similar decrease, to 11% of that seen in
the maximal voluntary contraction.[108] The authors concluded that from an early stage in the
trial there had been a protective limitation of
muscle activation, and that this protection had
increased over the course of the trial. However,
the decrease in the EMG signal could also reflect
in part technical factors such as changes in temperature, conductivity and displacement of the
electrodes, and a close relationship between the
signal and power output seems unlikely. Unfortunately, this investigation did not examine
changes in the maximal voluntary contraction at
the end of the trial, which might have served to
show how far the decrease in EMG reflected a
protective decrease of central drive. Nicol and
associates[109] demonstrated a decrease in maximal voluntary contraction following participation in a marathon run, although they wisely
concluded that this could reflect either a decrease
of motivation or a change in central recruitment
tactics.
Stronger evidence against the ‘Central Governor’ came from a study of soleus fatigue induced by electrical stimulation of the peripheral
nerves.[110] At fatigue, maximal plantar flexion
was reduced, and a testing of the Hoffman reflex
demonstrated a peripheral reflex inhibition of the
alpha motoneurons innervating the muscle.[110]
Electrical stimulation can induce a more powerful contraction than is possible by conscious effort but, nevertheless, the end-result of prolonged
stimulation was fatigue and not catastrophic
injury of the muscle; in this situation, there was
no centrally imposed ceiling acting to prevent
Sports Med 2009; 39 (9)
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catastrophe.[111] Again, in brief ramp function
tests, motor unit activation does not reach a
centrally defined ceiling at a power output corresponding to the individual’s maximal oxygen
intake; the rectified EMG increases substantially
if subjects are persuaded to exercise at an intensity 5–15% above that corresponding to the
oxygen consumption plateau.[42,89] Terminal
intramuscular concentrations of lactate are high
during both ‘supramaximal’ and sustained
exhausting exercise,[78] and any decrease of EMG
activity at fatigue seems likely to reflect an
inadequate local blood flow, and an inhibition
of phosphagen regeneration as lactate and/or

hydrogen ions accumulate, rather than the action
of a ‘Central Governor’.
3. Factors Limiting Endurance
Performance
From the foregoing discussion, we may conclude that, in humans, evidence concerning the
potential for evolution of a ‘Central Governor’
and resulting protection against hyperthermia
and ischaemia is equivocal. However, a person
can increase his or her neuromuscular drive
substantially above the level associated with
a plateauing of oxygen transport, and the
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demonstrated ceilings of cardiac output and
oxygen transport argue strongly against the
‘Central Governor’ hypothesis.
If there is no ‘Central Governor’, how is fatiguing exercise regulated? The limiting factors
undoubtedly vary with the duration of activity.
Noakes currently argues that the ‘Central Governor’ limits all forms of exercise, but much of the
thinking of ‘Central Governor’ proponents concerns events such as a marathon or a supermarathon run, whereas critics of the hypothesis
have often focused on much shorter bouts of exercise. A variety of standard texts have illustrated
the many mutually redundant feedback loops
that limit exercise (see for example, figure 1[1]).
Among these, there is good empirical evidence for
loops signalling peripheral ischaemia, hypoglycaemia and hyperthermia.[112] Plainly, there is
also a potential for input from higher centres,
including the motor cortex, but the effect is
probably other than envisaged by Noakes and
colleagues. The higher centres of an endurance
athlete who is competing over a 1-mile track
event call forth an initial effort to gain the desired
position on the field; for most of the remaining
distance, a combination of personal experience
and coaching instruction hold oxygen demand
just below the individual’s maximal oxygen intake, at a level where a minimal accumulation of
lactate in the peripheral muscles is sensed. A final
sprint is begun at a distance set by coaching instruction, accumulated experience or a signal
from a friend who is helping with pacing; the rate
of energy expenditure is then increased so that the
competitor’s anaerobic capacity is fully exploited.[1,78,113] Various areas of the brain contribute
to the choice of pace over an event, but the
statement ‘‘only the Central Governor can explain this’’[20] (p. 376) is plainly incorrect. Likewise, when determining maximal oxygen intake
in a moderately fit adult, personal motivation or
verbal stimulation from the monitoring physician
can call forth a final extreme effort that overcomes most of the constraints imposed by feedback. Moreover, sustained effort can be limited
by mental fatigue, and thus a greater perception
of the required effort[114] – with a decreased
cortical glucose supply contributing to this
ª 2009 Adis Data Information BV. All rights reserved.
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process.[112] Particularly in a hot environment, effort
may be limited by both a failure of venous return,
and an increase in ratings of perceived exertion at
a given rate of working.[115] However, the supposed ‘proof’[116] that cardiovascular factors do
not limit exercise in the heat is based on moderate
rather than maximal effort,[117] and it is hardly
necessary to class an early reluctance[118] to exercise as hard in a hot environment as the action
of an ‘anticipatory Central Governor’.[116] In an
older person the sensations arising from peripheral cardiac or skeletal muscle ischaemia (angina
and intermittent claudication, respectively) can
cause a termination of exercise. Over prolonged
exercise, glycogen depletion is also undoubtedly a
factor. Fatigue is postponed by dietary manipulations that increase intramuscular glycogen,
and although muscle biopsies may show a residue
of glycogen in some fibres at exhaustion, if the
average reserves are decreased by 75%, depletion is likely complete in the most active fibres.
Furthermore, the apparent absence of a depletion
of Krebs cycle intermediaries in some biopsy
specimens probably reflects regeneration of these
substances in the interval between biopsy and
freezing of the muscle sample.[119]
4. Conclusions
Over the past 13 years, a small group of
investigators has argued repeatedly for the
existence of a ‘Central Governor’ – an anticipatory feed-forward mechanism that regulates
the intensity of vigorous effort with the intent of
conserving homeostasis, thus protecting vital organs such as the brain, heart and skeletal muscle
against hyperthermia and ischaemia. There seems
mounting evidence against several key correlates
of this hypothesis. It is difficult to discern evolutionary pressures that would favour the development of such a mechanism in humans.
Protection of the exerciser against problems of
hyperthermia and ischaemia is incomplete. Cardiac output generally reaches a plateau, perhaps
in response to local oxygen lack. Most laboratories also have no difficulty in demonstrating an
oxygen consumption plateau in well motivated
young adults, and at least in some forms of
Sports Med 2009; 39 (9)
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exercise EMG activity can increase after oxygen
consumption has plateaued. Until there is convincing experimental evidence of an underlying
physiological mechanism, most sports scientists
will continue to express scepticism concerning the
existence of a ‘Central Governor’.[120]
Acknowledgements
No funding was received for the preparation of this article,
and the author has no conflicts of interest that are directly
relevant to the content of this article.

References
1. Shephard RJ. Physiology and biochemistry of exercise.
New York (NY): Praeger Publications, 1982
2. Abbis CR, Laursen PB. Models to explain fatigue during
prolonged endurance cycling. Sports Med 2005; 35:
865-98
3. Ulmer CV. Concept of an extracellular regulation of
muscular metabolic rate during heavy exercise in humans
by psychophysiological feedback. Experientia 1996; 52:
416-20
4. Noakes TD. How did A.V. Hill understand the VO2max and
the ‘‘plateau phenomenon’’? Still no clarity? Br J Sports
Med 2008; 42: 574-80
5. Hill AV, Long CHN, Lupton H. Muscular exercise, lactic
acid and the supply and utilisation of oxygen: parts
VII-VIII. Proc Roy Soc B 1924; 97: 155-76
6. Noakes TD. Physiological models to understand exercise
fatigue and the adaptations that predict or enhance
athletic performance. Scand J Med Sci Sports 2000; 10:
123-45
7. Hampson DB, St Clair Gibson A, Lambert MI, et al. The
influence of sensory cues on the perception of exertion
during exercise and central regulation of exercise performance. Sports Med 2001; 31: 935-52
8. Kay D, Marino FE, Cannon J, et al. Evidence for neuromuscular fatigue during high intensity cycling in warm,
humid conditions. Eur J Appl Physiol 2001; 84: 115-21
9. Noakes TD, Peltonen JE, Rusko HK. Evidence that a
central governor regulates exercise performance during
acute hypoxia and hyperoxia. J Exp Biol 2001; 204 Pt 18:
3225-34
10. Noakes TD. Linear relationship between the perception of
effort and the duration of constant load exercise that
remains. J Appl Physiol 2004; 96: 1571-2
11. Ansley L, Schabort EJ, St Clair Gibson A, et al. Regulation
of pacing strategies during successive 4 km time trials.
Med Sci Sports Exerc 2004; 38: 1819-25
12. 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. Br J Sports Med 2004; 38: 511-4

ª 2009 Adis Data Information BV. All rights reserved.

13. Noakes TD, St Clair Gibson A. Logical limitations to the
catastrophe models of fatigue during exercise in humans.
Br J Sports Med 2004; 38: 648-9
14. St Clair Gibson A, Noakes TD. Evidence for complex
system regulation and dynamic neural regulation if
skeletal muscle recruitment during exercise in humans.
Br J Sports Med 2004; 38: 797-806
15. Noakes TD, Calbet JA, Boshel R, et al. Central regulation
of skeletal muscle recruitment explains the reduced
maximal cardiac output during hypoxia. Am J Physiol
2004; 287: R996-9
16. Tucker R, Rauch I, Harley YXR, et al. Impaired exercise
performance in the heat is associated with an anticipatory
reduction in skeletal muscle recruitment. Pflüg Archiv
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