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Evidence for a supraspinal contribution to human muscle fatigue
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Summary repetitve a sustained muscle contractions. Muscdi¢idue
_ ) _ can be defined as warexercise-induced loss of ability to

_ 1. Muscle fatigue can be defined asyaercise- produce force or power with a muscle or muscle grup
induced loss of ablllty to produce force with a muscle qp, practical terms, this means that musdégle is best
muscle group. It wolves processes at allvigs of the measyred in human subjects by asking them to perform
motor pathway between the brain and the musClentral  gome kind of maximal task and looking for a decrement in
fatigue represents the failure of the nervous system ve drigerformance. Suctasks include isometric contractions to
the muscle maximallyIt is defined as a progressl (ast maximal force, isotonic contractions to test maximal
exacise-induced reduction in voluntary aetion or neural velocity, or contractions aginst a load to test maximal
drive © th(_a muscle. Supraspirjal fatigue is a component %fower In submaximal tasks, atigue is indicated by
central Atigue. It can be defined as arereise-induced changes in the relationship between EMG and force but is
decline in force due to suboptimal output from the motQiificult to quantify In the past, muscle fatigue has been
cortex. _ _ o _ divided into two components, peripheral fatigue and central

2. When stimulus intensity is set appropriatelytagiguero 34 Peripheral fatigue is defined as the loss of
transcranial magnetic stimulation (TMSyeo the motor f5rce due to processes occurring at or distal to the
cortex during an isometric maximal voluntary contraction,eromuscular junctionlt can be thought of asafigue
(MVC) of the elbov flexors commonly eokes a snall  ithin the muscle itself and is responsible for much of the
twitch-like increment in flexion force.This increment |,ss of force ofdtigue. Havever, ome loss of force occurs
indicates that, despite the subjsataximal effort, motor pacause of theaflure of the nervous system to\drithe

cortical output at the moment of stimulationasvnot scle maximally This is known as centralafigue, a
maximal and \as not sufficient to dre the motoneurones progressie execise-induced reduction in oluntary

to produce maximal force from the muscl@n exercise-  ctivation or neural die © the muscle. Under some
induced increase in this increment demonstrates supraspigghdgitions, centralatigue is responsible for 20-25% of the
fatigue. _ _ ~ loss of force of dtigue. Morerecently supraspinal dtigue
3. Supraspinaldtigue has been demonstrated duringas peen identified as a component of cenatigdés. It
fatiguing sustained and intermittent maximal  angan pe defined as a loss of force due to suboptimal output
submaximal contractions of the elboflexors where it fom the motor corte Thefollowing paragraphs describe
accounts for about one-quarter of the loss of force @le measurement of supraspinal fatigue and its cotisip
fatigue. Itis linked to actiity and the deelopment of i, central fatigue, g examples of eercise in which
fatigue in the tested muscles, and is little influenced hy,hraspinal dtigue occurs, and discuss evidence for

exacise performed by other muscles. o mechanisms which could underlie supraspinal fatigue.
4. The mechanisms of supraspinahtifjue are

unclear Although changes in the beliaur of cortical Measurement of supraspinal fatigue

neurones and spinal motoneurones occur duraigue, o ]

they can be dissociated from supraspinatigue. One ~ Voluntary acwation is a measure of o well
factor that may contribute to supraspiraigue is the firing SUPiects can dre a nuscle to produce maximal forcét is
of fatigue-sensitie muscle afferents which may act tocommonly measured by stimulating the motor eetv a

impair voluntary descending te. muscle while the subject performs an isometric maximal
voluntary contraction (MVC)8 for reiew 2 | 5 twitch-like
Introduction increment in force (superimposed twitch) isked by the

) stimulus, voluntary actétion is less than 100%Despite

Voluntary contraction of a muscle to produce force ofe sybject maximal effort, some motor units were either
movement irvolves a series ofvents which start in the ot recruited or were not firingagt enough to dré the
brain and end in the muscleProcesses which lead 10y scle fibres to generate all their forden increase in the
muscle fatigue begin avery level whenever people mak g nerimposed twitch withxercise indicates impairment of
voluntary actvation and thus, centraifigue-9- 35219 Such
a decrease in the ability to aedie the muscle maximally
can be attribted to processes occurring upstream of the site
of stimulation at the motor axons, that is, to something
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happening in the central nervous system.

Transcranial magnetic stimulation (TMS) can \até
neurones in the motor coxtén human subjects toveke
short-lateng excitatory responses in manmuscled!12
Thus, TMS can also be used to measumuntary
activation in some circumstance®'34 If stimulation of
the motor corte during an isometric MVC produces a

twitch-like increment in force from the contracting muscles

then voluntary actition is less than 100% However,
voluntary actvation measured with motor cortical
stimulation reeals something different from oluntary
activation measured with motor nengimulation. If motor
cortical stimulation eokes a siperimposed twitch, then
motor cortical output ws not maximal and was not
sufficient to drive the motoneurones maximallyin turn,
motoneurone firing was not maximal or fetiént to drve
the muscle maximally That is, despite subjects’ maximal
efforts, no site in the motor patlay from the motor corte
to the muscle was avking maximally at the moment of
stimulation. Ifthe superimposed twitchveked by TMS
during an MVC increases duringeecise, then the motor
cortex has become less able to \@rithe muscle fully
although extra output from the motor corteemains

>

superimposed twitch (% MVC)

—

voluntary activation (%

100+

0-

754

50

)
b

motor nerve stimulation

motor cortex stimulation

o

T T T T
25 50 75 100
voluntary force (% MVC)

T T T T
0 25 50 75 100
voluntary force (% MVC)

awailable. Thisindicates the delopment of supraspinal Figure 1. A. Superimposed twitchesoded during olun-

fatigue, which can be attributed to suboptimal output fromyry contractions of diferent strengths by motor neev

o . stimulation or motor cortex stimulation. Subjects per
Measurement of oluntary actation using motor formed brief isometric voluntary coattions of the elbow

nene dimulation is confined to muscles which can biexors to naximal and submaximal tget forces with unfa-

stimulated to eoke a maximal twitch with little spread of tigyed muscles (filled circles) or with the muscles fatigued

the stimulus to an antagonist or other musclBise use of {5 reduce maximal fee to 60% of its initial value (open

i s &k . Motor nerve stimulation was delived during
restricted because of the lack of precision in stimulating 0Rgme contractions (left panel) and motor cersgmulation
during othes (right panel). The amplitude of the superim-
) posed twitches is plottedyainst contraction strength. Both
| ' voluntary force (MVC). For motor contegimulation, the
technique works for the eltaoflexor muscles because i) the rg|ationship is linear for contractions >50% MVC.

elbow flexors hae dronger &citatory connections from the g \bluntary activation calculated from the superimposed
motor corte than the antagonist extensors; ii) contractingyitches plotted in Aln the fatigued muscle (open dies),
muscles are more easily aeted than relaxed muscles by maximal efforts produced forces @50% of the initial
TMS; i) the elbav flexors are about twice as strong as thgjyc. \sluntary activation calculated from motor nerve
extensors. @gether these factors mean that during strongimylation during maximal efforts apped from 97% in
elbav flexion contractions, stimulus intensity can Db&ne unfatigued muscle to 87% with fatigigy comparison,
adjusted so that TMS canake a rearmaximal ecitatory  ygjuntary activation calculated from motor cortaimula-

e ; D) i tion dropped from 94% to 80%. Adapted from Figs. 4 and 6
responses in biceps and brachioradialis) with only a smgll Toddet al, 200313,

the motor cortex.

TMS to measure voluntary aedtion is een more

muscle or muscle group from the motor crrtéAs yet,
TMS has only been used successfully to measurestati

attempted for adductor pollicis and triceps brathif. The

response in the elboflexors (as seen by theyaked EMG

response in the ello extensors (triceps), and that the

circles).

evdked extension force is small compared to flexion forces.

Although the presence of amxtensor twitch implies that
voluntary actvation will be overestimated, subjects are
rarely able to achie 100% actvation even when
unfatigued® (see Fig. 2A control). Hence, this measure i
sensitve t failure of voluntary actiation. As the
development of peripheral fatigue means thaereising
muscles become wealk the relatve mntribution of the

non-ercising antagonist should become greater durintgJ
fatigue. Thus,this technique is likely to underestimate

supraspinal fatigue.

84

Quantitatve @mparison of central
supraspinal

fatigue

fatigue and

is problematic becauseluntary

activation measured with motor nerdimulation does not
equate to voluntary agtition measured with TMS.For

glbcw flexion, central &tigue is commonly measured by

stimulation oer the motor point of biceps to agdie biceps

and brachialis.

At

high contraction strengths

the

relationship of the superimposed twitch to voluntary force

ecomes non-linearso that there is little change in
perimposed twitch size for changes in voluntary férte

(see Fig. 1A left panel)This non-linearity could represent
differential actvation among the ellw flexors, with
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stronger actiation of the tested muscles than the non-testddrce had #&llen by 40% in each paradigm, the
ones’. In oontrast, the superimposed twitclroked by  superimposed twitch had more than doubled. This change
TMS, which tests all the ellboflexor muscles, decreasesequates to voluntary aettion of the fatigued muscle of
linearly with strong contractioh¥Fig. 1A right panel). [B0%. If subjects’ voluntary actétion had remained high
Antagonist stimulation or muscle lengthening at théd5%) then instead ofafling to 60% of the initial
moment of stimulation could also bacfors in the non- maximum, voluntary force auld hare fallen only to171%.
linearity in the superimposed twitckiaked by notor nene  This difference suggests that a littleepa quarter of the
stimulatiod”1®  Whatever the cause, the dédrent 40% loss of force results from supraspiraigue. Itseems
relationships of superimposed twitch toluntary force for that under such circumstances, supraspinal fatigue tends to
the two dimuli makes direct comparison fidult. contritute the same proportion of the decline oiuntary
Notionally, it is impossible for wluntary actvation of a force with each protocol despite thefeient time course of
given muscle measured with TMS to be worse thathe deelopment of fatigue.

voluntary actvation measured with motor nengimulation Supraspinal fatigue does not only occur when
as descending input from the motor crrie a sibset of subjects ma& maximal contractions, in which corticospinal
drive o the motoneuronesSimilarly, supraspinal fatigue is neurones are likely to be firing at high rates. It can also be

a abset of central fatigue. demonstrated duringafigue produced by relagly weak
) ) submaximal contractions if these arefisigntly prolonged.
When does supraspinal fatigue occur? Subjects held an isometric elbdlexion of 15% of their

@aximal force and datigue was monitored with a brief
maximal efort every 3 ming®. The MVC force haddllen

be 10% after the first minute of sustained weak contraction
nd then fell steadily tdB5% of its initial value by

0 mins. At the same time, the superimposed twitch

Supraspinal dtigue has been demonstrated in th
elbaw flexors in a number of differenixercise paradigms.
These hee included maximal and submaximal isometri
contractions, as well concentric and eccentri

exacise 81319202122 Oyer g 2min sustained isometric ‘ K .
maximal wluntary contraction (MVC) of the elloflexors, eveked by TMS during the brief MVCs doubled (Fig 2).

voluntary force drops by approximately 60%. At the starThus’ sgpraspina!aﬁgue deeloped although the _ongoing
of such a contraction, the increment in foramked by contraction remained less than 25% of maximum and

stimulation of the motor neevto hceps and brachialis presumably did not require yamhere near maximal output

evckes a siperimposed twitch of about 0.2% MVC. @v from the motor corte Despitecontinued, more frequent,

the course of the contraction this twitch grows by 50_1000}3_r lef MVCs, volqntary acv/iatiqn recorered when subjects
By comparison, the superimposed twitsloled by TMS is stopped performing the sustained weak contractitence,

M% MVC in the fresh muscle (which equates 6% the occasional maximalfefts did not cause the supraspinal

activation) and grows to 3-4 times its original §i78 Such [algue:

changes are clear evidence that central and supraspinal Exgrmse W.h'Ch iwolves hon- Isometric olunta_ry
fatigue hae cevdoped. Infresh muscle, a TMSveked contractions and is therefore repettiather than sustained

superimposed twitch of 3-4% MVC representduntary can alsz plrtc’);jl:lce_suprasglnazlgug. Sul_)ject:tspergormlc_e d
activation of [75-819%4% (compare Fig. 1A with 1B). f€Peated e exons and extensions agst a lydraulic

Because peripherabfigue has also occurred, increases iﬁwscous) llpaée. Eggg/h cfoptracn:)p tOOk. aboult/l 2.3’ V;”th
the size of the superimposed twitch are greater velddi orce peaking a o Of ISometric maximum.viaxima

the muscles capacity for force production than isigent isometric flexion force and voluntary actiion was tested
from the absolute increaseFor example, Fig 1 (open after each 30 s ofxercise. Aftera solenoid-operated brak

circles) shws that when the muscle is fatigued such thdt > eplied to the arm barTMS was gi/en. over the
the MVC has fallen to 60% of its originalalie a subjects motor cortex during a brief maximal fbeon efort.

superimposed twitch of 3-4% MVC representduntary Exerqse resgmed as quickly as possmléurlrlg this
activation of [070-75%. Whenmaximal voluntary force exacise, maximal vluntary force dropped byB5% over

falls to [(M0% of its initial \alue during a 2-min sustained about 3 minutes, and then remained retii steady until

; - he end of thexercise (5 mins). The superimposed twitch
MVC, the superimposed twitch of 3-4% MVC can bé .
calculated to represenib6-72% actiation. If subjects’ produced by TMS increased frofil% to [2% MVC and

predicted force output with a voluntary aetion of 95% is also Chf"mﬁ’e? t.“ttle \er t.hemé;maénlnlg )eermsfteﬁ Thu"s,
compared to their actuahtigued MVC, the loss of force supraspinal latigue again ped along with @era

due to decreasedoluntary actvation can be estimated. muscle aF|gue. Inthis exercise, althOL.'gh t_he elloflexors
Thus, we calculate that supraspinal fatigue probab ere actie for half of the total xercise time, the elbo

accounts for between 22 and 30% of the loss of force by t ggns?rsh V\(/je;e awt n ;‘het mtert\_/enlngl perllt?]d.Hehnce,l
end of 2 minutes of sustained maximal effort. subjects had o makan €fort continuously aithough only

An increase in the superimposed twitoroked by part of it was directed to the ellvdlexors. Asthe level of

TMS has also been demonstrated in intermittent isometﬁ!:JpraSpInal fatigue demonstrated in the witftexors vas

MVCs with various contraction durations and rest inddst/ similar to that induced by other paradigms in which other
(5s MVC / 5s rest: 15s MVC / 5 s rest; 15 s MVC / 10 Q1uscles were not deliberately contracted, this suggests that

rest; 30 s MVC / 5 s rest). By the time maximaluntary supraspinal fatigue is lid to the use of particular a
muscle group and not to theepall activity of the motor
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With fatigue, wluntary forces decreased to about 45% of
A control 1-10 min 19-28 min their initial maxima and the superimposed twitches

increased in size by 50-100% for both concentric and
IS%MVC eccentric MVCs. Thus, supraspinal fatigue could be
T T 50 s demonstrated in both shortening and lengthening
contractions.
Mechanisms of supraspinal fatigue
100

Although supraspinal atigue can be attributed to
" . suboptimal output from the motor cortéin that etra
751 N ., output is &ailable while ongoing output is insufficient to
Voluntary TP produce maxma! forcg), the mechanlsm_s that underlie the
force apparent increasing failure to use all cortical output are not
% mvc) 0 _ clear Two catggories of possible mechanisms can be
o’ postulated: i) mechanisms which reduce descending output
251 L] 11 2 from the motor cortex; and ii) mechanisms which reduce
— = A 1 the eficagy of output from the motor corkein generating
sustained 15% MVC . force. Thefirst category might include changes in the
0 5 10 15 20 25 30 properties of corticospinal neurones or input to
time (min) corticospinal neurones. The second gatg might include
changes in motoneurone bglur which male the
motoneurones less resparesito descending input and
changes in muscle contractile properties which increase the
during a sustained weak contractioriThree sets of 4wer- motor unit firing rates needed to produce fused contraction.
laid traces from one subject@ehown. Ongoindorce has However, whether cortical output becomes inadequate
been offset to allow comparison of the thits. Orthe left during fat'lgue because .It decreases or becayse it bef:omes
(control) are superimposed twitchesveled during brief less effective, dgmonstratlon of supraspinal fatigue requires
maximal efforts prior to the start of the sustained weak cof1at €xtra &ective autput from the cortecan be goked by
traction. The middle set ofares wee dicited during the Stimulation. , ,
first 10 minutes of the weak contraction. The smallesthtwitc The .be.hawour of F:ort|cal neurones 'does change
(thick line) was eoked after 1 minute The right hand set of during fatiguing contractions.When TMS is used to

traces wee dicited after 19-28 minutes of sustained weactvate cortical neurones during @luntary contraction,
contraction. Theargest twitch (thick line) was eoked after both excitatory and inhibitory responses can be recorded in

28 minutes. The arrow indicates the time of motor cxortéhe EMG. The motor goked potentials (MEPs) are short-
stimulation. lateng excitatory responses that are recorded as compound
B. Maximal voluntary force and amplitude of superim- Muscle action potentialsThey are evoked through direct
posed twitches in brief maximal fefits during a sustained @nd synaptic aatétion of corticospinal neuroneso that
15% maximum isometric contraction of the eladlexors. their size depends on the excitability of these cortical
Subjects (n=8) made a sustained weak isometric elbaw fl&'€UroONes as Wezl,L 2§2$2rt2§vmab'l'ty of motoneurones in
ion. At3 minute intervals, the performed a brief maximal the spinal cor%f‘v e Tor et After the MER there is a
efort and TMS was delived. force (filled squazs) mea- silent period in the ongoing voluntary EMQ@he duration
sured during the maximal fefits is shown as a pegntaye of this silent period is thought to depend on inhibition of
of subjects’ initial maximal force (left axis)ts fall over the ~Voluntary descending output from the motor cortferough
course of the sustained weak contraction shows tivelde the actions of intracortical inhibitory interneuroneBoth
opment of fatigue An increase in the amplitude of the the MEP and the silent period change during a sustained

28,29,30 (i ;
superimposed twitc(filled triangles; right axis) shows the MVC (Fig. 3). The MEP gets Iger This suggests
development of supraspinal fatigue. increased excitability of the cortical neuronéd.the same

time, the silent period gets longeiThis suggests an

cortex. increase in the &fctiveness of intracortical inhibition.

Finally, superimposed twitchesveked by TMS have  However, reither of these changes in the crréppears to
been demonstrated during maximal concentric arff critical to the occurrence of supraspinal fatigue as the
eccentric isokinetic contractiof’s Twitches were lajer impairment of wluntary actation can sometimes be
during eccentric than during concentric MVG#1% and demonstrated when the changes are not pfesgig. 3).
2% MVC respectiely). This suggests that oluntary
activation is lower during eccentricxercise &en though
more force is generated. wever, the measurement of
twitches when the muscle is shortening or lengthening is
complicated by the muscles’ forcelacity characteristics.

B

Figure 2. A. Superimposed twitchesaed by motor cor-
tex stimulation during occasional brief maximal fefrts
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to repetitve activation. Interms of subjects’ ability to dré

100, ; E\j\fgme | 1100 < the muscle maximally the motoneurones’ decreased
%’ &!\T Theld ] . S response to a constant input suggests tkaa eescending
= voluntary ischaemic. 3 drive might be required to maintain agtion. Thatis, the
£ 50 acivation ﬁ\ﬁ\m L90 & same cortical output might be adequate for near maximal
s ? S activation near the start of a sustained MVGt tbecome
8 ? S less efective later in the contractionsHowever, such
< 0l Lgo & changes do not fullyxplain supraspinal fatigue which can
only be demonstrated if some cortical output is untapped by
3 804 silent period < voluntary effort but can be agtited by TMS. The question
g~ 20 m as to wly cortical output is not fully utilised despite
Eé - 2 maximal effort remains.
us 404 P i 150 2 As suggested pveously, supraspinal dtigue
'gg & demonstrated for a particular muscle appears to be closely
3 0 5 o L 100 s% linked to prior activity andatigue of that muscle so that
© -0 * e o £ extra actiity in the form of voluntary contraction of
. —et - . another muscle makes little fdifence. TMS during
control 1.5-2min 0.5 3 min sustained 1-min MVCs of the eNvoflexors of one arm
MVCs sustained MVC recovery MVCs

demonstrated the deopment of supraspinal afigue.

] ) ~_ Subjects performed 2 such MVCs separated either by a
Figure 3. Maximal voluntary force, voluntary activation 1_min rest or by a maximal feft with the other arm.
and the EMG responses eked by transcranial magnetic ajthough superimposed twitches in each set of wlbo
s_tlmulz_itlon (TMS) during a sustained mawma! contrac- flexors became 2-3 times as big during the sustained
tion with a subsequent period of muscle eemia. Sub- | ,5ximal efforts of those muscles, thereaswminimal
jects performed a 1.5 to 2 min sustained isometric maximglysseoer of supraspinal dtigue between the twarmsL,
voluntary contraction (MVC) of the elbowte muscles. gjnmilarly, dternating actiity of elbow flexors and etensors

At the end of the MVC, beborelaxation, a blood @ssure yoes not seem to produce supraspirgtigfie out of
f:uﬁ Was_inflated aound the upper arm to maintain m“Sdeproportion to peripheral fatigue in the efboflexors,
ischaemia (shaded box)Brief MVCs wee performed gjihough the effect of altering extensor activity was not
befoe the sustained MVC, during the 2 minutes ofyrmgally tested. Central fatigue (tested with motor eerv
ischaemia, and then after the Eufas eleased. TM®vas  gtimylation) also seems to be largely muscle specific with
delivered during the brief and sustained MVCEe Upper |iile crosswer between homologous muscles on theo tw
panel shows that maximal voluntary der(open squas, gjges of the body.

left axis) fell by(l0% during the sustained MVC and did The association between peripheral museaitigtie

not recover while the muscle was heldhsemic. Theall  5ng supraspinabfigue has been demonstrated most clearly
in voluntary act_lvatlon (f|Iqu squas, right aX|s_) c_alculated by preventing the receery of fatigued muscle by holding
from the superimposed twhitevoked by TMS indicates the {he muyscle ischaemic at the end ofatiguing wluntary
development of supspinal fatigue during the sustainedconiractiof. When the voluntary contraction is stopped,
MVC. \blunta_\ry act_lvatlon also emained low while the ary changes due to repetiéi ativity within the motor
muscle was ig@emic. Thelower panel shows that the hathyay can receer while the lack of blood fl to the
EMG responses to TM&aoded from bachiordialis (an  yscle preents recoery of muscle force and maintains
_elbow flex_or distal to the dijfalso hange cUrlng_a fatigu- firing of group Il and IV muscle &rents which are
ing sustained MVC. The motovaed potential (MEP gensive © the metabolic products of fatigue. If brief
flll_ed circles, rlght axis) mcre_ased in size durlng_ the SUSy aximal eforts are performed under these conditions,
tained contraction and the silent period (opercles, left  mior unit firing rates andoluntary actiation tested with
axis) increased in dation. Afterthe sustained MVC, both \,qior nere gimulation. often remain 183 That is

responses gcoveed to contl values despite the main- cenirgl fatigue continues while peripheratigue of the
tained muscle ischaemia. Adaptednfr Hg. 3 of Gandevia |uscle is maintained. Similarly, testing ‘luntary
etal, 1996. activation using TMS shows that the supraspinal component
Motoneurones are also affected duringtiguing of fatigue also does not reew while the muscle is
contractions.  Firing rates decrease during sustainedschaemié (Fig.3). Incontrast, the size of the MEP and
maximal contractiorid3233 and in biceps, the EMG duration of the silent period do return to contralues.
responses to stimulation of the corticospinal tract at Furthermore, responses to cervicomedullary (corticospinal)
subcortical lgel (cervicomedullary stimulation) decrease instimulation, which are reduced at the end of a sustained
sizeé®. As these responses & a hrge monosynaptic MVC, also return to control alues®. Thus, although
component, the decrease suggests that motoneuroves heeurones in the pattay from motor corte to the muscle
become less respomsi synaptic input. This is consistent appear to hae recorered from the fatiguing contraction,
with inhibition of the motoneurone pool or with changes imutput from motor corteis dill inadequate to actéte the
the intrinsic membrane properties of the motoneurones domiscle fully This suggests that something to do with the
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maintained fatigued state of the muscle acts to impair # Lloyd AR, Gandeia SC, Hales JP Muscle

voluntary actvation, but this does not occur at the performance, voluntary agétion, twitch properties
motoneurones or at thevie of motor cortical output.One and perceied efort in normal subjects and patients
possibility is that firing ofdtigue-sensitie nmuscle aferents with the chronic fatigue syndromdrain. 1991;
acts upstream of the motor cortéo impair oluntary 114:85-98.
descending dve. 10. Gandeia SC, Allen GM, Mckenzie DK. Central

) fatigue. Critical issues, quantification and practical
Conclusions implications. Adv Exp. Med. Biol. 1995; 384:

281-94.

11. Barler AT, Jlinous R, Freeston IL.Non-invasive
stimulation of human motor coreLancet 1985;
1(8437):1106-07.

. Rothwell JC, Thompson PD, Day BL, Bd S,
Marsden CD. Stimulation of the human motor
cortex through the scalpExp. Physial 1991; 76:
159-200.

13. Todd G, Taylor JL, Gandevia SC. Measurement of
voluntary actvation of fresh and fatigued human
muscles using transcranial magnetic stimulatibn.
Physiol 2003;551:661-71.

Todd G, Taylor JL, Gand&a SC. Reproducible
measurement of voluntary aefion of human
elbav flexors with motor cortical stimulationJ.
Appl. Physiol2004;97: 236-42.

TMS over the motor corte usually ezokes twitch-like
increments in force from the elvdflexors muscle despite
subjects’ maximal eluntary effort. These increments
increase duringx@rcise and demonstrate that some of thi2
loss of force of dtigue occurs because of inadequateedri
from the motor corte This supraspinal fatigue is seen
during sustained and intermittent maximal and submaximal
contractions. Itappears to be lirdd to activity and the
development of &tigue in the tested muscleglthough
changes in the behaviour of spinal motoneurones and
cortical neurones also occur duringtifue thg can be
dissociated from supraspinatigue. Incontrast, derent
firing that is associated with maintaining the muscle in .
fatigued state may conttilte to the suboptimal output from
the motor cortex.
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