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The main purpose of this study was to investigate effects of motor fatigue on brain 

activation in humans, using fMRI. First, we assessed brain activation that correlated with 

muscle activity during brief contractions at different force levels (force modulation). 

Second, a similar analysis was done for sustained contractions inducing motor fatigue. 

Third, we studied changes in brain activation due to motor fatigue over time. And fourth, 

we investigated cross-over effects of fatigue by comparing brain activation before and 

after the fatiguing condition during simple and high-order motor tasks (reaction time 

tasks). Several motor areas in the brain showed increased activity with increased muscle 

activity, both during force modulation and motor fatigue. Interestingly, the cerebellum 

showed a smaller increase in activation, during compensatory activation due to fatigue, 

while additional activation was found in the pre-supplementary motor area and in a 

frontal area. During motor fatigue, there was a decrease in force production, an increase 

in force variability, and an increase in muscle activity. Brain areas comparable with the 

aforementioned areas also showed stronger activation over time. After fatigue, reaction 

time task performance remained the same (compared to before fatigue), while increased 

activation in orbitofrontal areas was found. Furthermore, there was a reduction in 

subjects’ maximal voluntary contraction force, accompanied by a decrease in activation 

of the supplementary motor area (SMA). These results suggest that especially the 

activity in the SMA and frontal areas are affected by motor fatigue. 
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In order to increase force production the central nervous system has to increase its drive 

to relevant motoneuron pools. This results in an increase in the number of active motor 

units and simultaneously in an increase in the firing frequency of the already active units, 

as is also demonstrated by an increase in the electromyographic (EMG) activity (Bigland 

and Lippold, 1954; Edwards and Lippold, 1956; Lippold, 1952). This increase in central 

drive is often experienced as an increase in ‘sense of effort’ (Jones and Hunter, 1983).  

It is known that a sustained contraction at force levels above 25% of the maximal 

force results in fatigue (Rohmert, 1960). During such a contraction, the muscle can 

maintain its force – despite a decline in the maximal muscle fiber force – due to an 

increased drive to the motoneuron pools of the target muscles (see for reviews: 

Gandevia, 2001; Kernell, 2006). This increased drive results in increased EMG 

(Fuglevand et al., 1993; Zijdewind et al., 1995).  

As EMG reflects the central drive to the muscle fibers, it is appealing to use EMG 

data to identify brain areas in which the activity directly correlates with muscle activity. 

Indeed, Townsend et al. (2006) recently showed there was a linear relationship between 

neuronal activity in several brain areas (primary motor cortex and cerebellum) and the 

sum of EMG activity of various hand muscles in monkeys. Up to now, these 

measurements have not been performed in humans during motor fatigue. It is one of the 

aims of this study to compare the brain activity – that correlates with EMG data – during 

two demanding conditions: 1) ‘simple’ force modulation by progressively increasing force 

levels and 2) compensatory modulation of decreasing force levels due to motor fatigue. 

Although, both conditions require an increase in supraspinal drive the secondary 

consequences in the two conditions are not necessarily similar, as is indicated by 

previous results (chapter 2).   

In several studies brain activation has been shown to increase during force 

increments (chapter 6; Dai et al., 2001; Dettmers et al., 1995; Ward and Frackowiak, 

2003). However, only a few studies investigated brain activity during sustained 

submaximal contractions, using positron emission tomography (PET; Dettmers et al., 

1996) or functional magnetic resonance imaging (fMRI; Liu et al., 2003). Although Liu et 

al (2003) presented both EMG and fMRI data during a fatiguing submaximal task, their 

EMG data were collected only for brief inter-scan intervals (120 ms) and were not 

directly used to identify brain activity. Furthermore, the results obtained by Liu et al. 

(2003) and Dettmers et al. (1996) are contradictory. Dettmers et al (1996) showed no 

change in activation intensity of the primary motor cortex, supplementary motor areas or 
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basal ganglia over time (only increased activation was observed in a small cluster in the 

dorsolateral prefrontal cortex). In contrast, Liu et al. (2003) showed an increase in the 

number of activated voxels over time in the sensorimotor cortex, supplementary motor 

area, cerebellum and dorsolateral prefrontal cortex.  

Benwell and collegues (2005, 2006) demonstrated that after a fatiguing 

contraction, brain activation was diminished in contralateral as well as ipsilateral 

sensorimotor and supplementary motor areas. The observation that areas involved in 

high-order motor tasks (prefrontal cortex and supplementary motor areas; Dettmers et 

al., 1996; Liu et al., 2003) may be affected by fatigue, prompted the inclusion of a high-

order motor task in our paradigm. The inclusion of this task enabled us to investigate the 

cross-over effects of fatigue on other more complex motor tasks.  

 

The aims of this study are four-fold. First, we assessed brain activation correlating with 

changes in muscle activity due to different force levels. Second, we assessed brain 

activation correlating with changes in muscle activity due to motor fatigue. Third, we 

studied how brain activity changed over time with developing motor fatigue. Fourth, we 

studied differences in brain activation before and after fatigue during both a simple motor 

task (maximal contractions) and high-order motor tasks (reaction time tasks). 
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Fifteen healthy, right-handed subjects participated in this experiment after informed 

consent (7 men, 8 women; mean age 26.4 ± 5.6 years). The subjects received a 

financial compensation for participation. All experimental procedures were approved by 

the local ethics committee (METc, University Medical Center Groningen) according to 

the Declaration of Helsinki (2004).  
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The experiment consisted of two sessions that were separated by at least one week. 

The first session took place outside the scanner and was used to familiarize the subjects 

with the experimental set-up and tasks. The second session took place in a 3T MRI 

scanner (Philips; Best, the Netherlands). In the first session, we only measured index 

finger abduction force and reaction times. In the second session, we also measured 

EMG activity of several hand muscles and brain activation, using fMRI. Here, we only 

present the data of the second session. 
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We have used a custom-made MR compatible force transducer to measure index finger 

abduction force (chapter 4). The transducer was positioned to the right hand of the 

subject, such that the bar of the transducer was parallel to the index finger, with the 

connector exactly above the first interphalangeal joint. Force was applied to the bar by 

contracting the first dorsal interosseus muscle (FDI). Strain gauges attached to the bar 

detected the small changes in resistance, which resulted in an amplitude-modulated 

signal. This signal was amplified and then converted to an optical signal. In the MR 

operator room, the optical signal was reconverted to an amplitude-modulated signal that 

was logged on a PC equipped with a data-acquisition interface (CED Micro and Spike2 

for Windows version 5; CED, Cambridge, UK; sampling frequency: 500Hz). This PC was 

also connected to a beamer to provide the subjects with visual feedback of the target 

force and the force they produced. 
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We used Ag/Ag-Cl electrodes (Easycap, Herrsching-Breitbrunn, Germany) in 

combination with the Brain Amp MR plus system (Brain Products, München, Germany). 

After rinsing and cleaning the skin with alcohol, the electrodes were placed in a muscle 

belly-tendon arrangement on the muscles of interest. Target muscles of both the right 

and left hand included the first dorsal interosseus (FDI), the abductor digiti minimi 

(ADM), and thenar muscles. The electrode wires were twisted per muscle to minimize 

differences in MRI artifact on the signal (chapter 5). The wires were connected to the 

electrode input box. This box was connected to the amplifier, which converted the signal 

in an optical signal; the optical signal was stored on a PC in the operator room using 

Brain Vision Recorder (sampling frequency: 5000Hz). 
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Changes within the fatigued muscle could induce changes in motor performance (e.g. 

slowing of the muscle) and thereby changes in brain activation. For this reason, we 

chose to use the non-fatigued hand for the reaction time tasks. Thus, subjects held an 

MR compatible response box in their left hand, and pressed the two response buttons of 

this box with either their left index or left middle finger. The response box was connected 

to another PC in the operator room. The responses of the subjects and the presentation 

of the stimuli were logged by E-Prime (E-Studio; Psychology Software Tools, Inc.; 

Pittsburgh; USA). 
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We used a 3T MR scanner with a standard transmit/receive (TR) head coil (Philips, Best, 

the Netherlands) for imaging. We used the following pulse sequence parameters: FFE 

single shot EPI; 46 slices, 3.5 mm slice thickness, no gap; 3.5x3.5 mm in-plane 

resolution; 64x64 scanning matrix; transverse slice orientation; repetition time (TR) = 3s; 

echo time (TE) = 35ms; minimal temporal slice timing: 2877ms; flip angle 90°. In the 

remainder of this study, a total brain volume will be referred to as a scan.  

In addition, T1-weighted anatomical images of the entire brain were obtained with 

the following pulse sequence parameters: 160 slices, 1 mm slice thickness; 256 mm field 

of view; 256x256 scanning matrix; transverse slice orientation; TR = 25ms; TE = 4.6ms; 

minimal temporal slice timing: 17ms; flip angle 30°. 
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The cognitive task was an auditory reaction time task for the left hand; this was either a 

simple reaction time task (SRT) or a choice reaction time task (CRT). In both tasks, 

tones were presented binaurally via headphones (duration: 100ms). In the simple 

reaction time task, subjects had to respond to one tone (200Hz) by pressing the 

response box with their middle finger. In the choice reaction time task subjects had to 

respond to low tones (200Hz) and high tones (300Hz) by pressing response buttons with 

the middle or index finger, respectively. Seventy percent of the stimuli were low tones 

(frequent stimuli), and 30% high tones (infrequent stimuli). Subjects tend to prepare for 

the frequent tone and thus responding to the infrequent tone is more difficult and 

demands more cognitive processing. The tones were presented at a random order in 

blocks of 25 stimuli with an inter-stimulus interval varying between 1100 and 1300ms 

(total duration of a block: approximately 30s). Each block started with a frequent tone, 

which was excluded from further analysis.  
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The experiment was divided into 4 separate scanning runs. The second and third runs 

were used to study EMG-related brain activation. Additionally, the third run was used to 

study the changes in brain activation during fatigue. The first and fourth runs were used 

to compare brain activation before and after fatigue. 

Run 1 (see Fig 1A). The first run consisted of 265 scans. During this run, the subjects 

first performed three maximal voluntary contractions (MVCs), then the reaction time task, 
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and finally three MVCs again. Each MVC had to be maintained for 10s, followed by 50s 

rest. The MVCs were used to determine the maximal force of the subjects (MVC) to 

determine the submaximal force levels. During the reaction time task, 6 choice reaction 

time (CRT) blocks of frequent and infrequent stimuli were alternated with 6 simple 

reaction time (SRT) blocks of frequent stimuli only. The blocks had a duration of 

approximately 30s and were followed by 30s rest. Thereafter, the three MVCs were 

repeated. 

Run 2 (see Fig 1B). The second run consisted of 135 scans. During this run, the 

subjects had to match target force levels at 10, 30 and 70% MVC. The timing of the 

contractions was directed by visual cues. The contractions lasted 15 seconds (5 

volumes) followed by 30s rest. All submaximal contractions were repeated three times, 

in a semi-randomized order. This task was used to identify brain areas that were 

involved in force modulation. 

Run 3 (see Fig 1C). The third run consisted of 560 scans. This run included low-force 

contractions followed by high-force contractions. Thus, subjects started with 15 

contractions at 5% MVC for 50s, each contraction was followed by 5s rest. Thereafter, 

they performed 15 contractions at 30% MVC also for 50s, followed by 5s rest. Subjects 

were instructed to maintain the force as steadily as possible.  

Run 4 (see Fig 1D). The fourth run was a repetition of the first run to study the changes 

in brain activation before and after fatigue, both during MVCs and reaction time tasks. 

The fourth run started immediately after the third run, so the first series of three MVCs 

started approximately 1 minute after last the fatiguing contraction. The second series of 

MVCs – after the reaction time tasks – started approximately 15 minutes after the last 

fatiguing contraction. 
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Online, we determined the peak values of the MVCs using Spike2 for Windows (run 1). 

As described above, the maximal MVC in run 1 was used to determine the submaximal 

force levels. Offline, we determined the mean amplitude, standard deviation (SD), and 

coefficient of variation (SD/mean; force variability) of the brief and sustained submaximal 

contractions (runs 2 and 3). 
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A. Run 1

Right hand
index finger

Left hand
index and middle finger

Right hand
index finger

CRT SRT

Left hand
middle finger

MVCs MVCs

B. Run 2

Right hand
index finger

Submaximal contractions

C. Run 3
5% MVC contractions

30% MVC contractions

D. Run 4

Right hand
index finger

Left hand
index and middle finger

Right hand
index finger

Left hand
 middle finger

MVCs MVCsCRT SRT
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Offline, we processed the data in Brain Vision Analyzer (BVA; version 1.05.0001). First, 

bipolar derivations were calculated per muscle. Then, high-pass filtering at 10Hz was 

applied to remove possible movement artifacts, followed by MRI artifact correction (Allen 

et al., 2000; chapter 5) and low-pass filtering at 400Hz. Finally, the data were down-

sampled by a factor 2 and exported to Spike2 for further analysis.  

In Spike2, we determined the maximum amplitude of the rectified EMG signal of 

the FDI during the maximal contractions (runs 1 and 4) and the mean amplitudes of the 
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rectified EMG signals of the FDI during the brief and sustained submaximal contractions 

(runs 2 and 3).  

Furthermore, we determined the mean rectified EMG amplitude per scan for 

three right-hand muscles (FDI, ADM, and thenar muscle; during runs 2 and 3). As brain 

activity is expected to reflect all neuronal activity, we summed the activity of these three 

muscles. Per subject (and per run), the summed EMG activity was divided by its 

standard deviation to produce a scaled EMG. The scaled EMG was shifted 2 scans (6s) 

to correct for the haemodynamic response and then used in the fMRI analyses (see 

fMRI).  
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Reaction time data were exported from E-Data Aid (E-Studio; Psychology Software 

Tools, Inc.; Pittsburgh; USA) to Excel. For each block, we determined the trimmed mean 

reaction times of the correct responses (chapter 3) and the percentage of errors 

(including misses). In the CRT blocks, reaction times and errors were calculated for 

frequent and infrequent stimuli separately.  
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To investigate the effects of motor fatigue, all data (i.e., force, EMG, force variability) of 

the 5% contractions and the 30% contractions were averaged over five blocks, resulting 

in three time periods per force level (t1, t2, and t3). SPSS was used to perform ANOVAs 

for repeated measurements, with force (2 levels: 5% and 30% MVC) and time on task (3 

levels: t1, t2, and t3) as within-subject factors. When the main analysis indicated a main 

effect of force, or an interaction effect of force x time, additional analyses were 

performed for each force level with time on task (3 levels) as within-subject factor.  

For the MVCs, a repeated-measures ANOVA was performed with ‘time’ as the 

only within-subject factor (4 levels: run 1.1; run 1.2; run 4.1; and run 4.2). 

The cognitive data (both reaction times and errors) were also tested using an 

ANOVA for repeated measurements, with stimulus (3 levels: CRT frequent stimulus, 

CRT infrequent stimulus, and SRT stimulus) and time (2 levels: before and after fatigue) 

as within-subject factors. When the main analysis indicated a main effect of stimulus, we 

tested which stimuli differed significantly (applying a Bonferroni correction). 
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The fMRI data were preprocessed using SPM2 (http://www.fil.ion.ucl.ac.uk/spm; 

Wellcome Department of Imaging Neuroscience; Friston et al. 1995). The volumes were 

realigned to the first volume to correct for movement artifacts, co-registered with their 

anatomical image, normalized to a T1 template, and smoothed with a Gaussian kernel of 

full width at half maximum 8mm.  

Brain activity was analyzed in several ways, also using SPM2. At subject level, 

we modeled the activity per run, including the movement parameters (Friston et al., 

1996).  

First, at subject level the scaled EMG was used as a regressor to identify brain 

areas involved in force modulation (run 2, see also Fig. 1B) and in (compensatory) 

modulation of motor drive in fatigue, (run 3, see also Fig. 1C). These first-level results 

were used in second-level analyses (one-sample T tests). 

Second, for both 5% and 30% MVC, the 15 contractions were modeled as three 

time periods at both force levels (t1, t2, and t3) to study changes over time (run 3, see 

also Fig. 1C). This resulted in 6 conditions per subject. These were used in a second-

level analysis (ANOVA for repeated measures including a non-sphericity correction). In 

this ANOVA, brain activity during t1, t2, and t3 of the contractions at 30% MVC was 

compared with overall activity during the 5% MVC contractions.  

Third, run 1 and 4 were analyzed to study brain activation during maximal 

voluntary contractions and high-order motor tasks (complex versus simple), and to study 

the cross-over effects of fatigue on brain activation during these tasks. There were three 

conditions per run: 1) MVCs, 2) CRT, and 3) SRT, thus 6 conditions per subject in total. 

At group level, these 6 conditions of run 1 and 4 together were used in a repeated-

measures ANOVA within subjects including a non-sphericity correction. This ANOVA 

revealed a) the differences in brain activity between complex and simple reaction time 

tasks and b) the differences in brain activity during simple motor and high-order motor 

task performance before and after fatigue. An additional one sample T test revealed 

brain activity correlating with MVC performance. 

In all second-level analyses, we used a threshold of p<0.001 (uncorrected) and a 

minimal cluster size of 5 voxels to reveal brain activation, these thresholds were also 

used for the figures. To label the activated brain areas, we used MRIcro 

(http://www.sph.sc.edu/comd/rorden/mricro.html), the Anatomy toolbox (Eickhoff et al., 

2005), and a study of Mayka and colleagues (2006). 
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One subject was excluded from the first and second fMRI analyses, because this subject 

did not perform the contractions at 5% MVC. Another subject was excluded from the first 

fMRI analysis, because EMG recordings of this subject failed during the third run, due to 

technical problems.  

A. B.Brief contractions Sustained contractions

11 2 2
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Figure 2 shows brain activation during both the brief contractions at different force levels 

and the sustained contractions at 5% and 30% MVC (numbers in the text refer to the 

numbers in Fig. 2). Activation was observed in the left sensorimotor cortex (SMC; 1), 

supplementary motor area (SMA; 2), and lateral premotor areas, extending into the 
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insular cortex (3, 4). Furthermore, there was bilateral activation of several parietal areas 

and several subcortical nuclei, including the thalamus (5; Fig 2; Appendix, Table 1). 

Although both tasks showed a similar pattern, there were some differences. The level of 

overall activity was lower during the sustained fatiguing contractions (run 3, Fig. 2B) than 

during the brief force contractions (run 2, Fig. 2A), especially in the thalamus (5) and the 

right cerebellum (6, 7; during the fatiguing contractions, activation in the right cerebellum 

was only seen after lowering the threshold to p<0.01). Additional activity during the 

fatiguing contractions was found in middle frontal areas (8). These results indicates that 

brain activity correlating with increasing EMG due to increasing force production is 

comparable with brain activity correlating with increasing EMG to compensate effects of 

motor fatigue. 
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Behavioral data: The sustained submaximal contraction task consisted of 15 

contractions at 5% MVC and 15 contractions at 30% MVC. These contractions at both 

force levels were divided in three equal time periods (t1, t2, and t3) to study the effects 

of fatigue over time. Figure 3 (A-C) shows the motor parameters (force, force variability, 

and EMG) of this task. As expected, force and EMG levels were higher during the 30% 

contractions than during the 5% contractions (force: 5.9% versus 26.7%; F(1,13)=915.36, 

p<0.0005; EMG: 9.3% versus 47.6%; F(1,13)=99.05, p<0.0005). Furthermore, all three 

parameters showed a main effect of time and an interaction effect between force and 

time (interaction effect of force x time: force: F(2,26)=23.23, p<0.0005; force variability: 

F(2,26)=12.27, p<0.0005; EMG: F(2,26)=5.85, p=0.008). Further analyses elucidated that 

the effects of time only applied to the contractions at 30% and not at 5% MVC. During 

the contractions at 30% MVC, subjects showed a significant decline in force with time 

(Fig. 3A; F(2,26)=23.43, p<0.0005), combined with an increase in force variability (Fig. 3B; 

F(2,26)=29.17, p<0.0005); EMG activity of the FDI showed a small increase that leveled 

off at the end of the contractions (Fig. 3C; F(2,26)=7.12, p=0.003). 

Brain activation: Brain activation also showed differences with time on task, when 

comparing the three time periods of the 30% MVC contraction with total performance at 

5% MVC (Figs. 3D-F; numbers in the text refer to the numbers in Fig. 3; Appendix, Table 

2). During the first time period of the 30% MVC contractions (t1; Fig. 3D), stronger 

activation was observed in the left SMC (1), SMA (2), thalamus (5) and right cerebellum 

(6) than during the contractions at 5% MVC. During t2 (Fig. 3E), the activation in the left 

SMC increased and extended further bilaterally into the supplementary motor area 

(SMA). There was also bilateral activation of the lateral premotor areas (including the  
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insula; 3, 4). Furthermore, additional activation of the right cerebellum (6, 7), the right 

insula, the left caudate nucleus, and parietal areas was observed. During t3 (Fig. 3F), a 

similar but even stronger activation pattern was found. Additional activation was seen in 

parietal areas. A small activation cluster was observed in the ipsilateral SMC during t2, 

but this activity was not persistent during t3.  

This increase in brain activation with time on task, and thus with motor fatigue, 

was also observed during the direct comparison of the first and last period of the 

contractions at 30% MVC (Fig. 3G; Appendix, Table 3).  
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Reaction time task, behavioral data: Statistical analysis revealed a main effect of 

stimulus (RT: F(2,28)=65.61, p<0.0005; errors: F(2,28)=12.47, p<0.0005). Subjects 

responded faster in the simple reaction time task than in the choice reaction time task 

(SRT: 278ms; CRT frequent: 340ms; CRT infrequent: 409ms; SRT versus CRT frequent: 

p=0.001; SRT versus CRT infrequent: p<0.0005; Fig. 4A, left panel). Furthermore, they 

responded faster in response to frequent than in response to infrequent stimuli (CRT 

frequent versus CRT infrequent: p<0.0005). Subjects made more errors in response to 

the infrequent stimuli (SRT: 1.7%; CRT frequent: 0.5%; CRT infrequent: 7.8%; CRT 

infrequent versus SRT: p=0.012; CRT infrequent versus CRT frequent: p=0.005; Fig. 4A, 

right panel). The number of errors in response to frequent stimuli did not differ from the 

number of errors in the simple reaction time task.  

In the reaction time tasks (Fig. 4A), there were no significant differences between 

reaction times and/or errors before and after fatigue (RT: F(1,14)=2.66, n.s.; errors: 

F(1,14)=1.66, n.s.). 

Reaction time task, brain activation: The choice reaction time task induced stronger 

activation than the simple reaction time task (Fig 4B, numbers in the text refer to the 

numbers in Fig. 4; Appendix, Table 3). Activation was observed in temporal areas (7, 8; 
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superior and middle temporal gyrus), frontal areas (11, 12; middle frontal gyrus), and 

parietal areas (inferior and superior parietal lobule). Activation was also seen in the right 

SMC (1), the SMA (2), the left cerebellum (5, 6; lobule VI and VIII) and bilaterally in the 

thalamus (9, 10). There was a similar but not identical activation pattern after the 

fatiguing contraction. Although, there were no significant changes in the reaction times 

and number of errors after fatigue, there was an increase in brain activity after fatigue in 

the superior and middle orbital cortex (13, 14) and the fusiform gyrus (15; Fig. 4C; 

Appendix, Table 3).  

Motor task, behavioral data: The MVCs changed with time on task (F(3,42)=40.52, 

p<0.0005). During run 1, there was a small but significant decline in MVCs (from 95.7% 

MVC to 92.2% MVC, see Fig. 5A; post-hoc analysis: p<0.01). Directly after the fatiguing 

task (run 4), the MVCs were decreased (to 70.1% MVC; post-hoc analysis: p<0.0005), 

followed by a small increase (to 75.8% MVC; post-hoc analysis: p<0.0005). Interestingly, 

not all subjects showed the large decline in force. Three out of fourteen subjects only 

declined 6.9% (range: 2.6% to 11.6%) compared to 28.9% (range: 17.3% to 43.2%) in 

the other subjects. 

Motor task, brain activation: Both before and after the fatiguing task, MVC performance 

induced activation in the contralateral sensorimotor cortex (1) and the ipsilateral 

cerebellum (2, 3; Figs. 5B&C; numbers in the text refer to the numbers in Fig. 5). After 

the fatiguing contractions, a significant decline in activation was observed in a cluster 

that included the posterior part of the SMA (4) and in a smaller cluster in the ipsilateral 

putamen (5; Fig. 5D; Appendix, Table 3). 
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In this study, we assessed brain activation that correlated with muscle activity during 

increasing demands of the motor system. Demands of the motor system were 

manipulated by increasing force levels and by inducing motor fatigue. Furthermore, we 

studied cross-over effects of motor fatigue on high-order motor tasks.  

 

Brain activation during the sustained fatiguing contractions (run 3) was analyzed in two 

ways: 1) scaled EMG was used as regressor to reveal brain activation with a similar time 

course (Fig. 2B), and 2) the contractions were divided in three time periods to study the 

effects of fatigue development over time (Fig. 3). Both analyses showed increased 

activation of the contralateral sensorimotor cortex, the supplementary motor area, and 

bilateral lateral premotor areas (including the insula).  
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During increasing force levels, similar brain activation was observed as during 

the development of motor fatigue. The cerebellum showed activation that strongly 

correlated with force modulation, whereas this area showed less activation during the 

fatiguing contraction.  

Brain activation did not only change during fatigue; changes were also observed 

when comparing brain activation before fatigue with activation after fatigue. After fatigue, 
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there was an increase in activity in the orbitofrontal cortex during reaction time task 

performance. Furthermore, reduced activation of the posterior part of the supplementary 

motor area was observed during the performance of maximal voluntary contractions 

after fatigue. 
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During fatiguing contractions, fatigue-related changes occur in the muscle (see for 

review: Fitts, 1994) but changes at central levels cannot be excluded (Gandevia et al., 

1996; Gandevia, 2001; Kernell, 2006; Taylor and Gandevia, 2001). Indications for a 

progressive increase in fatigue are a decline in force, an increase in force variability, and 

an increase in EMG amplitude (Fuglevand et al., 1993; Lorist et al., 2002; for reviews, 

see Gandevia, 2001; Kernell, 2006), which were all observed in this study. Often these 

observations are accounted for by fatigue-related changes in the muscle. However, 

previous studies suggest that fatigue-related central factors are also important, as is 

indicated by a progressive decline in cognitive performance during motor fatigue (Lorist 

et al., 2002; chapters 2 & 3). Data from transcranial magnetic stimulation suggest that 

part of these fatigue-induced changes may be caused by an inadequate drive to the 

motor cortex (Gandevia et al., 1996; Taylor and Gandevia, 2001). 

For the generation of increasing force levels, the central nervous system has to 

increase its drive to the relevant motoneuron pools. In hand muscles, almost all motor 

units are activated at relatively low force levels (30% MVC; Kukulka and Clamann, 

1981). Thus increasing the force above 30% MVC is only possible by a further increase 

in motor unit firing frequency. In sustained contractions at levels of 30% MVC or higher, 

motor units become fatigued and produce less force. To overcome these effects of 

fatigue, subjects have to increase the central drive to the relevant motoneuron pools. As 

most motor units are activated during contractions at 30% MVC (30% MVC; Kukulka and 

Clamann, 1981) the only way to increase the central drive is to increase the motor unit 

firing frequency. The similarity in the motor unit control strategy – both during force 

increments above 30% MVC and during motor fatigue – suggests that the brain areas 

involved should overlap. The two EMG based analyses (for the brief contractions and for 

the sustained fatiguing contractions) showed indeed overlapping activation but also 

distinct differences; the most striking difference being the reduced increase in cerebellar 

activation in the fatiguing condition. These areas and other brain areas that show 

changes in activation during fatigue are discussed below.  
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Sensorimotor cortex (area 1 in Figs. 2 and 3, Tables 1 and 2). During the fatiguing 

contractions, increased activation was observed in the sensorimotor cortex; this confirms 

data from Liu et al. (2003). However, Dettmers et al. (1996c) found no effect of fatigue 

on brain activation over time. An increase in activation is expected because a sustained 

contraction at 30% MVC reduces the maximal force of active motor units (Rohmert, 

1960), and in order to maintain the force subjects have to increase their drive to the 

active motoneurons. An increased central drive is expected to be associated with 

increased activity of the sensorimotor cortex (chapter 6; Dai et al., 2001; Dettmers et al., 

1995; Ward and Frackowiak, 2003). Data obtained with electroencephalography (EEG) 

also suggested increased activation of the sensorimotor cortex during a fatiguing motor 

task (Johnston et al., 2001; Schillings et al., 2006).  

Our data demonstrate both an increase in activation area of the sensorimotor 

cortex and an increase in activation intensity (Fig. 3). An increase in area suggest 

recruitment of inactive neurons, this recruitment may result in an increase in the drive to 

the target muscles but can also active other non-target muscles (or muscle groups).  It is 

known that changes in activation intensity correlate stronger with changes in local field 

potentials than with spiking behavior of individual neurons (Logothetis et al., 2001). 

Therefore, changes in brain activity demonstrate changes in input to brain areas and the 

neuronal processing of this input. An increase in brain activation is therefore not 

conclusive evidence for an increase in neuronal activity; for instance, changes in input-

output relations of neurons can affect the relation between brain activation as measured 

by fMRI and neuronal spiking. Naturally, often the input to an area will modulate the 

neuronal output and the neuronal spike rate will therefore be correlated with the fMRI-

signal. 

 

Cerebellum (areas 6&7 in Figs. 2&3). Our EMG-based analysis of the brief contractions 

(Figs. 1B & 2A) showed an increase in cerebellar activity with an increase in muscle 

activity (see also chapter 6; Dai et al., 2001; Dettmers et al., 1995; Ward and 

Frackowiak, 2003). The increase in cerebellar activation with force increments in our 

experiment might be due to increased afferent input, which might also be expected 

during fatigue. Liu et al. (2003) indeed showed an increase in cerebellar activity during a 

2-minute sustained submaximal contraction (an increase in the number of activated 

voxels). However, repetition of (fatiguing) dynamic contractions did not reveal increased 

activity in the cerebellum (Liu et al., 2003). During our fatiguing contractions, we only 

found activation in the cerebellum after lowering the significance threshold, suggesting 




���
�

that the increase in cerebellar activity is less during fatigue-related than during force-

related increases in the central drive and/or changes in afferent input.  

  

Frontal areas (area 8 in Fig. 2). In the EMG based analyses of the sustained fatiguing 

contractions, activity in the right frontal lobe was observed (middle frontal gyrus, BA 

46/47). This activity has not yet been reported in force-related studies (Dettmers et al., 

1995; Ward and Frackowiak, 2003). However, activity in this area is frequently observed 

during action selection (Rowe et al., 2005; Van der Graaf et al., 2006) and during 

attention to action or intention to move (Lau et al., 2004; Rushworth et al., 2005). 

Therefore, we speculate that during sustained contractions – in which the contraction 

becomes progressively more difficult – more attention is paid to the fatigued muscle to 

continue the contraction. 

 

Insular cortex (area 3&4 in Figs. 2&3). Both our analysis and the results of Ward and 

Frackowiak (2003) show force-related activity in the right insula. However, the precise 

locations of activity differ slightly between these studies. Previous experiments 

demonstrate that activity in the right (posterior) insula correlated to individual changes in 

blood pressure, heart rate or perceived rate of effort (Critchley et al., 2000; Williamson et 

al., 1999; Nowak et al., 2005). Although we did not measure perceived rate of effort, 

heart rate, and blood pressure, an increase in these quantities can be expected when 

performing high-force or fatiguing contractions and may explain insular activation in this 

study. Furthermore, data from Henderson et al. (2006) showed that muscle pain induced 

activation of the ipsilateral anterior insula and the contralateral posterior insula. This 

suggests that part of the activation in the insula could be due to increasing levels of 

muscle pain during the sustained contractions. 

 

Precuneus and posterior cingulate. The precuneus and posterior cingulate were the only 

area showing a decrease in brain activation during the sustained contractions at 30% 

MVC (Fig. 3H). Although the clusters of activation were small, it is an interesting 

observation as activation in and close to these areas was found to decline with an 

increase in mean arterial blood pressure (Critchley et al., 2000). Although we did not 

measure blood pressure, it is reasonable to expect that the mean blood pressure 

increases during sustained contractions, resulting in the decrease in precuneus and 

posterior cingulate activation. 
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Supplementary motor area (area 2 in Figs. 2-4; area 4 in Fig. 5). The supplementary 

motor area shows activation changes both during fatigue and after fatigue. In general, 

the SMA proper is considered to be involved in motor execution, while the pre-SMA is 

more involved in movement selection and preparation (Picard and Strick, 1996). 

Activation of the SMA is often reported in paradigms using different force levels (Dai et 

al., 2001; Dettmers et al., 1995; Ward and Frackowiak, 2003; chapter 6). Increasing 

activation of the SMA has also been reported by Liu and colleagues (2003) during a 

fatiguing submaximal task. Indeed, our data show activation of the SMA during 

submaximal contractions, and the activation of the SMA during the reaction time task is 

anterior of the activation during the submaximal contractions. However, during the 

sustained contractions, we also found activation in the right pre-SMA, demonstrating that 

the activation in this area also increases during the fatiguing contractions. The changes 

in the SMA activation after fatigue will be discussed below. 
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We were also interested in the differences in brain activation before and after the 

fatiguing contractions. After fatigue, there was reduced activity during the performance of 

maximal voluntary contractions compared to before fatigue, especially in the SMA. 

During performance of the reaction time tasks, there was an increase in brain activation 

compared to before fatigue, especially in orbitofrontal areas. 

 

Supplementary motor area (area 2 in Figs. 2-4; area 4 in Fig. 5). The decline in activity in 

the SMA confirms data of Benwell et al. (2006). However, after a fatiguing hand 

squeezing task they also found reduced activation of the primary motor cortex, 

cerebellum and visual cortex. Furthermore, they discuss the larger variability in 

activation patterns between subjects after fatigue compared to before fatigue (Benwell et 

al., 2005, 2006). This increase in variability between subjects plays also a role in our 

study. When looking at the intensity of activity in individual voxels of the sensorimotor 

cortex, we found a decrease in activation intensity combined with an increase in its 

standard deviation (data not shown). Thus the lack of decrease in activation in the 

primary motor cortex after fatigue might (partly) be the result of an increase in inter-

subject variability. In this respect, it is noteworthy that the decrease in activation in the 

supplementary motor area was sufficient robust during the MVCs to be revealed in the 

current study. Overall, these results suggest that the SMA is affected by long-term 

activations and motor fatigue. 
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Orbitofrontal area (areas 13&14 in Fig. 4). After fatigue, an increase in activation in the 

bilateral orbitofrontal cortex was observed during reaction time task performance. 

Although the activation clusters were small, the increase in activity was present in both 

the complex and simple reaction time task. Speculation about activity in this area is 

tempting; commonly, activity in this area is linked to reward related decisions (for 

reviews, see Rolls, 2004; Kringelbach and Rolls, 2004). In addition, positive affective 

aspects of somatosensory stimuli, e.g. pleasant touch versus a neutral touch 

(Kringelbach and Rolls, 2004) induced activity within the orbitofrontal cortex, and so did 

the administration of amphetamines (Vollm et al., 2004). Sustained effects in response 

to mild to moderate stress – effects that outlasted the stressor – were also found in this 

area, and the activation intensity of this area correlated with levels of the ‘stress’ 

hormone cortisol (Wang et al., 2005). Whether our activation cluster is indeed indicative 

of evoking stress or reward like feelings during fatigue requires formal testing in a 

separate experiment. 

 

In conclusion, our data showed that brain activity in several motor areas correlate with 

muscle activity, both during simple force modulations and during motor fatigue. During 

fatigue, there was additional activity in prefrontal areas and in the pre-SMA. Interestingly, 

after fatigue, activity in prefrontal areas was increased during reaction time task 

performance, while activity in the SMA was decreased during maximal voluntary 

contractions. The observation that activity in the SMA increased significantly during the 

fatiguing contractions and was significantly declined after the contractions leads us to 

hypothesize that this area may be important for explaining the fatigue related reduction 

in drive to the primary motor cortex (Gandevia et al., 1996; Taylor and Gandevia, 2001)��
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

Brief contractions: EMG based activation  
(run 2) 

left hemisphere  right hemisphere 

Central region           
Pre/postcentral gyrus (SMC) 3b: 50% -40 -26 50 14.44      
 1: 50% -44 -22 56 11.72      
Precentral gyrus (M1/PMd) 6: 90% -36 -14 64 10.68      
Pre/postcentral gyrus (SMC) 1: 40% -28 -30 72 8.93      
 1: 90% -40 -34 64 8.18      
 2: 70% -48 -34 54 7.25      
Precentral gyrus (M1/Pmd) 6: 60% -52 -4 40 7.06      
Precentral gyrus (PMv) 6: 40% -58 6 28 5.64 44:20% 58 6 30 4.09 
 2: 50% -54 -26 40 5.37      
Rolandic operculum      44: 40% 54 8 8 6.97 
Inferior frontal gyrus, pars 
Opercularis 

     44: 10% 40 10 10 10.05 

Medial regions           
Superior fontal gyrus (SMA) 6: 90% -6 -10 58 8.00      
Superior fontal gyrus (SMA) 6: 60% -14 -14 56 6.89      
 6: 90% -6 -12 70 6.01 6: 90% 8 -8 66 5.54 
 6: 70% -2 -4 48 6.26 6: 30% 2 2 48 6.28 
Cingulate middle  -8 8 34 4.34      
Cingulate middle 6: 30% -10 -24 48 4.39      
Cingulate posterior 29 -8 -42 16 4.45      

Parietal lobe           
Parietal operculum OP1: 70% 

OP4: 30% 
-42 -20 16 5.54 OP1: 40% 54 -30 22 8.66 

Parietal operculum      OP1: 30% 56 -20 22 6.95 
Parietal inferior      2: 60% 34 -42 48  

Temporal lobe           
Temporal superior 44: 20% -50 4 -2 10.40      

Insular region           
Insula 44: 10% -38 4 6 8.99 OP4: 10% 46 4 4 10.31 
Insula OP3: 30% -38 -16 8 5.64  40 6 4 9.96 
Insula  -34 10 2 8.09      
Insula  -42 10 -8 7.31  44 12 -4 7.64 
Insula  -36 12 -2 10.13  34 16 8 6.76 

Subcortical nuclei           
Hippocampus SUB: 30% -12 -36 10 4.46      
Parahippocampal gyrus  -14 -28 -16 5.94      
Thalamus  -10 -20 2 5.18      
Thalamus  -18 -18 6 7.12      
Thalamus  -20 -22 12 5.57      
Putamen  -28 -10 0 6.55      
Putamen  -30 -16 6 5.50      

Cerebellum           
Cerebellum (lobule IV-V)  -8 -36 -10 4.39  16 -54 -22 9.71 
Cerebellum (lobule VI)  -26 -64 -26 4.57  22 -52 -26 9.60 
Cerebellum (lobule VI)  -28 -58 -24 4.27      
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

Brief contractions: EMG based activation  
(run 2) – continuation 

left hemisphere  right hemisphere 

Cerebellar vermis (8)       4 -70 -42 7.76 
Cerebellar vermis (9)       2 -58 -34 6.93 
Cerebellum (lobule VIII)  -18 -68 -48 4.71  12 -68 -50 7.10 
Cerebellum (lobule VIII)  -22 -64 -46 4.44  16 -66 -50 6.55 

 
Sustained contractions: EMG based activation  
(run 3) 
Central regions           

Postcentral gyrus (S1) 1: 80% -40 -36 64 7.19      
Postcentral gyrus (S1) 1: 90% -50 -24 54 6.07      
Postcentral gyrus (S1) 1: 90% -48 -28 56 5.83      
Precentral gyrus (Pmd/M1) 6: 50% -42 -24 62 5.56      
Postcentral gyrus (S1) 2: 70% -48 -34 52 5.29      
Precentral gyrus (M1) 4a: 60% -34 -30 68 5.02      
Precentral gyrus (PMv/M1)      6: 70% 60 -4 36 5.73 
Precentral gyrus (PMv)      6: 40% 60 6 32 5.01 
Rolandic operculum      OP4: 30% 56 0 8 5.38 

Medial regions           
Superior frontal gyrus (SMA) 6: 70% -6 -10 50 5.39      
Cingulate middle  -14 -24 46 4.38      
Cingulate middle 4a: 20% -8 -30 46 4.37      

Frontal lobe           
Frontal middle      46 34 44 12 5.36 
Frontal middle      47 36 44 4 4.77 
Frontal middle      47 34 48 4 4.68 

Parietal lobe            
Supramarginal gyrus  -64 -34 24 6.53      

Insular region           
Insula  -32 12 8 4.03  38 14 6 5.48 
Insula  -36 -12 -2 5.06      
Insula      44: 30% 52 12 -4 4.42 
Insula  -34 -4 -10 4.26      
Insula  -34 8 12 4.92      
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

t1 left hemisphere  right hemisphere 
Central region  

Pre/postcentral gyrus (SMC) 6: 50% -40 -24 64 6.64      
Precentral gyrus (M1) 4p: 40% -36 -28 54 6.15      
Postcentral gyrus (S1) 1: 40% -28 -34 72 4.93      
Postcentral gyrus (S1) 2: 60% -50 -36 52 4.22      

Medial regions           
Superior frontal gyrus (SMA) 6: 100% -2 -10 62 5.15      
Superior frontal gyrus (SMA) 6: 40% -6 -4 44 4.08 6: 50% 12 -4 64 4.72 
Superior frontal gyrus (SMA) 6: 60% -18 0 66 4.20 6: 100% 10 -2 70 4.59 
Superior frontal gyrus (pre-SMA) 6: 20% -6 6 44 3.84      
Cingulate middle 23 -2 -22 30 3.77      
Cingulate middle  -12 -28 40 3.76 23 4 -10 34 3.53 
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

t1 – continuation left hemisphere  right hemisphere 
Cingulate middle  -14 -26 42 3.72      
Rolandic operculum      OP4: 20% 52 4 6 3.72 

Frontal lobe           
Frontal middle      47 36 44 4 3.83 
Frontal inferior operculum      44: 40% 56 14 4 3.47 

Parietal lobe           
Parietal operculum      OP4: 40% 58 0 8 3.55 
Parietal operculum      OP4: 30% 56 2 6 3.52 

Occipital lobe           
Occipital superior      19 28 -80 32 3.92 
Occipital middle 17: 10% -26 -92 20 3.68      
Occipital inferior 18: 20% -36 -88 -8 3.74 19/37 46 -62 -16 3.53 
Fusiform gyrus      37 44 -60 -20 3.71 

Insular region           
Insula      47/48 40 18 -2 3.47 

Subcortical nuclei           
Thalamus  -16 -16 18 4.83      
Thalamus  -12 -4 2 3.50      
Cuneus      18: 80% 4 -88 18 3.44 

Cerebellum           
Cerebellum (lobule VI)       20 -52 -24 4.77 
Cerebellum (crus 1)       44 -60 -24 3.62 

     
t2     
Central regions     

Pre/postcentral gyrus (SMC) 1: 60% -42 -26 62 7.58      
Precentral gyrus (M1) 4a: 50% -38 -28 54 7.02      
Precentral gyrus (M1) 4a: 60% -34 -30 68 5.96      
Postcentral gyrus (S1) 1: 40% -28 -36 72 5.50      
Precentral gyrus      6: 30% 44 0 50 3.46 
Rolandic operculum      OP4: 20% 50 4 4 3.59 

Medial regions            
Superior frontal gyrus (SMA) 6: 100% -2 -10 62 6.37 6: 80% 8 -6 64 5.81 

Frontal lobe           
Frontal middle      6: 30% 40 0 56 3.44 

Parietal lobe           
Parietal operculum OP1: 50% -54 -30 16 3.63      
Parietal superior 1: 30% -22 -52 66 3.48      

Temporal lobe            
Temporal pole 44: 20% -52 4 0 4.18      

Insular region           
Insula      44: 10% 42 14 0 3.85 

Subcortical nuclei           
Nucleus caudates  -16 -14 20 4.15      
Thalamus  -12 -22 4 3.28      
Thalamus  -12 -2 6 3.73      

Cerebellum           
Cerebellum (lobule VI)       20 -54 -24 5.29 
Cerebellum (lobule VI)  -32 -52 -32 3.80  34 -56 -30 4.87 
Cerebellum (lobule VIII)       14 -66 -50 3.74 
Cerebellum (crus 1)  -32 -70 -30 3.65  44 -58 -24 3.66 

     
t3 left hemisphere  right hemisphere 
Central region   

Pre/postcentral gyrus (SMC) 1: 60% -42 -26 62 9.59      
Pre/postcentral gyrus (SMC) 4p: 40% -38 -28 52 9.08      
Postcentral gyrus (S1) 1: 40% -28 -36 72 6.86      
Precentral gyrus 44: 40% -56 6 22 4.32      
Rolandic Operculum      OP4: 10% 62 2 12 4.17 
Rolandic Operculum      OP4: 20% 52 4 4 3.88 
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

t3 – continuation left hemisphere  right hemisphere 
Medial region           

Superior frontal gyrus (SMA) 6: 100% -2 -10 62 7.90 6: 80% 8 -6 64 6.92 
Superior frontal gyrus (SMA) 6: 80% -4 -6 48 6.69      

Frontal lobe           
Inferior frontal gyrus, pars 
opercularis 

     44: 30% 56 14 -2 3.65 

Frontal inferior operculum      44: 60% 54 16 22 3.40 
Parietal lobe           

Parietal operculum OP1: 50% -56 -30 16 4.28      
Parietal superior 1: 10% -20 -52 66 3.42      

Temporal lobe            
Temporal superior 44: 20% -50 4 -2 5.43      
Temporal pole (superior)      44/45:20% 54 16 -4 3.46 

Occipital lobe           
Occipital superior      17: 50% 22 -92 4 3.95 

Insular region           
Insula      44: 10% 42 14 0 4.35 

Subcortical nuclei           
Thalamus  -16 -16 18 3.75      
Thalamus  -18 -20 16 3.49  2 -12 12 3.65 
Border thalamus  -12 -2 6 3.54      

Cerebellum           
Cerebellum (lobule VI)  -32 -52 -32 4.77  20 -54 -24 6.24 
Cerebellum (lobule VI)  -26 -66 -28 3.91  32 -56 -28 5.01 
Cerebellum (crus 1)  -26 -64 -38 4.32      
Cerebellum (crus 1)  -40 -62 -30 4.24      
Cerebellum (lobule VIII)       14 -66 -48 3.85 

     
t3-t1     
Central regions           

Postcentral gyrus (S1) 1: 80% -42 -28 62 5.20      
Precentral gyrus (M1) 4p: 60% -38 -30 52 4.97      
Postcentral gyrus (S1)  1: 60% -50 -22 52 4.78      
Postcentral gyrus (S1) 1: 90% -48 -20 54 4.66      
Precentral gyrus (PMd) 4 -46 -16 58 4.50      
Precentral gyrus (PMd) 6: 70% -44 -12 58 4.40      
Postcentral (S1) 3b: 30% -60 -10 26 3.85      
Postcentral gyrus (S1) OP4: 20% -56 -12 26 3.75      
Rolandic operculum      OP4: 10% 62 2 12 3.76 

Medial regions           
Superior frontal gyrus (SMA) 6: 90% 0 -12 62 4.42 6: 70% 16 -6 72 3.49 
Superior frontal gyrus (SMA) 6: 90% -6 -8 60 4.40 6: 100% 6 -8 62 4.24 
Superior frontal gyrus (pre-SMA)      6: 70% 6 6 66 3.38 
Cingulate middle 6: 80% -4 -6 50 4.40      
Cingulate middle  -10 2 36 3.89      

Parietal lobe           
Parietal inferior 2: 60% -44 -42 58 3.50      
Parietal operculum OP1: 50% -62 -28 18 3.31      

Temporal lobe            
Temporal pole 44: 20% -50 6 -2 3.69      
Temporal superior OP1: 10% -56 -34 18 3.36      
Temporal superior OP1: 30% -60 -30 20 3.26      
           

t1-t3     
Medial regions   

Posterior cingulate       23 2 -44 30 3.70 
Precuneus 30 -10 -54 10 3.34 17: 10% 14 -44 6 4.12 
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T  
value 

BA 
(probability) 

x y z Peak T 
value 

(CRT – SRT) before left hemisphere  right hemisphere 
Central region           

Postcentral gyrus (S1)      2: 70% 50 -28 52 7.01 
Postcentral gyrus (S1)      2: 100% 44 -32 46 6.50 
Frontal superior/ precentral 
gyrus (M1/PMd) 

6: 30% -32 -12 56 5.92 6: 60% 26 -14 58 5.95 

Frontal superior/ precentral 
gyrus (M1/PMd) 

6: 40% -20 -6 64 4.61      

Postcentral gyrus/ 
supramarginal gyrus (S1) 

     2: 100% 40 -32 44 6.37 

Precentral gyrus (PMv) 6: 40% -56 4 32 4.08      
Medial region           

Superior frontal gyrus  (pre-
SMA) 

6: 80% -2 2 58 6.39      

Cingulate middle 32 -10 12 38 6.11 23 8 -16 38 3.43 
Superior frontal gyrus (SMA)      6: 40% 8 -14 44 3.49 

Frontal lobe           
Frontal middle 46 -32 42 24 3.97 46 38 46 26 4.91 
Frontal middle (pars 
Triangularis) 

45: 20% -42 32 30 3.56 45: 10% 46 34 24 3.56 

Frontal middle 23 -28 38 22 4.02      
Frontal middle 45/46 -40 34 28 3.52      

Parietal lobe           
Parietal inferior hIP1: 20% -44 -44 46 5.42      
Parietal inferior hIP1: 60% -44 -36 36 5.14      
Parietal inferior hIP2: 20% 

hIP1: 20% 
-40 -36 38 5.09      

Parietal superior 2: 10% -32 -54 62 3.89      
Parietal operculum OP1: 50% 

OP4: 20% 
-54 -18 22 3.43      

Parietal operculum OP1: 40% -54 -22 26 3.35      
Temporal lobe           

Temporal superior 22 -58 -48 14 5.73 22/42 60 -34 10 4.67 
Temporal superior TE1.0:10% -58 -24 2 5.32 21/22 62 -20 -4 4.72 
Temporal middle OP1: 10% -52 -34 8 5.46      
Temporal middle TE1.0:10% -56 -20 0 5.38      
Temporal middle 21/37 -50 -52 6 5.00 21 48 -26 -6 5.44 
Temporal middle 21/42 -48 -42 10 4.68 21 50 -44 10 4.59 
Temporal pole (border)      20 42 -6 -14 3.68 

Insular region           
Insula 44: 20% -32 18 14 3.74  34 20 4 4.78 
Insula  -28 16 6 3.55  48 14 -6 4.15 

Subcortical nuclei           
Thalamus  -14 -12 8 3.57  14 -16 6 4.76 
Thalamus  -8 -16 2 3.44  16 -20 8 4.67 
Thalamus  -12 -18 12 3.39  12 -18 8 4.64 
Thalamus  -10 -16 6 3.35      
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T  
value 

BA 
(probability) 

x y z Peak T 
value 

(CRT – SRT) before – continuation left hemisphere  right hemisphere 
Putamen  -22 -2 10 3.73      

Cerebellum           
Cerebellum (lobule VI)  -22 -56 -26 7.07  26 -58 -28 4.98 
Cerebellum (lobule VIII)  -18 -66 -50 5.61  16 -68 -50 4.32 
Cerebellum (lobule VI)  -4 -66 -16 4.76      
Cerebellar vermis (6)  -2 -70 -20 4.75      
Cerebellum (lobule IV-V)  -6 -58 -18 4.55      
Cerebellum (crus 2)  -2 -74 -36 4.24      

           
(CRT – SRT) after           
Central region           

Frontal superior/ precentral 
gyrus (PMd) 

     6: 60% 26 -12 64 6.00 

Frontal superior/precentral gyrus 
(PMd) 

     6: 40% 28 -10 66 5.99 

Postcentral gyrus (S1)      1: 100% 38 -40 62 5.96 
Postcentral gyrus (S1)      2: 70% 38 -32 42 5.71 
Postcentral gyrus (S1)      2: 80% 50 -26 52 5.67 
Postcentral gyrus (S1)      2: 60% 56 -20 42 4.21 
Precentral gyrus (PMd) 6: 100% -50 -6 50 4.08      

Medial region           
Superior frontal gyrus (pre-SMA) 6: 70% -2 4 60 5.95      
Superior frontal gyrus (SMA) 6: 80% -4 0 60       
Superior frontal gyrus (SMA) 6: 60% -10 -2 54 5.90 6: 40% 14 -2 64 5.21 

Frontal lobe           
Frontal middle 46 -32 38 20 3.58 45: 20% 36 46 24 4.04 
Frontal inferior operculum      45: 80% 58 18 22 4.02 
Frontal inferior (pars Orbitalis) 47 -30 30 -4 4.06      
Frontal inferior (pars 
Triangularis) 

45: 30% -44 34 22 3.54      

Frontal inferior (pars Orbitalis) 47 -44 40 -8 3.32      
Parietal lobe           

Parietal inferior hIP1: 40% -48 -46 52 4.40      
Parietal inferior hIP1: 50% -44 -40 38 4.03      
Parietal inferior 2: 60% -48 -36 48 3.96      
Parietal superior 1: 30% -26 -52 68 4.20 2: 20% 26 -54 62 4.59 

Temporal lobe           
Temporal superior 42 -62 -42 18 5.83 21 52 -32 2 5.48 
Temporal middle 21/22 -56 -28 2 5.61  48 -26 -6 5.76 
Temporal middle 22 -62 -14 0 5.01      
Temporal superior OP1: 10% -58 -32 12 4.63 21/22 58 -22 0 4.82 
Temporal pole 45: 10% -54 10 -4 4.36      
Temporal middle  -56 -46 2 4.33 22 54 -42 6 5.63 
Temporal middle      21 48 -38 4 5.43 

Insular region           
Insula      47 36 24 -6 3.74 
Insula      47 34 28 -4 3.68 
Insula       38 8 0 3.39 

Subcortical nuclei           
Pallidum       24 2 2 4.54 
Thalamus  -20 -18 10 3.56  12 -18 6 4.31 
Thalamus  -8 -12 2 3.69  12 -16 2 4.17 
Thalamus  -10 -8 -2 3.61  12 -12 -2 4.04 
Cerebellum           
Cerebellum (lobule VI)  -20 -58 -26 5.63  30 -60 -28 3.85 
Cerebellum (lobule VI)  -4 -68 -18 3.97      
Cerebellum (crus 2)  -18 -76 -36 3.95      
Cerebellum (crus 2)  -14 -76 -38 3.92      
Cerebellum (lobule VIII)  -18 -66 -50 3.90      
Cerebellum (crus 2)  -18 -78 -42 3.75      
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T  
value 

BA 
(probability) 

x y z Peak T 
value 

CRT (before –  after)  left hemisphere  right hemisphere 
Cerebellum (lobule VI)  -8 -78 -42 3.71      
Precentral gyrus (PMd) 6 -32 -2 32 3.42      

           
SRT (before – after)           

Frontal superior 9/10 -14 60 30 3.32      
           
CRT (after – before)           

Orbital superior  11 -18 56 -6 3.69 11 20 56 -6 4.04 
Orbital superior 11 -26 50 -6 3.72 11 20 46 -6 3.66 
Orbital middle  47 -32 48 -2 3.75      
Orbital middle  47 -30 50 -4 3.74      
Fusiform gyrus 37 -38 -58 -10 3.63      

           
SRT (after –  before)           

Fusiform gyrus 37 -36 -56 -10 4.09      
Orbital superior       11 20 56 -6 3.65 
Orbital superior       11 20 48 -6 3.53 

           
MVC before            
Central region           

Postcentral gyrus (S1)  -32 -28 72 4.75      
Postcentral gyrus (S1) 1: 90% 

2: 20% 
-50 -28 60 4.14      

Postcentral gyrus (S1)  -46 -22 62 4.12      
Postcentral gyrus (S1) 1: 90% 

2: 20% 
-42 -34 66 4.06      

Precentral gyrus (M1) 4a: 50% 
6: 30% 

-40 -26 60 4.06      

Cerebellum           
Cerebellum (lobule VI)       20 -54 -22 4.69 
Calcarine fissure      19 32 -54 6 3.88 

           
MVC after           
Central region           

Pre/postcentral gyrus (SMC) 1: 40% 
6: 30% 

-28 -30 74 4.94      

Postcentral gyrus (S1) 1: 90% 
2: 20% 

-50 -28 60 4.84      

Pre/Postcentral gyrus (SMC) 3/4 -32 -30 72 4.80      
Precentral gyrus (PMd, M1) 6: 50% 

4a: 40% 
-42 -24 62 4.64      

Postcentral gyrus (S1) 3/4 -46 -18 60 4.62      
Postcentral gyrus (S1) 1: 90% 

3b: 30% 
-48 -20 58 4.58      

Rolandic operculum OP3: 30% -44 -4 14 3.77      
Rolandic operculum OP3: 20% -46 -6 16 3.70      

Cerebellum           
Cerebellum (lobule VI)       18 -54 -22 5.61 
Cerebellar vermis (6)       6 -66 -18 4.68 
Cerebellum (lobule VIII)       16 -66 -50 4.59 
Cerebellum (lobule VIII)       22 -60 -48 4.06 
Cerebellar vermis (10)       0 -46 -30 4.55 
Cerebellum (lobule IX)  -8 -44 -50 4.27      

           
MVC before – MVC after           
Central regions           

Paracentral gyrus (M1) 4a: 90% 
6: 50% 

-2 -26 62 4.36      

Medial regions           
Superior frontal gyrus (SMA) 6: 50% 

4a: 30% 
-8 -20 52 3.54      
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Anatomical region (functional area) BA 
(probability) 

x y z Peak T  
value 

BA 
(probability) 

x y z Peak T 
value 

MVC before – MVC after – 
continuation 

 left hemisphere  right hemisphere 

Parietal lobe           
Parietal operculum OP1: 50% -62 -24 20 3.42      

Subcortical nuclei           
Putamen       26 -8 6 3.53 

           
MVC after – MVC before           

Thalamus  -10 -12 20 3.46      
Calcarine  -26 -56 12 3.37      
           

 




