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A B S T R A C T   

Background: Motor fatigue is common in multiple sclerosis (MS), but its pathophysiology is still poorly under-
stood. Here we used functional magnetic resonance imaging (fMRI) to delineate how the acute induction of 
motor fatigue alters functional activity of the motor system and how these activity changes are related to motor 
fatigue. 
Method: Forty-four right-handed mildly disabled patients with relapsing-remitting MS and 25 healthy controls 
performed a maximal tonic precision grip with their right hand until they developed motor fatigue. Before and 
after the fatiguing task, participants performed a non-fatiguing tonic grip force task, producing 15–20% of their 
maximum grip force based on visual feedback. Task related brain activity was mapped with blood-oxygen level 
dependent fMRI at 3 T. Statistical parametric mapping was used to identify relative changes in task-related 
activation from the pre-fatigue to the recovery MRI session. 
Results: Following fatigue induction, task performance was perturbed in both groups, and task-related activation 
increased in the right (ipsilateral) primary motor hand area. In patients with MS, task-related activity increased 
bilaterally during the recovery phase in the ventrolateral portion of the middle putamen and lateral prefrontal 
cortex relative to controls. The more patients increased task-related activity in left dorsal premotor cortex after 
the fatiguing task, the less they experienced motor fatigue during daily life. 
Conclusion: Patients with MS show enhanced functional engagement of the associative cortico-basal ganglia loop 
following acute induction of motor fatigue in the contralateral hand. This may reflect increased mental effort to 
generate movements in the recovery phase after fatigue induction. The ability to recruit the contralateral dorsal 
premotor cortex after fatigue induction may constitute a protective mechanism against experiencing motor fa-
tigue in everyday life.   

1. Introduction 

Fatigue and fatigability are among the most common symptoms in 
multiple sclerosis (MS), affecting physical (motor fatigue) and mental 
(cognitive fatigue) activities (Fox et al., 2015; Kluger et al., 2013; 

Minden et al., 2006; Simpson et al., 2016). While fatigue is an increased 
feeling of tiredness, exhaustion and lack of energy that is already present 
in the absence of activity (Kluger et al., 2013; Krupp, 2006), excessive 
fatigability refers to a rapid emergence of a feeling of exhaustion and 
fatigue during motor or mental activities (Kluger et al., 2013; Zijdewind 
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et al., 2016). The pathophysiology of fatigue and fatigability is complex 
and still poorly understood and treatment remains a challenge (Khan 
et al., 2014). Multiple processes are potentially involved, including 
structural and functional brain damage as well as immunological and 
endocrinological factors (Induruwa et al., 2012; Patejdl et al., 2016). 
Together, these changes are thought to produce dysfunction at the brain- 
circuit level that ultimately triggers the experience of excessive fatigue 
and fatigability (Induruwa et al., 2012; Patejdl et al., 2016). To advance 
our understanding of the mechanism behind central fatigue and fatiga-
bility, functional neural measures that capture this dysfunction at the 
network level are needed. 

Functional magnetic resonance imaging (fMRI) has been successfully 
employed to link dynamic changes in functional neuronal activity in the 
motor network to the subjective experience of motor fatigue and fati-
gability in mildly disabled patients with MS (Chalah et al., 2015). Rocca 
et al. 2007 (Rocca et al., 2007) reported increases in task-related acti-
vation in left premotor cortex, left primary sensorimotor cortex, right 
thalamus and right basal ganglia nuclei in MS patients in whom inter-
feron beta-1a (IFNβ-1a) induced fatigue compared to patients in whom it 
did not. Specogna et al. (2012) found that the performance of a fatiguing 
thumb-to-finger opposition task was associated with stronger task- 
related activity in the right middle frontal gyrus (MFG), premotor cor-
tex and putamen in MS patients with fatigue (FMS) compared to MS 
patients without fatigue (NFMS). Another study by Rocca et al. (2016) 
found altered time adaption in the brain activity in FMS patients 
compared to healthy controls and NFMS patients in the precentral motor 
hand area and motor putamen. This study applied a finger flexion task 
that did not induce fatigue. In the healthy controls the task-related ac-
tivity gradually increased across task blocks in the right and left puta-
men and left pre-central cortex, whereas the change in these areas was 
more limited in FMS patients (Rocca et al., 2016). We recently employed 
whole-brain fMRI to trace changes in task-related activity, while pa-
tients with relapsing-remitting MS or healthy controls performed a non- 
fatiguing precision grip task. In healthy controls, linear increases in 
activity across consecutive task blocks scaled positively with the expe-
rienced level of motor fatigue in everyday life (Svolgaard et al., 2018). 
Conversely, the more patients suffered from motor fatigue during 
everyday life, the more they were impaired at up scaling task-related 
activity in premotor and dorsomedial prefrontal areas (Svolgaard 
et al., 2018). Taken together, these studies link task-related activity in 
the putamen and in frontal motor and premotor cortex to the emergence 
of MS-related motor fatigue and fatigability. 

The premotor cortex is involved in motor preparation and particu-
larly the dorsal premotor cortex is involved in visuo-motor mapping, 
higher-order cognitive control of movement and is well connected to the 
prefrontal cortex (Boussaoud, 2001; Hanakawa et al., 2006; Picard and 
Strick, 2001; Ward et al., 2010). Transcranial magnetic stimulation 
(TMS) of the motor cortex has revealed that the premotor cortical drive 
to the primary motor cortex (M1) is altered in FMS patients (Morgante 
et al., 2011; Russo et al., 2015). TMS during a reaction time task showed 
that FMS patients lacked pre-movement facilitation in the non-fatigued 
and fatigued state (Morgante et al., 2011; Russo et al., 2015). In the non- 
fatigue state, the lack of pre-movement facilitation correlated with the 
amount of self-reported fatigue (Morgante et al., 2011). Furthermore, in 
a former study including a subgroup of subjects participating in the 
current study, we applied dual site TMS over the ipsilateral dorsal pre-
motor cortex (PMd) and the M1 and found that the self-experienced 
fatigue scaled positively with an attenuation of premotor-to-motor 
functional connectivity (Ruiu et al., 2020). 

The present study extends previous neuroimaging work on motor 
fatigue in MS by investigating task relevant BOLD-fMRI changes before 
and after a fatigue inducing manual motor task. We transiently induced 
motor fatigue in the right hand by letting participants perform a tonic 
maximal grip force task in-between the task-related fMRI sessions. Given 
the functional role of the PMd and the link between dynamic changes in 
task-related activity and fatigue (Morgante et al., 2011; Rocca et al., 

2007, 2016; Russo et al., 2015; Specogna et al., 2012), we hypothesized 
that the amount of fatigue experienced during everyday life is associated 
with an inability to activate the premotor cortex in the recovery phase 
after fatiguing task. 

2. Material and methods 

2.1. Participants 

Fifty patients with relapsing-remitting MS were consecutively 
included mainly from the Danish Multiple Sclerosis Center at Rig-
shospitalet, Copenhagen, Denmark (Svolgaard et al., 2018). The inclu-
sion criteria were (i) no clinical or radiological evidence of disease 
activity during three months before study initiation, (ii) a relapsing- 
remitting disease course, (iii) an Expanded Disability Status Scale 
(EDSS) score of ≤ 3.5 (Kurtzke, 1983), (iv) age 18 – 55 years, and (v) 
being right-handed according to the Edinburgh Handedness Inventory 
(Oldfield, 1971). Patients received no pharmaceutical treatment of fa-
tigue and women were not pregnant at the time of study. All patients had 
no changes in MS-related medication for three months and did not have 
other medical or psychiatric comorbidities. They reported no previous 
infections affecting the central nervous system, no sleeping problems, no 
drug or alcohol abuse, and had no contraindications for MRI. Addi-
tionally, 25 age- and sex-matched healthy individuals were included. 
The ethics committee of the Capital Region of Denmark (Protocol H- 
4–2013-182) approved the study and all participants gave informed 
consent. 

2.2. Clinical assessment 

Fatigue was evaluated with the Fatigue Scale for Motor and Cogni-
tive Functions (FSMC) (Penner et al., 2009), and the FSMCMOTOR sub- 
scores were used as index of the motor fatigue level experienced by 
the participants during everyday life. Neurological disability was scored 
with the EDSS (Kurtzke, 1983) and skilled hand function with the Nine- 
Hole Peg Test (9-HPT) (Lamers et al., 2014) and the Jebsen-Taylor Hand 
Function Test (JTHFT) (Jebsen et al., 1969). The Beck Depression In-
ventory II (BDI-II) (Goldman, 2005; Minden et al., 2014), Epworth 
Sleepiness Scale (ESS) (Johns, 1991; Popp et al., 2017), Pittsburgh 
Quality of sleep index (PQSI) (Buysse et al., 1988), Symbol Digit Mo-
dality Test (SDMT) (Lopez-Gongora et al., 2015), and Paced Auditory 
Serial Addition Test (PASAT) (Possa, 2010) were performed to assess 
mood, sleep quality and cognitive impairment. 

2.3. Magnetic resonance imaging 

Magnetic resonance imaging (MRI) was performed with a Philips 
Achieva 3.0 T scanner and a 32-channel receive head coil (Philips, Best, 
The Netherlands). During the precision grip task, whole-brain fMRI 
scans were acquired with an Echo Planar Imaging (EPI) sequence with 
repetition time (TR) = 2500 ms, echo time (TE) = 30 ms, and flip-angle 
of 80̊. Each brain volume consisted of 42 axial slices acquired in inter-
leaved order with a slice thickness of 3 mm, resulting in a 3x3x3 mm 
voxel resolution and a field-of-view (FOV) of 192x192x126 mm. For 
quantifying lesion load and overall brain atrophy, structural MRI 
including T1- and T2-weighted and Fluid Attenuated Inversion Recovery 
(FLAIR) images were obtained. The T1-weighted image was acquired 
with a sagittal magnetization prepared rapid acquisition gradient echo 
(MPRAGE) sequence (TR = 6 ms, TE = 2.70 ms, flip-angle = 8◦, 0.85 mm 
isotropic voxel size and a FOV of 245x245x208 mm). The T2-weighted 
image was acquired with a turbo spin echo sequence (TR = 2500 ms, 
TE = 270 ms, flip-angle = 90◦, 0.85 mm isotropic voxel size and a FOV of 
245x245x190 mm). The FLAIR image was acquired with a TR = 4800 
ms, TE = 327 ms and an isotropic voxel size of 1 mm3 resulting in a FOV 
of 256 × 256 × 202 mm. 
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2.4. Precision grip task during fMRI 

All subjects received verbal and written instruction and trained the 
task before entering the scanner. In addition, maximal precision grip 
force of the right hand was measured to individually adjust the target 
force level in the fMRI experiment. During fMRI, participants performed 
a precision grip task on a force device and continuously received visual 
feedback. The task had a pre-fatigue, fatiguing and a recovery phase 
(Fig. 1). The results obtained during the pre-fatigue fMRI run have been 
reported in a previous publication (Svolgaard et al., 2018). The pre- 
fatigue and recovery phases were identical and included 24 blocks of 
each 20 s duration; 12 resting blocks and 12 active blocks, alternating. 
During the active blocks the participants performed a tonic precision- 
grip, continuously pressing on a force sensor with their right index 
finger and thumb. The participants had to continuously produce 20 % of 
individual maximal grip force and received concurrent visual feedback. 
Participants were required to match the diameter of a blue circle to the 
size of a ring presented on a screen. The blue circle corresponded to the 
actual grip force produced by the participant, while the ring corre-
sponded to the target force level (i.e., 20 % of maximal grip force). 

During the fatiguing phase, participants produced a tonic grip force that 
had to be above 75 % of maximal individual grip force, until subjects 
became fatigued and could no longer maintain such a high force level. 
Before and after the fatiguing phase of the precision grip task, the par-
ticipants rated their fatigue on a scale from 0 to 10 (10 the highest de-
gree of fatigue) displayed on the screen in the scanner. This was done 
using the force device. The performance of the precision grip task was 
monitored on-line and the data were visually inspected to evaluate if 
each individual subject had performed adequately. Behavioural force 
data was scaled to represent the force in newton and the mean and 
standard deviation was extracted for each task block with Matlab (The 
Mathworks Inc., USA, https://se.mathworks.com/products/matlab. 
html). 

2.5. Pre-processing and analysis of MRI data 

Cortical reconstruction and volumetric segmentation of the struc-
tural MRI data were performed using FreeSurfer software (version 5.3.0; 
https://surfer.nmr.mgh.harvard.edu). We employed the same process-
ing pipeline, which has been described in detail (Dale et al., 1999; Fischl 

Fig. 1. Fatiguing precision grip task. (A) The task had a pre-fatigue, fatiguing and recovery phase (“Post”) (Mucke et al., 2015). The pre-fatigue and recovery phase 
were identical and included 12 blocks with 20 s compressions at 20 % of the individual subject’s maximal voluntary contraction (MVC) and 12 blocks of 20 s with 
rest. During the active blocks the subject had to expand a blue circle by applying a precision grip on force-measuring device. The fatiguing phase was a long tonic 
contraction of between 75 % and 100 % of MVC, which lasted until the subjects were fatigued. (B) The precision grip force device. (C) Task-related activity was 
analysed using a General Linear Model to find the constant main effect of task (main effect) as well as linear modulation of task-related activity (linear time effect), 
the latter is not shown in the figure. The first block (red line) was separately modelled and treated as effect of no interest. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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et al., 1999). Briefly, the data processing includes intensity normaliza-
tion to Montreal Neurological Institute (MNI) space, skull stripping, 
filtering, segmentation, and surface deformation. A trained researcher 
reviewed the quality of the skull stripping and accuracy of grey and 
white matter outer boundaries. The estimated total intracranial volume 
(eTIV), white matter volume (WMV), grey matter volume (GMV) and 
white matter hyperintensity volume (WMHV) were extracted using 
specialized tools for automated parcellation of grey and white matter in 
FreeSurfer (Desikan et al., 2006). Finally, the extracted volume mea-
sures were converted to z-scores for further analyses. Hyperintense le-
sions were delineated on FLAIR images by a trained blinded observer, 
using a semi-automatically local thresholding technique (Jim 6.0 
Xinapse System, Leicester, UK, https://www.xinapse.com/). T1- and T2- 
weighted images were used for lesion clarification. 

The fMRI data were analysed with SPM 12 software (Welcome 
Department of Imaging Neuroscience, London, UK, https://www.fil.ion. 
ucl.ac.uk/spm/software/) and Matlab. The functional images were 
realigned to the mean EPI image using a six-parameter, rigid-body 
transformation and spatial normalized to the MNI ICMB European brain 
template using the parameters from the normalisation of the mean 
image. The images were resampled to 2 mm isotropic resolution in MNI 
space and spatially smoothed with a 6 mm full-width at half-maximum 
isotropic Gaussian kernel. A general linear model (GLM) was set up to 
estimate the voxel-wise Blood Oxygen Level Dependent (Rocca et al., 
2009) signal response to the active blocks within each subject. The 
fatiguing phase was not included in the analysis. The regressor model-
ling the main effect of task was defined by convolving the block-stimulus 
function with the canonical hemodynamic response functions in SPM. 
To estimate the change across the blocks within the two phases, a first- 
order time modulation regressor was added, which estimated linear 
changes in BOLD amplitude across the task blocks. In addition, a 24 
parameter Volterra expansion of the realignment parameters was added 
to reduce residual head movement artefacts. The 24 regressors consti-
tuted the 6 realignment parameters from the realignment procedure, 
their finite difference approximated temporal derivative, and all of them 
squared (Friston et al., 1996). The first task block, the pre-fatigue phase, 
was modelled as a separate regressor of no interest because subjects 
needed the first task block to reach steady-state performance. The 
change in BOLD contrast due to motor fatigue was estimated by con-
trasting the parameter estimates from the non-fatiguing grip force task 
in the “pre-fatigue” phase and the “recovery” phase after the fatiguing 
grip force task. We additionally contrasted the time-modulation esti-
mates from the two phases to test for differences in linear time-effect 
between the two phases. These two contrast maps were used in the 
group modelling. 

2.6. Statistical analyses 

Random effects inference models were used to test for task-related 
BOLD response differences within and between groups for the main ef-
fect as well as the time effect of task. The within-group models contained 
age and hand function, measured with the JTHFT, as nuisance re-
gressors. Between-group comparisons were additionally controlled for 
duration of the fatiguing phase, as there was a group difference in 
duration. Additionally, models were set up containing the FSMCMOTOR 
scores as effect of interest, and age and hand function as nuisance re-
gressors, to test for the correlation of fatigue with main and time effects. 
Post-hoc, the beta values from the identified clusters in the FSMCMOTOR 
model were extracted and correlated with the online subjective fatigue 
induced by the fatiguing task. 

Small volume correction (SVC) was performed for PMd using a left- 
hemispheric PMd mask as the task was performed with right hand (King 
et al., 2014; Kuhtz-Buschbeck et al., 2001, 2008). The PMd mask was 
constructed by converting the Human Motor Area Template (HMAT) 
from Talairach to MNI space (Mayka et al., 2006; m2html©, 2005). 

For all voxels within the ROI, the cluster-forming threshold was set to 

puncorrected = 0.001 and findings were considered significant at family- 
wise error (FWE) corrected p < 0.05 on cluster-level, while findings 
with a cluster-level FWE corrected p-value ≤ 0.1 and number of voxels 
≥ 10 were defined as trends. In addition, we performed a whole-brain 
analysis with the same criteria to define statistical significance. The 
only difference was that whole-brain analysis corrected for all voxels 
within the brain mask. 

Clinical, behavioural, and structural MRI data were analysed with 
SPSS software (version 22, IBM Corp., Armonk, New York, USA), using t- 
tests, repeated measures ANOVA, and Pearson or Spearman correlation 
when applicable. Significance threshold was set at p < 0.05. 

3. Results 

3.1. Clinical and grip force data 

Forty-nine patients with relapsing-remitting MS and 25 healthy 
controls participated in all examinations. Two patients had to be 
excluded from analysis because of movement artefacts in the fMRI data, 
and another patient because of inability to perform the task as instruc-
ted. Two additional MS patients were excluded because their BDI-II 
score indicated the possibility of depression, although they had no 
clinical diagnosis of depression. Table 1 summarizes the clinical char-
acteristics and the structural MRI data. There was no difference between 
controls and patients in age and gender distributions. The patients had 
higher total, motor, and cognitive FSMC scores as well as higher BDI-II, 
PSQI, and JTHFT scores relative to healthy controls. In the MS group, the 
FSMC scores correlated positively with BDI-II scores (r = 0.53, p <
0.001) and EDSS scores (r = 0.47, p = 0.001). Patients did not differ from 
healthy controls with respect to task performance. In the pre-fatigue 
phase, the mean grip force produced by the participants during the 
task blocks was 16.2 N (SD 4.7 N) in healthy controls and 16.2 N (SD 2.4 
N) in the MS group. In the recovery phase, mean grip force was 16.0 N 
(SD 4.8 N) in healthy controls and 15.9 N (SD 2.4 N) in MS patients. 
Mean force level was slightly lower in the recovery phase compared to 
the pre-fatigue phase (F (1, 67) = 9.73, p = 0.003), but there was no 
group difference or group by time interaction. There was an increase in 
force output variability from the pre-fatigue to recovery phase (F (1, 67) 
= 4.87, p = 0.031) and an overall difference in force variability among 
the blocks within the pre-fatigue and recovery phase (F (2.48, 166.27) =
2.92, p = 0.045), but no difference between groups and no group-by- 
time interaction. The duration of the fatiguing phase was significantly 
longer in healthy controls (308 sec) compared to MS patients (227 sec) 
(p = 0.015). The duration of the fatiguing phase did not correlate with 
the FSMCMOTOR score. 

3.2. Task-related brain activity 

3.2.1. Dorsal premotor cortex 
The MS group showed a negative linear relationship between 

changes in task-related activation in the rostral part of left PMd and 
FSMCMOTOR scores (Table 2, Fig. 2). The higher the MS patients’ indi-
vidual FSMCMOTOR score, the smaller was the activation increase in the 
rostral PMd from the pre-fatigue to the recovery phase. In other words, 
those patients who showed an increase in task related PMd activation in 
the recovery phase were less affected by motor fatigue during their 
everyday lives. 

3.2.2. Whole brain analyses 
Whole-brain analysis identified a stronger activation of the ipsilat-

eral primary sensorimotor area in the recovery phase in both the MS 
group and the healthy controls (Table 2, Fig. 3). Moreover, the MS group 
showed an increased task-related activity in additional brain areas, 
comprising clusters in left superior medial, middle and inferior frontal 
gyrus, middle temporal gyrus, pre- and post-central gyrus, paracentral 
lobule, precuneus, hippocampus and right cerebellum. In contrast, 
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enhanced task-related recruitment was limited to right pre- and post- 
central gyrus in the control group. No brain region showed a signifi-
cant reduction in task-related activity in either of the groups despite 
lower force production in recovery phase. A direct contrast of fatigue- 
induced activity changes between groups identified two clusters, a 
cluster in right dlPFC and another cluster in left middle putamen, where 
MS patients showed a stronger increase in task-related activity from the 
pre-fatigue phase to the recovery phase relative to healthy controls 
(Fig. 4, Table 2). The same pattern was present in the left dlPFC and right 
putamen, however only trend-wise. In these areas, task-related activa-
tion increased in MS patients, whereas activity levels decreased in 
healthy controls (Fig. 4). 

Whole-brain analysis also identified two areas where the change in 
activation from the pre-fatigue to the recovery phase scaled with indi-
vidual FSMCMOTOR scores in patients with MS, namely the left mesial 
prefrontal cortex (MNI-coordinates at peak: x, y, z = -2, 36, 46, cluster- 
level puncorrected = 0.028, t-value = 4.31) and left inferior parietal lobule 
((MNI-coordinates x, y, z = -50, -54, 44), cluster-level puncorrected =

0.032, t-value = 3.84). Yet these relationships between the fatigue- 
induced activity changes and experienced fatigue during everyday life 
did not survive whole-brain FWE-correction, and thus are not consid-
ered further. We also conducted between-group analyses to test whether 
the fatiguing motor task altered the time modulation of task-related 
activity in the recovery state. We found no group differences 
regarding the effect of the fatiguing task on the time modulation of task- 
related activity or its relation to the FSMCMOTOR scores. 

4. Discussion 

In this study, we “challenged” the motor system by acutely intro-
ducing a state of motor fatigue asking participants to perform a fatiguing 
grip force task. At the behavioural level, patients with MS showed a 
higher degree of fatigability than healthy controls, because they expe-
rienced motor fatigue faster than healthy controls. Conversely, the 
fatiguing tonic grip at maximal force levels had a comparable “per-
turbing” effect on the task performance during recovery. Both groups, 

MS patients and healthy controls, showed a slight reduction in force 
levels in the fMRI session after provoking fatigue, along with a higher 
variability of the required force output. 

At the neural level, our fatigue-inducing perturbation approach 
yielded three main findings. Firstly, after the fatiguing phase of the 
precision grip task, the neural activity in motor related areas generally 
increased in both groups, supporting that the fatiguing phase of the 
precision grip task was indeed fatiguing and the motor system was 
indeed challenged in both groups. 

Secondly, we identified a rostral premotor cluster in the dominant 
left hemisphere where dynamic changes in task-related activity reflected 
the severity of motor fatigue experienced by the patients during their 
everyday lives. In agreement with our hypothesis, patients in who left 
rostral PMd became more engaged in the task during recovery reported 
less motor fatigue during their everyday lives. Secondly, we found that 
patients with MS showed a stronger increase in task-related engagement 
of right dlPFC and left middle putamen from the pre-fatigue to recovery 
state compared to healthy controls with similar trend-wise changes in 
the other hemisphere. In these regions, the increased functional 
engagement after the fatiguing grip force task was unrelated to self- 
experienced motor fatigue. 

4.1. Dynamic change in task-related premotor activity and self-perceived 
fatigue 

In the left rostral PMd, the fatiguing task triggered a relative change 
in activation that reflected self-perceived daily-life fatigue. Patients, 
who already showed relatively high rostral PMd activation at baseline 
but failed to increase its engagement in a recovery state, were affected 
more strongly by motor fatigue in their everyday life, resulting in higher 
FSMCMOTOR scores. Conversely, those patients who initially showed 
little or no task-related activity of left rostral PMD but scaled up their 
functional engagement in the recovery state reported no or little fatigue 
in everyday life. 

The relationship between task related PMd activation and self- 
reported fatigue during everyday life suggests that the activation 

Table 1 
Clinical characteristics of MS patients and healthy controls.    

MS n ¼ 44    HC n ¼ 25    

Mean Range SD  Mean Range SD p 
Age 35.9 (22–53) 8.8  35.8 (19–55) 10.6 0.979 
Gender (M:F) 14:30 32 %:68 %   9:16 36 %:64 %  0.723 
Median EDSS 2.5 (0–3.5) 1.0      
DiseaseDURATION 6.3 (0–28) 5.2      
On MSTREATMENT 40MS 90.9 %       
Clinical scores         
FSMCTOTAL* 59.3 (20–92) 21.3  28.0 (20–46) 8.2 0.000 
FSMCMOTOR* 28.8 (10–45) 10.6  12.9 (10–23) 3.2 0.000 
FSMCCOGNITIVE* 30.5 (10–48) 11.9  15.0 (10–28) 5.6 0.000 
BDI - II* 7.2 (0–22) 6.0  1.6 (0–11) 2.8 0.000 
PSQI* 5.2 (1–18) 3.7  3.4 (1–5) 1.4 0.005 
ESS 8.2 (2–17) 3.9  6.4 (0–14) 4.0 0.080 
PASAT 50.1 (33–60) 7.5  51.1 (43–59) 5.0 0.506 
SDMT 54.2 (35–89) 10.5  56.5 (41–70) 6.7 0.280 
JTHFTRIGHT HAND* 37.7 (30–53) 4.2  35.4 (29–41) 3.5 0.026 
9-HPTRIGHT HAND 15.9 (13–24) 2.0  15.7 (13–19) 1.8 0.628 
Structural MRI metrics        
Mean TIV 1561.3  141.4  1594.9  154.7 0.362 
Mean WM 482.7  59.9  500.2  56.9 0.135 
Mean GMV 637.5  47.9  657.2  47.9 0.170 
Mean WMHV 5.9 (0.3–30.7) 6.5      

Table 1. * = p – value < 0.05 Abbreviations: Age = Age in years, BDI - II = Beck depression inventory version II, Disease duration = Years since diagnose, EDSS =
Expanded disability status score, ESS = Epworth sleepiness scale, FMS = MS patients with fatigue, FSMCCOGNITIVE = FSMC cognitive score, FSMCMOTOR = FSMC motor 
score, FSMCTOTAL = Fatigue scale for motor and cognitive functions total score, Gender (M: F) = Male: female ratio, HC = Healthy controls, GMV = Grey matter volume 
in millilitre, JTHFT = Jebsen-Taylor hand function test, MS = Multiple sclerosis, NFMS = MS patients without fatigue, WMHV = White matter hyperintensities volume 
(i.e. white matter lesions, in millilitre), 9-HPT = Nine hole peg test, p = P – value, PASAT = Paced auditory serial addition test, PSQI = Pittsburgh sleep quality index, 
SD = Standard deviation, SDMT = Symbol digit modalities test, TIV = Total intracranial (volume in millilitre), Treatment = In treatment with multiple sclerosis disease 
modifying drugs, WMV = White matter volume in millilitre. 
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dynamics of the left rostral PMd may determine the individual expres-
sion of motor fatigue during everyday life. If a non-fatiguing task already 
triggers a “compensatory” recruitment of the left rostral PMD, no further 
recruitment is possible when being challenged by a fatigue-inducing 
task. Whether this would be the same for other neurodegenerative dis-
eases suffering from fatigue is unknown. However, the notion that a 
limited capability to dynamically recruit a key area plays an important 
role in determining functional compensation is in accordance with 
explicit models of functional compensation and functional reserve in 
fMRI studies of preserved cognitive function and neurodegenerative 
diseases (Gregory et al., 2017). 

The PMd is a key motor area which critically contributes to visuo-
motor guidance of manual activities (Hanakawa et al., 2006; Ward et al., 
2010) with the caudal “motor” PMd being involved in movement 
execution and the rostral “frontal” PMd taking part in more cognitive 
aspects of motor control (Boussaoud, 2001; Picard and Strick, 2001). 
Our results therefore suggest that the ability to recruit the rostral PMd of 
the dominant hemisphere during the “aftermath” of a fatiguing motor 
task may reflect the compensatory potential of the PMd to protect pa-
tients with MS against experiencing motor fatigue in everyday life. Our 
results also support the notion that self-perceived motor fatigue during 
everyday life may be linked to over-recruitment of frontal motor areas 

that take part in higher-order cognitive control of actions already during 
non-fatiguing everyday activities. 

Several previous fMRI studies have used prolonged motor tasks 
requiring the continuous production of repetitive movement, which may 
have resulted in motor fatigue to varying degrees (Filippi et al., 2002; 
Pardini et al., 2013; Rocca et al., 2016; Specogna et al., 2012). Similar to 
our study, Specogna et al. 2012 (Specogna et al., 2012) found that self- 
reported (cognitive and motor) fatigue correlated positively with motor 
activity in the prefrontal and premotor cortices, albeit in the right 
hemisphere. The findings of other studies have been more diverse. In 
mildly disabled MS patients, self-reported (cognitive and motor) fatigue 
correlated negatively with task-related motor activity in the contralat-
eral thalamus, bilaterally in the rolandic operculum (Filippi et al., 2002) 
or positively in the right cerebellar hemisphere, left orbitofrontal cortex 
(Pardini et al., 2013) or in the right dlPFC (Rocca et al., 2016) during the 
performance of simple right-handed motor tasks. Only one study focused 
on motor fatigue component in isolation (Rocca et al., 2016). That study 
found a negative correlation between motor fatigue in everyday life and 
task-related activity in the right supplementary motor area (SMA), right 
thalamus and left middle temporal gyrus (Rocca et al., 2016). The lack of 
consistency across previous studies may be explained by the fact that the 
motor activity during fMRI varied in their fatigue-provoking effects and 

Table 2 
Group results of fMRI data.     

MNI 
coordinates 

T Cluster Cluster 

Contrast Region Side x y z Value P value Size 

MS         
Recovery > pre Middle temporal gyrus L − 62 − 20 − 6 5.86 < 0.001 500  

Inferior frontal gyrus (pars triangularis) L − 34 26 20 5.76 < 0.001 341  
Superior frontal gyrus R 22 38 52 5.26 0.02 146  
Middle cingulum gyrus L − 2 − 10 44 4.97 < 0.001 297  
Paracentral lobule R 2 –32 70 4.95 < 0.001 420  
Precentral gyrus R 32 − 26 74 4.91 0.038 126  
Middle frontal gyrus (pars orbital) L − 34 46 − 6 4.91 0.001 239  
Hippocampus L − 12 − 36 6 4.9 0.008 175  
Inferior frontal gyrus (pars orbitalis) L − 40 34 − 6 4.82 0.015 155  
Cerbellum (Crus2) R 34 − 78 − 40 4.51 0.001 244  
Precuneus L − 2 − 68 46 4.4 < 0.001 341  
Medial superior frontal gyrus L 0 56 2 4.34 0.006 187          

Recovery > pre FSMCmotor PMd L − 34 2 66 4.11 0.03SVC 32   
L − 40 2 62 3.85     
L − 48 10 54 3.87 0.073SVC* 16   
L − 26 10 68 3.72 0.069SVC* 17          

HC         
Recovery > pre Primary motor cortex R 42 − 20 56 5.4 0.011 175  

Middle temporal gyrus R 62 − 4 − 14 5.46 0.056* 119  
Pre- & postcentral gyrus R 62 − 6 34 4.62 0.082* 107 

Recovery > pre FSMCmotor –                 

MS > HC         
Recovery > pre Middle frontal gyrus R 32 38 16 5.26 0.034 149  

Middle frontal gyrus L − 24 40 20 4.94 0.051* 134  
Putamen L − 28 0 − 12 4.9 0.012 189  
Putamen R 22 10 − 2 3.92 0.061* 127 

Recovery > pre FSMCmotor –                 

Table 2. The table lists clusters in the brain showing a change in task related activation after acute induction of motor fatigue compared to pre-fatigue activation at 
baseline (recovery > pre-fatigue) or a change in the relationship between the individual FSMCmotor scores and task related activation as triggered by acute induction 
of motor fatigue (recovery > pre FSMCmotor). The cluster-forming threshold was set to an uncorrected p-value ≤ 0.001. Findings were considered significant at family- 
wise error (FWE) corrected p < 0.05 at the cluster level. 
* Trend findings showing a p-value ≤ 0.1 (FWE, cluster level) and a cluster extent of ≥ 10 voxels. 
SVC: Significant results with small volume correction, p < 0.05 (FWE, cluster-level). Small volume corrected was performed with whole PMd L as mask (HMAT 10). 
SVC*: Trend findings showing a p-value < 0.1 (FWE, cluster-level) and a cluster extent of ≥ 10 voxels. 
Within-group analyses of MS patients were corrected for age and JTHF. Within-group analyses of healthy controls were corrected for age and JTHF. Between MS 
patients and healthy controls group analysis: corrected for age, JTHF and duration. Cluster size = number of voxels. 
Abbreviations: FSMCMOTOR = Fatigue Scale for Motor and Cognitive Functions, motor subscale, HC = Healthy controls, MS = Multiple sclerosis, PMd = Dorsal 
premotor cortex, Pre = Pre-fatigue phase, R = Right hemisphere, t = T-value. 
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how this engaged higher-order cognitive control. 

4.2. Motor activity in the aftermath of fatigue induction 

In the MS patients, the associative cortico-basal ganglia loops 
became more activated bilaterally during recovery after the fatiguing 
unilateral motor task, potentially reflecting an increasing mental effort 
contributing to fatigue. Given the diverse role of the putamen and the 
dlPFC in motor learning (DeLong and Wichmann, 2009; Doyon et al., 
2009) and executive functions such as working memory and attentional 
selection (Abe and Hanakawa, 2009), the observed group difference 
could be related to cognitive impairment, performance dysfunction or 
learning. Nonetheless, the task was simple, the participants were trained 
before entering the scanner and there was no group difference in task 
performance in neither in the pre-fatigue nor in the recovery phase. In 
addition, the MS group performed equally well in the clinical hand 
function tests, and the group fMRI analyses were controlled for hand 
function measured by the JTHFT. Furthermore, we have previously 
shown that there were no group differences in the prefrontal cortex or in 
the putamen during the pre-fatigue phase (Svolgaard et al., 2018), 
indicating that the differences between the pre-fatigue phase and 

recovery phase were induced by the fatiguing task. 
In line with our findings, the prefrontal-striato-thalamo-cortical 

loops, and particularly the basal ganglia, have been highlighted as 
crucial areas in the pathophysiology of fatigue in neurological diseases 
in general by several authors (Dobryakova et al., 2013; Chaudhuri and 
Behan, 2000). In MS, several studies using different neuroimaging mo-
dalities have found fatigue-related changes in the prefrontal cortex and 
in the basal ganglia (for review see (Chalah et al., 2015)). This includes 
fMRI studies using right-hand motor tasks exploring fatigue in mildly 
disabled MS patients. 

To the best of our knowledge, only a few studies have used tasks that 
were designed to induce fatigue, and most of these studies have used 
cognitive tasks to induce fatigue. Among these, Deluca et al. 2008 
(Deluca et al., 2008), found increased activation in the prefrontal cortex 
and in the basal ganglia in MS patients during the performance of a 
cognitively fatiguing task. Furthermore, Tartaglia et al. 2008 (Tartaglia 
et al., 2008) found increased activation in the right MFG and in the left 
post-central gyrus, and bilaterally in the cingulate gyrus in MS patients 
during the performance of a motor task after having been cognitively 
fatigued. Focusing on cognitive fatigue, (Chen et al., 2020) reported a 
relationship between task-related rostral premotor activation during a 

Fig. 2. Fatigue-induced premotor activity correlated with self-reported motor fatigue in the multiple sclerosis patients. (A) In the MS group, pre-fatigue to 
recovery (post-fatigue) changes in the BOLD activity in wide area in rostral part of left PMd correlated with the subjects’ individual FSMCMOTOR scores. (B) The 
higher the MS patients’ individual FSMCMOTOR scores were, the lower was the PMd activation change from pre-fatigue to recovery (post-fatigue). The graphically 
visualization shows that there was no significant relation between the self-reported fatigue and the estimate BOLD response in the pre-fatigue phase, however that a 
negative correlation between the self-reported fatigue and the estimate BOLD response emerges in the recovery phase (post-fatigue) after the performance of the 
fatiguing phase. 
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cognitive task and self-reported fatigue in MS patients that depended on 
cognitive task load (Chen et al., 2020). As fatigue ratings increased 
during task execution the rostral PMd showed a bilateral increase in 
task-related activation in the high-load and a decrease in activation in 
the low-load task condition (Chen et al., 2020). 

Thus, most fMRI studies performed this far were not designed to 
induce fatigability a priori, but explored the neural underpinnings of 
fatigue by comparing healthy controls with MS patients or FMS patients 
with NFMS patients, and by correlating the brain activation pattern with 
the self-reported fatigue. These studies did not distinguish between 
fatigability and the overall sensation of fatigue. Specogna et al. (2012) 
found a stronger fatigue-associated task-related activity in the right 
MFG, premotor cortex and putamen in FMS patients compared to NFMS 
patients.Rocca et al. (2007) found a motor task-related activation in-
crease in the frontal cortex and thalamus in MS patients with IFNβ-1a- 
induced fatigue. Finally, the study by Rocca et al. (2016) found an 
altered time adaption in FMS patients compared to healthy controls and 
NFMS patients in the premotor cortex and putamen, and a positive fa-
tigue correlation in the dlPFC. The divergent findings across studies 
investigating the neural underpinnings of fatigue in MS may be 
explained by the heterogeneous nature of MS and the 

multidimensionality of fatigue. Furthermore, patient-related factors and 
methodological differences might also account for some of the differ-
ences between studies. 

4.3. Methodological considerations 

Within the MRI scanner, it is impossible to use a task that truly 
mimics the fatiguing challenges in everyday life. Whether the neural 
correlates of fatigue during a hand-motor task are applicable to other 
forms of motor fatigue, such as gait fatigability, is unknown. In the 
present study, we used the FSMCMOTOR scores to quantify self-perceived 
motor fatigue during daily life, why the findings might not be general-
izable to cognitive fatigue. Furthermore, the findings might not be 
generalizability to patients with EDSS greater than 3.5 as they were 
excluded from the study. On-line fatigue severity, in other words the 
state of being fatigued (Enoka and Duchateau, 2016), was measured 
during the precision-grip task using a VAS score. However, it is unclear 
how much these two measures of fatigue are related to each other 
(Enoka and Duchateau, 2016; Zijdewind et al., 2016). Another challenge 
is that the level of manual motor impairment may increase the tendency 
to experience motor fatigue and fatigability in patients with MS. 

Fig. 3. Fatigability-induced activation increase in the right primary motor cortex. After the fatiguing phase both groups had a higher activity in the ipsilateral 
primary sensory-motor areas. (A) Showing the fatigue-induced change in all participants, (B) showing the change in the patients with relapsing-remitting MS and (C) 
showing the change in the healthy controls. 
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Therefore; our analyses controlled for inter-individual differences in 
hand function. 

Given the subjective nature of fatigue, future fMRI studies on the 
neural correlates of motor fatigue may consider the dynamical proper-
ties of task related functional recruitment of brain networks. To disso-
ciate brain activity related to trait fatigue and fatigability, the fMRI 
design should capture brain activity during non-fatiguing and fatiguing 
motor tasks. Along with including large well-characterized patient 
samples, this might increase the consistency across studies. 

5. Conclusions 

By inducing acute motor fatigue during a fMRI experiment, we show 
that dynamic task-related activity changes in the PMd and in the asso-
ciative prefrontal – basal ganglia loop may contribute to self-perceived 
fatigue and fatigability. The ability to recruit these areas in the recov-
ery phase after a fatiguing task state may protect against experiencing 
motor fatigue in everyday life. While there is no clear relationship be-
tween subjective (trait) fatigue and fatigability at the clinical level 
(Kluger et al., 2013; Mosso, 1904), our results point to a relationship at 
the neural level. We found a relation between the individual FSMC 
scores and the change in neural activation levels in the left rostral PMd 
provoked by a fatigue-inducing task. We hypothesize that the ability to 
recruit the rostral PMd of the dominant hemisphere during the “after-
math” of a fatiguing motor task may reflect a compensatory reserve in 
the PMd that protects patients with MS against experiencing motor fa-
tigue in everyday life. 
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