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General Introduction 
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Introduction 
Fatigue is a common symptom among patients with a chronic disease.32,58,150 
However, fatigue has many definitions including ‘a sense of physical tiredness 
and lack of energy’,117 ‘an overwhelming sense of tiredness, lack of energy or 
feeling of exhaustion’,36 ‘the loss of force-generating capacity during voluntary 
contractions’,22 or ‘difficulty in initiation of or sustaining voluntary activities’.32 
These definitions demonstrate the multifactorial nature of fatigue, but all these 
different definitions complicate the study of fatigue. This may be one of the 
reasons why the origin of fatigue, mechanisms underlying fatigue, and 
secondary effects of fatigue in chronic disease are largely unknown. 

One of the patient populations that often report increased levels of perceived 
fatigue, even more so than many other chronic diseases, are patients with 
multiple sclerosis (MS).58,117  

High levels of perceived fatigue are of major influence on a patient’s quality of 
life and the ability to maintain employment.9,67,158 At the moment no effective 
treatment for MS-related increased perceived fatigue is present, although studies 
have shown that pharmacological, exercise, and psychological interventions may 
alleviate perceived fatigue.13,50 The first step to develop a good treatment for 
fatigue is to understand the origin and mechanisms of perceived fatigue. 

The aim of this thesis was therefore to investigate fatigue as perceived by 
patients with MS, and to clarify underlying mechanisms and possible 
consequences of the increased levels of perceived fatigue in MS patients. 
 
Multiple Sclerosis 
Multiple sclerosis (MS) is a chronic disease of the central nervous system, and it 
is the leading cause of disability in young adults. According to the Dutch MS 
Foundation approximately 16.000 people are diagnosed with MS in the 
Netherlands. The most common age at onset lies between 25 and 45, and 
females are affected approximately two to three times more than males.8,27,40 
The higher occurrence in females might be due to hormonal and genetic 
differences between men and women, and epigenetic factors.8,27,82,220 Men 
generally tend to have a later disease onset but a faster disease progression.27,40 
 

The disease is characterized by inflammation, demyelination and 
neurodegeneration,38,39,210 and affects both grey and white matter.79 Although the 
exact cause of MS is not yet known,201 it is thought that both acute inflammation 
and chronic neurodegeneration are present.39,56,59 During the acute phase of a 
relapse, inflammation leads to injury of the myelin sheaths of the axons, which 
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may result in neurodegeneration of the axon.37,59 The resulting lesions are known 
as plaques. The plaques may show signs of recovery, as a result of 
remyelination, which occasionally results in regained function. Asides from the 
acute inflammatory processes, studies have also shown a process of chronic 
neurodegeneration. Over time, inflammation seems to become less important. 
Chronic neurodegeneration consists of axonal degeneration of chronically 
demyelinated axons, which is a result of, among others, a redistribution of 
sodium channels on the nodes of Ranvier and mitochondrial dysfunction.56,59 

MS is currently diagnosed based on criteria that were last revised in 2010.159 
It is generally recognized that MS has different phenotypes that are based on the 
occurrence pattern of the symptoms. Four different phenotypes were recognized: 
clinically isolated syndrome (CIS), relapsing-remitting MS (RRMS), secondary- 
progressive MS (SPMS), primary-progressive MS (PPMS)131 (for a graphical 
overview, see Figure 1). CIS is the first clinical presentation of the disease. A  

 
Figure 1. Graphical overview of MS phenotypes. CIS, clinically isolated syndrome; RRMS, 
relapsing-remitting MS; SPMS, secondary-progressive MS; PPMS, primary-progressive MS. 

diagnosis of MS requires dissemination in time, therefore MS can only be 
diagnosed after a second episode. The most common phenotype is the 
relapsing-remitting phenotype. Approximately 85% of patients are first diagnosed 
with this phenotype.41,224 Patients with RRMS experience relapses, which are 
periods of exacerbations and increased symptoms. These can last from several 
days to several months. After the relapse, functional recovery occurs. This 
recovery may be complete or partial. Approximately 65% of these patients will, 
after circa 19 years, progress to the secondary-progressive phenotype.37,39 
SPMS patients generally do not experience relapses, but show a gradual 
increase in symptoms. The final phenotype, progressive MS from onset, is 
diagnosed in approximately 15% of the patients.41,224 These patients show a 
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gradual decline from the beginning. The onset of this phenotype is often at a 
later age than RRMS, but generally shows a faster progression of symptoms. 
The current thesis focuses on the RRMS and SPMS phenotypes. 

Recovery after a relapse is most likely a result of the reduction of the 
inflammation. Remyelination may also occur. However, if the cortical lesion is 
permanent, the brain may unmask latent pathways or establish new pathways to 
restore function, which is often referred to as plasticity.164 However, with 
increasing lesion load plasticity may become more challenging,184 and this may 
contribute to the transition to the SPMS phenotype.56,164 Patients with SPMS 
have less acute inflammatory lesions, but their decline is based on chronic 
neurodegeneration.56,59 It is thought that transition from the RRMS to the SPMS 
phenotype is based on lesion load and cortical plasticity.56 

Neurodegeneration alters activation patterns in the brain. In order to study 
activation patterns, imaging techniques such as functional magnetic resonance 
imaging (fMRI) or positron emission tomography (PET) can be used. These 
techniques can identify areas that are active during a task, as well as the extent 
of this activation. Studies in the past have shown that activation patterns of MS 
patients differ from controls. MS patients have a greater cortical activation during 
a submaximal motor task.64,164,174 This increased activation is a combination of 
stronger activation in areas that are also active in controls, such as the primary 
motor cortex and supplementary motor area, and activation of additional areas. 
Additional areas include ipsilateral activation of the SMA and primary 
sensorimotor cortex, and the inferior and middle frontal gyrus, the secondary 
somatosensory cortex, and the posterior lobe of the cerebellum.64,164 This 
increased activation, possibly a result of plasticity, may be a mechanism of 
maintaining function, in spite of the lesions. The increased activation is found in 
patients with174 and without64,164 functional decline. 

Neurodegeneration can lead to symptoms associated with MS. Since MS can 
affect all areas in the brain and spinal cord, a wide range of symptoms can occur 
(for a review, see Compston37): motor deficits (decreased force, paralysis, 
spasms, reduced coordination), sensory deficits (either reduced or increased 
sensation), cognitive impairment (concentration loss, attention deficits, reduced 
processing speed), and reduced vision or hearing. Patients also report difficulties 
with bowel and bladder control and pain. Furthermore, a symptom that is often 
mentioned by patients and that has a strong impact on daily activities, is 
perceived fatigue. 
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Fatigue 
Fatigue is at times perceived by everyone. Increased levels of perceived fatigue 
as a symptom in clinical populations did not receive much attention in the past. 
One of the possible reasons is that fatigue is difficult to study and quantify. As 
stated earlier, different definitions of fatigue exist. Perceived fatigue is most 
important in clinical practice. The increased perception of fatigue in MS was first 
described in 1949,110 but only since the 1980s73,117 did perceived fatigue receive 
much attention from researchers. Increased perceived fatigue is described by 
60-90% of the patients and is often in the top three of complaints by 
patients.117,127,128 The fatigue that patients describe is pathological, and not 
comparable to tiredness or weakness that can be experienced by the general 
population.117 It is very debilitating, and affects a patient’s daily activities and 
ability to maintain employment.9,67,158 Increased levels of perceived fatigue is 
often one of the first symptoms to occur, and is present before the diagnosis is 
made.21,117 Its presence is not confined to a relapse,118 but levels of perceived 
fatigue are often higher during a relapse. Although several pharmacological 
agents such as Amantadine and Modafinil are being prescribed to counteract the 
perceived fatigue,13 at the moment there is no sufficiently effective treatment for 
perceived fatigue in MS. The search for a cure is however hindered by the lack 
of understanding of the origin of increased levels of perceived fatigue in MS. To 
understand the symptom of fatigue better, further investigation is warranted. 

Perceived fatigue in MS is defined 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 The only method to measure perceived fatigue at 
the moment is through the use of questionnaires. And although these are open 
to interpretation by the subject filling out the questionnaire, they often show 
acceptable psychometric properties such as reliability and validity.10,123,171 Two 
common questionnaires used in MS patients are the Fatigue Severity Scale 
(FSS)119 and the Modified Fatigue Impact Scale (MFIS).147 The FSS consists of 
nine questions and measures the overall impact and occurrence of fatigue. The 
MFIS consists of 21 questions and distinguishes between cognitive-, physical-, 
and social fatigue. 

In recent years, perceived fatigue has been frequently studied. Many different 
parameters have been associated with perceived fatigue indicating that 
perceived fatigue is multifactorial. However, the majority of these studies focused 
on a single possible mechanism, and since perceived fatigue is multifactorial, 
they were only able to explain a small to moderate percentage of the perceived 
fatigue. In a recent review paper, Enoka stated that perceived fatigue should be 
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approached from multiple concurrent angles.60 Supplementing this, Kluger et 
al111 attempted to present an overview of possible parameters affecting 
perceived fatigue. These include sensations (e.g. inflammation, increased 
cortical activation), psychological factors (e.g. depression), and performance 
fatigue. In the field of physiology, muscle fatigability is often used as a measure 
for performance fatigue . 

Muscle fatigability is defined as a reduction in force-generating capacity 
during sustained contractions.22 It is measured as a decline of force over time 
during a sustained contraction. Muscle fatigability develops as a result of both 
peripheral and central mechanisms. 

Peripheral fatigue can originate in the peripheral nerve, at the neuromuscular 
junction, or within the muscle itself. An action potential will travel along the 
peripheral nerve, until the neuromuscular junction. Here, acetylcholine is 
released, which will bind to receptors on the motor end plate of a muscle fiber. 
This will eventually trigger an action potential which will spread along the 
sarcolemma into the transverse tubule system, which will trigger the release of 
calcium from the sarcoplasmic reticulum that is necessary to make a muscle 
contract. Allen et al6 have written an extensive review on skeletal muscle fatigue 
and all factors involved. A major contributor to peripheral fatigue is the decrease 
in the concentration of myoplasmic free calcium, due to reduced release from the 
sarcoplasmic reticulum, as a result of repeated activation. Peripheral fatigue is 
the largest contributor to muscle fatigability in controls, where approximately 
80%-90% of the fatigue is of peripheral origin.107,183 

Central fatigue originates within the central nervous system, on a spinal or 
cortical level. Central fatigue can be defined as ‘a progressive reduction in 
voluntary activation of a muscle during exercise’.74 Central fatigue can originate 
on a spinal level as a decline in excitability of the motor neuron,74,138 or on a 
supraspinal level as a result of a reduced output from the motor cortex to the 
motor neuron.129,197,206,215 
Central fatigue may contribute more to muscle fatigability in MS patients than in 
controls,11,149,168,189,191,196,221 although questions still exist on the extent of the 
contribution among different phenotypes of MS. 

To quantify muscle fatigability in this thesis we applied a paradigm based on 
index finger abduction. We measured the force that was produced and the 
related EMG signal of the first dorsal interosseus (FDI) muscle. The FDI is a 
major contributor to index finger abduction.236 The nerve that innervates the 
muscle, the ulnar nerve, can easily be stimulated electrically. However, some 
caution is warranted since the n. ulnaris also innervates the first palmar 
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interosseus, the index finger adductor (i.e. the antagonist muscle). Furthermore, 
compared to for instance leg muscles, hand muscles are less likely to become 
inactive in patients with increasing disability, which would reduce effects seen as 
a result of inactivity.47,185 

An accepted paradigm to study central and peripheral mechanisms 
contributing to muscle fatigability is to use the twitch interpolation technique.76,141 
This requires subjects to perform a maximal brief or sustained contraction, 
during which force output is measured. During the contraction, electrical 
stimulation is applied to the nerve innervating the muscle of interest. If the 
muscle is fully activated, it is not expected that the force output would increase 
(i.e. complete voluntary activation [VA]). However, when central drive is not 
100%, the stimulation will result in additional force output. This additional force 
output (twitch size) is a measure of VA. Stimulation during a brief maximal 
contraction provides information on VA, whereas multiple stimulations during a 
sustained maximal contraction will give information on VA over time. 

A decline of twitch size after compared to before a sustained maximal 
contraction indicates changes in force producing capacity within the muscle, and 
can be used as a measure of peripheral fatigue.75,183,209 An increase in twitch 
size over time during a sustained contraction can be interpreted as the 
development of central fatigue.75,76,108 
 
Dual-task performance in MS patients 
Dual-tasking is the performance of two tasks concurrently.152 If two tasks are 
simple and do not require shared input, information processing or output 
modalities, the two tasks can be performed concurrently without a decline in 
performance in either of the two tasks. However, performance of two concurrent 
tasks often results in a performance decline. This can either be a result of shared 
input- or output modalities or a distribution of attentional resources between the 
two tasks.152,225 

MS patients often develop reduced motor functions,37 including reduced 
dexterity.104,232 Dexterity is important for many activities of daily living. Since MS 
patients often have increased cortical activation of the ipsilateral primary 
sensorimotor areas during a simple task,64 it is conceivable that a bimanual task 
(i.e. a motor-motor dual-task) would elicit interference and thus performance 
decline. Furthermore it could be possible that a more difficult bimanual task 
would have increased interference and therewith decreased task performance. 
We therefore examined performance of MS patients on the Purdue Pegboard 



210285-L-bw-Wolkorte210285-L-bw-Wolkorte210285-L-bw-Wolkorte210285-L-bw-Wolkorte

Test, a test of dexterity that includes single unilateral tasks, a bimanual task, and 
an asymmetrical bimanual task. 

 
It is likely that muscle fatigue enhances other symptoms in MS. This may be 
considered a secondary effect of fatigue. We believe that muscle fatigue may not 
only affect motor performance, but may also increase cognitive deficits in MS. 
Cognitive functions that are often affected in MS patients are information 
processing speed, attention, executive functioning, and memory,33 with 
information processing speed most often affected.20,49,163 However, studying the 
effects of muscle fatigue on cognition and information processing speed is 
difficult. From previous studies concerning motor tasks we knew that patients 
were able to perform submaximal tasks as well as controls, at the cost of 
increased cortical activation.64,174 In order to measure effects of muscle fatigue 
on function, we needed to stress the system maximally, since MS patients are 
able to compensate on submaximal tasks through increased cortical activation. 
For motor tasks this is achieved by performing a maximal contraction. However, 
such a paradigm is not present for cognitive tasks. Our solution was to use a 
dual-task paradigm, including a cognitive and a motor task. Such a dual-task 
requires subjects to divide attention between the two tasks.152 In a cognitive-
motor dual-task, no shared input- or output modalities are present, and therefore 
any interference would indicate the inability to allocate sufficient attention 
towards the execution of a task. Attentional resources may be affected by MS, 
since it has been shown that MS patients have increased cortical activation 
during the performance of motor tasks, including areas involved in attention.64 

Our cognitive task was an auditory choice reaction time task (CRT), where 
subjects are presented with two different tones and are required to push the 
corresponding button. Reduced information processing speed will result in 
slower task performance. 

A motor task requires not only activation of primary motor areas, but also 
secondary areas involved in for instance attention and sensory-motor integration. 
Previous studies already showed increased activation of both motor and non-
motor areas in MS patients.64,174 A possible consequence is that less attention 
can be directed towards the concurrently performed cognitive task, resulting in a 
decrease in performance. 
Inducing muscle fatigue will increase the cortical activity needed to perform the 
motor task,129,161 possibly resulting in a larger decline in cognitive performance. A 
fatiguing dual-task would therefore provide information on the effects of muscle 
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fatigue on dual-task performance, which is a common occurrence during daily 
life. 
  
Thesis outline 
The aim of the first part of this thesis was to investigate whether a multifactorial 
approach could improve the explanation of the variation in perceived fatigue 
scores of MS patients. In Chapter 2 we used a combination of physical fatigue, 
psychological factors, and patient characteristics to explain variations in 
perceived fatigue in a group of relapsing-remitting MS patients. 

The second part of this thesis focuses on the mechanisms underlying muscle 
fatigability in MS. In Chapter 3 we investigated the contribution of central and 
peripheral mechanisms to muscle fatigability in MS, with additional interest for 
the different phenotypes of MS. 

The third part of this thesis focuses on dual-task performance in MS patients. 
In Chapter 4 we studied the performance of MS patients on a motor-motor dual-
task. The effects of muscle fatigue on cognitive performance was studied using a 
cognitive-motor dual-task to increase attentional demand (i.e. increase cortical 
activation), and a fatiguing dual-task to increase task difficulty. In Chapter 5 we 
first examine the effects of aging on dual-task performance in a group of young 
and middle-aged subjects. In Chapter 6 we studied dual-task performance in MS 
patients.  
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