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Previous experiments showed that during concurrent performance of a cognitive and a 

motor task, cognitive task performance deteriorated seriously with increasing demands 

of the motor task. We contributed this dual-task interference to increasing demands on 

shared central processes. In the current study, we explored the neural substrates of this 

interaction. The paradigm included an index finger abduction task (right hand) with (and 

without) concurrent performance of a choice reaction time task (left hand). Increasing 

demands of the motor task were accomplished by increasing force levels for the 

abduction task and by progressive development of motor fatigue. 

During dual-task performance, brain activity increased significantly within several 

brain areas (e.g. cingulate cortex, supplementary motor areas, frontal, parietal and 

temporal areas), also in areas traditionally involved in right hand movements (left 

sensorimotor cortex and right cerebellum). This activity during the dual-task performance 

was observed on top of the activity that was required for force production. However, with 

increasing levels of fatigue, activity associated with the motor task declined 

unexpectedly, while activity associated with dual-task performance increased. Hence, a 

demanding dual-task situation affected brain activation preceding, during, and following 

the dual-task performance.  
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Most human subjects can perform two actions simultaneously without any obvious 

interaction between these actions. However, in previous experiments we showed that 

sustained contractions of the index finger (motor task) induce a decline in cognitive task 

performance (Lorist et al., 2002; chapter 2). This deterioration in cognitive task 

performance was especially observed during increasing demands of the motor task. 

Demands of the motor task were manipulated by increasing force levels (chapter 2) or 

by the development of motor fatigue (Lorist et al., 2002); the effects on cognitive 

performance were larger in the fatiguing condition. The decline in cognitive performance 

was suggested to be the result of increased demands of the motor task on shared 

central processes or the result of an interaction between active areas. Caffeine – a well-

known stimulant of the central nervous system – partly prevented the deterioration in 

cognitive performance during motor fatigue (chapter 3). This suggests that central 

processes are important for explaining the interaction between motor and cognitive 

performance. However, the origin and nature of the interference remained unclear. In the 

present study, we investigated the neural substrate underlying the interference during 

motor and cognitive task performance.  

Functional magnetic resonance imaging (fMRI) reveals brain activation during 

various tasks. Several studies have investigated activity associated with dual-task 

performance (e.g., Adcock et al., 2000; D’Esposito et al., 1995; Herath et al., 2001; 

Jaeggi et al., 2003; Just et al., 2001; Newman et al., 2006). The results can be divided in 

three groups: 1) studies that show activation of additional brain regions during dual task 

performance compared to single-task performance (e.g., Colette et al., 2005; D’Esposito 

et al., 1995; Schubert and Szameitat, 2003); 2) studies that show increased activity 

during dual task performance in the same brain areas as during single-task performance 

(e.g., Adcock et al., 2000; Herath et al., 2001; Jaeggi et al., 2003); and 3) studies that 

show a (relative) decrease in brain activity during dual-task performance (e.g., 

Johansen-Berg and Matthews, 2002; Just et al., 2001; Newman et al., 2006). However, 

no studies are available that address changes in brain activation associated with dual-

task performance in different demanding conditions.  

In the present study, we investigated which brain areas are associated with 

interference between motor and cognitive task performance. We investigated changes in 

brain activation during a dual-task paradigm consisting of a similar motor and cognitive 

task as before (Lorist et al., 2002; chapters 2 & 3). In this paradigm we increased the 
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demands of the motor task by 1) increasing the desired force level and by 2) sustaining 

contractions at a relatively high force level, increasing the amount of motor fatigue.  

We expected to find increases in brain activity related to motor task performance, 

both with the increasing target force and with the increasing amount of motor fatigue 

(chapters 6 & 7) possibly combined with a compensatory decline in brain activity related 

to cognitive task performance, resulting in the deterioration in cognitive task 

performance. 
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Fifteen healthy, right-handed subjects participated in this experiment after signing an 

informed consent (7 men, 8 women; mean age 26.4 ± 5.6 years). All experimental 

procedures were approved by the local medical ethics committee (METc, University 

Medical Center Groningen) according to the Declaration of Helsinki (2004).  
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The experiment consisted of two experimental sessions that were separated by at least 

one week. The main part of this experiment resembled the experiments performed by 

Lorist et al. (2002). The first session was performed to familiarize the subjects with the 

tasks and the experimental set up (outside the scanner). The second session took place 

in a 3T MR scanner (Philips; Best, the Netherlands). During the sessions, we measured 

index finger abduction force, electromyographic (EMG) activity of the first dorsal 

interosseus muscle (FDI), and cognitive task performance. 
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We used a custom-made MR compatible force transducer to measure index finger 

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

subject’s hand size. The index finger of the subject was parallel to a laminate bar 

containing strain gauges. During index finger abduction the subject pushed against the 

laminate bar (isometric contraction). The amplitude-modulated signal from the strain 

gauges was amplified and converted into an optical signal. In the MR operator room, this 

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 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 silver/silver-chloride 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 FDI of the right hand. The electrode wires were twisted 

to minimize differences in MRI artifact on the signal (chapter 5) and connected to the 

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

into an optical signal. The optical signal was transferred over a fiberglass cable and 

stored in a PC in the operator room using Brain Vision Recorder (Brain Products, 

München, Germany; sampling frequency: 5000Hz). 
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Subjects held an MR compatible response box in their left hand to press the two 

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

to a PC in the operator room, and E-Prime was used to log the responses of the subjects 

and the presentation of the stimuli (E-Studio; Psychology Software Tools, Inc.; 

Pittsburgh; USA). 
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We used a 3T MRI scanner with a standard transmit/receive (TR) head coil for imaging. 

We used the following pulse sequence parameters for functional measurements: FFE 

single shot EPI; 46 slices, 3.5 mm slice thickness, no gap; 224 mm field of view; 64x64 

scanning matrix; transverse slice orientation; 3s repetition time (TR); 35ms echo time 

(TE); minimal temporal slice timing: 2877ms; 90° flip angle.  

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; 25ms TR; 4.6ms TE; 

minimal temporal slice timing: 17ms; 30° flip angle. 
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The motor task was an index finger abduction task for the right hand. Subjects 

performed three maximal voluntary contractions (MVCs) for 10 seconds each, followed 

by 50 seconds rest. The highest MVC was used to calculate the submaximal force levels 

(% MVC) for subsequent submaximal motor tasks. During the submaximal motor tasks, 
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subjects received visual feedback of the desired force level and their force produced to 

match these forces. 
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The cognitive task was an auditory two-choice reaction time task (CRT) for the left hand. 

The tones were presented binaurally via headphones (duration: 100ms). Subjects had to 

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

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

(frequent stimuli), and 30% were high (infrequent stimuli). The tones were presented in 

blocks of 25 stimuli in random order with an inter-stimulus interval varying between 1100 

and 1300ms. Each block started with a frequent tone, which was excluded from further 

analysis.  
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The dual task consisted of the motor task (50s contractions at 5% and 30% MVC) in 

combination with the CRT blocks. The CRT blocks started randomly between 2.5 and 

17.5 s after the start of a contraction (for details, see ‘Runs’). 
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A schematic illustration of the experimental design is presented in Fig. 1. The design 

consisted of four runs. Run A and D were used to compare behavioral performance 

before and after the fatiguing contraction and to identify brain activation that was induced 

by the (single) cognitive task. Run B was used to identify brain activation that was 

evoked by force modulation (single motor task). Run C is the main part of this study. In 

this run we compared the effects of 1) sustained non-fatiguing versus 2) sustained 

fatiguing contractions on cognitive performance and on the associated brain activation. 

 

Run A. The first run (265 scans) consisted of maximal voluntary contractions (MVCs) 

and the single cognitive task. During this run, the subjects subsequently performed three 

MVCs, the cognitive task, three MVCs. The largest MVC was used to determine the 

submaximal force levels. During the cognitive task, blocks of frequent and infrequent 

stimuli (choice reaction time (CRT) blocks) were alternated with blocks of frequent 

stimuli only (simple reaction time (SRT) blocks). There were 6 CRT and 6 SRT blocks. 

The SRT blocks were added to distinguish between brain activity correlating with either a 

simple or a choice reaction time task. 
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Runs A & D

Right hand:
index finger

Left hand: middle
and index finger

Right hand:
index finger

CRT SRT

Left hand:
middle finger

MVCs MVCs

Run B

Right hand:
index finger

submaximal contractions

Run C
5% MVC contractions + cognitive performance 30% MVC contractions + cognitive performance

dual task

model motor performance

model dual-task performance
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Run B. During the second run (135 scans), the subjects received visual feedback to 

match their force with target force levels at 10, 30 and 70% MVC. Visual cues were used 

to time the contractions. The contractions lasted 15 seconds followed by 30s rest. All 

submaximal contractions were repeated three times, in a semi-randomized order.  

Run C. The third run consisted of the dual task (560 scans). During this run, subjects 

performed 15 contractions at 5% MVC for 50s each, followed by 5s rest. Thereafter, they 

performed 15 contractions at 30% MVC also for 50s, each contraction was followed by 

5s rest. Subjects were instructed to maintain the force as steadily at the target line as 

possible. These contractions were combined with the cognitive task: the CRT blocks 

began randomly 2.5 to 17.5 seconds after the start of a contraction. These blocks lasted 

approximately 30s (dependent on the random inter-stimulus interval). Subjects were 

instructed that motor performance was more important than cognitive performance. The 
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contractions at 5% MVC served as a control condition, while the contractions at 30% 

MVC served to induce motor fatigue. Using these two force levels enabled us to study 

effects due to an increase of force and effects due to motor fatigue (see ‘Analyses, fMRI’ 

for details).  

Run D. The fourth run was a repetition of the first run (265 volumes).  
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We determined the peak values of the maximal voluntary contractions in Spike2 for 

Windows (runs A&D). As described above, the highest peak was used to determine the 

submaximal force levels. Furthermore, we determined the mean amplitude and the 

standard deviation (SD) of the submaximal contractions (runs B&C). Dividing the SD by 

the mean amplitude provided the coefficient of variation (force variability).  

During run C, the subjects performed the CRT during the contractions. As these 

CRT blocks only lasted approximately 30s of the 50s contractions, we divided each 

contraction into three parts: single motor-task performance (2.5-17.5s; single motor, 

before), dual-task performance (c. 30s; dual task), and single motor-task performance 

after dual-task performance (2.5-17.5s; single motor, after). We determined mean force 

and force variability for the motor and dual-task parts of the contractions. 
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We processed the EMG recordings using Brain Vision Analyzer (BVA; version 

1.05.0001). After bipolar derivation, the data were high-pass filtered at 10Hz to remove 

possible movement artifacts. To remove MRI artifacts, we applied an MRI artifact 

correction method (Allen et al., 2000; chapter 5). The data were low-pass filtered at 

400Hz, down-sampled by a factor 2, and exported to Spike2 for further analysis. 

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

maximal contractions and the mean amplitudes for the submaximal contractions (run 

B&C). In run C, we also determined the mean amplitudes of the rectified EMG for the 

three parts of the contractions in the dual task (single motor before, dual task, single 

motor after; see force analysis).  
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Cognitive data of all tasks were exported from E-Prime to Excel. In run A, C, and D, we 

determined the 20% trimmed mean reaction times of the correct answers to frequent and 
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infrequent stimuli separately (CRT frequent and CRT infrequent; chapter 3). 

Furthermore, we determined the percentage of errors (including misses) for the frequent 

and infrequent stimuli.  

In the single cognitive task (run A&D), the 20% trimmed mean reaction times and 

percentage of errors were also determined for the stimuli in the SRT blocks (SRT). 
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To study the effects of time on dual-task performance (run C), we divided all measured 

parameters of the dual task (i.e., force, EMG, force variability, reaction times, and errors) 

into three equal parts, each consisting of 5 contractions (t1, t2, and t3). We did this for 

the contractions at 5% and 30% separately. ANOVAs for repeated measurements were 

performed (using SPSS, version 12.0 for Windows) 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-on-task, 

additional analyses were performed at each force level, with time-on-task (3 levels) as 

within-subject factor.  

As the contractions in the dual task (run C) were divided into three parts (single 

motor before, dual task, and single motor after), separate ANOVAs for repeated 

measurements were used to analyze the effects of these different parts for the 

parameters force, force variability, and EMG. 

To analyze the time course of the maximal voluntary contractions, a repeated-

measures ANOVA was performed with ‘time’ as within-subject factor (4 levels: run A.1; 

run A.2; run D.1; and run D.2). 

Single cognitive task performance was also tested using a repeated-measures 

ANOVA. Within-subject factors were stimulus (3 levels: SRT, CRT frequent, CRT 

infrequent) and time (2 levels: before and after the fatiguing dual task), both for reaction 

times and the percentage of errors. 

 

	����

The functional MRI data were pre-processed with SPM2 software (Wellcome 

Department of Imaging Neuroscience; http://www.fil.ion.ucl.ac.uk/spm; Friston et al., 

1995). After realignment to the first volume to correct for movement artifacts, the 

functional images were co-registered with the anatomical image, thereafter normalized 

to the standard MNI brain, and smoothed with a Gaussian kernel with full-width at half-

maximum of 8mm.  
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At subject level, we modeled the activity per run, using MATLAB 6.5 and SPM2, 

including the movement parameters in the model (Friston et al., 1996).  

Runs A & D. In these runs, the maximal contractions, choice reaction time blocks 

(CRT), and simple reaction time blocks (SRT) were described in the model, which 

resulted in three contrasts. These contrasts were used in separate second-level 

analyses (one sample T tests). In this chapter, we concentrate on the brain activation 

during performance of the CRT.  

Run B. Here, the three force levels (single motor task) of the submaximal contractions 

were modeled. To identify the brain areas involved in single motor-task performance, the 

activity of all contractions together was determined, resulting in one contrast. The 

subjects’ results were used in a second-level analysis (one sample T test).  

Run C. In this run, 15 contractions performed at 5% MVC and 15 contractions at 30% 

MVC were combined with the cognitive task. The brain activity during this run was 

analyzed in several ways. In the first analysis, we identified brain activation during dual-

task performance at 5% and 30% MVC. For this purpose, we modeled the brain activity 

that correlated with motor performance at either 5% or 30% MVC (15 contractions 50s 

on, 5s off) or with dual-task performance (the CRT blocks during these contractions, 

enduring approximately 30s; see Fig. 1). Activity assigned to the dual-task regressor 

reveals brain activation that is additional to brain activation present during motor 

performance. The subjects’ results were used in second-level analyses (one sample T 

tests). To compare between the performance at 5% and 30% MVC, and to study the 

changes in brain activation with time-on-task, we performed another analysis. 

The 15 contractions were divided into three equal time periods per force level, 

similar to the behavioral data. This resulted 12 ‘conditions’ per subject: three conditions 

for motor performance at 5% MVC (M05t1, M05t2, M05t3), three conditions for motor 

performance at 30% MVC, three conditions for concurrent cognitive task performance 

during the contractions at 5% MVC (‘dual task regressor’: D05t1, etc), and three 

conditions for cognitive task performance during contractions at 30% MVC (D30t1, etc). 

These 12 conditions were used in SPM2 in an ANOVA within subjects, including a 

correction for non-sphericity. In this ANOVA, we first compared brain activation related to 

dual-task performance at 5 and 30% MVC (in both directions: D30>D05 and D05>D30). 

This would give an overall effect of force on brain activation during concurrent cognitive 

task performance. Second, we compared brain activation at the different time periods of 

the 30% MVC contractions with the mean activation of the 5% MVC contractions to 

investigate the effect of motor fatigue on brain activation (M30t1>M05; M30t2>M05; and 

M30t3>M05). To further investigate the effect of motor fatigue, we also compared brain 
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activation during t3 of the 30% MVC with t1 of 30% MVC for both motor and dual-task 

performance (M30t3>M30t1 and D30t3>D30t1). 

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) to label the 

activated brain areas. 
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We performed region of interest (ROI) analyses to study the effects of dual-task 

performance in the areas that were related to motor task performance. Marsbar (Brett et 

al., 2002) was used to build ROIs based on brain activation during the submaximal 

contractions (Run B). Hence, the activation during the submaximal contractions was 

overlaid with an anatomical ROI to define ROIs for the left and right precentral gyrus, 

supplementary motor area and the left and right cerebellum (lobule VI). Contrast values 

per scan were extracted from Marsbar and exported to Spike2. In Spike2, the mean 

contrast values were determined for: single motor performance (before and after 

together) and dual-task performance.  

The mean contrast values were exported to SPSS to perform a repeated-

measures ANOVA with time period (3 levels: t1, t2 and t3), force level (2 levels: 5% and 

30% MVC) and task (2 levels: motor task and dual task) as within-subject factors. 

Significant interactions were further analyzed with post-hoc analyses (p<0.001; no 

further correction for repeated testing). 

 

#�������

Two subjects showed large movements during scanning and were excluded from the 

brain activity analyses. The motor and cognitive parameters of these subjects were 

included.  
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Behavioral data, motor tasks: MVCs were performed in the first and last run (Fig. 2A). 

After the fatigue test a significant decrease (to 74.7% MVC; range: 46-100%) was found 

(F(3,42)=12.61, p<0.0005). During the submaximal contractions (run B), subjects 

performed the contractions according to the instructions. 
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Brain activation, motor task: During the submaximal voluntary contractions, activation 

was observed in the ’traditional’ motor areas (numbers in the text refer to the numbers in 

Fig. 3): the contralateral sensorimotor cortex (SMC, 1), the supplementary motor area 

(SMA, 3), the ipsilateral cerebellum (lobule VI, 4; lobule VIII, 6), and bilateral premotor 

areas (8, 9). Some activity was observed in parietal areas as well (Fig. 3A; Appendix, 

Table 1). 
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Behavioral data, cognitive tasks: In the single cognitive tasks, subjects responded to the 

frequent and infrequent stimuli of the CRT and the stimuli of the SRT. Subjects 

responded fastest to the SRT stimuli and most slowly to the infrequent CRT stimuli; the 

differences in reaction times were significant (F(2,28)=77.46, p<0.0005; Fig. 2B). Subjects 

also made more errors in response to the infrequent CRT stimuli than in response to the 

frequent CRT and SRT stimuli (F(2,28)=21.63, p<0.0005; Fig. 2C). CRT and SRT 

performance after the fatiguing dual task did not differ from the performance before the 

fatiguing dual task. 

Brain activation, cognitive task: Brain activation was stronger during CRT than SRT 

performance. Brain activity was observed in the right SMC (2), the SMA (3), bilateral 

cerebellum (lobule VI, 4,5, and VIII, 6,7), bilateral lateral sulcus (temporal lobe, 10,11), 

subcortical nuclei (12,13), parietal areas, frontal areas, and occipital areas (Fig. 3B; 

Appendix, Table 2, first columns).  
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Behavioral data: In the dual task, subjects performed 15 submaximal contractions at 5% 

and 15 at 30% MVC. These contractions were combined with (concurrent) CRT blocks. 

Figure 4 shows the force, force variability, and EMG for contractions at 5% and 30% 

during the three time periods (panels A, B, and C, respectively). Figure 5 shows the 

reaction times and percentage of errors during simultaneous cognitive task performance. 

As expected, dual-task performance remained stable over time during the 

contractions at 5% MVC, while there was a decrease in dual-task performance with time-

on-task during the 30% MVC contractions. That is, there was a decrease in force (force 

x time-on-task: F(2,28)=15.08, p<0.0005), accompanied by an increase in force variability 

(force x time-on-task: F(2,28)=13.70, p<0.0005) and an increase in EMG (main effect of 

time-on-task: F(2,28)=5.80, p<0.01), as a result from motor fatigue.  

The decrease in motor performance was accompanied by deterioration of 

concurrent cognitive task performance during these contractions at 30% MVC, as there 

was a significant increase in the number of errors (force x time-on-task: F(2,28)=5.18, 

p<0.05; Fig. 5), especially in response to infrequent stimuli (force x frequency: 

F(1,14)=12.79, p<0.01). In general, subjects made more errors during the contractions at 

30% MVC than during the contractions at 5% MVC (force: F(1,14)=14.01, p<0.005). And 

as in the single task analysis, subjects responded faster and made less errors in 

response to frequent stimuli than infrequent stimuli (reaction times: F(1,14)=80.84, 

p<0.0005; errors: F(1,14)=31.81, p<0.0005). 
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As only approximately 30s of the 50s contractions were combined with the 

cognitive task, we looked at the difference between single motor and dual-task 

performance, also over time (Figs. 4D-F). During dual-task performance, the force was 

lower (F(2,28)=13.28, p<0.0005; Fig. 4D), the force variability was higher (F(2,28)=18.14, 

p<0.0005; Fig. 4E), and the EMG was lower (F(2,28)=3.94, p<0.05; Fig. 4F) than during 

single motor task performance. For all three parameters, this difference between motor 

and dual-task performance was larger during the 30% than during the 5% MVC 

contractions. And during the 30% MVC contractions, these differences increased with 

time on task, suggesting that the additional cognitive task also affected motor 

performance, even though the subjects were instructed that the motor task was the 

primary task of interest. 

 

0

10

20

30

40

1 2 3
250

300

350

400

450

500

550

1 2 3

R
ea

ct
io

n 
tim

es
 (m

s)

E
rr

or
s 

(%
)

infrequent stimuli 30% MVC
infrequent stimuli 5% MVC
frequent stimuli 30% MVC
frequent stimuli 5% MVC

Time on taskTime on task  

������� &�� .���� �����&��� �&���� ���� 3�������$�� �5� ������� �;� ��������� ��*&��&��"�

�,�&�$� ��� ��������&���� ��� �8� ���� ��8� .67�� ��� �����&��� �&���� ���� ������� ����

3��������� ��� ��� ����� �&��� 3��&���� ��
 � �� � ���� ��" � 5��� 5��/,���� ���� &�5��/,����

��&�,�&� ��3��������� J3��� �������� ��3������� ��� ����� 5��� &�5��/,���� ��&�,�& � �������

�������� 5��� 5��/,���� ��&�,�&�� 9/,����� ��3������� ��� ����� �,�&�$� ��8� .67�

��������&��� ���&��$�����,�&�$��8�.67���������&�����

 

Brain activation: During dual-task performance, similar areas were activated during 

performance at 5% and 30% MVC (Figs. 3C & D; Appendix, Table 2, right columns). 

These areas were the right sensorimotor cortex (SMC), the supplementary motor area 

(SMA), the cerebellum (left cerebellum stronger than right cerebellum; CBL), bilateral 

ventral premotor areas, the bilateral thalamus, and also the lateral sulcus bilaterally (the 

superior and middle temporal lobe). The temporal lobe was involved in the processing of 

the auditory stimuli, while the motor areas were mainly involved in the preparation and 

execution of the response with the left hand. 
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Even though the brain activation correlating with dual-task performance at 5% 

MVC was similar to the activation correlating with dual-task performance at 30% MVC, 

there were some differences (Fig. 6 white areas; Appendix, Table 3, first columns). 

Areas that showed more activation during dual-task performance at 30% MVC were the 

right and left sensorimotor cortex, the supplementary motor area, the middle and 

posterior cingulate cortex, the middle and superior frontal gyrus bilaterally, the inferior 

frontal gyrus pars opercularis bilaterally, the supramarginal gyrus bilaterally, the middle 

and superior occipital gyrus bilaterally, and the right cerebellum. Most of these areas are 

known to be involved in motor performance. Apparently, the activity in these areas is 

stronger during dual-task performance than during motor-task performance, especially at 

30% MVC (D30>D05; and see also ROI analysis). Most of these areas were not only 

stronger activated during dual-task performance at 30% compared to 5% MVC, but also 

during the later part of the 30% contraction (t3) compared to first part 30% MVC  (t1; Fig. 

6 black areas; Appendix, Table 3, middle columns; D30t3>D30t1), thus with an 
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increasing amount of motor fatigue. Furthermore, an increase in brain activation with 

time was seen in the paracentral gyrus and subcortical nuclei, such as the thalamus 

bilaterally, the nucleus caudatus bilaterally, and the right putamen. 

In contrast with the increased brain activation related to dual-task performance, 

brain activation related to motor performance showed a decline in activation with time-

on-task (Fig. 7; Appendix, Table 4). Whereas the 30% MVC contractions at t1 revealed 

stronger activation than the 5% contractions in the left SMC, the SMA, and the right 

cerebellum, only a small cluster of activity was seen in the left SMC at t3.  

 
Dual-task:

A. M30 t1 > M05 B. M30 t2 > M05 C. M30 t3 > M05 D. M30 t3 > M30 t1
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With the region of interest analysis, we studied the differences in brain activation 

between single motor and dual-task performance within the fatiguing (dual) task in more 

detail. In the 5% MVC condition, there were significant effects of task in the right 

precentral gyrus, the supplementary motor area, and the right and left cerebellum. As 

these areas are involved in motor control of the left hand, they were expected to be more 

active during dual-task performance than during single motor task performance. 

Interestingly in the 30% MVC condition, all areas showed an effect of task (left and right 

precentral and postcentral gyrus, supplementary motor area and the left and right 

cerebellum; p<0.005, uncorrected). This showed that the activity in motor areas involved 

in performing right-hand contractions was also affected by the dual-task performance.  
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In this study, we investigated the neural substrates underlying the interference between 

motor and cognitive task performance. In the fatiguing situation, a decrease in motor 

performance was accompanied by deterioration of cognitive performance. Furthermore, 

we examined the changes in brain activation with dual-task performance over time, in 

the fatiguing situation. The most striking and unexpected result was that brain activation 

associated with motor performance decreased with time-on-task, whereas brain activity 

associated with dual-task performance increased.  

 

*�������
������	���
����

The fatiguing dual task was preceded and followed by single motor and cognitive tasks 

as control measurements. The maximal voluntary contractions decreased after the 

fatiguing dual task (see also: Lorist et al., 2002; chapters 3 & 7). The performance of the 

MVCs induced activation as also reported in previous studies (Liu et al., 2005; Post et 

al., 2007; chapter 7).  

The submaximal contractions (run B) were also performed as instructed and the 

performance of these contractions induced activation in areas that were also observed in 

other studies on submaximal contractions (e.g., Dai et al., 2001; Dettmers et al., 1995; 

Ward and Frackowiak, 2003; chapter 6).  

Cognitive task performance did not differ before and after fatigue. As expected, 

subjects reacted faster in response to frequent than to infrequent stimuli and to a simple 

reaction time task than a choice reaction time task. Furthermore, subjects made more 

errors in response to infrequent than to frequent stimuli (see also Lorist et al., 2002; 

chapters 2, 3, & 7).  

The brain activation related to cognitive task performance showed a similar 

pattern as presented by Szameitat and colleagues, who used a comparable auditory 

choice reaction time task (Szameitat et al., 2002).  
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The main interest of this study was the interaction between motor and cognitive task 

performance, and the changes in this interaction that were caused by increasing 

demands of the motor task. We manipulated the demands of the motor task in two ways: 

1) by increasing the level of force production and 2) by increasing the amount of fatigue. 

These manipulations are not independent: by increasing the force level, the amount of 

fatigue increases as well. Thus, comparing contractions at 30% MVC with contractions 
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at 5% MVC is affected both by an increase in force and by an increase in the amount of 

fatigue. However, the comparison between the performance during 30% contractions at 

t3 and t1 only shows the effects of fatigue. Motor fatigue was induced, as was shown by 

a decline in force with time-on-task, and an increase in force variability and EMG 

(Fuglevand et al., 1993; Zijdewind et al., 1995). With time-on-task, subjects put more 

effort into the motor task (increase in EMG). However, this increase in effort was not 

enough to compensate the loss of muscle force due to fatigue. The increase in force 

variability reflects the difficulty of maintaining the target force during fatigue. The 

changes in motor performance affected cognitive task performance as expected: 

subjects made more errors during the contractions at 30% MVC than at 5% MVC, and 

subjects made more errors with time-on-task during these contractions at 30% MVC. On 

the other hand, the concurrent performance of the cognitive task also affected motor 

performance: force variability increased during the periods of dual-task performance (as 

compared to the single motor periods, see Fig. 4F), accompanied by a small decline in 

force and EMG. These results confirmed the results of a previous study on the 

interaction between motor and cognitive task performance (Lorist et al., 2002). 

 

Several studies showed that the amount of brain activation during motor task 

performance is related to the amount of force that is produced (Dai et al., 2001; 

Dettmers et al., 1995; Ward and Frackowiak, 2003; chapter 6). Furthermore, it is also 

demonstrated that a fatiguing motor task induces a similar increase in brain activation 

(Liu et al., 2003; chapter 7). Studies on dual-task performance showed often an increase 

in brain activation compared to single task performance. This increase was suggested to 

be related to the amount of attention that was necessary for task performance (e.g., 

Adcock et al., 2000; Herath et al., 2001; Jaeggi et al., 2003; Newman et al., 2006). On 

the other hand, Johansen-Berg and Matthews (2002) showed that the amount of activity 

in brain areas during performance of a motor task (button pressing) decreased when a 

cognitive task (counting backwards) was added. In the dual-task condition, they found a 

reduction in the percentage of signal change in the contralateral precentral gyrus 

compared to single task performance. The decrease in brain activation were 

predominantly found in areas involved in motor task performance and not in areas 

involved in cognitive task performance (Johansen-Berg and Matthews, 2002).  

We expected to find an increase in brain activity related to motor task 

performance with increasing demands of motor performance, thus when comparing the 

contractions at 30% MVC with the contractions at 5% MVC, and also over time during 

the contractions at 30% MVC. Concurrent cognitive task performance could lead to 
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decreased activation in ‘motor areas’, due to drawing attention away, or to increased 

activation in these areas, due to increased attention necessary for task performance. As 

the subjects were instructed that motor performance was more important than cognitive 

task performance, we expected to find a decrease in brain activity related to cognitive 

task performance, resulting in the observed deterioration of cognitive task performance. 

Indeed, brain activity related to motor task performance during the contractions at 30% 

MVC was stronger than during the contractions at 5% MVC. However, the other changes 

in brain activation differed from our expectations.  

As the cognitive task was only executed during approximately 30s of the 50s 

contractions, we were able to relate brain activity to cognitive task performance in the 

dual-task condition, during the contractions at both 5% and 30% MVC. The activation 

patterns in de dual-task condition were similar to the pattern of single cognitive task 

performance. However, there was more and stronger activation in the dual-task 

conditions (Appendix; Table 3). The activation pattern of cognitive task performance 

during the contractions at 5% and 30% MVC were quite similar; although, there was 

more and stronger activation during the contractions at 30% MVC, especially in central, 

frontal, and parietal areas, as shown in Fig. 6 (white areas), including areas that are 

mainly associated with right hand movements.  

The development of motor fatigue during the contractions at 30% MVC induced 

also an increase in the demands of the motor task. This again increased the difficulty of 

concurrent cognitive task performance, inducing increased activity in similar but not 

identical areas as the increase from 5% to 30% MVC (Fig. 6 black areas). These 

changes induced by motor fatigue in a dual-task situation are not simply due to 

increased levels of central drive, but motor fatigue has additional effects on brain 

activation in this situation (see also chapter 2).  

 

Despite the increased effort while performing the contractions at 30% MVC (increase in 

EMG with time-on-task), there was a decrease in brain activation related to motor task 

performance. This was unexpected, as a previous study using the same motor task – 

without the concurrent cognitive task – induced an increase in brain activation with time-

on-task (chapter 7). Furthermore, Liu and colleagues (2003) also showed increased 

brain activation during a fatiguing submaximal task at 30% MVC. We found no significant 

difference in force at the end of the 30% MVC contractions between the present dual 

task and the previous motor task. Therefore it is not expected that subjects put in less 

effort during the present experiment. The most striking result was that the general 

decline in activation related to motor task performance was accompanied by increases in 
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activation in these areas during the periods of dual-task performance. This suggests that 

the decline in activation was not due to a ‘ceiling’ effect but that the decline in activation 

during the periods of single motor task performance was caused by the addition of the 

cognitive task. This raised the question whether the present decrease in activation 

related to motor performance was for real or whether it was the result of the model. For 

this reason, we modeled the data of the previous motor fatigue study (chapter 7) as were 

it a dual task, so modeling ‘dummy’ dual-task conditions. We investigated whether the 

motor-task conditions showed a decline in activation over time (as in the present study) 

or an increase (as expected from the original results). A decrease in activation suggests 

that the present observation of a decline in motor activation during the fatiguing dual-

task could not be attributed to the concurrent performance of the cognitive task but to 

problems in the model or setup, e.g. time-dependent changes in the haemodynamic time 

course. Comparison of brain activation during the three time periods of the 30% MVC 

contractions with the contractions at 5% MVC (the same contrasts as used in Fig. 7; 

Appendix, Table 4) showed clean activation of the sensorimotor cortex, premotor areas, 

supplementary motor area and cerebellum (Fig. 8). Furthermore, the intensity of activity 

in these areas increased over time. The contrast t3>t1 showed significant activation in 

the sensorimotor cortex and the supplementary motor area extending in the underlying 

cingulate cortex. This result showed that the decline in brain activation in the motor 

areas during dual-task performance was indeed the result of the concurrent cognitive 

task and not the result of the model.  

 

A. M30 t1 > M05 B. M30 t2 > M05 C. M30 t3 > M05 D. M30 t3 > M30 t1

Dummy dual task:
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We also analyzed the region of interest (ROI) data of the present and the 

previous experiment with a similar approach. We determined mean activation for the 

single motor and (dummy) dual-task conditions of the contraction, using the same timing 

as we used for the present dual task experiment. The ROI data showed – during the 

30% MVC – that the activity in the period assigned to the ‘dummy’ dual-task conditions 

was stronger than during the motor task conditions. However, the increase in the present 

dual task condition was significantly larger (p<0.01) for all motor areas (left and right 

precentral gyrus, left and right postcentral gyrus, supplementary motor area and left and 

right cerebellum) than the increase in the dummy dual-task condition. This also suggests 

that the increased activation in these areas in the present study is due to the concurrent 

execution of the cognitive task. The small increase in the ‘dummy’ condition is probably 

due to increased activation due to motor fatigue, as a result of the long-lasting (50s) 

contractions. At later time periods, motor fatigue is expected to develop during the 

contractions, resulting in a progressive increase in the brain activation during the 

contractions (see also Fig. 2 in chapter 5). 

The combined results of the present data and our previous data (chapter 7) 

suggest that performing a cognitive task simultaneously with a motor task affects brain 

activity associated with the motor task performance. This interaction becomes more 

pronounced with the development of motor fatigue. Previous data (Lorist et al., 2002; 

chapters 2 & 3) already showed that during the development of motor fatigue, 

performance of a concurrently executed cognitive task deteriorates. The present data 

demonstrate that the changes in brain activity - due to performing the dual task in the 

fatiguing condition - are not limited to the dual task performance but also affect brain 

activation during the single motor performance.  

The present study also showed differences in the motor performance between 

the periods of single motor task and dual-task performance. During dual-task 

performance, the force and EMG amplitudes were lower and the amount of force 

variability was higher than during the periods of single motor task performance, 

especially during the contractions at 30% MVC. During these periods of dual-task 

performance, there was an increase in the amount of brain activity in the areas related to 

motor task performance at 30% MVC (see ROI analysis). This demonstrates that 

performing a concurrent cognitive task affects motor performance and the associated 

brain activity.  

 

In conclusion, dual-task performance induced activity in areas related to motor task 

performance and in areas related to cognitive task performance. Activity in these areas 
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was affected by increasing demands of the motor task: dual-task performance at a 

higher force level was associated with an increase in activation in brain areas involved in 

motor task performance and in areas involved in cognitive task performance. Areas 

involved in motor task performance showed a decrease in activity with increasing levels 

of motor fatigue. However, the activity in these motor areas was increased during the 

periods of dual-task performance (compared to the periods of single motor task 

performance before and after). Despite this increase in brain activity during dual-task 

performance, both motor and cognitive task performance declined with increasing motor 

fatigue. Our results strengthen our previous findings that motor fatigue has strong effects 

on central processing, as performing the dual task in a fatiguing situation affects not only 

areas that are involved in the fatiguing task but also areas that are simultaneously 

active.  
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.G#��3�����E,�������� �����3��&5��������������(��,�������.����������������"��

Anatomical region (functional 
area) 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

 Left hemisphere Right hemisphere 
Central regions           

Postcentral gyrus (SMC)  3b: 50% 
4a: 30% 

-40 -26 50 15.37 3b: 10% 54 -22 30 7.08 

Postcentral gyrus (S1) 2: 30% -40 -36 48 10.85 2: 60% 36 -40 48 5.50 
Precentral gyrus (M1) 6: 50% 

4a: 30% 
-30 -18 54 10.45      

Precentral gyrus (PMd, M1)      6: 40% 40 -4 54 5.51 
Precentral gyrus (PMv) 44: 20% -54 4 32 6.76 6: 10% 56 6 32 5.68 
Rolandic operculum 44: 20% -50 2 10 6.96 44: 40% 50 8 6 14.84 

Medial regions           
Superior frontal gyrus (SMA -
proper) 

6: 80% 0 0 58 10.40 6 14 -6 64 10.09 

Middle cingulate cortex 6: 30% -10 -22 46 10.71      
Frontal lobe           

Inferior frontal gyrus, pars 
opercularis 

     6 56 6 32 5.68 

Inferior frontal gyrus, pars 
triangularis 

     45: 20% 48 32 0 5.05 

Parietal lobe           
Supramarginal gyrus      48 60 -32 26 15.01 
Parietal cortex      hIP1: 10% 48 -32 30 7.30 
Parietal operculum      OP1: 80% 52 -26 20 7.27 

Temporal lobe           
Superior temporal lobule 22/42 -66 -36 20 4.76      
Temporal pole 44: 10% -48 8 -2 14.76      

Occipital lobe           
Middle occipital gyrus 19 -34 -70 2 4.65      

Insula 44: 10% -40 2 4 7.85 44: 10% 36 16 8 7.99 
Subcortical nuclei           

Pallidum / Thalamus       18 -6 4 5.60 
Thalamus  -14 -20 4 5.72      

Cerebellum           
Cerebellum lobule IV-V      37 14 -52 -24 9.84 
Cerebellum lobule VIII  -18 -70 -50 4.52  22 -58 -50 7.10 
Cerebellum  -6 -48 -24 4.44      
brain stem       12 -16 -8 4.46 
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Anatomical region 
(functional area) 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability)

x y z Peak T 
value 

 Single CRT performance 
(Fig. 2B) 

CRT @ 5% MVC 
(Fig. 2C) 

CRT @ 30% MVC 
(Fig. 2D) 

Central region                
Pre/postcentral gyrus 
(SMC, S1) L 

2: 50% 
3b: 50% 

-24 -38 58 4.16      3b: 40% 
2: 30% 

-28 -38 60 5.40 
 

Precentral gyrus (SMC, 
M1) L 

4p: 60% 
3a: 30% 

-36 -18 40 5.45 
 

6: 60% 
4a: 40% 

-44 -10 52 5.63 
 

     

Paracentral lobule (M1) 
L 

3b: 20% 
4a: 20% 

-14 -40 64 5.30           

Precentral gyrus (M1, 
PMd) L 

6: 60% 
1: 40% 

-52 -10 50 6.19 6: 60% 
1: 40% 

-54 -10 46 4.12 
 

6: 60% 
1: 30% 

-50 -10 48 7.44 
 

Precentral gyrus (PMd) L 6 -50 -10 54 6.34 6: 80% -52 0 48 4.15 6: 100% -44 -8 56 7.03 
Precentral gyrus (PMv) L 6: 80% 

4a: 50% 
-56 -6 38 5.91 6: 60% 

4a: 40% 
-54 -6 40 4.09 

 
6: 40% 
4a: 40% 

-54 -8 40 6.57 
 

Precentral gyrus (PMv) L 44: 50% -52 6 16 5.20 3a: 20% -58 -2 18 5.57 44: 60% -58 12 14 6.64 
Precentral gyrus (M1) R 4p: 70% 

3b: 20% 
36 -22 50 10.03 4a: 60% 

6: 20% 
40 -20 56 10.02 4a: 70% 

6: 30% 
36 -22 56 8.05 

Paracentral lobule (M1) 
R 

          3b: 20% 16 -44 66 5.41 

Precentral gyrus (PMd) 
R 

6: 70% 
1: 20% 

50 -12 54 4.56 6: 70% 54 -2 50 9.58 
 

6: 70% 
1: 20% 

48 0 54 6.59 

Precentral gyrus (PMv) 
R 

6: 70% 58 4 36 5.68 3b: 60% 
3a: 50% 

58 -4 22 5.86 6: 50% 
44: 20% 

56 8 42 7.05 
 

Rolandic operculum R           48 46 6 10 4.16 
Medial region                

Superior frontal gyrus 
(SMA-proper)  

6: 80% -16 -14 62 8.25 6: 70% -8 -2 60 8.96 
 

6: 30% -10 -4 60 10.91 

Superior frontal gyrus 
(SMA-proper)  

     6: 10% 12 -4 52 9.19 
 

6: 30% 12 -4 58 12.22 

Anterior cingulate cortex      25/32 -2 34 2 5.86      
Anterior cingulate cortex 24/32 8 24 26 5.02           
Middle cingulate cortex  23 -10 -26 34 4.90 32 -14 22 36 8.83      
Posterior cingulate 
cortex  

          29/30 14 -46 18 5.25 

Frontal lobe                
Middle frontal gyrus R           6: 10% 46 2 56 6.52 
Superior frontal gyrus L      32/9 -14 42 38 4.67 9/32 -12 44 38 5.75 
Superior orbital gyrus L      47/11 -24 42 -2 6.37 47 -20 42 10 4.90 
Superior medial gyrus L           8/9 -10 32 52 5.10 
Inferior frontal gyrus, 
pars orbitalis L 

11/47 -22 32 -8 5.10 47 -34 34 -10 4.73      

Inferior frontal gyrus, 
pars opercularis (LPMC) 
L 

     44: 20% -40 10 10 5.92 44: 60% -58 12 14 6.64 

Inferior frontal gyrus, 
pars triangularis (LPMC) 
L 

44: 30% -36 18 12 7.20      44: 30% -42 18 12 5.69 

Parietal lobe                
Parietal operculum L      OP2: 10% -28 -28 20 8.50 OP2: 30% -34 -30 22 7.38 
Parietal operculum R OP4: 30% 

OP3: 20% 
48 -4 6 4.73 OP2: 20% 

TE1.1:20% 
32 -28 20 11.91 OP4: 60% 

TE1.2:20% 
62 -8 6 8.96 
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Anatomical region 
(functional area) 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability)

x y z Peak T 
value 

 Single CRT performance 
(Fig. 2B) 

CRT @ 5% MVC 
(Fig. 2C) 

CRT @ 30% MVC 
(Fig. 2D) 

Supramarginal gyrus L 22 -50 -50 28 7.85           
Temporal lobe                

Middle temporal gyrus L           22 -64 -32 8 9.99 
Superior temporal gyrus 
L 

22 -64 -40 18 7.73 TE1.0:10% -56 -24 2 8.48 22/42 -56 -44 14 6.62 

Superior temporal gyrus 
R 

22 62 -30 12 8.25 TE1.1:10% 44 -32 12 8.93 21/22 60 -30 6 9.66 

Temporal pole L 38 -42 12 -20 4.46           
Temporal pole R 45: 10% 58 10 -6 7.05           
Insula L 48 -28 16 12 6.57 48 -32 10 14 6.18 48/47 -26 22 -2 5.56 
Hippocampus L       EC: 10% -10 -10 -18 5.54 CA: 20% -20 -44 4 5.17 
Hippocampus R       16 -16 -22 5.82      
Subcortical nuclei                

Pallidum R 48 20 -6 -4 7.42           
Putamen L           48 -28 10 0 6.91 
Putamen R 48 28 4 8 6.91 48 22 4 8 5.70 48 26 -12 8 9.56 
Amygdala R       28 -2 -10 6.29      
Caudate nucleus L           48 -18 14 12 6.18 
Thalamus L  -16 -22 6 4.51       -4 -18 -2 5.63 
Thalamus R  4 -18 2 4.99       20 -12 6 6.52 

Occipital lobe                
Middle occipital gyrus L hIP2: 10% -32 -58 24 5.31      hIP2: 10% -34 -60 26 4.49 
Superior occipital gyrus 
L 

     18: 10% -12 -86 20 4.97      

Fusiform gyrus L      HippCA: 
10%; 20 

-38 -24 -20 4.56      

Calcarine fissure L 18: 60% 
17: 60% 

-8 -90 10 7.44           

Calcarine fissure R 17: 100% 10 -88 6 4.97           
Lingual gyrus L 18: 30% 

17: 20% 
-16 -84 -4 5.74           

Lingual gyrus R           18: 30% 24 -82 -4 5.21 
Angular gyrus L      39 -52 -68 34 6.84 39 -42 -72 30 4.47 
Angular gyrus R           40 60 -50 36 4.14 
Fusiform gyrus 37/19 -28 -54 -6 4.08           
Precuneus L 29 -12 -46 14 4.93           
Precuneus R  14 -48 46 5.27           
Cuneus L 17: 30% -10 -76 20 5.79 18: 70% 

17: 20% 
10 -88 16 4.66      

Cerebellum                
Cerebellar vermis (3) 30 4 -46 -10 6.15           
Cerebellar vermis (4/5) 18 2 -60 -14 6.60           
Cerebellum (lobule IV-V) 
L 

     37 -10 -54 -24 8.45 19 -8 -52 -22 8.00 

Cerebellum (lobule IV-V) 
R 

          30 14 -42 -24 4.74 

Cerebellum (lobule VI) L 19 -16 -62 -26 8.01 37 -18 -56 -22 9.01 37 -18 -54 -24 8.19 
Cerebellum (lobule VI) R            22 -64 -28 4.33 
Cerebellum (lobule VIII) 
L 

      -20 -60 -46 5.66  -18 -62 -50 7.90 

Cerebellum (lobule VIII) 
R 

 20 -56 -50 5.41       28 -64 -46 5.31 

Cerebellar vermis (8)  -2 -72 -38 5.02           
Cerebellar vermis (9)  -2 -62 -44 5.21           
Cerebellum (crus 1) L  19 -40 -64 -24 5.52           
Cerebellum (crus 1) R      37 38 -58 -30 4.46      
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Anatomical region (functional 
area) 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

D30 > D05 
(force; Fig. 6 white) 

D30 t3 > D30 t1 
(fatigue; Fig. 6 balck) 

M30 > M05 
(force) 

Central regions                
Postcentral gyrus (S1) L 2: 20% -38 -32 42 3.97 2: 50% -60 -20 38 3.81      
Postcentral gyrus (SMC) L           6: 40% 

4a: 40% 
-28 -36 72 3.78 

Precentral gyrus (M1) L 4p: 50% -36 -24 50 7.33      4p: 50% -38 -28 56 5.33 
Precentral gyrus (PMd, 
PMv) L  

 -44 -2 38 3.62       -52 -28 54 3.85 

Precentral gyrus (PMv) L  -44 12 34 3.60           
Postcentral gyrus (S1) R 2: 30% 60 -18 34 3.79           
Postcentral gyrus (SMC) R1: 100% 38 -40 66 3.93 4a: 40% 18 -38 76 3.31      
Precentral gyrus (M1) R 6: 30% 24 -28 62 3.41 6: 40% 18 -26 64 4.32      

Medial regions                
Superior frontal gyrus  
(pre-SMA) L 

 -8 26 46 3.60  -8 22 48 3.76      

Superior frontal gyrus 
(MPMC) R 

6: 20% 16 -14 56 3.27           

Paracentral gyrus (M1) L      4a: 40% -12 -38 66 3.86      
Paracentral gyrus R      3b: 20% 8 -46 74 3.77      
Cingulate anterior L      32 -8 34 24 3.91      
Cingulate middle L  -14 -20 40 3.77 4a: 20% -4 -40 48 3.50      
Cingulate middle R 23 8 -36 32 4.33 23 12 -28 36 3.59      
Cingulate posterior L 23 -6 -36 30 3.99 26/29 -2 -40 18 4.90      
Cingulate posterior R 23 0 -36 28 3.84 26 10 -42 26 3.95      

                
                
Frontal lobe                

Middle frontal gyrus L 6: 10% -24 10 54 3.73 8/6 -30 8 62 3.86      
Middle frontal gyrus L 10/11 -26 52 6 4.15 10 -30 54 6 3.75      
Middle frontal gyrus R      6/9 32 10 48 3.18      
Superior frontal gyrus L      6: 20% -22 -4 48 3.81      
Superior frontal gyrus R 32/9 16 44 32 3.96 9 16 46 38 4.03      
Superior frontal gyrus R 10 24 60 8 4.56 10 24 60 6 3.59      
Superior frontal medial  
lobe L 

9 -6 46 36 3.61           

Superior frontal medial  
lobe R 

     6: 10% 6 32 60 3.53      

Inferior frontal gyrus,  
pars opercularis L 

44: 50% -54 16 16 3.81           

Inferior frontal gyrus,  
pars opercularis R 

44: 20% 36 8 34 4.32           
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Anatomical region (functional 
area) 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

BA 
(probability) 

x y z Peak T 
value 

D30 > D05 
(force; Fig. 6 white) 

D30 t3 > D30 t1 
(fatigue; Fig. 6 balck) 

M30 > M05 
(force) 

Inferior frontal gyrus,  
pars triangularis L 

44: 40% 
 

-44 18 24 3.39 45: 40% -40 36 16 3.70      

Parietal lobe                
Inferior parietal lobule L      hIP2: 20% 

hIP1: 20% 
-36 -46 48 3.38      

Inferior parietal lobule R hIP2: 10% 32 -50 42 4.54           
Superior parietal lobule L 7 -22 -68 48 5.74 hIP2: 10% -22 -58 50 4.74      
Superior parietal lobule R      7 18 -64 62 3.36      
Supramarginal gyrus L 2: 10% -54 -28 32 3.56 OP1: 20% -54 -30 30 3.60      
Supramarginal gyrus R hIP1: 20% 44 -34 38 3.48           

Temporal lobe                
Inferior temporal gyrus L      41 -46 -40 -20 3.77      
Middle temporal gyrus L 37 -50 -68 4 4.24 37 -46 -68 12 4.58      
Middle temporal gyrus R 37 46 -62 2 4.70 39 48 -64 22 3.57      

Occipital lobe                
Inferior occipital gyrus L      37/19 -42 -66 -8 3.18      
Middle occipital gyrus L 37/19 -38 -68 -2 5.33 19 -36 -72 6 3.98      
Middle occipital gyrus R 19 30 -68 28 4.56 hIP2: 10% 34 -68 36 3.47      
Superior occipital gyrus L 19/18 -24 -72 22 4.00           
Superior occipital gyrus RhIP2: 10% 30 -68 38 4.17           

Angular gyrus R hIP2: 20% 32 -50 38 4.58           
Subcortical nuclei                

Precuneus L 1: 10% -10 -58 68 3.69           
Precuneus R  10 -40 46 3.33 30/29 14 -48 16 4.85      
Nucleus caudates L  -12 2 14 4.12  -10 8 8 4.28      
Nucleus caudates R       14 8 8 3.47      
Calcarine L      17: 10% -18 -66 18 4.06      
Thalamus L       -4 -10 14 3.65      
Thalamus R       18 -14 6 3.67      
Putamen R      48 30 -12 4 3.31      

Insula (anterior) L      48/47/11 -26 20 -8 4.03      
Insula (posterior) L      OP3: 20% -34 -12 4 3.52      
Cerebellum                

Cerebellum (lobule IV-V) / 
Fusiform gyrus L 

     37 -24 -46 -18 3.80      

Cerebellum (lobule IV-V) R 30/37 14 -44 -22 3.64 37 26 -38 -26 3.36  16 -56 -20 4.9 
Cerebellum (lobule IX) R  12 -58 -50 3.33       20 -66 -50 4.67 
Fusiform gyrus L      37 -22 -44 -16 3.73      
Fusiform gyrus R      37/30 26 -36 -20 3.39      
                

 D05 > D30 D30 t1 > D30 t3      
Parahippocampal area L  -30 -24 -20 4.04           
Middle temporal gyrus R  58 -34 2 3.59           
Calcarine/precuneus R       28 -48 12 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 

BA 
(probability) 

x y z Peak T 
value 

 t1 t2 t3 
Central regions                

Pre/postcentral gyrus 
(SMC) L 

3b: 40% 
4a: 40% 

-36 -26 52 3.70 4p: 50% 
3b: 30% 

-36 -26 54 4.91 4p: 20% 
3b: 20% 

-36 -28 56 4.60 

Medial regions                
Superior frontal gyrus 
(SMA) 

     6: 60% -10 -14 54 3.39      

Parietal lobe                
Inferior parietal lobule / 
postcentral gyrus L 

2/40 -46 -40 60 4.04 1: 90% 
2: 50% 

-50 -26 52 3.80      

Cerebellum                
Cerebellum (lobule IV-V) 
R 

19 16 -56 -20 4.37  16 -56 -20 4.62  18 -52 -22 3.33 

Cerebellum (lobule VI) R 37 28 -54 -24 4.15  22 -52 -24 4.32      
Cerebellar vermis (6)       -30 -54 -30 3.85      
Cerebellum (lobule IX) L       18 -68 -50 3.56      
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