
THE CORTICAL RESPONSE TO FATIGUING 

EXERCISE: STUDIES OF INTRACORTICAL 

INHIBITION, INTERVENTIONAL BRAIN 

STIMULATION AND CEREBRAL 

HAEMODYNAMICS. 

 

By Nicola Mae Benwell 

Bsc. Hons (Neuroscience) 

 

Supervisors 

Associate Professor Gary Thickbroom 

Professor Frank Mastaglia 

 

This thesis is presented for the degree of Doctor of Philosophy at the 

University of Western Australia, Faculty of Medicine, Dentistry and Health 

Sciences, 2006. 

 

Submission Date: 1st December 2006 

Copyright 2006 Nicola Benwell 



 

 

 

 

 

DECLARATION 

 

All of the studies contained within this thesis were conducted during the course 

of my enrolment at the University of Western Australia. I hereby declare that this 

thesis is my own composition and that all sources have been acknowledged and my 

contribution has been clearly identified. This thesis has not been previously 

submitted or accepted for any other degree in this or any other institution.

 ii



 

SUMMARY 

 

A reduction in the force-generating capacity of a muscle is the primary 

indicator of fatigue and the majority of this force loss is the result of peripheral 

fatigue. However, there is also evidence that the central nervous system (CNS) does 

not drive muscles maximally during fatiguing exercise, which has led to the concept 

of central fatigue. The strongest evidence for this comes from interpolated twitch 

studies showing that transcranial magnetic stimulation (TMS) during a maximal 

voluntary contraction can produce an increment in force which becomes greater as 

fatigue develops. In addition, the silent period (SP) duration increases during a 

fatiguing exercise, suggesting that there is a buildup of intracortical inhibition that 

might limit central motor drive. In contrast, motor evoked potential (MEP) 

amplitude increases during fatigue suggesting an increase in corticomotor 

excitability during exercise. 

 

Although the MEP and SP findings appear to reflect differing central responses 

to fatigue, there have been few further studies of cortical inhibition with fatigue. To 

determine whether there are changes in other measures of inhibition, short- and 

long-interval cortical inhibition (SICI and LICI, respectively) were measured during 

and after a fatiguing exercise. These studies confirmed previous MEP and SP 

observations, and additionally demonstrated that during fatigue both SICI and LICI 

steadily declined in contrast to the increase in SP duration. The MEP, SICI and LICI 

results are consistent with an increase in central motor output originating in the 
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primary motor cortex (M1) which could be part of a central adaptation to fatigue, 

whereas the SP and twitch interpolation data support a process of central fatigue 

which may originate ‘upstream’ of M1.  

 

To determine whether the performance of a fatiguing exercise could be 

improved by further increasing corticomotor excitability in M1, an interventional 

repetitive TMS (rTMS) protocol was used to transiently increase corticomotor 

excitability, and force during a brief sustained maximum voluntary contraction was 

compared before and after rTMS. There was an improvement in task performance 

after rTMS, with a reduction in force loss compared to pre-stimulation baseline. This 

suggests that an increase in corticomotor excitability can enhance force output 

during fatigue.   

 

Functional magnetic resonance imaging (fMRI) studies were carried out to 

investigate how far throughout the motor network fatigue-related processes might 

extend, and whether areas not directly involved with movement might also be 

influenced. Imaging was performed during and after fatiguing exercise and 

activation was measured in the primary sensorimotor cortex, the premotor cortex, 

the supplementary motor area, cerebellum and the visual cortex. The primary finding 

was a progressive increase in the fMRI signal during exercise, with a reduction 

following exercise, and signal changes were observed in all regions.   
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These studies provide evidence that central adaptive processes occur during 

muscle fatigue and highlight the potential to facilitate these processes with 

interventional paradigms. The findings indicate the extent of cortical changes during 

fatigue and suggest that there may also be neurohaemodynamic and/or metabolic 

components to central adaptive processes. Understanding the central response to 

muscle fatigue should incorporate mechanisms both of central adaptation and central 

fatigue. 
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CHAPTER ONE: 

 

INTRODUCTION, AIMS AND THESIS 

OUTLINE 
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Fatigue is a common complaint experienced by healthy individuals in the 

activities of every day life and is a debilitating symptom in a range of neurological 

conditions. The term ‘fatigue’ can be defined a number of ways; from a functional 

point of view as a failure of the neuromuscular system to generate force or power 

(Bigland-Ritchie et al., 1995) or as a subjective sense of exhaustion or decreased 

capacity for physical or mental work (Piper, 1989). This thesis will examine fatigue 

induced through muscular exercise in healthy subjects.  

 

 Muscle fatigue is defined as any exercise-induced reduction in the force-

generating capacity of a muscle, regardless of whether the task can be sustained, and 

is the result of changes at all levels in the motor system (Bigland-Ritchie and 

Woods, 1984). The majority of force loss and the development of fatigue are due to 

changes distal to the neuromuscular junction (peripheral fatigue). However, there is 

also evidence that the central nervous system (CNS) does not drive muscles 

maximally during fatiguing exercise and this has lead to the concept of central 

fatigue (Bigland-Ritchie et al., 1978; Gandevia et al., 1996).  

 

 This thesis begins with an overview of peripheral and central fatigue and a 

review of Transcranial Magnetic Stimulation (TMS) and functional Magnetic 

Resonance Imaging (fMRI) studies of the central processes associated with fatigue. 

This is followed by six studies (summarised below) that utilise TMS and fMRI to 

further investigate central components of fatigue, and a final discussion. The aims 

were to investigate changes in intracortical inhibition during and after fatiguing 
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exercise (Studies one and two), to determine whether an interventional TMS 

protocol could improve force output during a fatiguing exercise (Study three), and to 

use fMRI to investigate changes in cerebral activation in areas outside of the primary 

motor cortex (Studies four-six). 

 

Studies One and Two  

Intracortical inhibitory processes associated with fatigue have been largely 

based on studies of the silent period (SP) duration, while the possibility of changes 

in other measures of inhibition has been largely overlooked. The aims of Study one 

were to measure the time-course of short-interval cortical inhibition (SICI) during 

and after fatiguing exercise, and to determine whether such changes were isolated to 

the fatigued muscle. During exercise, SICI declined progressively in parallel with 

force, and following exercise there was an increase in SICI. The changes in SICI 

were isolated to the representation of the fatigued muscle. In contrast, the motor 

evoked potential (MEP) amplitude increased during exercise, followed by a 

sustained reduction in amplitude post-exercise, and this pattern of change was 

observed in fatigued and non-fatigued muscles. 

  

Paired-pulse TMS at long interstimulus intervals (ISIs) can also be used to 

derive an index of long-interval cortical inhibition (LICI), however this has not yet 

been investigated in fatigue. The aim of Study two was to measure LICI during and 

after a fatiguing exercise and to determine whether the changes in LICI paralleled 

the increase in SP duration that normally occurs during exercise. The results 
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confirmed previous MEP and SP observations, and additionally demonstrated that 

during fatigue there was a steady decline in LICI in contrast to the increase in SP 

duration. The pattern of decline in LICI was consistent with that observed for SICI 

in Study one.  

 

The interrelationship between the increase in MEP amplitude and reduction in 

SICI and LICI, suggests the presence of an adaptive process in the primary motor 

cortex (M1) which is acting to increase motor output to the exercising muscle as 

fatigue develops, whereas the increase in SP duration may correspond to processes 

of central fatigue in centres ‘upstream’ of M1.  

 

Study Three  

The conclusion from Studies one and two, that there is an increase in central 

motor output from M1 during fatigue, led to the hypothesis that a TMS intervention 

designed to increase corticomotor excitability might improve the performance of a 

fatiguing exercise.  To investigate this, force was measured during a short but 

fatiguing maximum voluntary exercise performed before and after a period of 

paired-pulse rTMS that increased corticomotor excitability.  The results 

demonstrated that during the period of increased excitability, maximum voluntary 

force could be sustained at a higher level during the exercise period. This suggests 

that by raising corticomotor excitability it is possible to increase central motor 

output and thereby reduce the degree of force loss. 

 

 4



 

Studies Four-Six  

The remaining studies (four-six) utilised fMRI to further investigate central 

adaptive changes with fatigue. The aims were to (i) measure changes in central 

activation during the development of fatigue, (ii) investigate what central changes 

might occur during the performance of a motor task in the period following a 

fatiguing exercise in which there is residual force loss, and (iii) determine how 

widespread any such changes might be within and outside the motor network on 

both the fatigued and non-fatigued sides.  

 

In Study four, the fMRI signal was measured from the primary sensorimotor 

cortex (SM1), premotor cortex and the primary visual cortex (V1), in both cerebral 

hemispheres, during a unilateral fatiguing exercise of the hand. There was a 

significant linear increase in the fMRI signal during exercise from the SM1 

contralateral to the exercising hand, with a small but not significant decrease in the 

ipsilateral SM1. There were no significant changes in the fMRI signal measured 

from the contra- or ipsilateral premotor cortex, although there was a trend that 

paralleled the changes observed in SM1. In contrast, the signal from V1 increased 

significantly in both hemispheres.  

 

There have previously been no studies of the fMRI signal following fatiguing 

exercise. Study five investigated the central changes associated with performing a 

motor task after a unimanual fatiguing exercise. Following exercise, there was a 

significant reduction in the number of significantly activated voxels in SM1 on the 
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side contralateral to movement when a task was performed either with the fatigued 

or with the non-fatigued hand. Subsequent analysis demonstrated that the reduction 

in the number of significantly activated voxels was most likely due to an increase in 

the variance of the fMRI signal. The reduced functional activation in SM1 may 

reflect an increased variability in the activation, rather than a reduction in the 

activation of cortical motor networks following fatiguing exercise.  

 

Study six was an extension of Study five that aimed to investigate how 

widespread the post-exercise reduction in functional activation was within and 

outside the motor network. The number of significantly activated voxels was 

measured in SM1, the supplementary motor area (SMA), cerebellum and V1 with 

performance of a motor task following a fatiguing exercise. Functional activation 

was reduced in all areas. These results demonstrated that while the reduction in 

activation was most pronounced in motor areas, it also extended into non-motor 

areas such as the visual cortex.  

 

The findings of these fMRI studies are in keeping with the notion of an 

increase in sensory processing and corticomotor drive during fatiguing exercise to 

maintain task performance as fatigue develops. They also indicate that there may be 

central adaptations to task performance after exercise, and that the central response 

to fatigue can be quite widespread. However the studies also highlight the 

difficulties in separating haemodynamic and neuronal contributions to the fMRI 

signal with fatiguing exercise. 
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LITERATURE REVIEW 
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2.1 Peripheral fatigue 
 

 The majority of force loss during fatigue is due to impairments distal to the 

neuromuscular junction (peripheral fatigue) with the primary sites of fatigue within 

the muscle cell itself (Fitts, 1994). However, the factors leading to fatigue during 

short high-intensity exercise are different from those involved during submaximal 

sustained exercises (Fitts, 1994).  

 

 At the level of the muscle cell, exercise increases the utilization of adenosine 

triphosphate (ATP) to satisfy the energy requirements of the major processes 

involved in excitation and contraction, like sarcolemma Na+/K+ exchange, 

sarcoplasmic reticulum Ca2+ sequestration and actomyosin cycling (Green, 1997). 

As the intensity of exercise increases, ATP production rates are unable to match 

ATP utilization rates, which results in a depletion of ATP and the accumulation of a 

range of metabolic by-products (for example hydrogen ions, inorganic phosphates 

and adenosine diphosphate) from other energy-producing processes, such as high-

energy phosphate transfer, glycolysis and oxidative phosphorylation (Green, 1997). 

However the buildup of intramuscular metabolites can disturb the Na+/K+ balance, 

Ca2+ cycling and actomyosin interaction, resulting in loss of the force generating 

ability of the muscle (Cady et al., 1989; Baker et al., 1993).  

 

 Repeated high-intensity exercises can also result in depletion of glycogen  

and high-energy phosphates, which are needed to sustain both glycolysis and 
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oxidative phosphorylation, therefore fatigue is readily apparent as these cellular 

resources become depleted (Bergstrom et al., 1967; Bergstrom and Hultman, 1967; 

Dawson et al., 1978, 1980). During exercise, the accumulation of carbonates in the 

bloodstream, lowers the pH level (Hermansen and Osnes, 1972; Sahlin, 1978; 

Hermansen, 1981) which parallels the decline in force during fatigue. This is 

consistent with the hypothesis that the pH provides afferent feedback to the central 

nervous system, which may lead to the decline in central motor drive and the 

development of fatigue (Bendahan et al., 2004). However following exercise, as the 

cellular energy potential is restored there is a rapid recovery of force (Green, 1997). 

This type of fatigue is often referred to as metabolic. Intense activity can also result 

in non-metabolic fatigue and weakness, as a consequence of disruption in internal 

structures such as myofibrillar disorientation and damage to the cytoskeletal 

framework, which occurs at high force levels and can occur in the absence of any 

metabolic disturbance (Armstrong et al., 1991; Friden and Lieber, 1992). 

 

In addition, peripheral fatigue can arise due to failure in the transmission of 

impulses from the motor neuron to the muscle fibre. This can result from changes at 

the neuromuscular junction both pre- and post-synaptically. Some of these 

impairments include (i) the failure to propagate the axon potential into the axon 

branches, (ii) depletion of neurotransmitters and (iii) a reduced end-plate sensitivity 

in the post-synaptic membrane (Sieck and Prakash, 1995; Gardiner, 2001). The 

compound muscle action potential produced by electrical stimulation of motor axons 

(M wave), is a useful measure of the effectiveness of impulse propagation and 

neuromuscular transmission associated with fatigue.  
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 Several studies have reported no change in the amplitude of the M wave 

during maximal contractions of the ankle dorsiflexors (Kent-Braun, 1999) and 

intrinsic hand muscles (Bigland-Ritchie et al., 1982), which suggest that impulse 

propagation and neuromuscular transmission both function normally during fatigue. 

Meanwhile, other studies have demonstrated alterations in M wave amplitude during 

fatigue (Miller et al., 1987; Hicks et al., 1989; Cupido et al., 1992), although such 

changes are short-lived (Stephens and Taylor, 1972; Lentz and Nielsen, 2002) and 

therefore unlikely to account for long-term deficits in force output. Whether failure 

in neuromuscular transmission and/or impulse propagation are significant 

contributing factors to force loss during fatigue, appears to be dependent on the 

duration and severity of the fatigue protocol and the intrinsic properties of the 

muscle being exercised  (Milner-Brown and Miller, 1986).  

 2.2 Central Fatigue 
 

 Merton (1954) was the first to evaluate the role of the CNS in muscle fatigue. 

Force was measured from the thumb adductors during a maximum voluntary 

contraction (MVC) and, when no extra force was produced following electrical 

stimulation of the ulnar nerve which persisted during fatigue, he concluded that the 

site of fatigue was in the muscle. However based on the results of later 

investigations performed with a variety of techniques, protocols, contraction types 

and muscle groups, it is now generally acknowledged that sites proximal to the 

neuromuscular junction also contribute to muscle fatigue. 
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 During maximal fatiguing exercise there is a progressive reduction in the 

discharge rate and firing frequency of motor neurons that parallel the loss of force 

(Bigland-Ritchie et al., 1983a; Bigland-Ritchie et al., 1983b; Marsden et al., 1983; 

Woods et al., 1987; Gandevia et al., 1990). The reduction in discharge rate is 

thought to counteract the slowing of the muscle conduction velocity and muscle 

contractile speed, due to the prolonged relaxation time of single unit twitches 

(Bigland-Ritchie and Woods, 1984; Bigland-Ritchie et al., 1986).  In contrast, during 

submaximal contractions there is a progressive increase in surface EMG as force 

declines, which reflects the increase in the recruitment of additional motor units to 

compensate for the active units whose force output is declining (Macefield et al., 

1991; Garland et al., 1994; Loscher et al., 1994, 1996b; Sacco et al., 1997).  

 

 The discharge rate and recruitment of motor units is modulated by different 

groups of muscle and cutaneous afferents, spinal interneurons and directly from 

supraspinal sources. The inhibitory influences of muscle afferents, including group 

1a spindle and group III and IV afferents are thought to play a significant role in 

modulating motor neuron excitability during fatigue (Kaufman et al., 1983; Hultborn 

et al., 1987; Rotto and Kaufman, 1988; Hill, 2000). There is also an increase in 

reciprocal inhibition via Renshaw cells during maximal contractions (Kukulka et al., 

1986), which may contribute to reduced motor neuron excitability during fatigue. 

However Renshaw inhibition can be reduced during submaximal contractions 
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(Loscher et al., 1996a) which may represent neuromuscular adaptations to specific 

types of exercise.  

 

 Motor neuron excitability is also directly modulated by supraspinal sources, 

however less is known about the supraspinal contribution to fatigue. The strongest 

evidence for central fatigue comes from TMS studies of the interpolated muscle 

twitch, which suggest that central motor drive is increasingly submaximal as fatigue 

develops (see section 2.3.2).    

2.3 Transcranial Magnetic Stimulation (TMS) 
 

TMS depolarizes cortical neurons through electromagnetic induction. A time-

varying current is discharged through a surface coil inducing an electric field in the 

neuronal tissue that can bring neurons to firing threshold (Ruohonen and Ilmoniemi, 

1999). TMS preferentially activates, either directly or transynaptically, fast 

conducting cortico-spinal fibres of the pyramidal tract which project 

monsynaptically (Day et al., 1989; Rothwell et al., 1991; Burke et al., 1993) or via 

spinal interneurons (Burke et al., 1994; Pierrot-Deseilligny, 1996) to alpha motor 

neurons. Epidural recordings have demonstrated distinct descending volleys, the 

early direct (D) wave and later indirect (I) waves induced by TMS stimulation. The 

D wave arises from activation of corticospinal axons, whereas a series of synaptic 

interactions with networks of cortical interneurons produce the later I waves at 

intervals of ~1.5ms  (Amassian and Cracco, 1987; Day et al., 1989; Nakamura et al., 

1996).  
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The D wave can be generated using transcranial electrical stimulation (TES; 

Day et al., 1989), or by using TMS with a coil orientation that induces latero-medial 

current flow in the brain (Di Lazzaro et al., 2004). In contrast, TMS in the posterior-

anterior tends to evoke I1 waves more commonly than in the antero-posterior 

orientation, which more frequently evokes I3 waves (Di Lazzaro et al., 2004; Sakai 

et al., 1997). Nonetheless, both D- and I- waves can be recruited at high intensities 

(Di Lazzaro et al., 2004).  

 

The motor threshold represents the stimulus intensity required to activate 

enough of the most excitable corticospinal elements to in turn activate the lowest 

threshold motor neurones, however the threshold for producing a local effect in the 

brain is lower than the threshold for producing a motor response. Therefore the lack 

of a motor response is not evidence for lack of cortical activation.  

 2.3.1 The Motor Evoked Potential (MEP) 
 

The MEP, a biphasic electromyographic response to TMS recorded from the 

target muscle, represents the firing of a proportion of the spinal motor neuron pool 

projecting to the target muscle (Wassermann, 2002), and results from summation of 

nearly synchronous motor unit potentials (Devanne et al., 2002). The magnitude of 

the MEP is often used as a measure of corticomotor excitability, and depends upon 

the number and amplitude of  I waves recruited by the stimulus, and the number of 

motor neurons that are recruited by these descending volleys. The effects at the 
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cortical and spinal level can be separated by comparing the response from different 

techniques of stimulation such as TMS, TES, cervicomedullary stimulation and 

measures of spinal excitability such as the H reflex or F wave.  

2.3.1.1 Changes in the MEP amplitude with fatiguing exercise  
 

During fatiguing muscle contractions the amplitude and area of the MEP 

increase, in some cases up to double the baseline amplitude, usually showing the 

largest increase during the first half of exercise (McKay et al., 1996; Taylor et al., 

1996; Sacco et al., 1997). The increase in MEP amplitude has been described with 

both sustained and intermittent maximum voluntary contractions, as well as 

sustained sub-maximal exercise, in both upper and lower limbs (Gandevia, 2001; 

Taylor and Gandevia, 2001), and therefore appears to represent a generalised 

physiological response to fatiguing exercise. 

 

The changes in MEP amplitude are thought to be cortical rather than spinal, as 

the MEP amplitude is not influenced by tendon vibration or ischaemia and the 

increase in MEP occurs without changes in the CMEP to cervicomedullary 

stimulation (Brasil-Neto et al., 1993b; Taylor et al., 1996). Sacco et al. (1997) did 

report that with fatigue of the biceps brachii, the TES evoked MEP increased and the 

M wave declined suggesting that some of the MEP changes could be due to changes 

at the spinal level. However, some studies have shown that the increase in MEP 

amplitude is greater in comparison to the changes in the M wave (McKay et al., 

1996; Taylor et al., 1999). The MEP amplitude can increase more in some muscles 
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than others, which may reflect differences in cortical control of the muscle and the 

recruitment pattern during exercise (Taylor and Gandevia, 2001). 

 

Following fatigue, if subjects remain at rest, there is a short-lasting facilitation 

of the MEP which appears within seconds of the contraction and can last for up to 4 

minutes, although this was found to be independent of contraction intensity (Samii et 

al., 1996; Norgaard et al., 2000). This is followed by a more marked and longer-

lasting depression of the MEP that can persist for up to 30 minutes or more (Brasil-

Neto et al., 1993a; Brasil-Neto et al., 1994; Zanette et al., 1995; Liepert et al., 1996; 

Samii et al., 1996; Samii et al., 1997a; Samii et al., 1997b). In contrast to the post-

exercise facilitation, the post-exercise reduction in MEP amplitude is prolonged with 

increasing intensity and duration of fatiguing exercise (Samii et al., 1997b).  Zanette 

et al. (1995) also reported a 40% reduction in the corticomotor representation of the 

fatigued muscle with TMS mapping following exercise. 

 

Most studies agree that the mechanisms underlying the MEP depression are 

likely to be cortical in origin as measures of spinal excitability (F waves and H 

reflexes, and MEPs elicited with TES or cervicomedullary stimulation) show 

minimal and short-lived, if any, changes following fatiguing exercise (Cupido et al., 

1992; Brasil-Neto et al., 1993a; McKay et al., 1995; Zanette et al., 1995; Samii et 

al., 1996; Taylor et al., 1996; Sacco et al., 1997; Gandevia et al., 1999; Lentz and 

Nielsen, 2002; Pitcher and Miles, 2002).  
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However previous MEP studies have shown that if subjects are alerted and 

asked to perform a small voluntary movement during the phase of MEP depression 

this effect can be reversed  (Gandevia et al., 1996; Sacco et al., 2000). This suggests 

that the processes involved in MEP depression may not directly relate to the 

recovery from fatigue itself, but are instead representative of a central adaptation to 

match cortical excitability to the post-fatigue state of the muscle. This is supported 

by TMS studies that demonstrate no deterioration in motor performance, as 

measured by reaction time, muscle strength (Humphry et al., 2004) or dexterity 

(Lazarski et al., 2002), during this period of reduced excitability and reduced force-

generating power. As well, Bonato et al. (2002) demonstrated that the repeated 

performance of a motor task reversed the decrement in MEP amplitude and this was 

task-specific and long lasting. The authors suggested that the changes in MEP 

amplitude following fatiguing exercise might be representative of activity-dependent 

neural plasticity and a correlate of motor learning and memory, rather than being an 

indicator of central fatigue. 

 

Fatiguing exercise results in a number of alterations in the pattern of muscle 

activation. In particular, as fatigue develops there is a spread of muscle activation 

beyond the target muscle (Psek and Cafarelli, 1993; Hagbarth et al., 1995). This 

raises the question as to how intracortical inhibition or corticomotor excitability may 

change in muscles not making a primary contribution to the movement. The current 

reports of MEP changes in non-fatigued muscles, both homologous and ipsilateral 

(heterogenous) to the fatigued muscle, are inconsistent and depend on the type of 
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fatiguing exercise (Bonato et al., 1996; Samii et al., 1997a; Zijdewind and Kernell, 

2001; Humphry et al., 2004). 

 2.3.2 The interpolated muscle twitch  
 

Even in the unfatigued state if a suprathreshold stimulus is applied to the motor 

cortex during a maximum voluntary contraction (MVC), an additional increment in 

force (the interpolated muscle twitch) can be detected, suggesting that despite the 

subject’s maximal effort not all motor units are activated during a maximal 

contraction and that central motor drive is suboptimal (Gandevia et al., 1996; Todd 

et al., 2003).  The size of the interpolated twitch can be used to derive an index for 

voluntary activation, as reviewed in depth by Gandevia (2001). 

 2.3.2.1 Changes in the interpolated twitch with fatiguing exercise 
 

 During fatiguing exercise the amplitude of the interpolated twitch increases, 

which implies there is a progressive reduction in voluntary activation or neural drive 

to the muscle even though the capacity to increase motor drive remains, and this has 

provided the strongest evidence for the concept of central fatigue (Gandevia et al., 

1996).  

 

Central fatigue has been identified during maximal and submaximal fatiguing 

exercises and can account, in some circumstances, for up to one quarter of the force 

loss during exercise, as reviewed by Taylor et al. (2006). Furthermore, central 
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fatigue is coupled to fatigue in the exercised muscle rather than a change in overall 

motor cortex excitability (Taylor et al., 2006).  

 

Following a range of different fatigue protocols, Taylor et al. (2000b) were 

able to demonstrate that the interpolated muscle twitch recovered to baseline within 

one minute of exercise. However when the muscle was held ischaemic, force and 

twitch amplitude remained depressed while the MEP amplitude and the SP duration 

returned to baseline, suggesting that the mechanisms underlying the interpolated 

muscle twitch are separate to those controlling the SP duration and MEP amplitude 

(Gandevia et al., 1996). The physiological basis for central fatigue remains unclear 

although one possibility is that the firing of fatigue-sensitive afferents may trigger 

processes ‘upstream’ of the motor cortex, which could contribute to the submaximal 

motor drive during fatigue (Gandevia et al., 1996; Butler et al., 2003).   

 2.3.3 The Silent Period (SP) 
 

The silent period refers to the period of EMG silence following the MEP 

during a sustained contraction and can be induced at stimulus intensities below those 

needed to evoke a MEP (Davey et al., 1994). Several studies have recognized that 

the MEP amplitude and SP duration are correlated to changes in the intensity of the 

TMS pulse (Wilson et al., 1993; Orth and Rothwell, 2004).  One explanation for this 

may be that the corticomotor output that produces the MEP also produces the SP via 

corticospinal neuron axon collaterals. The duration of the SP appears to be relatively 

independent of the level of voluntary contraction (Wilson et al., 1993), is specific to 
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the muscle tested (Roick et al., 1993) and can be influenced by the level of 

motivation and the instruction set (Mathis et al., 1998). 

 

The mechanisms contributing to the SP are not well understood. While the 

early part of the SP is considered to have a spinal component, the later part is 

thought to reflect long-latency cortical inhibitory processes (Fuhr et al., 1991a; 

Inghilleri et al., 1993; Roick et al., 1993; Ziemann et al., 1993; Brasil-Neto et al., 

1995), and thus the duration of the SP is used as an index of the strength or time-

course of these processes.  

 

Gamma-aminobutyric acid (GABA), is the major inhibitory neurotransmitter in 

the brain, which acts through three different GABA receptors subtypes (GABA A,B 

and C), and is widely acknowledged to be the chemical agent mediating cortical 

inhibition (Krnjevic et al., 1964, 1966). Pharmacological studies coupled with TMS 

recordings made before and after the delivery of GABA-ergic drugs, can be used to 

investigate changes in intracortical inhibition. Prolongation of the silent period with 

administration of GABA agonists (Ziemann et al., 1996b; Siebner et al., 1998) or 

GABA uptake inhibitors (Werhahn et al., 1999) suggest  that GABAB-ergic 

intracortical interneurons play a part in the generation of the cortical silent period. 

2.3.3.1 Changes in the SP duration with fatiguing exercise 
 

During submaximal and maximal fatiguing exercise there is an increase in SP 

duration which parallels the increase in MEP, although the timecourse varies 
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between measures, with the SP increasing towards the end of exercise (Taylor et al., 

1996; Sacco et al., 1997). An increase in SP duration is thought to indicate a build 

up in intracortical inhibition during fatiguing exercise which may be a correlate of 

central fatigue (Sacco et al., 1997). It is difficult to isolate the relative spinal and 

cortical contributions to the prolongation of the SP, as the peripheral SP can also 

increase during exercise although to a smaller extent (Taylor et al., 1999). In contrast 

to the MEP amplitude, the increase in SP duration during exercise is focal to the 

muscles performing the exercise (McKay et al., 1996; Taylor et al., 1996). As well, 

other techniques, such as paired-pulse inhibition, can also be used to probe the 

activity of intracortical inhibitory networks. 

2.3.4 Paired-pulse inhibition 

2.3.4.1 Short-interval cortical inhibition (SICI) 
 

The level of short-lasting (GABAA-mediated) intracortical inhibition can be 

explored by measuring the reduction in MEP amplitude from a test stimulus 

delivered at 1-5ms after a sub-threshold conditioning stimulus (Kujirai et al., 1993). 

The conditioning stimulus (CS) is thought to activate intracortical inhibitory 

interneurons that synaptically modulate the activity of corticospinal neurons, as 

epidural recordings demonstrate that the conditioning stimulus does not produce any 

descending volleys (Di Lazzaro et al., 1998) but can suppress I-waves from the test 

pulse (Nakamura et al., 1997; Hanajima et al., 1998; Reynolds and Ashby, 1999). 

Moreover the inability of TES to cause suppression of the MEP suggests it is 

unlikely that suppression of the MEP with magnetic stimulation is induced by 
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neuron refractiveness or collateral inhibition (Kujirai et al., 1993; Sanger et al., 

2001). SICI is also evident in the absence of changes in spinal excitability (Fuhr et 

al., 1991b; Kujirai et al., 1993). Kujirai et al. (1993) originally suggested that SICI 

was GABA-ergic in origin which has been confirmed in later studies, as well as the 

receptor subtype, GABAA (Ziemann et al., 1996a, 1996b; Hanajima et al., 1998; 

Werhahn et al., 1999; Di Lazzaro et al., 2000). 

 

The threshold for producing SICI, that is the lowest CS intensity needed to 

induce suppression of the MEP, on average occurs at about 70% of active motor 

threshold (Orth et al., 2003), with maximum suppression occurring at 80% of resting 

motor threshold (Kujirai et al., 1993). Increasing the intensity of the CS initially 

increases the index of SICI, until the CS reaches about 90% of resting motor 

threshold when the index of SICI starts to decline again (Kujirai et al., 1993). At 

higher intensities, the test MEP can be facilitated, due to the activation of 

descending volleys that produce subthreshold excitation of spinal motor neurons and 

there can be widespread variation in the index of SICI between individuals (Orth et 

al., 2003). 

 

There is evidence for two distinct forms of inhibition at short ISIs, one 

occurring at a very short ISI of ~1ms and another at ~2.5ms, differing in threshold 

and in response to voluntary activity (Fisher et al., 2002; Roshan et al., 2003). At 

1.5ms or less, the threshold for SICI is lower and may result from neural 

refractoriness or the loss of synchronous inputs that are required to generate multiple 
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I waves. By changing the stimulus intensity, it is also possible to generate I wave 

facilitation (ICF) at the same ISI, however ICF is likely to occur through different 

mechanisms (Tokimura et al., 1996; Ziemann et al., 1998b; Fisher et al., 2002).  

 

 SICI is reduced during a minimal voluntary contraction (Ridding et al., 1995; 

Ridding and Rothwell, 1999; Zoghi et al., 2003), as well as prior to the onset of 

movement (Reynolds and Ashby, 1999), which suggests that reductions in SICI may 

contribute to an increase in motor drive (Floeter and Rothwell, 1999). In addition, 

SICI is reported to increase in non-contracted muscles, which may imply that 

intracortical inhibitory (ICI) circuits assist the corticospinal system in producing 

fractionated activity of intrinsic hand muscles (Liepert et al., 1998; Stinear and 

Byblow, 2003; Zoghi et al., 2003).  

2.3.4.2 Long-interval cortical inhibition (LICI) 
 

Pairs of suprathreshold stimuli can be used to explore long-lasting (GABAB-

mediated) intracortical inhibition. When a test pulse of 120- 150% of threshold is 

delivered approximately 60-150ms after a suprathreshold conditioning pulse (of 

equal intensity), the resultant test MEP in the target muscle is reduced in amplitude 

(Valls-Sole et al., 1992; Wassermann et al., 1996). At ISIs between 25-50ms or 

greater than 200ms, the test MEP can be facilitated (Valls-Sole et al., 1992). During 

a voluntary contraction (10% of maximum) there is still marked inhibition of the 

MEP but at shorter ISIs (20-110ms). For approximately 10 seconds following a 
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contraction, there can be a reversal of inhibition to facilitation at ISIs of 40-120ms 

(Wassermann et al., 1996).  

 

The mechanism for paired-pulse inhibition demonstrated at ISIs greater than 

60ms is likely to be cortical, based on the observations that inhibition of the H-reflex 

had reversed by 80ms (Fuhr et al., 1991a), the absence of inhibition evoked with 

TES at ISIs over 50ms (Inghilleri et al., 1993), and with epidural recordings that 

show the first stimulus suppressed the size and number of I waves recruited by the 

second stimulus (Nakamura et al., 1997; Di Lazzaro et al., 2002).    

 

LICI is thought to be mediated by GABAB receptors as outlined by Werhahn et 

al. (1999). GABAB receptors are G-protein coupled receptors (metabotropic) so 

typically have an onset latency of 12-50ms, a peak at 130-200ms and are longer 

lasting than GABAA (ionotropic) receptors (Davies et al., 1990; Crunelli and 

Leresche, 1991). This timecourse is in keeping with the ISIs that produce the 

greatest MEP suppression with LICI (Valls-Sole et al., 1992). GABAB receptors are 

known to exist on both the pre- and post-synaptic terminals, with presynaptic 

GABAB receptors mediating the release of GABA from the terminal, and post-

synaptic GABAB  modulating the suppression of the MEP (as discussed by Sanger et 

al., 2001). 

 

 
 

 23



 

2.3.4.3 Inter-relationships  
 

Under resting circumstances, the SP duration and LICI are thought to be 

related (Ziemann et al., 1996a; Chen et al., 1999; Werhahn et al., 1999), and there is 

evidence to suggest that LICI may be related to at least the late portion of the 

cortical SP (Wassermann et al., 1996), with both methods working principally 

though the action of GABAB receptors (Werhahn et al., 1999; Pierantozzi et al., 

2004).  In addition Wassermann et al. (1996) demonstrated that the period of 

inhibition following the conditioning MEP, coincided in each subject with the length 

of the SP. 

 

TMS studies suggest there are inhibitory interactions between SICI and LICI 

that are not additive. In fact SICI can be reduced in the presence of LICI, which is 

most likely the result of pre-synaptic GABAB receptor modulation (Werhahn et al., 

1999; Sanger et al., 2001; Chen, 2004). Inhibitory interactions also exist between 

other measures of inhibition, such as afferent inhibition, interhemispheric inhibition 

and cerebellar inhibition (Chen, 2004). 

 

2.3.4.4 Changes in paired-pulse inhibition with fatiguing exercise 
 

Very few studies have investigated changes in SICI with fatiguing exercise and 

no studies have investigated LICI during or after fatiguing exercise. 
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Tergau et al. (2000) reported no change in the index of SICI in the 

brachioradialis after exhaustive exercise of the elbow flexors. However in this study, 

the authors used a conditioning stimulus that produced a maximal level of inhibition 

at baseline and the conditioned MEP was significantly reduced or not visible, 

therefore leaving little scope to measure further reductions in the conditioned MEP 

amplitude following exercise.  

 

Maruyama et al. (2006) measured SICI following two minute sustained 

submaximal contractions repeated five times (with just over two minutes rest 

between each contraction). They found that the MEP amplitude and the index of 

SICI were reduced following each contraction, and returned to baseline within 5-10 

minutes of rest. In this study the authors matched unconditioned MEP amplitude to 

baseline to avoid the ‘floor effect’ in conditioned MEP amplitude, and in both 

circumstances, with and without MEP matched, there was a reduction in the index of 

SICI. 

2.4 Interventional TMS protocols 
 

There are number of cortical stimulation techniques that have been developed 

to temporarily alter brain excitability in humans and each exerts a varying efficacy 

and duration of effect. The interest in refining and developing these protocols comes 

from the potential they have to improve motor performance and motor learning by 

modulating cortical plasticity.  
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Repetitive TMS (rTMS) delivered at high frequencies (>~5 Hz) to the motor 

cortex tends to facilitate corticospinal excitability (Pascual-Leone et al., 1994; 

Jahanshahi et al., 1997; Berardelli et al., 1998; Maeda et al., 2000), where as low 

frequency rTMS (~1Hz or less) reduces excitability (Chen et al., 1997a; Siebner et 

al., 1999a; Maeda et al., 2000) perhaps by increasing motor threshold (Muellbacher 

et al., 2000; Fitzgerald et al., 2002). The effects of rTMS have also been investigated 

in other cortical areas and have shown that rTMS over M1 might also induce effects 

in the contralateral unstimulated motor cortex and 1Hz rTMS over the premotor 

cortex can also reduce the MEP amplitude to stimulation of M1 (Wassermann et al., 

1998; Gerschlager et al., 2001). 

 

Delivering rTMS based on patterns of theta burst stimulation (TBS) can induce 

excitatory and inhibitory influences on the cortex that can have long-lasting effects 

after a relatively short period of stimulation. Delivery of continuous TBS (cTBS: 

40second train) can suppress the MEP by 40% for 60 minutes following stimulation, 

while intermittent TBS (iTBS: 2second train, every 10 seconds) can facilitate the 

MEP for 15 minutes (Huang and Rothwell, 2004; Huang et al., 2005).  

 

Paired associative stimulation (PAS), based on synchronous arrival of afferent 

signals at the motor cortex from electrical stimulation of peripheral nerves, and an 

appropriately timed TMS over motor cortex, can increase corticomotor excitability 

(Stefan et al., 2000; Ridding and Taylor, 2001). PAS can produce controllable 

changes in cortical excitability that evolve more slowly than other protocols (within 
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30 min), but are persistent (minimum duration 30–60 min) yet reversible, and are 

topographically specific (Stefan et al., 2000). Measurements of the F waves and 

responses to brain stem stimulation suggest the origin of PAS is cortical (Stefan et 

al., 2000). 

 

Paired-pulse TMS delivered at I-wave periodicity (iTMS: 1.5ms ISI, delivered 

at 0.2Hz) can also increase corticomotor excitability (Thickbroom et al., 2006). This 

technique may facilitate synaptic plasticity by enhancing the mechanisms underlying 

I wave generation. The increase in excitability is substantial, but relatively short-

lasting, possibly due to the action of homeostatic mechanisms.  

 

Transcranial direct current stimulation (TDCS) can also cause a shift in cortical 

excitability depending upon the polarity of stimulation. Anodal stimulation over M1 

increases excitability, while cathodal stimulation diminishes it (Nitsche and Paulus, 

2000; Uy and Ridding, 2003). TDCS can exhibit long-lasting effects, depending 

upon the intensity and duration of stimulation (Nitsche and Paulus, 2000, 2001; 

Nitsche et al., 2003; Fregni et al., 2005) and is thought to evoke changes in 

corticomotor excitability by changing membrane excitability or modulating 

homeostatic plasticity (Lang et al., 2003). 

 

The ability to modify cortical plasticity implies that such protocols may benefit 

rehabilitation in neurological disorders, and the acquisition of motor skills in normal 

individuals. Some studies have reported modest improvements in motor deficits in 
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some clinical situations (Siebner et al., 1999b; Siebner et al., 1999c; Khedr et al., 

2003), but there is less evidence that TMS-induced changes in excitability can result 

in improvement of basic motor performance in healthy subjects.  Some behavioural 

after-effects have been reported during early motor learning or complex motor tasks 

(Chen et al., 1997b; Siebner et al., 1999c; Muellbacher et al., 2002; Kobayashi et al., 

2004) and with reaction time (Huang et al., 2005).  However other elementary 

components of movement such as maximum force, acceleration and tapping speed 

are unchanged after rTMS (Chen et al., 1997a; Muellbacher et al., 2000; Rossi et al., 

2000), although tapping force can improve briefly in healthy subjects following 5Hz 

rTMS if the stimuli are delivered during a paced tapping task (Strens et al., 2003).  

2.5 Functional Magnetic Resonance Imaging (fMRI) 
 

 Functional Magnetic Resonance Imaging (fMRI) is based on the signal 

contrast that arises due to differences in the magnetic susceptibility of deoxy- and 

oxy-haemoglobin (paramagnetic and diamagnetic respectively). During periods of 

neural activation there is an increase in cerebral blood flow that overcompensates for 

oxygen demand, which results in an increase in the concentration of 

oxyhaemoglobin in draining vessels. The reason for the imbalance in oxygen supply 

and consumption is still unclear, but the increase in oxyhaemoglobin concentration 

results in an increase in the MR signal near regions of neural activity and forms the 

basis for blood oxygen-level dependent (BOLD) functional MRI.   
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Several studies confirm the haemodynamic response is coupled with changes 

in neural activation. With simultaneous electrophysiological recordings and fMRI of 

the monkey brain, the amplitude of the BOLD signal in the majority of regions 

increased linearly with the local field potential, multi unit activity and the firing rate 

of neural populations, indicating that the BOLD signal reflects inputs converging 

onto a region and intracortical processing within a region (Logothetis et al., 1999; 

Logothetis et al., 2001; Logothetis, 2002, 2003). However because the BOLD signal 

is related to haemodynamic changes within the venules, a change in the BOLD 

signal may be found in draining vessels away from the site of neural activation 

(Yousry et al., 2001). 

 

Functional images are typically generated by comparing the BOLD signal 

during a task with that at rest, in block-designed experiments which alternate periods 

of task performance and rest. Echo-planar imaging (EPI) sequences allow rapid 

image acquisition of multiple brain slices (typically in the order of a few seconds), 

giving multiple data points per voxel during task and rest periods. For each voxel, 

the task and rest data are compared statistically, and voxels that pass a statistical 

threshold form the functional image. Typically, the number of statistically 

significant voxels in a given region is used as a measure of the strength of activation 

in that region.  Other fMRI approaches include event-related imaging (measuring the 

haemodynamic response to successive individual actions or stimuli), and correlative 

analyses (correlating the BOLD signal with stimulus parameters, or correlating 

activation between different brain regions).   
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Movement of the hand produces activation in the contralateral precentral gyrus 

(M1: Yousry et al., 1997), but also extends to the postcentral gyrus presumably as a 

result of sensory inputs associated with movement (activation of primary 

sensorimotor cortex – SM1). Movement is also associated with activation in other 

secondary motor areas (Dettmers et al., 1995; Fink et al., 1997; Thickbroom et al., 

2003). Unilateral movement of the non-dominant hand usually produces greater 

activation than movement of the dominant hand (Kim et al., 1993; Jancke et al., 

1998; Singh et al., 1998). In some circumstances there can be ipsilateral activation in 

M1 but this is more common in premotor regions (Singh et al., 1998; Cramer et al., 

1999).  

 

Several factors relating to the execution of a movement can affect the 

magnitude of cortical activation. Increasing the force associated with a motor task 

generally increases the area of activation in SM1 (Thickbroom et al., 1998), that is 

consistent with animal studies which demonstrate a correlation between the 

discharge frequencies of cortical neurons and force (Evarts, 1969; Smith et al., 1975; 

Cheney and Fetz, 1980; Evarts et al., 1983). There is a positive linear relationship 

between the rate or frequency of a motor task and SM1 activation between 

frequencies of 1-5Hz (Rao et al., 1996), and activation is greater during dynamic 

compared to static contractions (Thickbroom et al., 1999). In addition, self-paced 

movements are generally associated with a greater activation in SM1 than externally 

cued movements (Rao et al., 1993) and may produce activation in areas such as the 
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supplementary motor area (SMA), where activation is greater with unpredictably vs. 

predictably cued movement (Thickbroom et al., 2000). As the complexity of the task 

is increased, such as performing finger sequences vs. finger tapping, cortical 

activation can increase in SM1 and in parietal areas (Rao et al., 1993; Wexler et al., 

1997).  

2.5.1 Functional imaging and fatigue 

2.5.1.1 Changes in the fMRI signal with fatiguing exercise 
 

Just one group has studied fMRI activation with fatiguing exercise. During a 

submaximal fatiguing exercise (sustained or intermittent) bilateral increases in 

cortical activation in SM1 as well as secondary and association cortices were 

reported (Liu et al., 2002; Liu et al., 2003).  The increase in fMRI signal may reflect 

an increase in central motor drive to recruit additional motor units during the 

exercise and perhaps the processing of additional sensory information from the 

exercising muscles as fatigue develops. However towards the end of sustained 

contractions the increase plateaus which may be associated with processes such as 

central fatigue (Liu et al., 2003). Activation in areas outside of the SM1 contralateral 

to the exercising hand, such as the ipsilateral SM1, prefrontal and cingulate cortices, 

the cerebellum and supplementary motor area, may reflect the role in which some of 

these secondary motor areas play in movements that are more complex and may be 

associated with the central response to fatigue. 
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In contrast, during maximal fatiguing exercise there is either no significant 

change in brain activation with intermittent exercise (Liu et al., 2005), or an increase 

then return to baseline levels of activation with sustained exercise (Liu et al., 2002). 

However secondary and association cortices show a constant rise in activation 

during maximal exercise and therefore might be associated with reinforcing primary 

motor areas to maintain central motor drive (Liu et al., 2005). There have been no 

studies of changes in the fMRI signal following a fatiguing exercise. 

2.5.1.2 Changes in neurohaemodynamics with fatiguing exercise 
 

At rest, the oxidation of glucose provides the main energy source for the brain. 

During activity, such as cycling, glycogen uptake increases more than the uptake of 

oxygen to supply the increasing metabolic demand (Dalsgaard et al., 2004). 

However, as the intensity of exercise continues to increase, to the point of 

exhaustion, there is a depletion in glycogen stores and lactate is substituted as the 

primary energy source (Ide et al., 2000; Dalsgaard et al., 2004).  It is speculated that 

the depletion of cerebral glycogen deposits may signify central fatigue (Ide et al., 

2000; Dalsgaard et al., 2002). During recovery from exhaustive cycling exercise, 

there is an increase in glycogen and lactate uptake presumably to replenish depleted 

stores and oxygen uptake can remain elevated for up to 30 minutes after exercise 

(Ide et al., 2000). In contrast to the limited skeletal oxygen reserve during maximal 

exercise, the brain maintains more than half of its oxygen reserve even at exhaustion 

(Gonzalez-Alonso et al., 2004). 
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As well as the changes in brain substrates, animal and human studies suggest 

that regional and global blood flow in the brain increase by 20-30% during moderate 

exercise (from a resting state) with few further increases as the intensity of exercise 

reaches maximum effort (Thomas et al., 1989; Huang et al., 1991; Linkis et al., 

1995; Delp et al., 2001). However this increase is not always uniformly distributed, 

and can be localized to motor, balance, cardio-respiratory centres and visual cortex 

(Delp et al., 2001). Where there is a local high demand for metabolic resources such 

as in motor areas, mechanisms exist to down-regulate blood flow in non-active 

regions to maintain a stable global cerebral blood flow (Jorgensen et al., 1992; 

Madsen et al., 1993). The consequence of all of these mechanisms is that there are 

likely to be complex changes on the BOLD signal during and after fatiguing 

exercise.  
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Abstract 

Objective. To determine whether there were significant changes in the time course of the functional magnetic resonance imaging 

(fMRI) signal in motor and non-motor regions of both cerebral hemispheres during a unilateral fatiguing exercise of the hand. 

Methods. Twelve subjects performed a submaximal (30%) intermittent fatiguing hand-grip exercise (3 sec grip, 2 sec release) for ~9 

mins during fMRI scanning. Regression analysis was used to measure changes in fMRI signal from primary sensorimotor cortex 

(SM1), premotor cortex and visual cortex (V1) in both hemispheres.  

Results. The fMRI signal from SM1 contralateral to the fatiguing hand increased by 1.2 ± 0.5% of baseline (p < 0.05) while force 

declined to 77 ± 3.6 % of baseline (p < 0.05). The fMRI signal from the ipsilateral SM1 did not change significantly. Premotor cortex 

showed a similar pattern but did not reach significance. The signal from V1 increased significantly for both hemispheres (contralateral 

1.3 ± 0.9%, ipsilateral 1.5 ± 0.9% of baseline, p < 0.05).  

Conclusion. During the performance of a unimanual, submaximal fatiguing exercise there is an increase in activation of motor and 

non-motor regions.   

Significance. The results are in keeping with the notion of an increase in sensory processing and corticomotor drive during fatiguing 

exercise to maintain task performance as fatigue develops, but also highlight the difficulties in disentangling haemodynamic and 

neuronal contributions to the fMRI signal. 

 

Keywords: Functional imaging, fatigue, sensorimotor cortex 

 

1. INTRODUCTION 

 
Recent functional magnetic resonance 

imaging (fMRI) studies of fatiguing hand 
exercises have shown changes in the fMRI signal 
that may be related to the dynamic control of 
descending motor drive and processing of 
sensory information, or alterations in 
neurohaemodynamic coupling, which may be a 
correlate of exercise-induced cortical plasticity.    
 

 We have previously shown that 
performance of a motor task after a unilateral      
 
 
*Corresponding author. Tel.: +61 8 9346 1598; fax: +61 8 9346 1245. 

Email address: nbenwell@cyllene.uwa.edu.au (N.M.Benwell).  

fatiguing exercise is associated with reduced 
activation in primary sensorimotor cortex (SM1) 
with movement of either the fatigued or non-
fatigued hand. However these effects are not 
limited to SM1, and secondary motor regions 
(supplementary motor area, cerebellum), and 
even the primary visual cortex show a similar 
time course and magnitude of reduction in 
cortical activation (Benwell et al., 2006a). This 
reduction is associated with a post-exercise 
increase in the variance of the fMRI signal, 
which could have a neurophysiological and/or 
neurohaemodynamic basis (Benwell et al., 
2005). 
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Central changes are also known to 
occur during fatiguing exercise, and these have 
been most widely studied with transcranial 
magnetic stimulation (TMS). During exercise 
there is a steady increase in corticomotor 
excitability together with a reduction in short- 
and long-interval intracortical inhibition and a 
prolongation of the cortical silent period (Taylor 
et al., 1996; Sacco et al., 1997; Benwell et al., 
2006b; Benwell et al., 2006c). Some of these 
effects are confined to the fatigued muscle 
whereas others are observed for non-fatigued 
muscles, and the patterns of change are 
consistent with a central adaptive response to 
fatigue as well as a central contribution to 
fatigue. An increase in the fMRI signal has been 
reported during fatiguing exercise and it has been 
found that these effects are not confined to  
primary motor areas but can extend to premotor 
areas (Liu et al., 2002; Liu et al., 2003). These 
results probably reflect a combination of changes 
in cerebral haemodynamics and oxygen 
consumption during exercise (Gonzalez-Alonso 
et al., 2004), and the central adaptive processes 
related to exercise. It is not clear how extensive 
these effects are, and whether, as with the post-
exercise period, these changes can be observed 
outside the motor network.  

 
In the present study, cortical activation 

during a unimanual submaximal, intermittent 
fatiguing task was investigated by measuring the 
time course of the fMRI signal from multiple 
sensorimotor regions and from visual cortex 
during exercise  The time-course approach was 
used in preference to a block-design analysis as 
the latter assumes a relatively stable level of 
activation during each task block and intervening 
rest period, which may not be the case during 
fatiguing exercise. The aim of the study was to 
determine whether there were significant 
changes in the time course of the fMRI signal in 
SM1 during fatigue, how this compared for the 
fatigued and non-fatigued sides, and whether any 
such changes were confined to motor areas.  

 
2.  METHODS 
2.1. Subjects 

 

With the approval of the Human 
Research Ethics Committee of the University of 
Western Australia 12 subjects (6M; 18-48 years 
of age) gave written informed consent to 
participate in this study.  
 
2.2. Handgrip Device 

 
The thumb was isolated from the other 

fingers of the hand by a plastic padded bar which 
lay across the palm of the hand (refer to Benwell 
et al. 2006a for illustration of device). Subjects 
pulled on a lever with their four fingers towards 
the bar (distance 30mm). The load subjects 
pulled against was determined by a set of 
interchangeable springs (1-30kg) attached to the 
opposite side of the lever. Fibre optic cables 
were located 5 mm into the start and the end of 
the movement range and detected the onset of 
the movement, the duration and end of 
movement. From this, performance measures of 
squeeze time and release time for the fatigued 
hand during exercise were obtained. 

 
2.3. Fatiguing exercise 

 
For the fatiguing exercise, the spring 

resistance in the handgrip of the left hand was set 
to ~30% of maximum handgrip force (measured 
using a hand-held dynamometer; average spring 
load ~9kg).  Subjects responded to a text cue 
(‘squeeze’ or ‘release’; blue font set on a black 
background, centered in the visual field) which 
signaled for subjects to squeeze or release the 
handgrip device and the lever was held in the 
final position until the next cue was displayed 
(squeeze 3 seconds, release 2 seconds). This 
cycle was repeated in 3 minute blocks until 
subjects were fatigued (indicated by a doubling 
of the squeeze time or if the subject could not 
continue). An investigator remained in the 
scanner room during functional imaging to 
provide verbal encouragement and to ensure the 
exercise was continued throughout the imaging 
period. 

 
Force decline during exercise was 

measured on a separate occasion outside of the 
scanner in a group of 7 subjects matched for age, 
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fatigue duration and spring load. Maximal 
handgrip strength (measured with a hand-held 
dynamometer) was measured twice before 
exercise, at 2-minute intervals during the 
fatiguing exercise and once following exercise 
(at one minute post-exercise). Measures of 
maximal force were made for both the left and 
right hand.  

 
2.4. Functional Imaging 

 
Subjects lay supine within the bore of a 

1.5 Tesla Siemens Sonata scanner, with the head 
held in a bi-temporal clamp. Functional imaging 
was performed with a BOLD (Blood Oxygen-
Level Dependent) gradient-recalled echo-planar 
sequence (90 degree flip angle, TR = 4s, TE = 
66ms, 34 slices, 3mm thick,1mm gap, 4x4mm 
in-plane resolution, sagittal orientation, whole 
brain coverage).   

 
During functional imaging subjects 

performed consecutive 3 minute blocks of 
visually-paced fatiguing left hand squeezes, each 
block consisting of 45 whole brain acquisitions. 
For each acquisition block, the first two sets 
were omitted from analysis to allow for the delay 
in BOLD signal.  
 
2.5. Data Analysis and Statistics 

 
Analysis was performed on three 

regions of interest (ROI). ROIs were drawn 
manually on the T1-weighted anatomical image 
with reference to activation observed during a 
non-fatiguing handgrip squeeze task performed 
prior to exercise. For the SM1, the ROI 
encompassed voxels lying within and around the 
gyri directly anterior and posterior to the central 
sulcus. For the premotor cortex, the ROI 
included the superior and middle frontal gyri 
immediately anterior to SM1 (Duvernoy, 1999). 
The visual cortex ROI incorporated activated 
voxels in the gyri immediately superior and 
inferior to the calcarine fissure at the occipital 
pole, making up the primary visual cortex. Data 
from all subjects was corrected for head 
movement with Siemen’s Prospective 
Acquisition Correction (PACE) software.  
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Fig. 1. Maximal Force for the left (fatigued – closed 
diamond) and right (non-fatigued – open diamond) hand 
during unilateral fatiguing exercise. Four force measurements 
were collected during the 9 minute fatiguing exercise (at 2nd, 
4th, 6th and 8th minute- duration of fatiguing exercise shown 
as a grey box) and at one minute post-exercise. Force (as a 
percentage of maximal force at baseline) declined linearly 
during exercise for the left hand but not for the right hand 
(regression line – dashed). 

 
 
 
For each subject, the data for the actual 

duration of the exercise was scaled to a standard 
9-minute duration, averaged in 30-second blocks 
and then across subjects. For each hand, a one-
way repeated-measure’s ANOVA was performed 
for each ROI and performance data (squeeze and 
release time) to test for a significant change in 
the time course during fatigue. Pearson’s product 
moment correlation coefficient was calculated to 
determine the magnitude of the signal change 
with fatigue. Measurements of the fMRI signal 
are presented as a percentage of the first minute 
of exercise and force as a % of baseline. All data 
is presented as group mean ± standard error of 
mean. 
 
3. RESULTS 
 
3.1. Force 

 
The average exercise duration was 9 ± 1.4 
minutes. During the fatiguing exercise maximal 
handgrip force declined significantly in the left 
hand to 77 ± 3.6 % of baseline (recorded at 
minute 10, p < 0.05, r2=0.93).  Force was  
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Fig. 2. Performance measures collected during fatiguing 
exercise of the left hand. Squeeze time (open square) and 
release time (closed square) are shown for every 30seconds 
during the fatiguing exercise (regression line – dashed). 
There was a significant increase in both measures as fatigue 
developed. 
 
 
 
unaltered for the right hand (force at minute 10: 
100 ± 3% of baseline, p > 0.05, Figure 1).  

 
3.2. Performance Data  
 

Squeeze and release time were collected 
for the left hand during the fatiguing exercise. 
Squeeze time was 154 ± 11ms at baseline and 
increased to 332 ± 26ms by the last minute of 
exercise (p < 0.05, Figure 2). There was a 
substantially greater increase in release time 
during fatiguing exercise (from 125 ± 10ms to 
766 ± 19ms at minute 9, p < 0.05, Figure 2).  

 
3.3. Functional Imaging Data 

 
The fMRI signal from the SM1 

contralateral to the left hand (fatigued hand) 
increased linearly (r2=0.96, p < 0.05) by 1.2 ± 
0.5% of baseline by the end of exercise (p < 
0.05, Figure 3a). In contrast, the fMRI signal 
from the ipsilateral SM1 did not change 
significantly  (percentage increase at minute 9: 
0.2 ± 0.6% of baseline, p > 0.05, Figure 3a) 
although the data showed a slight and significant 
downward linear trend (r2=0.42, p < 0.05).  

 

The fMRI signal measured in the 
premotor cortex showed a similar pattern of 
change to SM1, although this did not reach 
significance. The fMRI signal from the 
contralateral premotor cortex increased by 0.25 ± 
0.6% of baseline (p > 0.05) and declined in the 
ipsilateral premotor cortex by -0.24 ± 0.6% of 
baseline by minute 9 (p > 0.05, Figure 3b).  

 
There was a significant increase in the 

fMRI signal for the visual cortex contralateral to 
the left hand during exercise that also extended 
to the ipsilateral visual cortex (percentage 
increase at minute 9: contralateral 1.3 ± 0.9%, 
ipsilateral 1.5 ± 0.9%, p < 0.05, Figure 3c). 
Regression analysis showed that the signal                  
increased linearly in both regions (contralateral 
r2=0.94, ipsilateral r2=0.89, p < 0.05, Figure 3c). 

 
4. DISCUSSION 
 

The fMRI signal measured from SM1 
contralateral to the fatiguing hand increased 
progressively during the fatiguing exercise. The 
intensity of the fMRI signal increased by ~1% 
throughout exercise, which is substantial 
considering that task-related signal changes with 
fMRI are normally in the order of ~3-5%. An 
increase in SM1 signal during fatiguing exercise 
may represent an increase in sensory processing 
and enhanced corticomotor drive to maintain 
task performance as the exercising muscles 
fatigue. The increase in SM1 signal was 
associated with a reduction in maximal force 
output and a slowing in task performance (as 
shown by an increase in squeeze and release 
time). Previous EMG studies have shown that as  
fatigue develops there is slowing in the 
relaxation time of single unit twitches (Bigland-
Ritchie et al., 1983), which may explain our 
finding of a greater prolongation of release, than 
squeeze time during exercise.  
 

One other group has reported changes 
in brain activation with fMRI during fatiguing 
exercise in healthy subjects. Liu et al. (2003) 
reported an increase in the number of activated 
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Fig. 3. Functional MR signal collected for the contralateral 
(filled circle) and ipsilateral hemisphere (open circle) for 
each region during fatiguing exercise. The fMRI signal (as a 
percentage of the starting point of exercise; regression line- 
dashed) increased significantly in SM1 contralateral 
hemisphere to the fatigued hand (a) and bilaterally in the 
visual cortex during fatiguing exercise (c). There was no 
significant change in signal in the other areas measured.  

 
 

pixels in SM1 contralateral to the fatiguing hand 
during an intermittent submaximal fatigue task.  

 
When the submaximal contraction was 

sustained, pixel number increased over the first 
half of exercise then plateaued. The increase in 
signal may represent the recruitment of 
additional motor neurons during exercise, 
however towards the end of exercise the plateau 
in the signal may be associated with the 
depletion of these reserves and parallel the 
suboptimal motor drive (central fatigue) reported 
in TMS studies (Gandevia et al., 1996).  When 
the task was performed intermittently, the 
increase in SM1 activation was less pronounced 
but more linear than during the sustained task, 
but still plateaued over the last 2-5 minutes of 
the ~16 minute fatiguing exercise. We observed 
a steady linear increase in signal throughout the 
exercise period, without a plateau period, 
possibly because the exercise period was of a 
shorter duration (~9 mins). Overall, both studies 
are consistent with the idea of an increase in 
SM1 activation as fatigue develops, which could 
represent an increase in the magnitude of the 
signal and/or a spread of activation outside the 
representation of the forearm muscles during 
exercise. 
 

The fMRI signal in the ipsilateral SM1 
declined modestly during fatiguing exercise, 
although not significantly. Down regulation of 
blood flow to non-activated brain regions may 
occur to maintain a stable global cerebral blood 
flow during periods of greater oxygen 
consumption in active cortical regions 
(Jorgensen et al., 1992; Madsen et al., 1993). In 
this way, the subtle decline in fMRI signal that 
we measured from the ipsilateral SM1 may be 
associated with diversion of blood from the non-
activated SM1 to supply the greater metabolic 
demands of the fatigued SM1 during unimanual 
fatiguing exercise. In contrast to our findings, 
Liu et al. 2003 reported a bilateral increase in 
SM1 activation during fatiguing exercise. The 
reasons for this disparity may be related to 
methodological differences between the two 
studies. Liu et al. used a block-designed 
experiment and measured changes in the number 
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of significantly activated voxels during fatigue, 
and one possibility is that there could have been 
an increase in the number of activated voxels 
without a change in the magnitude of the fMRI 
signal from activated voxels.   

 
The changes in fMRI signal in the 

premotor region followed a similar trend to SM1, 
with an increase contralateral to the fatigued 
hand and a reduction in the ipsilateral cortex that 
did not reach significance, although a more 
complex or demanding fatiguing exercise might 
produce a significant change in the premotor 
cortex. Changes in the fMRI signal in motor 
regions outside of M1 have been previously 
demonstrated during fatigue (Liu et al., 2003) 
and highlight the complexity and integration of 
multiple regions involved in motor control. In 
particular, changes in the fMRI signal of the 
premotor cortex may play a role in adapting 
movement preparation and planning to correlate 
with fatigue-induced changes within the muscle 
and may play some role in the central 
adaptations to fatigue.  

 
Changes in the fMRI signal measured 

from the visual cortex, have not previously been 
investigated during fatiguing exercise. We found 
a bilateral increase in visual cortex signal 
throughout the exercise, which was of a similar 
magnitude to the changes in the contralateral 
SM1 signal. During the fatiguing exercise, 
subjects squeezed the handgrip device in 
response to a visual cue (a word presented for ~2 
seconds in the centre visual field). Therefore 
some of the increase in visual activation may be 
related to an increase in attention towards the 
visual cue as fatigue progressed and movement 
became more demanding, and which may have 
influenced visuomotor integration. Alternatively, 
changes in the fMRI signal from the visual 
cortex could be associated with changes in 
neurohaemodynamic coupling associated with 
the increasing metabolic demand during 
exercise, which we have previously hypothesised 
to explain the changes in the fMRI signal in non-
motor areas following fatiguing exercise 
(Benwell et al., 2006a).   

 

The approach used in this study to 
determine changes in the fMRI signal during 
fatigue differs from the block-design methods 
used in previous fatigue studies. Block-design 
analysis assumes a stable level of activation 
during each task block and during the 
intervening rest periods. However, it is unlikely 
that the fMRI signal will remain stable for any 
length of time during a fatiguing exercise, 
therefore we chose to acquire fMRI data 
continuously and used a regression analysis 
method to test for changes in signal during 
fatigue. This is a region of interest approach, 
rather than an image-generation method. The 
results are consistent with previous studies but 
are not dependent on baseline (resting) measures 
or on assumptions regarding signal stability.  

 
To conclude, we have shown that 

during the performance of a submaximal 
fatiguing exercise there is an increase in the 
fMRI signal measured from the contralateral 
SM1. An increase in the SM1 signal is in 
keeping with the notion of an increase in sensory 
processing and corticomotor drive during 
fatiguing exercise to maintain task performance 
as fatigue develops. In parallel, cortical regions 
outside of the motor network, such as in the 
visual cortex, also demonstrate an increase in 
signal. These findings highlight the difficulties in 
disentangling haemodynamic and neuronal 
contributions to the fMRI signal, and reflect the 
contribution from a number of fatigue-related 
processes such as changes in central motor drive, 
attention and neurohaemodynamics. 
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A reduction in the force-generating capacity of a muscle is the primary 

indicator of muscle fatigue. Most of this force loss is the result of changes at, or 

distal, to the neuromuscular junction and is referred to as peripheral fatigue. 

However, there is also evidence that the CNS does not drive muscles maximally 

during fatiguing exercise.  The strongest evidence for this comes from interpolated 

twitch studies that show the force increment, produced by a single TMS delivered 

during a maximum voluntary contraction, becomes greater as fatigue develops 

(Gandevia et al., 1996). This suggests that central motor drive is increasingly 

submaximal as fatigue develops and has lead to the concept of central fatigue.  

Although the physiological basis for central fatigue is not well understood, 

additional support for this concept comes from studies showing that SP duration 

increases during a fatiguing exercise, suggesting a buildup of intracortical inhibition 

that might limit central motor drive. In contrast, MEP amplitude increases during 

fatigue, suggesting there is an increase in corticomotor excitability during exercise 

and that compensatory processes and central fatigue may both take place during 

fatiguing exercise.   

 

Besides the SP data, there have been few other studies of intracortical 

inhibition with fatigue.  In Studies one and two, short- and long-interval cortical 

inhibition were investigated during and after fatiguing hand exercise, and these 

findings were related to changes in force, MEP amplitude and SP duration.  The 

results confirmed previous MEP and SP observations, and additionally demonstrated 

that during fatigue both SICI and LICI steadily decline in contrast to the increase in 
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SP duration.  The implications of this are discussed further below, and an argument 

is offered that the MEP, SICI and LICI data support the notion of central adaptive 

processes within the primary motor cortex (M1), whereas the SP and twitch 

interpolation data support a process of central fatigue which may originate upstream 

of M1 (see 9.1-9.2). 

 

The TMS data suggest there is an increase in central motor output from M1 

during fatigue, and this led to the hypothesis that a TMS intervention designed to 

increase corticomotor excitability might improve the performance of a fatiguing 

exercise.  To investigate this, force was measured during a short but fatiguing 

maximum voluntary exercise performed before and after a period of paired-pulse 

rTMS that increased corticomotor excitability.  The results demonstrated that during 

the period of increased excitability, maximum voluntary force could be sustained at 

a higher level during the exercise period (see 9.4).   

 

While TMS is a useful tool to investigate changes in excitatory and inhibitory 

neural circuits in M1 during fatigue, functional MR imaging (fMRI) is an alternative 

method to investigate central changes with fatigue, in particular in regions outside of 

M1.  FMRI data were collected during and after a unimanual fatiguing hand 

exercise, and the signal changes in primary and secondary motor areas, as well as 

visual cortex, were analysed for both hemispheres. There was a progressive increase 

in the fMRI signal during exercise, followed by a reduction post-exercise.  The 

changes in signal were not confined to motor areas, but also extended to non-motor 
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areas, such as the visual cortex.  The relative contribution of physiological and 

haemodynamic contributions to the changes in the fMRI signal are discussed (see 

9.7 – 9.11). 

9.1 Changes in short-interval cortical inhibition 
during fatiguing exercise 

 

In Study one, the index of SICI was measured, following the method of Kujirai 

et al., (1993), every minute during a 10-min fatiguing exercise of an intrinsic hand 

muscle.  SICI has a strong relationship with afferent feedback and has been shown to 

change in response to a minimal voluntary contraction (Ridding et al., 1995; Ridding 

and Rothwell, 1999; Rosenkranz and Rothwell, 2003; Zoghi et al., 2003), but has not 

been explored during fatiguing exercise.  The aim of this study was to determine if 

there were changes in SICI with this type of exercise, and if these were confined to 

the representation of the fatigued muscle.   

 

During fatiguing exercise, there was a progressive reduction in SICI from 

baseline, with no indication of an increase in SICI even though previous studies have 

shown an increase in SP duration. However, it may not have been possible to detect 

any increase in SICI because the CS intensity was set to give the greatest degree of 

inhibition at baseline.  Therefore, a second experiment was designed using a CS 

intensity which gave an index of SICI at baseline that was less than half of that 

observed in the first experiment, so that increases in SICI could be more easily 

detected.  This approach confirmed that SICI does decrease during exercise, but that 

there is an initial period of increased SICI at the onset of exercise.  Taken together, 
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these studies suggest that during fatiguing exercise there is an increase in SICI, 

above a resting baseline level of inhibition, that declines below this baseline level as 

fatigue develops.  

 

The changes in SICI were confined to the representation of the fatigued 

muscle, and one explanation might be that SICI is being modulated by fatigue-

sensitive afferents from the exercising muscle.  However, the initial increase in SICI 

occurred within the first minute of exercise, and may represent a functional resetting 

of inhibition associated with the performance of the task.  The subsequent decrease 

in SICI might serve to increase the recruitment of the motor neuron pool projecting 

to the fatigued muscle as fatigue develops, perhaps at the same time sacrificing the 

precision of the motor task, and thereby activating surrounding muscles. The 

increase in MEP amplitude measured during exercise was observed in both fatigued 

and non-fatigued muscles of the hand, implying that there is a regional increase in 

corticomotor excitability for the exercising hand. 

 

The increase in excitation, facilitated by a reduction in inhibition, is consistent 

with an increasing corticomotor drive during fatiguing exercise. This suggests the 

action of a central adaptive process to increase motor output to a fatiguing muscle.    

9.2 Measures of long-lasting inhibition during 
fatiguing exercise 

 

Fatigue studies have largely used the SP duration to investigate changes in 

intracortical inhibition, but paired-pulse TMS at long interstimulus intervals can also 
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be used to derive an index of long-latency inhibition.  In contrast to the SP which is 

used as a measure of the timecourse of intracortical inhibition, LICI can be used to 

measure the depth of longer-lasting inhibition. However, LICI has not yet been 

investigated in fatigue.  LICI shares a number of common characteristics with the SP 

duration, such as a similar time course (Valls-Sole et al., 1992; Wassermann et al., 

1996) and is thought to be mediated by a similar GABA receptor subtype (Werhahn 

et al., 1999).  The aim of Study two was to investigate whether there were significant 

changes in LICI during and after the same fatiguing exercise as performed in Study 

one and to determine if the changes in the index of LICI parallel those of the SP 

duration or SICI. 

 

In keeping with the findings of Study one, there was a significant reduction in 

the index of LICI as fatigue developed.  Like SICI, the reduction in LICI was 

confined to the fatigued muscle whereas MEP amplitude was increased in all 

muscles measured. Taken together, both studies indicate that during fatigue, there is 

a steady increase in central motor output that occurs through the modulation of the 

excitability of both excitatory and short- and long-latency inhibitory networks.  

However it seems unlikely that these adaptive mechanisms could continue 

indefinitely, which may explain the drop off in MEP amplitude and slight increase in 

inhibition seen at the end of the exercise period.  

 

Perhaps surprisingly the decline in LICI was associated with an increase in SP 

duration.  Under most circumstances, SP duration and LICI behave in a correlated 
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manner (Ziemann et al., 1996b; Ziemann et al., 1998a), whereas in the present study 

there was a dissociation between these measures of long-lasting inhibition. So what 

might account for this disparity? 

 

One consideration is that the SP was measured during a voluntary contraction 

whereas LICI was measured at rest, which could alter the influence of afferent 

feedback on inhibitory circuits.  Secondly, although pharmacological studies suggest 

that LICI and SP are both mediated by GABAB receptors, differences in the 

concentration of GABA required at the receptor and the inhibitory action of the pre-

synaptic GABAB receptors, as discussed in Study two, suggest that the SP and LICI 

could respond differently under some circumstances.  Thirdly, the SP and LICI are 

designed to measure different aspects of long-lasting inhibition and there could, for 

example, be a reduction in the depth of inhibition during fatigue (as measured by a 

reduction in the index of LICI), but an increase in the duration of inhibition (as 

measured by the SP duration).  

 

Another consideration is the uncertainty over the origin of the SP.  Several 

studies have recognised that the MEP and SP duration are correlated to changes in 

the intensity of the TMS pulse (Wilson et al., 1993; Orth and Rothwell, 2004).  One 

explanation for this may be that the corticomotor output that produces the MEP also 

produces the SP via corticospinal neuron axon collaterals.  This may explain the 

parallel increase in SP duration and MEP amplitude during exercise, while other 

measures of intracortical inhibition decline. However, the possible explanation of 

 96



 

most interest is that the differences in SP duration and LICI may arise because of 

differences in the networks involved in their generation, and this leads to the concept 

of separate mechanisms for central adaptation and central fatigue.   

9.3 Central response to fatigue 
 

How then can we reconcile the adaptive changes, which serve to increase 

motor output and maintain task performance, with the evidence for mechanisms that 

appear to oppose this, such as central fatigue and the increase in silent period?  One 

possibility is that the processes underlying central fatigue, as indicated by twitch 

interpolation,  and the prolongation of the SP occur ‘upstream’ of M1 (Tergau et al., 

1999; Taylor et al., 2000a; Butler et al., 2003).  This raises the possibility that the 

TMS changes reported here (SICI, LICI and MEP) occur in M1 and reflect an 

increase in central motor output as fatigue develops, whereas there are factors acting 

in parallel to reduce or contain motor drive perhaps reflecting modulation of motor 

output from higher-order networks. 

9.4 Using rTMS to maintain voluntary force during 
fatigue 

 

  If the increase in M1 excitability, facilitated by a reduction in inhibition, 

serves to increase motor output and thus reduce force loss during a fatiguing 

exercise then one way to test this would be to determine if force loss was reduced by 

a further increase in M1 excitability.  
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Study three was designed to investigate this.  Force loss during a short 

fatiguing exercise was compared before and after an rTMS protocol that 

significantly increased corticomotor excitability during and beyond the period of 

stimulation (iTMS, see section 2.4).  It was found that during this period of 

increased corticomotor excitability, maximum voluntary force could be maintained 

at a higher level than before iTMS or following a period of single-pulse stimulation 

(that did not increase excitability above baseline levels).  The greatest difference in 

force loss was measured during the second half of exercise, suggesting that an 

increase in corticomotor excitability is more beneficial once fatigue develops. This 

fatiguing exercise was of a short duration so that multiple measures could be made 

during the same study, however it may be that with longer fatiguing protocols an 

increase in corticomotor excitability would be less beneficial as peripheral effects 

dominate.   

 

It is not common for rTMS protocols to result in an improvement in motor 

performance in control subjects (see section 2.4), and indeed iTMS did not increase 

the initial maximum voluntary force in this experiment, rather it resulted in a 

reduction in the rate of force loss during exercise.  The increase in excitability 

induced by iTMS may have augmented the increase in excitability that normally 

occurs during fatiguing exercise, and as part of central fatigue is thought to occur 

upstream of the motor cortex (Taylor et al., 2000a), this may compensate for the 

reduced input into the motor cortex and thereby increased motor performance.  A 

further consideration is that iTMS was delivered while subjects performed a weak 
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voluntary contraction, which was intended to prime activity-dependent plasticity 

mechanisms, and could have modulated such mechanisms. Practicing even a simple 

and unskilled motor task, during a single session, can optimise the recruitment of 

muscles involved in the manoeuvre and the timing of activation in these muscles and 

is associated with changes in the corticomotor representation and excitability 

(Classen et al., 1998; Muellbacher et al., 2001). 

 

The outcome of this study supports the original hypothesis, from Studies one 

and two, that the mechanisms in M1 that facilitate an increase in corticomotor 

excitability (MEP, SICI and LICI), could help to reduce the amount of force loss 

during a fatiguing exercise and, therefore, could be considered part of a central 

adaptation to optimise motor performance during fatigue.  It would be interesting to 

determine, in a future study, if similar changes occur with more exhaustive exercise 

protocols and whether subjects are consciously aware of an improved force output 

during the exercise performed following iTMS.  

9.5 Post-exercise changes in corticomotor excitation 
and intracortical inhibition 

 

In Studies one and two, MEP amplitude and the indices of SICI and LICI were 

also recorded for up to 20 minutes while subjects remained at rest and recovered 

from the fatiguing exercise.  Following the fatiguing exercise, the pattern of change 

in excitation and inhibition reversed from that during exercise.  Inhibition increased 

to pre-exercise levels if the index of inhibition was high at baseline (SICI measured 

in Study one - experiment one, and LICI in Study two), and above pre-exercise 
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levels if the index of inhibition was low at baseline (SICI measured in Study one -

experiment two).  Overall, inhibition increased to the maximum detectable level, 

which most likely represents a ‘ceiling effect’ in the measure of inhibition. In 

contrast, MEP amplitude was reduced by approximately half following exercise, and 

this was observed in fatigued and non-fatigued muscles.  These changes in inhibition 

and excitation occurred rapidly, within ~20-30 seconds after the last MVC (Study 

two), and remained at the same level for the remainder of the recovery period. 

 

The long-lasting post-exercise changes are consistent with previous studies, 

and are probably not directly related to the process of recovery from fatigue. 

Previous studies have demonstrated a reversal of the post-exercise MEP depression 

with the performance of a low force voluntary contraction (Taylor et al., 1996; 

Taylor et al., 1999; Sacco et al., 2000).  There is little evidence of a significant loss 

of motor skill during the post-exercise period (Lazarski et al., 2002; Humphry et al., 

2004) although full recovery of force to pre-exercise levels can take many minutes 

post-exercise (Gandevia et al., 1996; Taylor et al., 2000a).  This suggests there has 

been a rapid central adaptation to the changes in afferent input and the dynamics of 

muscle contraction and force generating ability at the time of the contraction.  The 

pattern of cerebral activation during the performance of a motor task post-exercise 

was explored further with functional imaging in Studies six and seven (see 9.7-9.11). 
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9.6 Factors to consider in paired-pulse measurements 
of inhibition with fatigue 

 

During fatiguing exercise, an increase in unconditioned MEP amplitude raises 

the possibility that the changes in unconditioned MEP could skew measurements of 

the index of SICI or LICI, without reflecting a real change in inhibition. One way to 

control for this would be by adjusting the stimulus intensity to maintain 

unconditioned MEP amplitude at a similar value throughout the exercise period.  

However, due to time constraints this is not practical with the current fatigue 

protocol. Instead, the correlation between the changes in the unconditioned and 

conditioned MEP amplitude across a range of stimulus intensities were studied. In 

the case of SICI and LICI, the increase in conditioned MEP amplitude was 

correlated with the increase in unconditioned MEP amplitude, which means the 

index of inhibition (which is based on the ratio of these values) remains comparable. 

In addition, during fatigue the unconditioned MEP amplitude changed for all 

muscles investigated, whereas the changes in inhibition were restricted to the 

fatigued muscle, further dissociating the effect of MEP amplitude on the indices of 

inhibition. Therefore the measurement of SICI and LICI are unlikely to be 

influenced by the exercise-related changes in unconditioned MEP amplitude.  In a 

previous study of SICI, test stimulus intensity was adjusted to maintain a stable MEP 

amplitude for each recording of SICI made during a series of two-minute sustained 

fatiguing contractions (Maruyama et al., 2006). In both cases, with stimulus intensity 

adjusted and not adjusted, a reduction in SICI was reported. 
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A change in the threshold of either excitatory or inhibitory cells during fatigue 

could also contribute to the changes in MEP amplitude and SICI/LICI, as it is known 

that under some circumstances the MEP threshold and intracortical inhibition can be 

differentially affected (Ziemann et al., 1998a). It would be interesting to investigate 

this in further studies using a fatigue protocol that allows for the time required to 

obtain threshold measures. 

 

The study with SICI demonstrated that the CS intensity was critical and that by 

changing the CS intensity one could more sensitively measure increases and 

decreases in SICI.  A similar experiment was undertaken to investigate LICI.  LICI 

was measured with a CS and TS intensity that produced a low baseline inhibition, 

which was designed so that increases in LICI could be measured.  However with this 

approach, MEPs fluctuated between facilitation and low inhibition even at baseline, 

therefore it was not possible to accurately measure LICI with a low baseline 

inhibition during and after fatiguing exercise.  

 

An increase in SP duration during fatiguing exercise suggests that the 

timecourse of GABAB-mediated inhibition may lengthen during exercise. It is not 

clear if this might influence the ISI chosen to measure LICI during fatiguing 

exercise. This could be explored by measuring the ISI curve during fatiguing 

exercise, with a different exercise protocol.   
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9.7 Measuring changes in cerebral activation during 
and after exercise with functional imaging 

 

The TMS studies suggest that areas outside of M1 could be involved in 

fatiguing exercise.  However, it is not clear what these areas are, how far throughout 

the motor network they might extend and if areas not directly involved with 

movement also exhibit changes.  This was explored with functional MR imaging, 

which enables changes in activity throughout the brain in association with fatiguing 

exercise to be investigated. There have been few previous functional imaging studies 

performed during fatiguing exercise and none following fatiguing exercise. FMRI 

provides an indirect measure of neural activity based on changes in metabolic and 

neurohaemodynamic coupling (see section 2.5).  Unlike TMS, fMRI cannot be used 

to distinguish between the activity of excitatory and inhibitory neural circuits.  

Rather, its strength lies with the ability to measure changes in blood flow and 

oxygenation associated with neural activity simultaneously in multiple brain regions.  

 

The general aim of the final three studies was to use fMRI to image regions of 

activity, in motor and non-motor areas, during and after fatiguing exercise. 

However, because different central processes are likely to be occurring during and 

after fatigue different experimental approaches were employed for these periods. 

During exercise, the aim was to investigate changes in activation as the CNS adjusts 

to the decline in force and the increasing demands as fatigue develops. Following 

exercise, the aim was to investigate how the CNS adapts motor control of the 
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fatigued muscle by measuring changes in activation that occur when a motor task is 

performed after fatiguing exercise while there remains residual force loss.  

 

Two study designs were used to investigate these aims. During fatiguing 

exercise, the fMRI signal was measured throughout exercise and time-course 

analysis was used to determine if certain regions (motor and non-motor) showed a 

significant change in signal during the exercise period. For the post-exercise period, 

a standard block-designed experiment was used to determine the number of 

significantly activated voxels (see section 2.5) during a simple non-fatiguing motor 

task compared before and after fatigue. For both studies, measurements were made 

in motor-related regions (SM1, SMA, premotor cortex and cerebellum) and a non-

motor region (V1).  

 

During unimanual fatiguing exercise (visually-paced hand squeeze and release 

against a constant load), there was a significant loss of force and a slowing of task 

performance, which was paralleled with a progressive increase in the fMRI signal 

measured from SM1 contralateral to the fatiguing hand, with no significant increase 

in signal from the ipsilateral SM1. The premotor cortex showed a similar pattern of 

change, however this did not reach significance. There was a signal increase in V1 

of comparable magnitude to SM1 and in both hemispheres.  

 

 After exercise, movement of either the fatigued or the non-fatigued hand 

resulted in fewer significantly activated voxels in the contralateral SM1 compared to 
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before exercise, however, these changes were not associated with any deterioration 

in motor performance. As was the case during fatigue, the reduction in fMRI signal 

was not confined to primary motor areas, but extended to secondary motor areas, 

including the cerebellum, and to V1. A number of mechanisms may contribute to 

these results. 

 

9.8 Physiological correlates of a change in fMRI 
signal with exercise 

 

9.8.1 During exercise 
 

A number of physiological processes could contribute to an increase in the 

fMRI signal measured from SM1 during fatiguing exercise. Firstly, as fatigue 

develops there is a spread of muscle activation beyond the target muscle (Psek and 

Cafarelli, 1993; Hagbarth et al., 1995) which would involve recruitment of 

additional networks within SM1 and could increase the fMRI signal. Secondly, the 

results from the TMS Studies one and two suggested an increase in central motor 

drive to sustain task performance during fatiguing exercise, which could contribute 

to an increase in the signal. As well, an increase in afferent feedback from the 

fatigued muscle during exercise might be associated with an increase in the fMRI 

signal from SM1. 

 

The changes in the fMRI signal from the premotor cortex followed a similar 

trend to SM1 and may play a role in adapting the preparation and planning of 
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movement to correlate with the fatigue-induced changes within the muscle. An 

increase in visual activation may be related to an increase in attention towards the 

visual cue as fatigue progressed and movement became more demanding. For all 

regions, there are likely to be additional contributions from changes in 

neurohaemodynamic coupling associated with the increasing metabolic demand 

during exercise (see section 9.10). 

 

9.8.2 After exercise 
 

While there was a decrease in the number of significantly activated voxels with 

task performance after fatigue, it seems unlikely that subjects were performing the 

motor task following exercise with less neuronal activation than was the case prior 

to exercise, especially since the behavioural measures of task performance did not 

change.  One explanation is that the reduction in activation post-exercise may be the 

result of a shift in neural excitability between excitatory and inhibitory circuits.  For 

the fatigued hand, Studies one and two showed that inhibition was increased and 

corticomotor excitability reduced in a resting muscle after exercise, which may 

reflect an overall increase in intracortical inhibition.  However, inhibition is still an 

active process requiring oxygen supply, albeit perhaps less than excitatory circuits 

due to a difference in metabolic demand (Waldvogel et al., 2000), and therefore an 

increase in inhibition does not explain the reduction in the number of activated 

voxels following exercise. Furthermore, voxel number was measured during the 

performance of a motor task and previous TMS studies have demonstrated, that at 
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least for the MEP amplitude, excitation is reversed to baseline if a contraction is 

performed post-exercise, therefore it is unlikely that a reduction in the number of 

voxels can be explained on the basis of a post-exercise reduction in excitability.  

 

Changes in activation of secondary motor areas may be explained on the basis 

that motor performance involves all of these regions.  But, it is still unclear why 

there is so general a reduction in activation following a fatiguing exercise, including 

in visual cortex.  

9.9 Other mechanisms that might reduce activation 
following fatiguing exercise. 

 

In a block-designed experiment, significantly active voxels are calculated by 

statistically comparing (on a voxel-by-voxel basis, using Student’s t-test for 

example) the fMRI signal during task performance with that at rest.  Thus, a 

reduction in activation after exercise reflects a reduction in the number of voxels that 

reached statistical significance.  The number of statistically significant voxels could 

decrease if the magnitude of the change in the fMRI signal between the active (task) 

and rest states was smaller.  However, the magnitude of the fMRI signal in 

significantly activated voxels was similar before and after exercise.  Alternatively, 

an increase in the variance of the fMRI signal could reduce statistical significance.  

In this way, a reduction in the number of significantly active voxels could be due to 

an increase in the variability of fMRI signal rather than a reduction in the level of the 

signal itself.  In fact this was found to be the case: There was an increase in variance 

after fatiguing exercise, and there was an inverse correlation between variance and 
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the number of significantly activated voxels. Thus, an increase in variance appears to 

be the most likely explanation for the reduction in activation following fatiguing 

exercise.   

 

9.10 Factors contributing to an increase in the 
variability of the fMRI signal 

 

The BOLD signal contrast depends on more oxygen being delivered to an area 

of neural activity than is required to satisfy the metabolic demand.  Thus, the BOLD 

signal is affected by changes in blood flow and oxygen consumption, and blood 

volume, which have an impact on the relative level of blood oxygenation (Bandettini 

et al., 1997).  Neurohaemodynamic coupling is likely to change during demanding 

exercise to accommodate changes in neural activity of different brain regions and 

also in response to fatigue-sensitive group III and IV muscle afferents which play a 

role in the cardiovascular and respiratory responses to exercise (Strange et al., 1993).  

Fatiguing exercise could effectively destabilize the balance in oxygen supply and 

demand, not just in motor areas but throughout the brain.  Previous studies have 

demonstrated that where there is a local high demand for metabolic resources such 

as in motor areas, mechanisms exist to down-regulate blood flow in non-active 

regions to maintain a stable global cerebral blood flow (Jorgensen et al., 1992; 

Madsen et al., 1993).  Such processes may explain why the fMRI signal did not 

increase in the ipsilateral SM1 and premotor cortex during fatiguing exercise. It is 

likely that it would take a period of time following exercise to restabilise these 

imbalances which could contribute to an increase in the variability of the fMRI 
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signal. An increase in variability together with a prolonged elevation in oxygen 

uptake following exercise (Ide et al., 2000), could reduce the number of activated 

voxels in motor and non-motor areas of the cortex.  

 

9.11 fMRI conclusion 
 

The results from these fMRI studies are consistent with the notion of an 

increase in sensory processing and corticomotor drive during fatiguing exercise to 

maintain task performance as fatigue develops. They also indicate that there may be 

central adaptations to task performance after exercise, and that the central response 

to fatigue can be quite widespread. A change in the cerebral haemodynamics during 

and after exercise may account for some of the variation in the fMRI signal and the 

global effect on secondary motor and non-motor areas of the brain. Possible 

physiological correlates of increased signal variance might be a disruptive effect of 

fatigue, or an adaptive change in the activation of cortical networks associated with 

preservation of task performance. The dynamic changes in the fMRI signal 

measured during and after fatiguing exercise and the extent of these changes, 

suggest that the regulation of cerebral haemodynamics, in combination with 

physiological correlates, may be part of an adaptive central response to fatiguing 

exercise. 
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9.12 Thesis Conclusion 
 

The studies outlined in this thesis have investigated changes in motor cortex 

excitability and intracortical inhibition, as well as more widespread adaptations in 

the brain during and following fatiguing exercise. The studies of SICI and LICI have 

shown there is a progressive reduction in the level of intracortical inhibition in M1 

as fatigue develops, which is the opposite of what had previously been predicted on 

the basis of measurements of SP duration. Overall, the changes in excitability and 

inhibition in M1 are consistent with central adaptive processes designed to preserve 

an optimal level of cortical motor output to the exercising muscles to maintain task 

performance and compensate for peripheral fatigue. This conclusion is reinforced by 

the finding that further increasing M1 excitability, using an rTMS protocol, reduces 

the degree of force loss during a fatiguing exercise.  

 

The mechanisms underlying these central adaptive processes require further 

investigation and, in particular, the relationship between changes in higher-order 

cortical areas (eg premotor cortex) and M1 during fatigue remain to be elucidated.   

The functional imaging studies presented in this thesis have provided some 

indication of the extent of changes in activity in secondary motor areas, such as the 

SMA and cerebellum, and in non-motor areas such as the visual cortex. The findings 

of these studies indicate that there are widespread adaptive changes both within the 

corticomotor network as well as non-motor areas, and it is proposed that these 

changes could be related to haemodynamic compensations or to metabolic changes 

associated with altered levels of neural activity. The relative haemodynamic, 
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metabolic and neural contributions to these changes in the fMRI signal during and 

following fatiguing exercise, warrant further investigation using fMRI and other 

forms of functional imaging.  
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history questionnaire: 
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SUBJECT INFORMATION 

 
PROJECT: THE ROLE OF THE CENTRAL NERVOUS SYSTEM IN CENTRAL FATIGUE 
 
INVESTIGATORS: Nicola Benwell / A/Prof Gary Thickbroom / Prof Frank Mastaglia  
 
PURPOSE OF STUDY: 
The aim of this study is to investigate the role of central processes in fatigue. All procedures are non-
invasive. 
 
PROCEDURE: 
Electrode disks will be taped onto your hand and arm and the activity measured by your muscles will 
be fed into a computer. The fatigue task will involve a series of contractions of the index finger over 
10 minutes. You will be shown how to perform these movements and will be given time to practice. 
Transcranial magnetic stimulation will measure cortical changes before, during and after the fatigue 
task. This involves placing a plastic cap with pre-marked spacings over the head and then placing a 
small magnetic coil over one of these sites to stimulate the brain. Each stimulus is very short and a tap 
on the scalp may be felt. This procedure is not painful, but small movements may be felt. For example 
when stimulating the part of the brain that controls movements, the muscles in the hand will contract 
and a small movement in the hand may be felt. The whole procedure will take between 1 ½ and 2 
hours. 
 
ADVERSE EFFECTS/ POSSIBLE RISKS: 
There are a few possible discomforts associated with any fatigue study, but you may for any reason 
and at any time stop the session. Following the task you may experience some temporary weakness in 
the hand and index finger. As transcranial magnetic stimulation uses magnetism, there are various 
factors which may exclude you from participating in the study. These include having a pacemaker or 
metal objects like cerebral aneurism clips inside your body or those suffering from epileptic 
conditions. You will be asked a series of questions to determine if there are any factors which may 
stop you from participating in this study. 
 
CONFIDENTIALITY: 
Any information about you that is obtained in connection with this study will remain confidential and 
will be disclosed only with your written permission. However, the results of this study may be 
published or disclosed to other people in a way that will not identify you. The results of this study will 
be stored in a locked cabinet for 5 years. 
 
CONSENT: 
The study will be carried out in a manner conforming to the principles set out by the National Health 
and Medical Research Council. You are free to withdraw your consent and discontinue with your 
participation any time. Your participation in this study does not prejudice your right to compensation, 
which you may have under statute or common law. 
 
FURTHER INFORMATION: 
If you have any questions regarding this study you can contact Nicola Benwell on 9346 7309. You 
will be given a copy of this information sheet and consent form to read and keep prior to indicating 
your consent to participate by signing the consent form. 
 

 
 
 
 
 
 



 

  
 
 

PARTICIPANT INFORMATION 
 
PROJECT: THE ROLE OF THE CENTRAL NERVOUS SYSTEM IN HUMAN FATIGUE. 
 
INVESTIGATORS:  Nicola Benwell / Dr Gary Thickbroom / Dr Michelle Byrnes / Prof Frank 
Mastaglia. 
 
PURPOSE OF STUDY:   
The purpose of this project is to study the role of the central nervous system in human fatigue 
using Magnetic Resonance Imaging.  All procedures are non-invasive. 
 
PROCEDURE: 
Magnetic resonance imaging (MRI) is a sensitive imaging test that can produce pictures of the 
inside of your brain without using radiation.  Functional MRI is a modification of MRI scanning 
which can detect the neural activity of brain structures by measuring very small changes in blood 
flow associated with brain activity.  In this test you will be asked to perform a very simple hand 
fatiguing task, such as gripping or small finger movements, and MRI scans will be taken both at 
rest and during movement.  The differences in the scans taken at rest and during movement will 
tell us which parts of your brain are active during hand movement. 
MRI scanning is a routine diagnostic test, and there are no specific side effects associated with an 
MRI scan.  You will be placed on a flat couch with your head in a cradle and moved into the bore 
of the scanner, which is like a small well-lit passage.  You will not feel anything during the scan, 
however you will hear some rhythmic thumping noises.  During the procedure you can 
communicate with the MRI staff at any time.  If you experience any problems during the scan, the 
procedure can be terminated at your request. You may withdraw from the study at any time without 
prejudice. The whole procedure will take approximately 1 hour. 
   
ADVERSE EFFECTS / POSSIBLE RISKS / POSSIBLE BENEFITS: 
As MRI scanning uses magnetism, it is very important that no metal objects be brought into the 
examination room, and you may be asked to change into a hospital gown.  You should not have a 
MRI scan if you have a pacemaker, metallic implant, certain types of prosthetic devices or metal 
objects like cerebral aneurysm clips or cochlear implants inside your body, or if you are pregnant.  
You will be asked to fill in a detailed questionnaire to determine if there are any factors that may 
stop you having an MRI scan.  This study will contribute significantly to the understanding of how 
current therapies work, and the outcome will be an improved quality of life for victims of stroke. 
 
CONFIDENTIALITY: 
Any information about you that is obtained in connection with this study will remain confidential 
and will be disclosed only with your written permission.  However, the results of the study may be 
published or disclosed to other people in a way that will not identify you.  The results of this study 
will be stored in a locked cabinet for 5 years. 
 
CONSENT: 
The study will be carried out in a manner conforming to the principles set out by the National 
Health and Medical Research Council.  You are free to withdraw your consent and discontinue 
with your participation at any time.  Your participation in this study does not prejudice any right to 
compensation, which you may have under statute or common law. 
 
FURTHER INFORMATION: 
If you have any questions regarding this study you can contact Nicola Benwell on 9346 7309.   
You will be given a copy of this information sheet and consent form to read and keep prior to 
indicating your consent to participate by signing the consent form. 



 
   

 
 

 
 

CONSENT FORM 
 
 
PROJECT: THE ROLE OF THE CENTRAL NERVOUS SYSTEM IN HUMAN FATIGUE. 
 
INVESTIGATORS:  Nicola Benwell / Dr Gary Thickbroom / Dr Michelle Byrnes / Prof Frank 
Mastaglia. 
 
 
 
I have been given clear information (verbal and written) about this study and have been given time 
to consider whether I want to take part. 
 
I have been told about the possible advantages and risks of taking part in the study and I 
understand what I am being asked to do. 
 
I have been able to have a member of my family or a friend with me while I was told about the 
study.  I have been able to ask questions and all questions have been answered satisfactorily. 
 
I know that I do not have to take part in the study and that I can withdraw at any time during the 
study without affecting my future medical care.  I understand that participation in this study does 
not affect any right to compensation, which I may have under statute or common law. 
 
I agree to take part in this research study and for the data obtained to be published provided my 
name or other identifying information is not used. 
 
 
 
……………………………………………         …………………………………....        ………….. 
Name of Subject    Signature of Patient                          Date 
 
 
 
……………………………………………         …………………………………....        ………….. 
Name of Witness to Subject Signature Witness to Signature                         Date 
 
 
 
……………………………………………         …………………………………....        ………….. 
Name of Investigator    Signature of Investigator                   Date 
 
 
 
 
The Committee for Human Rights at the University of Western Australia requires that all 
participants are informed that, if they have any complaint regarding the manner, in which a 
research project is conducted, it may be given to the researcher or, alternatively to the 
Secretary, Committee for Human Rights, Registrars Office, University of Western Australia, 
35 Stirling Highway, Crawley, WA 6009 (Telephone number: 9380 3703). All study 
participants will be provided with a copy of the Information sheet and Consent form for their 
personal records. 
 
 



 
 



 
 
 

CONSENT FORM 
 
 
PROJECT: THE ROLE OF THE CENTRAL NERVOUS SYSTEM IN CENTRAL FATIGUE 
 
INVESTIGATORS: Nicola Benwell / A/Prof Gary Thickbroom / Prof Frank Mastaglia  
 
 
I acknowledge that I have read the information sheet and any questions I have asked have been 
answered to my satisfaction. I agree to participate in this activity, realising that I may withdraw at any 
time without prejudice. 
 
I understand that all information provided is treated as strictly confidential and will not be released by 
the investigator unless required to do so by law. 
 
I agree that research data gathered from the result of the study may be published provided my name or 
other identifying information is not used. 
 
I understand that participation in this study does not prejudice any right to compensation, which I may 
have under statute or common law. 
 
 
 
I, ……………………………………………………….., age …………. years, agree to participate as a 
subject in the above project. 
 
 
 
 
Signed   ………………………………………….    Date    ……………………… 
 
 
 
Witness ……………………………………….....    Date   ……………………… 
 
 
 
 
 
 
The Committee for Human Rights at the University of Western Australia requires that all 
participants are informed that, if they have any complaint regarding the manner, in which a 
research project is conducted, it may be given to the researcher or, alternatively to the 
Secretary, Committee for Human Rights, Registrars Office, University of Western Australia, 35 
Stirling Highway, Crawley, WA 6009 (Telephone number: 9380 3703). All study participants 
will be provided with a copy of the Information sheet and Consent form for their personal 
records. 
 
 
 
 
 



Medical History                                                                               
 
Surname:  ___________________________  Given names:  _________________________________________  D.O.B.:  __________________ 
 

QUESTION YES NO COMMENTS 

Brain Surgery -    

     Shunt    

     Craniotomy    

     Aneurysm Clip    

     Cranioplasty    

Cardiac Surgery -    

     Pace Maker    

     CABG    

     Valve Replacement    

Ear Surgery -    

     Tubes    

     Cochlear Implants    

     Hearing Aid    

Epilepsy    

Migraine    

Medication    

Braces    

Other    

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


