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General Discussion and Summary 
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Fatigue can have multiple definitions, but in clinical practice fatigue as perceived 
by patients is the most relevant. This perceived fatigue has been defined for 
patients with multiple sclerosis (MS) as ‘a subjective lack of physical and/or 
mental energy that is perceived by the individual or caregiver to interfere with 
usual and desired activities’.147 

Increased perceived fatigue can be very debilitating and is one of the most 
prominent symptoms in patients with (MS).73,117 It is frequently one of the first 
symptoms to occur 21, and is usually present at all stages of the disease. 
Increased perceived fatigue has a detrimental effect on a patient’s quality of life 
and the ability to maintain employment.9,67,158 

Perceived fatigue can only be measured using questionnaires. The Fatigue 
Severity Scale (FSS)119 and the Modified Fatigue Impact Scale (MFIS)147 are 
commonly used for patients with MS. They both show acceptable validity and 
reliability,10,123,171 which makes them useful to determine perceived fatigue in MS 
patients. However, both questionnaires are not very sensitive to changes in 
fatigue, which makes them less useful as an outcome measure in intervention 
studies.123,171 An alternative outcome measure would therefore be desirable for 
future intervention studies. In order to develop such an alternative, fatigue as a 
clinical symptom and its causes need to be better understood. A better 
understanding of perceived fatigue may also contribute to future treatment 
options, since no satisfactory treatment is currently present.13,109 

It is recognized that perceived fatigue is multifactorial, and has most likely 
many underlying causes.60,111,114 In their study, Kluger et al111 stated that 
perceived fatigue is most likely a combination of performance fatigability, 
sensations, and psychological factors. Association studies can be used to 
determine factors that may play a role in the pathophysiology of perceived 
fatigue. 
 
Associations with perceived fatigue 
So far, multiple factors have been associated with perceived fatigue in MS, 
although not always consistently. These factors include patient characteristics 
(age, level of education, personality traits),80,128,139,140,223 disease characteristics 
(severity, duration, phenotype),80,112,140,144,153,158,211 physical ability measures 
(walking ability, daily activity level, gait parameters),11,146,211 neuropsychological 
parameters (PASAT, SDMT, Stroop),179,186 levels of inflammatory 
cytokines,91,135,145 cortical changes (lesion load, cortical atrophy, glucose 
metabolism, cortical activation during a task),29,63,156,167,178,186,194 sleep-related 
factors,140,144,211 and pharmacological agents.144,207 Many of these studies 
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focused on the association of a single parameter with perceived fatigue, 
sometimes corrected for one or multiple parameters. However, Enoka60 stressed 
the importance of including a combination of parameters of different constructs 
affecting perceived fatigue. A previous pilot study in our department indicated 
that a model including both depression scores (psychological factor) and muscle 
fatigability measures (performance fatigability factor) was stronger associated 
with perceived fatigue than either of the factors separately.196 In Chapter 2 we 
therefore set out to examine in a large sample size (n=83) whether a 
combination of a psychological measure (i.e. depression) and a measure of 
performance fatigability (i.e. muscle fatigability during a sustained maximal 
contraction) was better associated with perceived fatigue levels. We indeed 
found that together these factors were able to explain between 40%-48% of the 
variation in perceived fatigue scores, whereas for depression alone this was 
between 16%-29% (depending on the perceived fatigue questionnaire), and for 
muscle fatigability between 18%-21%. Similar results (R2=0.53) were found in 
Chapter 6, where a different measure was used for the performance fatigability 
(i.e. time to task failure on a submaximal fatiguing task). Several factors that on 
their own were found to be associated with perceived fatigue, such as 
medication use, did not contribute to explain variation in perceived fatigue in the 
final model. This is an indication that determinants of perceived fatigue are also 
associated with each other, which makes the study of perceived fatigue more 
complex. 

Previous studies found that perceived fatigue is associated with the 
phenotype of MS.144,153,158 This might help to explain why our model associates 
moderately well with perceived fatigue in relapsing-remitting MS (RRMS) 
patients, but less with secondary-progressive MS (SPMS) patients, as seen in 
Chapter 3. Although the model was able to explain 36% of the variation in MFIS-
scores of SPMS patients, the measures of performance fatigability did not 
improve a model based on HADS alone. During the RR phase and the SP phase 
different pathological processes occur in the central nervous system of MS 
patients.56 It is therefore possible that factors important for perceived fatigue may 
be affected differently in both phenotypes. However, it is important to note that 
we only measured a small group of SPMS patients (n=25), so interpretation of 
these results warrants caution. It is however an intriguing finding that may be 
followed-up by future studies. 

Approximately half of the perceived fatigue in MS patients can be predicted 
by changes in the parameters that were included in the model proposed in 
Chapter 2. Despite the fact that this is a fairly high percentage as compared to 
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other studies focusing on a single parameter, 50% of the perceived fatigue is still 
unexplained. Therefore, the model might benefit from the addition of more 
factors. A potential factor is a measure of the levels of pro-inflammatory 
cytokines IL-6, TNF-alfa or interferon-gamma.91,135,145 Furthermore, since effect 
of fatigue on cognition (ie difficulties with concentration, memory)33 are often 
described by patients, a measure of cognition such as the PASAT or SDMT 
could be a possible addition to the model.179,186 We furthermore recommend to 
correct for disturbed sleep, which is common in MS.211 

Chapter 2 furthermore established that an association was present between 
perceived fatigue and muscle fatigability. Previous studies did not find such an 
association.179,182,187-189,191,202 Although there is no definite explanation for the 
different findings, it is important to use a multifactorial approach, with a large 
sample size, and to consider the different phenotypes of MS. We found the 
association in two separate studies, and by using two different questionnaires to 
measure perceived fatigue (FSS and MFIS) and physical fatigue (muscle 
fatigability and time-to-task failure), which contributes to the robustness of this 
finding. Our findings are important to increase the understanding of perceived 
fatigue. In order to further understand the mechanisms underlying perceived 
fatigue, it was therefore important to study muscle fatigability in more detail. 
 
Mechanisms underlying muscle fatigability in multiple sclerosis 
Muscle fatigability is the loss of maximal force generating capacity.22 Muscle 
fatigability originates from both central 74 and peripheral factors.6 Central factors 
include changes in excitability on a spinal level or reduced output from the motor 
cortex and can cause central fatigue,74,138 whereas peripheral factors include 
changes in the energy metabolism and availability of myoplasmic free calcium 
within the muscle which leads to peripheral fatigue.6 The peripheral factors are 
dominant in the development of muscle fatigability. During a sustained maximal 
contraction in controls, approximately 20% of the force decline in ankle 
dorsiflexor muscles107 and 12% of the force decline in biceps brachii muscles183 
was attributed to central factors. Even though in MS patients peripheral factors 
are also important, central factors have a larger contribution than in 
controls.11,149,168,189,191,196,221 Central fatigue can originate on a spinal or 
supraspinal level.74,75,138,206 It has not yet been determined where the increased 
central fatigue in MS patients originates, but it has been established that MS 
patients have more trouble maintaining cortical output to the motor neuron 
pool.197 A maintained or increased output helps to overcome fatigue-related 
changes on a spinal level138 and to prevent central fatigue. 
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During the execution of a submaximal motor task, such as finger tapping, MS 
patients already show increased cortical activation compared to 
controls.64,124,164,174 MS patients show stronger activation of motor-related areas 
(contralateral primary sensorimotor cortex), but also bilateral activity of the 
primary sensorimotor cortex, and activation in areas that are normally associated 
with more complex or new motor tasks (supplementary motor area, inferior 
frontal gyrus, secondary somatosensory cortex, posterior lobe of 
cerebellum).64,174 The increased activation might be a mechanism to maintain 
cortical output despite the presence of MS-related lesions.174,233 

During the execution of a sustained maximal task, however, controls increase 
cortical activation over time in order to maintain cortical output.129,160,215 The 
maintenance of cortical output helps to overcome the reduced excitability of 
motoneurons138 and fatigue-related reductions in force-generating capacity of 
motor units.6 RRMS patients show an initial increase in cortical activation, but 
are unable to maintain this increase.197 Despite a greater decrease in central 
drive compared to controls, RRMS patients did not have increased muscle 
fatigability. 

SPMS patients have more cortical lesions2,3,121 and already show larger 
activation during a submaximal task.174 We therefore wondered whether this 
would result in reduced cortical output. A reduced cortical output may result in 
lower ability to voluntarily activate the muscle, that is lower voluntary activation 
(VA). This may result in an increased muscle fatigability in SPMS patients. In 
Chapter 3 we have shown that, like the RRMS patients, SPMS patients showed 
a stronger decline in central drive over time than controls. However, unlike 
RRMS patients the SPMS patients did have more muscle fatigue, and higher 
levels of estimated central fatigue. This thesis demonstrates differences between 
RRMS patients and SPMS patients in functional outcomes including muscle 
fatigue and force, but also differences in estimated central fatigue. This suggests 
the possibility for different mechanisms leading to the decreased functional 
performance in SPMS patients. These findings would support the notion that 
future research into motor performance of MS patients should take the different 
phenotypes into account, which is already common in cognitive studies in MS 
patients.48,51,96 Additional information about cortical activation during a maximal 
task in SPMS patients may help to further understand voluntary activation in 
SPMS patients, and the origin of the progression of functional decline of MS 
patients. 
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Muscle fatigue and cognitive performance 
Muscle fatigue does not only affect motor performance, but also cognitive 
performance. In controls, a fatiguing motor task did not result in cognitive 
performance decline, but it did result in increased cortical activation in 
orbitofrontal areas.215 During the performance of a cognitive task MS patients 
show, in accordance with motor tasks, greater cortical activation.14,33,134,173 MS 
patients may therefore not be able to increase activation after a fatiguing task to 
the level that is required for adequate task performance, resulting in a 
subsequent decrease in task performance. Since SPMS patients in general have 
more cortical lesions than RRMS patients,121,174 they are more likely to 
experience such a performance decline. We have examined the cognitive task 
performance after a fatiguing task in RRMS patients (as a part of the experiment 
described in Chapter 6, data not shown) and SPMS patients (Chapter 3), and 
compared them to their respective control groups. Although both groups were 
slower and less accurate on a choice reaction time task (CRT), neither group 
showed an effect of muscle fatigue on cognitive performance. 

However, studies including motor tasks demonstrated that MS patients are 
sometimes able to maintain task performance at the cost of increased cortical 
activation.64,164,174 In order to understand the effect of muscle fatigue on cognition 
it was therefore important to apply a paradigm that would stress the system 
maximally. We therefore performed a dual-task, in which both a motor and 
cognitive task were performed simultaneously. The motor task consisted of 
sustained submaximal right index finger abduction. The cognitive task was a 
two-choice auditory CRT, with one of the stimuli occurring more frequent (70%) 
than the other (30%). Subjects were instructed to focus on the motor task, so 
that any performance decline would appear on the cognitive task. 

A dual-task requires subjects to divide their attentional and processing 
capacity over the two concurrently performed tasks.152 If more attention needs to 
be allocated to perform the motor task, it is likely to find a performance decline 
on the cognitive task. Additionally, a dual-task under fatiguing conditions would 
allocate even more attentional resources to the motor task, which could 
subsequently result in decline of cognitive performance. 

Before we could study the performance of MS patients on a dual-task, it was 
important to understand the effect of age on dual-task performance. Attentional 
demands to perform a motor task a greater in older individuals,92,136,222,229 and 
this would possibly affect performance on a dual-task. Indeed, dual-task 
performance was found to decline with age.43,72,217,218 The group of older subjects 
in these groups, however, were 60 years and over. We were interested to 
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determine whether the effect of age was already present in middle-age, since 
most of the MS patients and controls that participated in our study were young 
adults or middle-aged. In Chapter 5 we therefore studied the effect of age on 
dual-task performance in a group of young (<30 years) and middle-aged (35-55 
years) controls. We indeed found an effect of age on dual-task performance, 
already at middle age. Interestingly, middle-aged subjects used a different 
strategy on the cognitive task. While young subjects showed signs of preparation 
for the more frequent tone, in order to reduce their reaction times, middle-aged 
subjects were more focused on correct responses. This different prioritization 
may play a role in the age-related cognitive decline in performance, as it is an 
early marker for age-related changes in cognitive performance.180,198 We 
furthermore found an indication that age-effects could be sex-dependent, with 
middle-aged women responding significantly slower than men and young men 
making significantly more errors under fatiguing conditions. However, the small 
sample size demands caution and warrants further investigation. 

It was therefore important to take the effect of age and possibly sex on dual-
task performance into account in our study of dual-task performance in MS 
patients (Chapter 6). We ensured no differences on these parameters existed 
between the groups by matching MS patients and controls on a subject-to-
subject basis for age, sex, and level of education. 

As expected, MS patients produced more errors and responded slower 
compared to controls.1,155 During a dual-task we found a greater decline in 
cognitive performance in MS patients, and this was even greater under more 
difficult, fatiguing, conditions. The additional decline is most likely a result of the 
already increased cortical activation during single task performance, which limits 
a further increase necessary to perform the more difficult, fatiguing task. This 
effect is enhanced under fatiguing conditions. However, it would be interesting to 
confirm this using fMRI, and to determine the location of the limitation within the 
cortex. 

In Chapter 4, we expanded on the notion that increasing task demands result 
in a greater loss of function in RRMS patients, by showing a similar pattern on 
the PPT, a measure of dexterity. RRMS in general showed lower dexterity, but 
this was more pronounced on an asymmetrical than a symmetrical bimanual 
task. Possibly, MS patients need more cortical activation to perform the more 
simple motor tasks,64,174 and they are unable to increase cortical activation 
sufficiently for the more difficult tasks. 
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Future directions 
The current thesis has contributed to the understanding of the symptom of 
fatigue in MS. However, many questions still remain. The expansion of the 
model to explain perceived fatigue as proposed in this thesis may help not only 
in the understanding of the symptom of fatigue, but may also be an addition for 
intervention studies, since questionnaires are not very sensitive to changes in 
levels of fatigue.123,171 In this light, the addition of levels of pro-inflammatory 
cytokines,91,135,145 cognitive performance (SDMT, PASAT),179,186 and sleep 
measures211 may prove beneficial to our existing model. Furthermore, the model 
needs to be tested in a larger group of patients with SPMS, since the results of 
our study in a small group revealed that the model is a lesser fit in this patient 
group. If it indeed turns out that a model containing depression and muscle 
fatigability does not provide a good fit for perceived fatigue in SPMS patients, 
further investigation is required. SPMS patients in general report higher levels of 
perceived fatigue than RRMS patients,158 and the smaller range of scores may 
make association studies into perceived fatigue more difficult. Since 
inflammation is less prominent in the SP phase of the disease,56 it may not 
contribute as strong to perceived fatigue in SPMS patients as it might in RRMS 
patients. 

Studies involving fMRI and TMS may help to determine the origin(s) of 
central fatigue in MS patients. It is already known that RRMS patients are unable 
to increase cortical output during a sustained fatiguing task, and the results in 
Chapter 3 suggest increased central fatigue in SPMS patients. It is however 
unknown where the reduced cortical output originates; it is possible that the 
primary motor cortex cannot be activated sufficiently, but it is also possible that 
the primary motor cortex receives less input from regions upstream. Increased 
activity in several cortical areas is observed in fatigued versus non-fatigued MS 
patients, including the anterior cingulate cortex63,178 which is thought to be 
involved in effort-related cost-benefit analysis,94 the ipsilateral putamen and 
dorsolateral prefrontal cortex,194 which are involved in motor planning and 
preparation, and the cerebellar vermis,178 involved in attention. The anterior 
cingulate cortex is an especially interesting area in light of the perception of 
fatigue in association with muscle fatigability and therefore future research may 
include an fMRI study of a fatiguing motor task in patients with high and low 
perceived fatigue. 

It is furthermore possible that changes on a spinal level contribute to the 
increased development of central fatigue in MS patients. Lesions are present at 
a spinal level, and these lesions are associated with a reduced functional 
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outcome.219 Furthermore, patients with higher levels of perceived fatigue have 
decreased levels of activation in the cervical cord during a motor task than 
patients with lower levels of perceived fatigue.172 In controls, a combination of 
motor evoked potentials and cervicomedullary motor evoked potentials were 
used to examine the excitability of motoneurons.138 Although this technique is 
highly unpleasant for the subject, results may increase knowledge of muscle 
fatigue in MS.  

Furthermore, fMRI studies may help to understand the interaction of muscle 
fatigue and cognitive performance in MS patients, and to confirm our hypothesis 
that the increased cognitive decline in MS patients is a result of attentional 
deficits. The attentional deficits occur due to increased attention that is 
necessary for the motor task. In that case, frontal and parietal areas would show 
different patterns and levels of activation between MS patients and controls. 

This thesis has shown that perceived fatigue in MS is multifactorial. The best 
approach to managing perceived fatigue in the future will therefore most likely 
include a multifactorial approach.13 A possible treatment could include exercise 
therapy. Exercise has positive influences on levels of perceived fatigue and 
quality of life of MS patients.122,157 It would be interesting to determine whether 
muscle fatigability, one of the contributors to perceived fatigue, can be improved 
through exercise. However, the increased muscle fatigability in MS patients is 
largely of central origin and so far, only a few studies have examined the effects 
of physical exercise on VA.30,45,65 Their results suggest a possible positive effect 
of exercise on VA, and studies in controls (and aging) also show the possibility to 
increase VA (for a review, see Arnold and Bautmans).12 However, future studies 
are necessary to determine the most optimal exercise regime (strength training 
or cardio), and they should include the twitch interpolation technique as a 
measure of VA. 
 
Conclusions 
The current thesis contributes to clarify perception of fatigue in patients with MS, 
by determining that a combination of factors is necessary to explain the symptom 
of fatigue. It furthermore uncovered an association between perceived fatigue 
and muscle fatigability, and we found that muscle fatigability is of a more central 
origin in both patients with the SPMS phenotype and the RRMS phenotype, and 
central fatigue appears even more prominent in the SPMS phenotype. Both 
patient groups show a reduced cognitive performance compared to controls, but 
no additional decrease in performance after a fatiguing motor task. However, we 
have proven that a concurrent motor task, and to a larger degree a fatiguing 
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concurrent motor task, interferes more with cognitive performance in RRMS 
patients than controls. The same pattern was seen on a dexterity task, where a 
more difficult task resulted in a greater loss of performance for MS patients. 
Furthermore, young subjects use a different strategy (more preparation) in the 
performance of a cognitive task compared to middle-aged subjects. 
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