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Abstract

A common belief in exercise physiology is that fatigue during exercise is
caused by changesin skel etal musclemetabolism. This* peripheral’ fatigueresults
either from substrate depletion during submaximal exercise or metabolite accu-
mulation during maximal exercise in the exercising muscles. However, if sub-
strate depletion alone caused fatigue, intracel lular ATPlevel swould decrease and
lead to rigor and cellular death. Alternatively, metabolite accumulation would
prevent any increase in exercise intensity near the end of exercise. At present,
neither of these effects has been shown to occur, which suggests that fatigue may
be controlled by changes in efferent neural command, generally described as
“central’ fatigue.

In this review, we examine neural efferent command mechanismsinvolvedin
fatigue, including the concepts of muscle wisdom during short term maximal
activity, and muscle unit rotation and teleoanticipation during submaximal en-
durance activity. We propose that neural strategies exist to maintain muscle re-
serve, and inhibit exercise activity before any irreparable damage to muscles and
organs occurs. The finding that symptoms of fatigue occur in the nonexercising
state in individual s with chronic fatigue syndrome indicates that fatigue is prob-
ably not aphysiological entity, but rather a sensory manifestation of these neural
regulatory mechanisms.

Fatigueisdefined asadecreasein force produc-
tion,[-3] or an inability to regenerate the original
forcel?l in the presence of an increased perception
of effort.[%! The causes of fatigue have been classi-
fied as either ‘peripheral’ or ‘ centra’ in origin. Pe-
ripheral fatigueisdefined asadecreaseintheforce
generation capacity of the skeletal muscle because
of action potentia failure, or excitation-contraction
coupling failure, or impairment of cross-bridge cy-
cling, in the presence of unchanged or increasing
neural drive.l6.7 Central fatigue is defined as are-

duction in neural drive or motor command to the
muscleresulting in adeclinein force production or
tension devel opment. %]

The peripheral model of fatigue in exercise
physiology hastraditionally examined force output
or velocity of contraction during stimulated contrac-
tions of skeletal muscle in either whole or skinned
forminaninvivo medium. Thiswork hashighlight-
ed metabolic changesin peripheral skeletal muscle
independent of the central nervous system (CNS).
These metabolic changes associated with fatigue
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include the relative contributions of lactate level
increases, pH decrease and associated proton accu-
mulation, ATP and creatine phosphate depletion,
ADP, inosine monophosphate and inorganic phos-
phate accumulation, skeletal muscle Nat/K* ATPase
pump changes, and sarcolemmal, T-tubule and sar-
coplasmic reticulum functional changes, described
as excitation/contraction coupling failure.[8-11 The
researchers using this model have generally con-
cluded that fatigue during maximal intensity exer-
ciseis caused by substrate depletion or metabolite
accumulation from energy utilisation in the periph-
era skeletal musculature. They have concluded that
fatigue during submaximal exerciseiscaused by sub-
strate, energy compound depl etion or excitation/con-
traction coupling failure. However, none of these
metabolic changes has been shown to directly cause
fatigue during dynamic physical activity.[8:12.13]

The aim of thisarticle isto show that the mech-
anisms of fatigue may also incorporate neural con-
trol mechanisms, or ‘governor’ processes, which
regulate muscle contractions to prevent the maxi-
mal capacity of any of the peripheral systemsfrom
being reached. This neuromuscular regulation pro-
tects vital organs from being damaged during ex-
ercise.[1214-16] |t must be noted that this article ex-
amines the efferent neural commands which cause
changes in force output and are evoked by regula-
tory mechanisms during exercise activity, rather than
the anatomical location and either the feedforward
or feedback features of these regulatory mechanisms.
Theword ‘governor’ istherefore used in the article
as ageneral term describing the regulatory control
mechanisms involved in producing these efferent
neural commands.

A number of different exercise protocols have
been used to elicit fatigue. Enokaand Stuart!® have
previously suggested that fatigue is not a singular
entity, but rather that different processes may cause
fatigue during different protocols of differing in-
tensity and duration. They described this as task
dependency fatigue. Task dependency describes the
complex relationship between speed, duration and
intensity which occurs in different exercise activi-
ties. Using the task dependency model to classify
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fatigue, we have defined the following exercise pro-

tocols to examine neural control mechanisms in-

volved in these different activities:

* during maximal isometric fatigue

e during maximal repetitive sprint activity

» during maximal intensity endurance exercise

¢ during submaximal exercise of set (closed-loop)
duration

e during submaximal exercise of undetermined
(open-loop) duration

¢ infatigue associated with pathological medical
conditions at rest.

1. Neural Control Mechanisms During
Maximal Isometric Fatigue

Most research investigating the relative contri-
butions of the central and peripheral components
of isometric fatigue have used surface or invasive
electromyographic (EMG) techniques, associated
with twitch interpolation techniques, during sub-
maximal or maximal actions.[17]

During submaximal isometric activity, thein-
dividual is able to increase motor unit recruitment
to counteract the reduction of force output which
occurs with the development of fatigue. However,
during maximal isometric activity, the individual
does not have the capacity to increase the motor
unit recruitment, and alterations in firing strategy
to individual motor units are needed to alter force
production.

The first mechanism by which this may be per-
formed has been described as‘ musclewisdom.’ [16:18]
Previous work on muscle wisdom demonstrated that
thedeclinein force during a60-second maximal vol-
untary contraction (MV C) of adductor pallicis could
be mimicked by a decrease in stimulation frequency
from 60 to 20Hz used for electrica stimulated force
generation (fig. 1). When stimulus frequency was
held constant, force declined more rapidly.[520-22
Later studies showed that during maximal volun-
tary isometric contraction, human motor units re-
ducetheir firing ratesfrom ahigh to alow val ue.[16:23]
As suggested by Windhorst and Boorman,[1€! this
decrease in firing rate would be counter-intuitive,
as during steady-state force frequency activity, fir-
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Fig. 1. Previous work on muscle wisdom changes of Jones!
demonstrated that the decline in force during a 60-second MVC
of the abductor pollicis muscle could be mimicked by a decrease
in stimulation frequency from 60 to 20Hz used for electrical
stimulated force generation (adapted from Enoka and Stuart,!®!
with permission). MVC = maximal voluntary contraction.

ing rate would be expected to increase. De Luca
and Erim[24 postul ated that the neuromuscul ar sys-
tem was designed to optimise some combination
of force and the duration the force was sustained
by decreasing the firing rate to the muscle fibres
recruited later. In this scheme, feedback via group
Il and 1V afferents depresses the excitability and
discharge rate of motor neurons to match the pro-
longed relaxation of twitch responsesfound during
fatiguein electrically stimulated muscle.

Enoka and Stuart!® suggested that the functional
significance of muscle wisdom was optimisation of
force output and economical activation of fatigu-
ing by the CNS. Gandevia et a.[*! suggested that
the concept of muscle wisdom was a misnomer, and
that the regulation occurs proximal to the muscle
itself, in the brain or neural control pathways. The
decrease in firing frequency may therefore be a
centrally controlled mechanism to maintain force
output while protecting fatiguing fibres from dam-
age incurred by ongoing muscle contraction and
ATP and phosphocreatine depletion. Further work
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is need to confirm this hypothesis. Nevertheless,
decreases in force output during a maximal volun-
tary isometric contraction may be dueto thismech-
anism, rather than due to maximal substrate deple-
tion or metabolite accumulation.

During maximal voluntary isometric contrac-
tions, anumber of studiesusing surface EM G tech-
niques have shown that the frequency spectrum of
the EMG signal decreases.[22527] This decreasein
frequency content occurs during both volitiona and
electrically stimulated conditions. Thisspectral com-
pression has been shown to be caused largely by
decreases in neuromuscular conduction velocity, 28]
and is generally found to be correlated with the
percentage of type Il muscle fibres.

Enoka and Stuartl® suggested that the final
discharge of the action potential is more synchro-
nised among motor units with smaller and slower
twitches, and thus the decrease in frequency con-
tent during fatigue profiles indicates selective re-
cruitment of type| fibreslater inthe MV C. Typel
fibreswould be selectively recruited during fatigu-
ing contractions, because of their higher resistance
to fatigue?39 Kupa et al.[2”] suggested that the
reason for the correlation with type Il fibres and
frequency content in their study was the different
metabolic activity and membrane potentialsintype
Il fibres. Thetypell fibres have agreater potential
for intramuscular pH to decrease during acontrac-
tion, and this change in pH may lead to a decrease
in conduction velocity and frequency content of
the EMG signal, because of type Il fibres either
being derecruited early on during the MV C, or not
being recruited later in the contraction. An afferent
reflex originating in type Il fibres may thus either
initiate the changesin frequency content or alter its
pattern of action.

However, work in our laboratory has shown that
these decrementsin frequency occurred within the
first few secondsof beginning amaximal isometric
contraction, and are related (r = 0.93; p < 0.05) to
skeletal muscle fibre composition (fig. 2) [unpub-
lished data]. Thisindicatesthe possibility of apre-
programmed centrally driven command process
which isinitiated immediately as a contraction be-
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Fig. 2. Early frequency compression changes [mean percentile
frequency shift (MPFS)] during short term maximal voluntary
contractions. Each time pointis normalised to the first time point,
which is described as 100% MPFS (unpublished data).

ginsand occursrelative to an individual’s different
muscle phenotype. Indeed, Belhaj-Sahif et al.[3l
recorded discharge patterns from cortical cellsin
the brain of monkeysasthey exerted repetitiveiso-
metric activity. Cortical activity was shown to ei-
ther decrease, increase or remain constant in the
same way as the EMG power spectrum changed.
They concluded that the motor neurone discharges
may be modulated by descending signals from these
motor cortical aress.

Therefore, it may be suggested that motor effer-
ent recruitment patterns are altered in fatigue pro-
cesses to prevent the extreme metabolic derange-
ments from damaging muscle fibres during fatiguing
contractions. These control mechanismsarealtered
early on during thefatigue process, terminating ex-
ercise with muscle reserve capacity, possibly as a
protective governor reflex.

2. Neural Control Mechanisms During
Maximal Repetitive Sprint Activity

During maximal repetitive sprint activity, stud-
ies have shown that power output decreasesimme-
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diately after the first sprint activity. The previous
work examining fatigue during either individual or
repetitive sprint activity have examined metabolic
causes and considered both substrate utilisation and
metabolic accumul ation as being the cause of dec-
rementsin force output during thistype of activity.
Particularly, changesin the glycolytic and creatine
phosphate pathways have been described asthe cause
of fatigue in this intermittent sprint model.[9:3233]
However, studies have shown that the decrements
in force are not tightly correlated with these meta-
bolic derangements, suggesting that other factors
such as neural control mechanisms may be impor-
tant determinants of the fatigue that develops in
this form of physical activity.[34

Gaitanos et al.[3® and research conducted in
our laboratory (fig. 3), have shown that during con-
secutive sprint activity, the greatest decrement in
sprinting performance occurred in the first sprints.
The decrement in sprinting speed was attenuated in
the next sprints (fig. 3). Thiswork showed that the
rate of declinein performance was curvilinear rather
than linear. Furthermore, performance was essen-
tially stable without any further decrements after
=50% of the sprints had been completed.

Gaitanos et al.[%°! assumed that the decreasesin
sprinting speed were caused by substrate unavail-
ability or metabolite accumulation. However, intheir
tria, neither creatine phosphate, muscle glycogen
or ATP level decreased sufficiently to be regarded
as limiting for muscle contraction. It is important
to note that the speed decrements were curvilinear
and not linear. It islogical to assume that if meta-
bolite accumulation or substrate depletion was the
cause of these speed decrements, that theeffect would
be cumulative, and speed decrements would de-
crease linearly to zero through the course of the
sprint trial as the participants eventually became
completely exhausted.

It may be hypothesised that during these inter-
mittent sprint activities, the first sprint is performed
maximally to the limits of volitional control by the
individual. The afferent input signals to the cortex
or brainstem would indicate that thislevel of inten-
sity repeated again would damage the muscletissue

Sports Med 2001; 31 (9)
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leading to cellular damage. Therefore, in accord-
ance with thistheory, the efferent neural command
and power output may be down-regulated in suc-
cessive sprints. It is not clear whether the ‘gover-
nor’ in this model would be a central feedforward
command or response to afferent input from the pe-
ripheral muscles. The adjusted power output would
reduce the metabolic requirements needed to per-
form these sprints so as not to cause cellular damage
with the repetitive activity. Ulmer(3¢ has defined
this ‘resetting’ of the power output as teleoantici-
pation. Eventually, a speed is reached that can be
sustained essentially indefinitely, without risk of
organ damage.

It is not clear what inhibitory processes may be
occurring even during the first maximal sprint ac-
tivity. As shown in the data on isometric activity,
it is likely that regulatory governor ateration in
conduction velocity leading to power output inhi-
bition may occur early on during the first sprint
activity. Thus maximal power output occurs only
in the first second or two of the maximal activity,
with inhibition occurring as the first sprint contin-
ues. Indeed, work performed in our laboratory (un-
published observations) on neural changes during
Wingate testing, which would represent maximal
sprint activity, has shown that as power output de-
creased, athough integrated EMG (IEMG) activ-
ity was maintained, the frequency spectrum was
decreased in amanner similar to that described pre-
viously. Thus, some form of central control may
occur even during this first sprint.

Secondly, theoretically, during even the first max-
imal sprintin all these studiesthere may beadegree
of subconscious inhibition, for the motor cortex
programming could takeinto account any prior ex-
periences of maximal exercise. No human being can
have gonethrough their life up to the point of max-
imal sprint activity without having performed prior
maximal activity. Inhibitory sequences are almost
certainly programmed into the pre-motor or motor
cortex from prior activities of daily living which
inducefatigue, or dueto prior athletic performance
from the time of infancy, and these would regulate
even an initial ballistic sprint activity. Therefore,
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in the study of Gaitanos et al.[3%! and work in other
|aboratories, where we assume that the first sprint
represents maximal volitional activity, this assump-
tion is perhaps incorrect and during this maximal
volitional activity, a muscle reserve may be pres-
ent. One must speculate that thismusclereserveis
maintained by either learned responses from prior
experience or dueto innateintrinsic efferent inhib-
itory pathways.

3. Neural Control Mechanisms During
Maximal Intensity Endurance Exercise

The cause of fatigue during maximal endurance
activity has perhaps received the most attention in
the field of exercise physiology in the last few de-
cades. Research has traditionally focused on the
role of maximal aerobic capacity (maximal oxygen
uptake: V Ozmax) in causing fatigue during maximal
high intensity endurance exercise. These exercise
protocolsusually involveincrementally increasing
exercise intensity usually during horizontal or in-
cline treadmill running or during cycle ergometry.
During this exercise testing, oxygen uptake (VO,)
is recorded during the activity, and when a plateau
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Fig. 3. Power decrements during intermittent maximal sprint
activity. Distance covered during the 6 repetitive maximal run-
ning shuttle bouts decreased similarly in 4 separate exercise
sessions performed on different days.
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is reached in VO,, or when the athlete terminates
the test in the absence of a plateau, the VO, value
attained istermed the V O,max. It has been previously
concluded that this inability to consume any more
oxygen and the resultant skeletal muscle anaero-
biosis is the reason for fatigue in these exercise
protocols.[37-39

However, Noakes*% described the problemsin-
herent in the assumption that VO,max and aerobic
capacity were the important determinants of max-
imal exercise determination and fatigue. He sug-
gested that a plateau in VO, may not always exist,
but rather occursasan artefact of testing. Thisis sup-
ported by work in ourt* and other |aboratories,[4243]
which has shown that 50% or more of trained indi-
viduals do not experience a plateau during V Oomex
testing. These individuals terminate exercise with
VO, values still increasing (fig. 4).

Further studies have shown that the muscle does
not become anaerobic in the human model when
fatigue occurs volitionally. Hochachka*4! described
that peripheral skeletal muscle never becomes more
than =70% deoxygenated and even at these rela-
tively aerobically maintained levels, myoglobin acts
as abuffer to oxygen insufficiency, shifting the O,
dissociation curve and moving O, to the areasswhere
O, isrequired (such asthe mitochondrial membrane)
as an active process during maximal endurance ac-
tivity. Therefore, as first described by Noakes,[*?!
maximal aerobic capacity does not directly regu-
late fatigue and exercise termination during maxi-
mal endurance activity.

Noakes,[124548] gs a consequence of this earlier
work, recently proposed that asthe skeletal muscle
does not become anaerobic and that maximal aer-
obic capacity is not the mgjor determinant of fa-
tigue, the receptors for the ‘governor’ regulating
fatiguein maximal endurance may belocated inthe
cardiac muscle, and the reason for termination of
exercise during maximal capacity is to protect the
heart muscle from damage during maximal endur-
ance exercise intensity. The hypothesis assumes that
areceptor located in the myocardium sends afferent
inhibitory signals centrally before the maximal ca
pacity of the heart isreached, and that thisinhibitory
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level is more sensitive than that in the periphera
skeletal muscle, leaving a large reserve in periph-
eral skeletal muscle capacity during fatigue in this
endurance model.

The hypothesis is enticing because the heart is
reliant on generating its own blood supply, and if
pump capacity was ever exceeded during maximal
endurance exercise intensity, the blood delivery of
oxygen to the myocardium would beimpaired which
would lead to decreased pump capacity and cause
the heart to fail. During exercise, healthy individ-
uals do not experience angina, the symptom of car-
diac ischaemia. Therefore, exercise in healthy in-
dividuals must be terminated before the maximal
capacity of the heart is reached, and ischaemia oc-
curs, by an inhibitory governor, as described by
Noakes.[*>46] |n this model, skeletal muscle anaero-
biosisisobviously not possible, and exerciseister-
minated by efferent inhibitory command beforethe
maximal capacity of either the heart or the exercis-
ing skeletal muscle is reached.

The importance of this hypothesis was not only
for describing the possible presence of a governor
of fatigue during maximal endurance exercise, but
that it movesthe control of fatigue during maximal
endurance exercise upstream from the periphera
skeletal muscle. For thisgovernor to work, afferent
signals must arise from type Il and 1V chemore-
ceptors situated in the myocardium, and generate
inhibitory efferent commands to the peripheral skel-
etal muscle. In this model, the function of these
efferent neural commands is not to protect the pe-
ripheral skeletal muscle from fatigue, but to reduce
force generation and speed of locomotion to reduce
the metabolic requirements upstream from the pe-
ripheral musculature.

A further interesting hypothesisisthat the V Oomax
plateau may actually be an artefact of the inhibi-
tion of muscle recruitment in response to the car-
diac governor. Individuals who show no plateau
may have a tightly controlled efferent inhibitory
response to the cardiac signal, while individuals
who show a plateau may have a longer period of
down-regulation of afferent signal before the final
efferent inhibitory signal isinduced. Thus, individ-

Sports Med 2001; 31 (9)
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Fig. 4. Individual maximal aerobic capacity during different protocols of incremental tests to exhaustion. PIP = modified Balke incline
treadmill protocol; PSP = Noakes horizontal treadmill protocol; \'/Ozpeak = peak oxygen uptake.

uals may have either differencesin the conduction
velocities of their afferent and efferent nerves, or
the afferent chemoreceptors in the myocardium may
have alonger reaction timein individuals who ex-
hibit the plateau phenomenon or allow a greater
percentage change in metabolic profile before be-
coming completely inhibitory. Therefore, the ex-
istence of the plateau may be merely an artefact of
the reaction time of cardiac chemoreceptors or af-
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ferent nerve signal processing. Further research is
needed to assess these hypotheses.

Evidence for Noakes hypothesis has been shown
both directly during maximal endurance testing and
indirectly from exercise at altitude. A recent study
examined the percentage of muscle recruitment ac-
tivity of the lower limb during maximal incremen-
tal endurancetesting using magnetic resonanceim-
aging analysis of metabolic changes in the lower

Sports Med 2001; 31 (9)
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limb musculature.[4”] The protocol involved both
horizontal and uphill treadmill running until max-
imal exhaustion. Although different muscle groups
were used to different degrees during horizontal
and uphill running, thelower limb muscul aturewas
only used to =40 to 80 % of maximal capacity dur-
ing either testing procedure. These findings sup-
ported the idea of Noakes[>46] that governor-
induced cessation of activity would occur before
peripheral skeletal muscle was completely acti-
vated.

Kayser et al.[*8] examined changesin musclere-
cruitment in the lower and upper limbs during ex-
haustive exercise at low and high atitude. At low
altitude, as the exercise intensity increased, lower
limb IEMG activity increased linearly in both arms
and legs. At high atitude, where oxygen partia
pressure and concentration was lower, while the
upper limb IEM G activity increased with increased
work output, the IEMG activity in the lower limb
did not increase at all, and power output in the lower
limbs was significantly diminished (fig. 5). When
oxygen was given to individuals at high altitude,
the power output and IEM G activity increased, but
not to the level achieved at low altitude. The con-
clusionfrom thisstudy wasthat these changeswere
aprotective reflex to prevent skeletal muscle dam-
age occurring from excessive activity, and inhibi-
tory efferent output to the lower limbs rather than
the upper limbs occurred because of the large mus-
cle mass in the lower limb compared with that in
the upper limb. The finding that oxygen supple-
mentation partially increased lower limb activity
indicated that these changes involved oxygen me-
tabolism.

This study!#8! supports Noakes' theory of car-
diac governor control during maximal endurance
exercise. Again, both at atitude and during tread-
mill running at sealevel, skeletal musclereserveis
maintained during maximal volitional activity. In-
terestingly, during studies of brain function at high
altitude, Hochachkaet al .[*9 showed that with long
term acclimatisation, different areas of the brain
either down- or up-regulate metabolism. The fron-
tal and occipital cortex regions, and thalamus sec-
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Fig. 5. Integrated electromyogram (IEMG) activity patterns dur-
ing maximal exercise at sea level and high altitude in quadriceps
femorus muscle. IEMG values are described as a fraction of
their initial starting values.

tion of the midbrain, showed decreased activity
whileactivity inthe cerebellumwasincreased. One
may postulate that these changes play arolein the
generation of inhibitory efferent neural activity,
along with the cardiac governor-induced inhibitory
processes, or that these two processes are linked.

4. Neural Control Mechanisms During
Prolonged Submaximal Exercise of Set
(Closed-Loop) Duration

Most research on fatigue during submaximal
exercise have used closed-loop modelsto examine
the metabolic determinants of fatigue. This research
has centred on the effect of carbohydrate or fat in-
gestion in attenuating fatigue, or on muscle glyco-
gen and other substrate availability during perfor-
mancetrials. Researchers have concluded that lack
of availability of these substrates are the determi-
nants of fatigue during prolonged submaximal ex-
ercise.[50-52

However, recent studies in this laboratory!>l
have shown that with adequate placebo control, and
with a closed-loop design which incorporates sto-
chastic high intensity activity similar to that occur-
ring in the field, the supposedly positive effect of
carbohydrate ingestion on fatigue attenuation dur-
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ing exercise is minimised. Fittsl® suggested that
it isunlikely that muscle glycogen depletion, low
blood glucose or declinein carbohydrate oxidation
were exclusive factors causing fatigue, as partici-
pants still fatigue and halt exercise activity with
normal carbohydrate oxidation rate and when re-
ceiving adequate carbohydrate ingestion in control
groupsin carbohydrate supplementation trials(fig.
6).

In the close-loop study design, individuals are
aware of the nature and length of the trial and the
time and number of sprints which are to be per-
formed. Ulmer(36] suggested that efferent command
signals to skeletal muscles regulate not only the
spatial and temporal pattern of motion, but also the
control of metabolic rate by adjustment of power
output. He suggested that a central ‘ programmer’
would take into consideration the length of time
necessary to complete the sprints and endurance
activity. Thisadjustment would enabletheindivid-
ual to complete the activity without damaging cel-
lular structures. This tel eoanticipation system may
be responsible for decreasing power output during
atimetrial or exercise bout despite seemingly ad-
equate reserves of metabolic fuel, as part of a sub-
conscious mental calculation, with the feeling of
fatigue being the outward manifestation of the ef-
ferent inhibitory command processes derived from
this mental calculation.

Recent work from our laboratory supports this
theory (unpublished data). In thistrial, individuals
performed a 100km time trial interspersed with high
intensity bouts during which EM G activity wasre-
corded. During the trial, despite participants being
instructed and encouraged to perform at maximal
intensity, power output decreased incrementally and
significantly during the high intensity workbouts
of thetrial. IEMG activity declined in parallel with
these decreasesin power output, and these changes
occurred despite only =20% or less of possible fi-
bresbeing recruited during thetimetrial ascompared
with that recruited during a MV C (fig. 7). These
findings indicated that the CNS down-regulates
power output by decreasing motor command to the
peripheral musculature during this stochastic exer-
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cise activity, despite all conscious attempts by the
participants to maintain power output. Because this
efferent motor command down-regulation occurred
from early on in the trial, and with most muscle
fibres not recruited at any stage during the exercise
activity, one may speculate that this efferent inhi-
bition is a protective response performed by the
CNS to prevent muscle damage caused by the on-
going high intensity activity, which would occur if
the efferent signal wasexcitatory rather than inhib-
itory.

Our further studied> have shown that in stochas-
ticexerciseof short duration (1 hour), power output
and IEMG activity decreased during thefirst sprints
similar to the finding in the above study. However,
in contrast to these findings, in that study(># both
power output and IEMG activity increased in the
final sprint, indicating that IEM G activity wastrack-
ing power output changes and that decrements in
IEMG during the first few sprints could not be ex-
plained solely by temperature, conductivity or elec-
trode placement changes during the trial. Hence,
the decrements in EM G activity and low percent-
age of muscle recruitment throughout thistrial are
not an artefact of the testing method used.
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Fig. 6. Blood glucose levels during endurance cycling activity in
carbohydrate supplemented volunteers (CHO) and controls
(placebo) [from Fitts, 8 with permission].
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Other studieshavesimilarly speculated that dur-
ing fatiguing exercise, inhibitory signals may de-
crease power output asaprotective response. Nicol
et al.[59] found that MV C and IEMG decreased by
=30% after a marathon, and speculated that their
findings were caused either by insufficient motiva-
tion or altered central recruitment strategies. Sacco
et al.[%6] found that during a fatiguing protocol of
the lower limb, efferent output to the fatiguing mus-
cledecreased. Theefferent output to the synergistic
muscles, which were not involved in the fatiguing
process, were also inhibited or derecruited during
and after the fatiguing contractions.

It has previously been suggested that changesin
excitation/contraction coupling®19 may be respon-
siblefor the decrementsin power output during this
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cycling activity. Although no obvious cycling EMG
patterns occurred during the high intensity episodes,
excitation/contraction coupling may also be a cause
of the reduced neuromuscular activity and force
decrements.

It was not clear from our study (unpublished ob-
servations) if theseinhibitory changeswere caused
by fatiguein the central cortical tissue, or by planned
decreased efferent output from nonfatigued corti-
cal structures. Asdiscussed previously, earlier studies
which examined cortical and efferent output changes
during fatiguing contractiond found that fatigue
inthemotor cortex was not responsiblefor decreased
efferent command. Rather, the changes in motor
command were regulated by changes ‘ upstream’
from the motor cortex, either excitatory or inhibi-
tory changesin other brain structures or as aresult
of failure to drive corticospina neurons with nor-
mal excitability because of decreased afferent input
from group 11l and IV afferents in the periphera
muscul ature. However, these authorsfound that the
motor cortex itself was responsiveto artificial per-
turbations during these fatiguing protocols, and thus
fatigue of this brain region was not responsible for
the decreased efferent motor drive. These findings
indicated that changes in efferent command in our
study (unpublished data) were probably caused by
teloanticipation changes in the higher cortical struc-
tures and/or responsesto afferent input from meta-
bolic changesin peripheral organs.

An important finding in our study (unpublished
observations) wasthat during the closed-loop cycle
ride, =20% of maximal muscle capacity was utilised
at any stage during the ride. Previous studies have
shown similar low levels of recruitment during cy-
cling activity.[51 However, at the end of the trial,
muscle biopsies showed that muscle glycogen lev-
elshad decreased to levelsfar lower than would be
expected if only 20% of musclefibre glycogen stores
had been utilised. This finding indicates that de-
creased efferent motor changeswere part of astrat-
egy in which the recruitment patterns of the entire
limb were altered during the fatiguing process. An
alternative explanation is that different muscle fi-
bres within the same rectus femoris muscle were
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recruited at different times during the testing pe-
riod, with fatiguing fibres being replaced by pre-
viously inactive fibres at the sametimethat central
command was decreasing.

Recently, Westgaard and De Luca?3! showed that
motor unit substitution and rotation occurred dur-
ing submaximal isometric endurance exercise. They
speculated that this substitution phenomenon pro-
tected motor unitsfrom excessivefatigue when there
was a demand for sustained submaximal muscle
activity. Asthe muscle glycogen level in our study
reached low levels, with only =20% of muscle fi-
bresbeing recruited at any time during the exercise
protocol, it can be speculated that motor unit sub-
stitution must have occurred during the fatigue pro-
Cess.

Therefore, during closed-loop type fatigue pro-
tocols, different neural inhibitory command pro-
cesses occur, and recent research has shown that
these changes occur irrespective of substrateinges-
tion or utilisation, although the process may bereg-
ulated to a degree by input from these metabolic
perturbations. These efferent inhibitory processes
occur despite alarge peripheral skeletal musclere-
serve, when excitatory recruitment patterns would
still occur if necessary.

It must be noted that in medical conditions
such as heatstroke, certain individuals appear to
push themselves to a level of fatigue not reached
by normal individuals. One may thus argue that
these protective mechanisms are not absol ute, and
can be manipulated in certain conditions. Interest-
ingly, increased core and peripheral temperature
have been shown to increase the conduction vel oc-
ity of the efferent command processes.¥ Thus, in
conditions with significantly raised core tempera-
ture, the temperature-related conduction velocity
increases may interfere with the inhibitory mecha-
nismsof musclewisdom, and obscurethetime-points
of the regulatory inhibitory process and allow the
susceptible individual to proceed beyond the point
when efferent neural strategy becomes completely
inhibitory. This concept requires further research.
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5. Neural Control Mechanisms During
Submaximal Exercise of Undetermined
(Open-Loop) Duration

Fatigue occurring during open-loop submaxi-
mal exercise of undetermined duration isinteresting,
particularly in exercise of low intensity, asindivid-
uals terminate their exercise of their own volition
with as yet no determined metabolic reason. An
example of thisisduring exercise performed at be-
tween 5to 10% of MV C, where after several hours
of repetitive exercise or walking activity, individ-
ualswill stop activity stating that they are exhausted
or completely fatigued. Excitation/contraction cou-
pling failure has been shown to cause fatigue dur-
ing low intensity endurance activity.[*¥) However,
this fatigue may also arise ‘ above the level’ of the
motor cortex and be related to higher mental func-
tioning such as motivational capacity or ability to
concentrate on task activity, which variesin differ-
ent individual s and causes them to terminate activ-
ity after different durations. There may also be a
metabolic cost to the act of concentration itself,
and the metabolic products of this higher mental
functioning, perhapsin the limbic system or retic-
ular formation, may be sufficient to induce the per-
ception of fatigue which causes the individual to
terminate the exercise activity.

It can also be assumed that differences in ath-
| etic ability between individualsmay berelated not
only to their organic physiological phenotype, but
also to their mental capacity to resist the symptoms
and physical manifestations of fatigue to a greater
degree than those individuals with lesser athletic
ability. The origin of these differences in mental
ability have asyet not been identified in any struc-
ture in the brain. Indeed, the physical process of
concentration and mental ‘ toughness' itself has not
been deconstructed to any degree, and research in
the future should be concentrated around these con-
cepts, to understand how these higher mental func-
tionsinfluence the individual’s physical and phys-
iological capacity.
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6. Neural Control Mechanisms in
Fatigue Associated with Pathological
Medical Conditions

Finaly, the chronic fatigue syndrome a so shows
how complex the relationship is between fatigue
and physiological processes to which it has pre-
viously been related. Individuals with chronic fa-
tigue syndrome describe symptoms of extreme fa-
tigueat rest, to adegreethat any activity feelsdifficult
to perform, yet when tested for maximal contrac-
tion, are able to perform similar levels of maximal
force output compared with athletic i ndividual s.[58!
Although the pathological cause has not been elic-
ited, Enokaand Stuart!® suggested that these find-
ings also indicate that fatigue occurs in these indi-
viduals ‘above the level’ of the motor cortex.

These findings show that fatigue is not a physi-
ological process, but rather is a symptom or exter-
nal signal of underlying central processes occur-
ring either during or even in the absence of exercise
performance. Thefinding that fatigue occursat rest
in individuals with chronic fatigue syndrome indi-
cates that fatigue as an entity or sensory processis
loosely related at best with the underlying physio-
logical processes or metabolic perturbations thought
previously to lead to fatigue and termination of ex-
ercise. That we feel symptoms of fatigue and ex-
haustion after along period of mental activity with-
out any physical activity indicates that fatigue as a
signal or thought process originates in the regions
of the brain involved in higher menta function,
perhaps in the limbic system, reticular system or
other brain structures involved in setting arousal
states in the normally functioning individual.

7. Conclusion

In summary, recent research has questioned the
traditional concept of the role of peripheral meta-
bolic changes as the exclusive cause of fatigue.
Rather, the brain and efferent neural pathways
appear to exquisitely regulate the degree of loco-
motion to ensure that absolute maximal muscle ca-
pacity is never utilised under conditions of voli-
tional rather than artificial control. This control of
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force output appears to be regulated by governor-
induced inhibitory efferent processes. From muscle
wisdom during isometric muscle activity, to down-
regulation of power output during sprint activity,
to cardiac protection in maximal incremental en-
durance exercise, and power reduction and muscle
unit rotation strategies during submaximal activity,
the human structure has evolved to maintain mus-
clereserve and inhibit exercise activity so that no
system is stressed beyond its safety capacity. The
changesoccurring in chronic fatigue syndrome and
open-loop exercise activity indicate that fatigue may
not be a physiological entity, but rather a sensory
manifestation of these neural regulatory processes.
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