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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 



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

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 
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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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ABSTRACT 
Introduction Fatigue is a common and debilitating symptom in patients with 
multiple sclerosis (MS). Self-reported levels of perceived fatigue are associated 
with both patient characteristics and clinical measures. Pilot analysis indicated 
that muscle fatigability combined with depression scores was highly associated 
with perceived fatigue in MS patients. Studies that combined physiological and 
psychological constructs to explain MS-related fatigue are scares. Therefore, the 
present study aimed to evaluate the robustness of the association between 
perceived fatigue, muscle fatigability and depression scores in MS. 
Methods Eighty-six patients with relapsing-remitting MS completed two fatigue 
questionnaires (Fatigue Severity Scale [FSS] and Modified Fatigue Impact Scale 
[MFIS]) and a depression questionnaire (Hospital Anxiety and Depression Scale 
[HADS]). Maximal index finger abduction force (maximum voluntary contraction 
[MVC]) was measured, as well as muscle fatigability during a two-minutes 
sustained maximal contraction. Multivariable regression analyses were used to 
analyze the association between perceived fatigue, and muscle fatigability and 
depression scores. 
Results Perceived fatigue was associated with depression, muscle fatigability, 
and, depending on the questionnaire, to sex or to MVC. The model explained 
40% and 48% of the variation in perception of fatigue as indexed with FSS 
questionnaire (rpartial: HADS 0.45, muscle fatigability 0.45, MVC -0.14, sex 0.32), 
and MFIS physical questionnaire (rpartial: HADS 0.59, muscle fatigability 0.49, 
MVC -0.38), respectively. 
Conclusions The found association accentuates the importance of including 
both physiological fatigability-related and psychological mood-related constructs 
in models to explain perceived fatigue in MS patients. The model also directs 
future research towards applying effortful conditions, and emphasizes the 
importance of assessing different constructs when evaluating rehabilitation 
strategies to reduce MS-related fatigue. 
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INTRODUCTION 
A large percentage of MS patients report increased levels of perceived fatigue, 
having a strong impact on the quality of life.9,117 MS-related fatigue is described 
by the Multiple Sclerosis Council 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 Factors underlying perception of fatigue are 
multidimensional and not yet fully understood. Associations with clinical features 
have been examined, but only depression showed a consistent association with 
perceived fatigue.66,178,179 

Several studies have investigated the association between perceived fatigue 
and muscle fatigability. Most studies did not find an association (Table 1). 
Conversely, we found a clear association between perceived (self-reported) 
fatigue and muscle fatigability but only after correction for maximal force. 
Furthermore, pilot analyses showed that the combination of depression scores 
and muscle fatigability predicted perceived fatigue even better.196 Recent 
literature60,111 has underlined the importance of combining physiological and 
psychological constructs to explain perception of fatigue. Studies that combine 
both dimensions in a single model are, however, scarce. Since our sample size 
was relatively small (n=20) and, because of the intensive protocol, included 
highly motivated patients,196 we felt that we had to test the robustness of the 
association between perceived fatigue, muscle fatigability and depression scores 
(1) in a larger and less well-controlled group of MS patients and (2) by including 
an additional fatigue questionnaire, which distinguishes between perception of 
cognitive and physical fatigue. We also sought to investigate effects of 
medication, and contribution of other patient characteristics, such as sex, age, 
and disease duration. We hypothesized that models incorporating muscle 
fatigability result in significantly better predictions of perceived fatigue than a 
model that only includes depression scores. 

Parts of the data were previously presented as an abstract.228 
 
METHODS 
Subjects 
Of 100 MS patients, 86 relapsing-remitting (RRMS) patients were recruited 
(patients were excluded for the following: non-RRMS, other neurological 
disorders, other conditions affecting fatigue, or not being able to walk at least 
100 meters). None suffered from a relapse at the time of the measurements or 
had taken steroids in the preceding six weeks. All participants reported to be 
right handed. The study was approved by the University Medical Center  
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Table 1 Studies investigating association between perceived fatigue and muscle 
fatigability 

Article Sub-
jects 

EDSS 
(range) 

Perceived 
fatigue 
(range) 

Muscle  
Fatigue test 
End point 

Association 
perceived 
fatigue-

fatigability 

Possible 
cause for 

n.s. 
association 

Sharma 
et al188 

20 RR, 
8 SP 

5.1 
(2.0-8.0) 

FSS 4.8 
(2.4-6.3) 

Anterior tibialis 
Electrical stimulation 
peroneal nerve 
9 min 

n.s. Electrical 
stimulation1 

Type of MS2 

Sheean 
et al189 

13 RR, 
5 SP, 
3 PP 

5.4 
(2.0-8.0) 

FSS 5.9 
(2.7-7.0) 

all but one 
>4.0 

Adductor pollicis 
Isometric adduction 
thumb (MVC) 
45 s MVC 

n.s. Range 
FSS3 

Type of MS2 

Iriarte&De 
Castro 
100 

50 MS# 2.2 
(all<4.0) 

FSS 3.44 
(1-6.1) 

Finger flexor muscles 
11 hand dynamometer 
contractions 
MVC until exhaustion/ 
large force drop 

FSS-
Duration 

(rho -0.46) 

Type of 
MS2? 

Romani  
et al179 

60 RR <5.5 40 fatigued: 
FSS>5.6 
20 non-
fatigued: 
FSS<2.4 

Adductor pollicis 
Isometric adduction 
thumb (MVC) 
45 s MVC 

n.s.  

Surakka 
et al202 

24 RR, 
4PP/SP 

2.1 
(0-5.0) 

FSS 4.8 
(SD 1.4) 

Knee flexors and 
extensors 
Knee extens/ flexion 
30 s MVC 

n.s. Type of MS2 

Andreasen 
et al11 

60 RR; 
(19 PF, 
20 SF, 
21 NF) 

>=3.5 
(1.0-3.5) 

(PF-SF-NF): 
FSS 

(6.3-6.2-3.1) 
MFI-20phys 

(12-13-7) 

Quadriceps muscle 
Isometric quadriceps 
contractions 
8*5s MVC + 1x 15s 
MVC 

FSS-C -
0.26), 

MFI20phys-
CA 
-0.37) 

 

Skurvydas 
et al191 

18 SP <4 FSS 5.6 
(men), 

FSS 5.5 
(women), 
all >5.0 

Knee extensors 
Knee extension 
2 min MVC 

n.s. Range of 
FSS3 

Type of MS2 

Scheidegger 
et al182 

23 MS# 3 
(1-7) 

FSS 4.1 
(1.9-7) 

Left abductor digiti 
minimi. 
1 s maximal 
contraction, 1 s rest 
2 min 

n.s. Type of 
MS2? 

Steens et 
al196 

20 RR 2.5 
(0-5) 

FSS 5.3 
(SD 0.9) 

FDI 
Isometric abduction 
index finger (MVC) 
2 min MVC 

FSS-muscle 
fatigability, 

HADS depr, 
MVC (R2 

0.77)*, 
FSS-CA (R2 

0.29) 

 

Severijns et 
al187 

13 RR, 
12 SP, 
5 PP 

4.0 
(1.5-8.5) 

MFIS 35.6 
(SD 21.0) 

Finger flexor muscles 
15 hand dynamometer 
contractions 
30 s MVC 

n.s. Type of MS2 

Wolkorte et 
al 
(Chapter 6) 

19 RR 1.2 
(0-3.0) 

FSS 3.9 
(1.6-6.2) 

MFIS 27.3 
(1-56) 

FDI 
Isometric abduction 
index finger 
30% MVC until max 
force<30%, MVC

FSS-muscle 
fatigability, 

HADS depr, 
MVC (R2 

0.50)*
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Overview of studies that investigated the association between perceived fatigue and muscle 
fatigability. FSS, Fatigue Severity Scale; MFI-20phys, physical subscale of the MFI-20; MFIS, 
Modified Fatigue Impact Scale; RR, relapsing-remitting; SP, secondary-progressive; PP, 
primary progressive; MVC, maximal voluntary contraction; PF, primary fatigued (without any 
other fatigue-related complications or events); SF, secondary fatigued (Presence of fatigue-
related complications or events, e.g. poor sleep, depression, tiredness due to pharmaceutical 
side effects); NF, non-fatigued; CA, central activation; n.s. non-significant findings. # Type of 
MS not specified. *Model including Fatigability, MVC, and HADS depression scores. 
Possible causes why some studies do not find an association between perceived fatigue and 
fatigability: 
1Electrical stimulation: Electrical stimulation induces mostly peripheral fatigue, whereas it is 
known that in MS patients central fatigue is more important for the development of muscle 
fatigue.11,30,196 
2Type of MS: There are indications that in RRMS motor and/or cognitive deficits are masked by 
plasticity of the central nervous system and that plasticity-related recovery is limited in SPMS.56 
This implies that mechanisms underlying motor and cognitive deficits could differ across MS 
types, making it difficult to perform regression analyses on a mixed population. 
3Range of FSS: These studies only included patients that were fatigued (FSS >4 or >5). This 
limits the range of FSS, which renders a regression analyses difficult.  
 
Groningen Medical Ethical Committee and all patients signed an informed 
consent before participation. 
 
Experimental set-up 
Before the experiment, patients completed three questionnaires: the Hospital 
Anxiety and Depression Scale questionnaire (HADS235), the Fatigue Severity 
Scale (FSS119), and Modified Fatigue Impact Scale (MFIS147). The FSS consists 
of nine questions ranging from 1 to 7. The MFIS consists of 21 questions and 
distinguishes between effects of fatigue on physical (range 0-36), cognitive 
(range 0-40) and social functioning. The HADS consists of 14 questions, of 
which 7 questions determine the depression subscale (range 0-21). Higher 
scores indicate stronger feelings of fatigue or depression. 

During force measurements, patients sat in a comfortable chair with arm 
support and held a force transducer in their right hand (Figure 1A).214 The thumb 
and fingers 3 to 5 were taped to the transducer to prevent changes in hand 
position during the test. The proximal interphalangeal joint of the index finger 
was taped to a wedge connected to the transducer. Force was exerted by 
abducting the index finger. Force data was amplified and sampled at a rate of 
200 Hz (analog-to-digital conversion: 1401Plus, CED, Cambridge, UK; 
accompanying software Spike 2, version 5.03). 
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Figure 1 Force transducer and force 
data. (A) Force transducer. (B. Maximal 
voluntary contractions (MVC) of a single 
patient. (C) Force decline during a two-
minutes sustained maximal contraction of a 
single patient. (D) Averaged force decline 
during sustained maximal contraction. 
Force as percentage of MVC during the 
fatiguing 2-minutes task. Data is averaged 
over 2 second periods for graphic 
purposes. Error bars represent standard 
deviations. 
 

 

 

 

 

 

 

 

 

 

 

Tasks 
Three five-second maximal voluntary contractions (MVCs) were performed, with 
one minute in between attempts. If force increased across the three attempts, an 
extra MVC was performed until the force reached a stable level. Subsequently, 
patients performed a fatiguing, sustained maximal index finger abduction for two 
minutes (Figure 1B and C). During the tasks, participants received online 
feedback of their force and were encouraged by the investigator. 
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Outcome measures 
Perceived fatigue was quantified by the FSS and MFIS physical subscale; the 
first reflecting the impact of fatigue on daily life, the latter reflecting the impact on 
physical functioning.114,119,147 Maximal force obtained during the MVCs (n=57) or 
during the fatiguing task (n=26) was considered the MVC. Muscle fatigability was 
defined as the decline in force during the two minutes sustained contraction 
expressed as a percentage of MVC, that is, 1-(force last 6 seconds/MVC)*100%. 
 
Statistical analyses 
All analyses were performed with SPSS version 20. The FSS, HADS depression, 
and disease duration were not normally distributed according to the Kolmogorov-
Smirnov analysis. To normalize the data, FSS-scores were cubed (FSS3), and 
disease duration data were log-transformed. We did not succeed in normalizing 
the HADS depression scores. 

Correlations were investigated using Pearson’s correlation coefficients or 
Spearman’s  (HADS data). Differences in questionnaire scores between groups 
were tested using independent t-tests. 

We performed multivariable regression analyses for both the FSS and MFIS 
questionnaires. The residuals of the models were normally distributed after 
including original FSS-data and no collinearity was found between any of the 
parameters. Therefore, all analyses were performed with the original data 
(without transformation). 

Several patients used medication, and since medication may alter 
(perception of) fatigue, this was further investigated by analyzing a subgroup of 
patients without medication. 

 
RESULTS 
Patient characteristics 
Three patients did not perform the sustained contraction correctly, and were 
excluded from analysis (2 patients repeatedly stopped during the contraction, 
one patient strongly increased force after one minute). In total, 83 patients were 
included in the analyses (Table 1). Three patients scored 12 or more on the 
HADS depression questionnaire, indicating possible presence of depressive 
symptoms. However, inclusion of these subjects did not affect the direction of 
our analysis. Fifty-six patients (67%) were employed or weekly volunteers. Six 
patients were ambidextrous rather than right-handed according to the Edinburgh 
handedness questionnaire (scores -23 to +41).151 
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Table 2 Patient characteristics and medication information 
Patient characteristics  
Men / women (n) 32 / 51 (39%-61%) 
Age (years) 41 (21-65) 
Disease duration (years) 9.3 (0-34) 
FSS 4.6 (1.3-7.0) 
Fatigued (FSS>4) 62 (=75%) 
MFIS 38.3 (0-84) 
MFIS physical 18.5 (0-36) 
MFIS cognitive 16.0 (0-40) 
HADS depression 4.2 (0-15) 
HADS anxiety 5.5 (0-16) 
MVC (N) 30.1 (10.3-53.8) 
Men 35.5 (11.6) 
Women 26.8 (7.9) 
Muscle fatigability (%MVC) 70.3 (42.6-97.6) 
Employed (n) 56 (67%) 
Oldfield 86% (-23%-100%) 
Medication use  
Fatigue-influencing medication (n) 28 (=34%) 
Fatigue as possible side-effect 23 
SSRI’s 11 
Benzodiazepines 4 
TCA’s 4 
Baclofen 4 
GABA-agonists 3 
Anticholinergic medication 1 
Opioids 1 
Fatigue decreasing medication 11 
Dopamine reuptake inhibitors 6 
Potassium channel blockers 5 
Immune-modulating medication (n) 33 (=40%) 
Interferon-Beta 19 
Natalizumab 7 
Glatiramer-acetate 6 
Dimethyl fumarate 1 

Data are represented as mean (range) unless stated otherwise. FSS, Fatigue Severity Scale; 
MFIS, Modified Fatigue Impact Scale; HADS, Hospital Anxiety and Depression Scale; MVC, 
maximal voluntary contraction; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic 
antidepressant. 
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Medication 
Thirty-three patients used immune-modulating medication, and 28 used 
medication that affects (perception of) fatigue. Nine patients used both types of 
medication (Table 2). Some medication is known to have perceived fatigue as a 
side effect (n=22), but patients also used potassium channel blockers and 
dopamine reuptake inhibitors, that have been prescribed to reduce feelings of 
fatigue (n=11). In general, women used more fatigue-modulating medication 
than men did (43% vs 19%, p=0.016). 
 
Perceived fatigue 
Patients reported an average FSS score of 4.6 (SD 1.4). In total, 62 patients 
(75%) scored higher than 4 16,66. Mean scores were higher for females (4.9 vs 
4.1, p= 0.016), patients using fatigue-modulating medication (i.e. all medication 
listed in Table 2; 5.2 vs 4.3, p=0.003), and unemployed patients (5.4 vs 4.3, 
p<0.001). The FSS score was not associated with disease duration (p=0.34). 

The MFIS physical subscale ranged from 0 to 36. Higher scores were 
obtained by patients using fatigue-modulating medication (21.9 vs. 16.7, 
p=0.005) and unemployed patients (22.8 vs. 16.4, p<0.001). Neither sex 
(p=0.29) nor disease duration (p=0.081) was associated with the MFIS physical 
subscale. 

The MFIS cognitive subscale ranged from 0 to 40 and was only associated 
with the HADS depression score ( =0.59, p<0.001). 

The FSS3 and MFIS physical were strongly associated (r=0.76, p<0.001), as 
well as the FSS3 and the MFIS cognitive (r=0.64, p<0.001), and the MFIS 
physical and MFIS cognitive (r=0.68, p<0.001). 

Patients with and without immune-modulating medication did not differ in their 
scores on fatigue-questionnaires. 
 
Force tasks 
Figure 1B and C shows the force recording for a representative patient. The 
maximal index finger abduction force equaled 30.1 ± 10.3 N. Men (35.5 ± 11.6 
N) were significantly stronger than women (26.8 ±7.9 N, p=0.001). With 
increasing age, patients became weaker (r=-0.37, p=0.001). This effect was still 
significant after correction for sex (rpartial=-0.32, p=0.003). The fatigue-modulating 
medication did not affect force (p=0.444). 

The mean force (averaged over 6 s) during the 2-minute sustained 
contraction declined from 78.0% MVC (SD 9.6) to 29.7% MVC (SD 10.2; Figure 
1D), which resulted in a fatigability of 70.3% (range 42.6-97.6). 
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Larger MVC (r=0.28, p=0.009) and lower age (r=-0.35, p=0.001) resulted in 
more muscle fatigue. However, when age and MVC were simultaneously 
included in a regression model, only age significantly predicted fatigability (age 
rpartial=-0.28, p=0.011, MVC rpartial=-0.18, p=0.114). Muscle fatigability was 
associated with perceived fatigue, measured with either the FSS3 (r=0.29, 
p=0.009) or MFIS physical (r=0.31, p=0.005). Muscle fatigability was not 
associated with sex (r=-0.62, p=0.578) nor with disease duration (r=-0.15, 
p=0.170). 
 
HADS 
Patients scored an average of 4.2 (range 0-15) on the HADS depression 
questionnaire. FSS3 was associated =0.34, 
p=0.002), as were the subscales MFIS 

=0.59, p<0.001, respectively). No association was found between 
HADS depression and muscle fatigability (r=-0.01, p=0.931). 
 
Associations between perceived fatigue, muscle fatigability, and depression 
The final step was to investigate associations between perceived fatigue and 
muscle fatigability, taken the aforementioned factors into account. The 
regression analysis included HADS depression scores on the first level, and 
muscle fatigability and MVC (see Steens et al 196) on the second level. Since sex 
and fatigue-modulating medication were associated with perceived fatigue, we 
added them stepwise on the third level. 

One subject was excluded from the regression analyses because his data 
deviated more than three standard deviations from the model. 

FSS scores were best explained by a model consisting of HADS depression 
scores, muscle fatigability and MVC, and sex (R2=0.40, p=0.005; Table 3). For 
patients without medication (n=55), the model including HADS depression 
scores, muscle fatigability and MVC explained FFS scores best (R2=0.33 
p=0.013). 

MFIS physical. HADS depression scores, together with muscle fatigability 
and MVC explained the MFIS physical scores best (R2=0.48, p<0.001, Table 3), 
both in the whole group as well as in patients without medication (n=55; R2=0.43, 
p=0.003). 

MFIS cognitive was best explained by HADS depression scores (R2=0.38, 
p<0.001; Table 3). Also in patients without fatigue-modulating medication, HADS 
depression was the only factor to predict the MFIS cognitive subscale (R2=0.47, 
F=46.05, p<0.001). 
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DISCUSSION 
The present data confirmed the association between fatigue as perceived by 
patients with MS, and the combination of muscle fatigability and depression in a 
large group of patients. The combination of muscle fatigability and HADS 
depression scores explained the variation in FSS scores better than a model 
consisting of either one of the parameters. We extended our previous finding by 
showing that this was true for different questionnaires of perceived fatigue. We 
further found that fatigue-modulating medication did not change these results 
significantly; nor did patient characteristics such as disease duration and age. 
 
Perceived fatigue is associated with muscle fatigability and depression 
In accordance with previous studies, we found an association of perceived 
fatigue and depression scores.9,66,178,179 Most studies, however, showed no 
association between muscle fatigability and perceived fatigue (see Table 1). 
Although we are not certain why studies failed to find associations between 
perceived fatigue and muscle fatigability, several possible factors are presented 
in Table 1. 

Additionally, it is known that fatigability is affected positively and negatively by 
several parameters (such as MVC and age); these parameters also interact with 
each other and will therefore interfere with the association between perceived 
fatigue and fatigability. One study179 with a large range of perceived fatigue 
scores and a large sample size also failed to find an association. It is possible 
that the inclusion of MVC values or sex would have resulted in a significant 
association (see also Steens et al196). 
During a sustained contraction fatigue-related changes in the muscle fibers 6 and 
the motoneurons138 require increased cortical drive129,161,197 to maintain force 
production. In MS patients, this increase in activation is reduced, resulting in a 
decline in voluntary drive.11,191,196,197 The association between muscle fatigability 
and perceived fatigue found presently could therefore point to difficulties in 
maintaining a strong voluntary drive. This observation is particularly interesting in 
relation with the increased activation of the anterior cingulate cortex  
in patients with higher levels of perceived fatigue.63,178 This area is thought to be 
involved in effort-related cost-benefit analysis.94 
 
Muscle fatigability and maximal force 
Muscle fatigability is task and muscle dependent.61 The association with 
perceived fatigue may therefore change depending on the muscle (group) that is 
fatigued or the performed task. However, a previous study using repeated index  
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Table 3 Associations with fatigue questionnaires 

Dependent 

variable 

Independent 

variables 

R2 P P 

change 

Partial 

r 

Stand.

 

P 

FSS 1. 0.16 <0.001     

 HADS depression    0.40 0.40 <0.001 

 2. 0.34 <0.001 <0.001    

 HADS depression    0.43 0.39 <0.001 

 Muscle fatigability    0.44 0.42 <0.001 

 MVC    -0.27 -0.24 0.015 

 3. 0.40 <0.001 0.005    

 HADS depression    0.45 0.39 <0.001 

 Muscle fatigability    0.45 0.40 <0.001 

 MVC    -0.14 -0.13 0.218 

 Sex    0.32 0.28 0.005 

        

MFIS 1. 0.29 <0.001     

physical HADS depression    0.54 0.54 <0.001 

 2. 0.48 <0.001 <0.001    

 HADS depression    0.59 0.52 <0.001 

 Muscle fatigability    0.49 0.42 <0.001 

 MVC    -0.38 -0.31 <0.001 

        

MFIS 1. 0.38 <0.001     

cognitive HADS depression    0.62 0.62 <0.001 

Model summaries and partial correlations for multivariable regression analyses. FSS, Fatigue 
Severity Scale; MFIS, Modified Fatigue Impact Scale; HADS, Hospital Anxiety and Depression 
Scale; MVC, maximal voluntary contraction. 
 
finger abductions of 40 s at 30% MVC followed by 5 s MVC and 5 s rest, 
demonstrated similar findings (Chapter 6). However, when leg muscles are 
targeted, it is possible that deconditioning will confound muscle fatigability. 

In control subjects, stronger subjects generally show a larger force decline 98. 
In MS patients, a positive relationship between maximal force and muscle 
fatigability was found in some studies (present data,196,202), but not in others.185 
This relation will also affect the association between perceived fatigue, and 
fatigability and depression scores. It is therefore important to include MVC 
values in models using fatigability to predict perceived fatigue. 
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Effects of medication on fatigue 
The immune-modulating medication (i.e. interferons, copaxone), did not affect 
perceived fatigue in the MS patients, even though studies specify perception of 
fatigue as a possible side-effect.55 Patients using fatigue-modulating medications 
– mostly medication to combat symptoms of MS such as spasticity or pain - 
scored higher on the FSS questionnaire. However, our model for perceived 
fatigue was not affected by inclusion of medication use. 
 
Fatigue questionnaires 
Both FSS and MFIS physical did associate with fatigability and depression. FSS 
was, however, also associated with sex whereas MFIS physical was associated 
with MVC. This result most likely reflects the interaction between fatigability, 
MVC and sex. The multidimensional nature of fatigue, and the focus of the 
questionnaires on different aspects of perceived fatigue probably also contribute 
to variation in the amount of perceived fatigue that is explained by fatigability and 
depression scores.66,114 The observation that muscle fatigability is associated 
with MFIS physical, but not with MFIS cognitive, supports the notion that muscle 
fatigability is associated with the perception of physical fatigue. This is in 
accordance with a previous study involving a cognitive-motor dual-task, where 
we found an association of the MFIS cognitive with a decrease in cognitive 
performance, and of FSS with fatigability measures (Chapter 6). 

 
Conclusions and future recommendations 
The main finding of the present study is the observation that a combination of 
physiological (muscle fatigability) and psychological (HADS depression scores) 
measures were better in explaining variation in MS-related fatigue than each 
single parameter. The fact that both depression and fatigability are associated 
with perceived fatigue, and complement each other, confirms the 
multidimensional nature of fatigue and suggests that a combination of constructs 
is necessary to explain MS-related fatigue. We further hypothesize that the 
association between muscle fatigability and perceived fatigue might reflect 
activity changes in areas involved in cost-benefit trade-offs, suggesting a role for 
more effortful tasks in future research. Although this study has a cross-sectional 
nature and no causal relation can be established from our data, it supports the 
need for well-controlled exercise training programs as possible treatment for MS-
related fatigue.157 Furthermore, it is likely that a combination of treatments would 
be more successful to combat feelings of fatigue in MS patients. 
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ABSTRACT 
Introduction Secondary-progressive multiple sclerosis (SPMS) patients have 
structural cortical damage resulting in increased compensatory cortical activity 
during (submaximal) performance. However, functional effects of changed 
cortical output are difficult to measure. The interpolated-twitch technique allows 
for measurement of voluntary activation (VA) necessary for force production. 
This study aimed to determine VA, force, and muscle fatigue during brief and 
sustained contractions in SPMS patients. Because fatigue effects are not 
confined to the motor system, we additionally examined fatiguing effects on 
cognitive performance.  
Methods Twenty-five SPMS and 25 sex-, age-, and education-matched 
participants performed brief (5 seconds) and sustained (2 minutes) maximal 
index finger abductions. To evaluate VA, double-pulse twitches were evoked 
before, during, and after contractions. Additionally, data were compared with 
data obtained in relapsing-remitting multiple sclerosis (RRMS) patients. Subjects 
also performed choice-reaction time tasks before and after the sustained 
contraction. 
Results During brief contractions, VA (85% vs 94%, p=0.004) and force (25 N vs 
32 N, p=0.011) were lower for SPMS patients than controls. During sustained 
contractions, VA (p=0.001) was also lower, resulting in greater force decline 
(73% vs 63%, p<0.001) and reduced peripheral fatigue (19% vs 50%, p<0.001). 
Comparisons with RRMS resulted in lower VA, greater force decline, and greater 
estimated central fatigue in SPMS. SPMS patients were slower (p<0.001) and 
made more errors (p<0.001) than controls, but neither group reduced their 
performance after the sustained contraction. 
Conclusions SPMS patients had lower VA than RRMS patients and controls. 
The importance of voluntary activation for muscle force and fatigability warrants 
targeted rehabilitation strategies.  
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INTRODUCTION 
The clinical course of multiple sclerosis (MS) is characterized by relapses and 
disease progression.37 Most patients start with the relapsing-remitting form of MS 
(RRMS) and progress to the secondary-progressive state (SPMS). The RRMS 
phase is characterized by phases of acute inflammation followed by recovery, 
whereas during the SPMS chronic neurodegeneration is more predominant.56 
SPMS patients have more structural damage to both white and grey matter,2,3,121 
which eventually limits cortical plasticity.56,184 Functional changes due to axon 
demyelination and axonal ion dysfunction221 probably already result in altered 
cortical activation during task performance, even before damage is visible on 
magnetic resonance imaging (MRI). Recent functional MRI (fMRI) studies indeed 
showed increased cortical activation in RRMS patients during the execution of a 
submaximal task compared to controls, and an even greater increase for SPMS 
patients.164,174 The increased activation conceivably conserves cortical output 
despite the axonal demyelination and cortical damage. The net effects of 
changes in brain activation on cortical output are nonetheless difficult to 
quantify.168 Using the twitch interpolation technique it is possible to estimate 
changes in cortical output necessary for force production (ie, the voluntary 
activation; VA).141 During maximal contractions, the nerve or muscle is 
electrically stimulated and the evoked twitch superimposed on the contraction 
provides an index of the VA (see Equation 1). Lower VA indicates a lower drive 
to the muscle and a decrease of VA over time reflects central fatigue.7,74 

Sustained contractions evoke both changes in the peripheral neuromuscular 
system (peripheral fatigue6) and in sites proximal to the peripheral nerve (central 
fatigue74), resulting in a decline in muscle force (i.e. muscle fatigue74,111). 
Although force decline is predominantly caused by peripheral factors, in MS 
patients the contribution of central factors are larger than in controls, as indicated 
by greater central fatigue.11,149,168,189,191,196,221 Causes for the reduced activation 
include demyelination, inflammation-related release of cytokines, axonal 
damage, and structural damage to cortical brain areas.56,145,221 It is expected that 
RRMS patients during remission are less prone to show signs of reduced VA 
than SPMS patients. However, studies that used twitch interpolation to 
determine VA did not differentiate between RRMS and SPMS patients,168,189 or 
only included RRMS196 or SPMS patients.191 

Force and muscle fatigue are affected by age 34 and since RRMS patients 
are generally younger than SPMS patients, it is difficult to directly compare these 
groups. Previously, we have investigated VA, force, and muscle fatigability in 
RRMS patients and in sex- and age-matched controls,196 and the present study 
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aims to investigate these parameters in SPMS patients and sex- and age-
matched controls. We will then compare the results of both studies. 

Our previous study in RRMS patients showed no difference in VA, maximal 
force, muscle fatigue, or peripheral fatigue compared to controls, but a greater 
central fatigue in RRMS patients. We hypothesize that, as a result of more 
structural damage and reduced cortical reserve capacity,56 SPMS patients will 
have lower VA during brief maximal contractions (MVC) and at the start of a 
sustained MVC compared to both RRMS patients and controls. In addition, we 
hypothesize that SPMS patients will present more central fatigue compared to 
both controls and RRMS patients. The reduction in VA may result in both lower 
maximal force and more muscle fatigue.  

Fatigue-related changes evoked by sustained contractions are not limited to 
cortical motor areas, but cognitive processing and cognitive areas are also 
affected.Chapter 6,19,215 Controls showed increased activation in orbitofrontal areas 
during cognitive performance directly following a fatiguing motor task, without 
changes in cognitive performance.215 SPMS patients already showed strong 
activation in multiple areas during both motor and cognitive task 
performance.173,174 We hypothesized that SPMS patients would not be able to 
intensify their cortical activation sufficiently to preserve prefatigue task 
performance and would subsequently reduce their cognitive performance after 
the fatiguing task. Hence, we assessed cognitive performance (choice reaction 
time task; CRT) before and after a sustained contraction.  
 
METHODS 
Participants 
Forty-six SPMS patients that visited the Department of Neurology of the 
University Medical Center Groningen (UMCG) were approached for participation. 
Twenty-five SPMS patients159 and 25 controls matched on a subject-to-subject 
basis for sex, age, and education were included. An experienced neurologist 
determined the EDSS.120 Participants were right-handed, although 1 patient and 
2 controls were ambidextrous according to the Edinburgh Handedness 
questionnaire (-9-100).151 Subjects were excluded if diagnosed with neurological 
disorders other than MS, or if they had other disorders that might interfere with 
fatigue or force measurements (eg cancer, cardiovascular disease). The study 
was approved by the Medical Ethical Committee of the University Medical Center 
Groningen. All participants signed an informed consent before participation, and 
the experiments were performed according to the Declaration of Helsinki. 
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Experimental set-up 
With regard to force measurements, the set-up largely followed Steens et al.196 
Force of the right index finger was recorded with a handheld force transducer 
(Figure 1).214 The proximal interphalangeal joint of the index finger was taped to 
a wedge connected to a bar equipped with a strain gauge. The other fingers 
were taped to the transducer to prevent position changes. Force data were 
amplified and sampled at 200 Hz by a PC equipped with an acquisition interface 
(1401 Plus, CED, Cambridge, UK) and the accompanying software (Spike 2, 
version 7). 

Electromyographic activity (EMG) of the right first dorsal interosseus (FDI) 
muscle was recorded with sintered Ag/AgCl electrodes taped above the muscle 
and the first metacarpophalangeal joint. EMG signals were amplified (500x), 
bandpass filtered (<8 and >1 kHz), and collected (2 kHz) together with the force 
data.  
 
Electrical nerve stimulation 
The right ulnar nerve was stimulated by two electrodes placed over the nerve in 
close proximity to the proximal head of the ulna. Stimulation intensity was 
increased with increments of 5 mA, until a maximal EMG response (M-wave) 
was evoked. Paired-pulses (200 microseconds; interstimulus interval: 10 
milliseconds) were given at an intensity of 120% of the maximal M-wave 
(Digitimer DS7, Welwyn Garden City, UK). To obtain measures of VA 
superimposed twitches (paired-pulse stimulation) were evoked during maximal 
force (MVC).7 
 
Cognitive measurements 
The cognitive taskchapter 6 consisted of a CRT. A serial response box was placed 
in front of the participants. Loudspeakers in front of the participants delivered two 
tones at 70 dBA (50 ms), either at 500 Hz or 900 Hz. The interstimulus interval 
varied between 1100-1300 ms. The probability of occurrence was 70% for one of 
the tones and 30% for the other tone. Participants were instructed to respond 
quickly and accurately by pressing a button with either their left index or middle 
finger. Presentation of the tones and recording of the responses was done using 
E-Prime version 1.2 (Psychology Software Tools, Inc., Sharpsburg, PA). 
Between participants we randomized the stimulus that occurred more frequently 
and the expected response. Participants were informed that the first stimulus of 
every block was always the frequent stimulus. 
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Protocol 
All participants filled out questionnaires regarding fatigue (Fatigue Severity 
Scale; FSS, Modified Fatigue Impact Scale; MFIS) 119,147 and depression 
(Hospital Anxiety and Depression Scale; HADS)235 prior to the experiments. 

Participants sat at a table, with a force transducer in their right hand, and 
their left hand on a serial response box. Participants received feedback of their 
force online on a computer screen. For a graphical overview of the motor tasks 
in the protocol, see Figure 1. 
Task I. Practice of the CRT. Responding to 150 stimuli. 
Task II. Electrical nerve stimulation. Determination of maximal M-wave. 
Task III. Practice of the CRT. Responding to 3 times 50 stimuli, with 5 seconds 
of rest in between. 
Task IV. MVC. Assessment of MVC of the right FDI, 3 attempts (5 seconds) with 
120 seconds of rest between attempts. During the first and third MVC, 
superimposed twitches were evoked. Immediately after the third MVC, 3 paired-
pulse stimulations were given at rest. The largest evoked force response 
(potentiated twitch) was used as reference.  
Task V. Pre-fatigue CRT. Six times 33 stimuli, with 6 seconds of rest in 
between. After the second, fourth, and sixth blocks, a short MVC was performed 
with the right FDI. 
Task VI. Sustained contraction. Participants started with a brief MVC (4 
seconds). Paired-pulse stimulations were given during (1) and after (3) the MVC. 
The largest twitch at rest was considered the prefatigue twitch. After 60 seconds 
participants started with a sustained maximal contraction (124 seconds) of the 
FDI during which 7 paired-pulse stimulations were given. Followed by 3 paired-
pulse stimulations directly after the contraction; the largest twitch was considered 
the postfatigue twitch. Throughout the fatiguing task, participants received oral 
encouragement from the investigators and had visual feedback of their force 
production. 
Task VII. Post-fatigue CRT. Similar to Task V. Started within 1 minute after the 
end of task VI. 
 
Outcome measures 
Descriptive information included scores on fatigue and depression 
questionnaires and EDSS scores. 

Force outcome measures included MVC and VA. The maximal force obtained 
during task IV was taken as the reference MVC, except for 2 patients and 1 
control, who had higher MVCs during task V. The maximal root mean square  
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Figure 1 Force transducer and force data. (A) Maximal force and EMG of a single patient, 
with timing of paired-pulse stimulations. (B) Force decline and accompanying EMG during a 
two-minutes sustained maximal contraction with timing of paired-pulse stimulations. (C) 
Handheld force transducer. 

 
(RMS) EMG of the FDI was determined for a 500 ms window. VA was 
determined by the twitch interpolation technique and calculated as follows: 
 

Equation 1: voluntary activation=  

Fatigue outcome measures included muscle fatigue (Equation 2) and peripheral 
fatigue (Equation 3). We calculated VA during the fatiguing task; because 
peripheral fatigue also develops over time, we corrected the VA for peripheral 
fatigue using Equation 4.183 Besides the superimposed twitch during the 
sustained contraction, we also estimated central fatigue by Equation 5. 
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Equation 2: muscle fatigue (%)=  

Equation 3: peripheral fatigue (%)=  

Equation 4: corrected twitch at t (%)= 

 

Equation 5: estimated central fatigue (%)=  

Cognitive outcome measures consisted of the percentage of incorrect 
responses and reaction times. The first 2 responses of each block were 
discarded. Responses faster than 100ms were counted as incorrect; only correct 
responses were used in the analyses. In order to minimize the influence of 
outliers, 20% trimmed means were used for calculating the means of the 
reaction times, that is, the 10% highest and 10% lowest scores per participant 
per task were disregarded.  
 
Statistical analyses 
Patient characteristics, VA, estimated central fatigue, and peripheral fatigue 
between groups were compared with independent t-tests. MVCs were compared 
using univariate ANOVA, with Group (MS or C) and Sex as between-subject 
factors. Changes in force and EMG over time were analyzed with repeated-
measures ANOVA with Time (data averaged per 2 seconds) as a within-subjects 
factor and MS as between-subjects factor.  

Mixed multilevel analysis were performed with SPSS to study VA during the 
sustained contraction. Group was included as a factor, with Time as covariate. 
The fit of the model was evaluated by comparing the -2 restricted log likelihood (-
2LL). The model which allowed for a random variation of the intercept and slope 
resulted in the lowest -2LL.  

Repeated-measures ANOVA with Time (pre- and postfatigue) as within-
subjects effects and MS as between-subjects effects were used to study 
accuracy and reaction times of the CRT. 

Associations were investigated using Pearson’s correlation coefficients, and 
for perceived fatigue, with a previously proposed model,196 including HADS 
depression scores, MVC, and muscle fatigability. 

We performed univariate ANOVAs with MS (SP or RR) as fixed factor, and 
for analyses to compare RRMS patients with SPMS patients, Group (MS or C) 
(sex was included as a factor for MVC, muscle fatigue, estimated central fatigue, 
and peripheral fatigue but not for VA). In general, SPMS patients have higher 
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Table 1 Patient characteristics 
 SPMS 

(n=25) 
Controls 
(n=25) 

p-value RRMS 
(n=20) 

Controls 
RRMS (n=20) 

Descriptives      
Sex (male/female) 8/17 

(32%/68%) 
8/17 

(32%/68%) 
1.000 7/13 

(35%/65%) 
7/13 

(35%/65%) 
Age (y) 53 (41-65) 53 (40-63) 0.831 38 (20-58) 37 (21-57) 
FSS 5.1 

(1.8-6.6) 
2.5 

(1.3-4.3) 
<0.001 5.3 

(3.6-6.7) 
3.0 (2.0-4.0) 

MFIS physical 21.7 (9-32) 5.9 (0-18) <0.001   
MFIS cognitive 19.2 (3-36) 8.0 (0-20) <0.001   
HADS depression 3.7 (0-9) 1.2 (0-4) <0.001 4.8 (0-13) 0.9 (0-3) 
HADS anxiety 4.0 (0-12) 3.6 (0-7) 0.673 5.8 (1-14) 3.7 (1-7) 
Disease duration (y) 15 (4-37)   7 (1-23)  
EDSS 5.0 

(2.0-7.0) 
  2.6 

(0.0-5.0) 
 

Brief force data      
MVC (N) 24.8 (9.8) 

(n=24) 
32.1 (9.6) 

(n=24) 
0.011 30.6 (9.4) 35.8 (9.4) 

 Males 32.5 (9.7) 
(n=8) 

38.2 (8.9) 
(n=8) 

 38.9 (5.6) 44.6 (6.7) 

 Females 21.0 (7.5) 
(n=16) 

29.1 (8.6) 
(n=16) 

 25.8 (7.7) 31.0 (7.0) 

VA (%) 84.8 (11.8) 
(n=20) 

93.9 (5.8) 
(n=22) 

0.004 92.9 (7.7) 94.7 (4.8) 

Sustained force data      
Muscle fatigue (%) 72.7 (9.4) 

(n=23) 
62.8 (12.3) 

(n=24) 
0.003 63.9 (12.5) 65.7 (7.7) 

Peripheral fatigue (%) 19.4 (19.7) 
(n=21) 

49.6 (19.4) 
(n=23) 

<0.001 22.9 (25.1) 39.7 (22.0) 

Estimated central 
fatigue (%) 

52.7 (22.7) 
(n=21) 

12.6 (18.3) 
(n=23) 

<0.001 40.6 (20.4) 26.0 (20.5) 

Mean twitches (%) 46.8 (22.3) 
(n=21) 

21.9 (15.7) 
(n=23) 

0.001 34.9 (18.3) 16.8 (10.4) 

Cognitive data      
Pre-fatigue      
Errors frequent 6.5 (10.0) 0.8 (0.9) 0.009   
Errors infrequent 11.8 (9.5) 5.3 (5.3) 0.005   
RT frequent 427 (95) 342 (59) <0.001   
RT infrequent 475 (95) 390 (53) <0.001   
Post-fatigue       
Errors frequent 5.7 (8.2) 0.8 (0.9) 0.006   
Errors infrequent 11.7 (9.1) 5.1 (6.2) 0.004   
RT frequent 441 (125) 341 (72) 0.001   
RT infrequent 484 (122) 388 (60) 0.001   

Data is presented as mean (SD/range) unless stated otherwise. Data from the current 
experiment are shown on the left, data of RRMS patients are shown on the right (published 196 
supplemented with unpublished data). SPMS, Secondary Progressive MS; RRMS, Relapsing 
Remitting MS; FSS, Fatigue Severity Scale; MFIS, Modified Fatigue Impact Scale; HADS, 
Hospital Anxiety and Depression Scale; EDSS, Extended Disease Severity Scale; MVC, 
Maximal Voluntary Contraction; VA, Voluntary Activation; RT, Reaction Times. 
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disability scores than RRMS patients. We therefore examined multicollinearity 
between phenotype and EDSS using regression analysis.  

To investigate possible differences in changes in VA over time we used 
mixed models with (a) time and MS and (b) time, group and MS as variables. For 
all analyses we were mainly interested in the effect of MS (RRMS vs. SPMS) 
and the interaction effect of Group by MS, indicating differences between RRMS 
and SPMS patients, in relation to age- and sex-matched controls. 

To check whether EDSS scores could explain possible differences between 
phenotypes, analyses were repeated with EDSS scores instead of phenotype. 
 
RESULTS 
Two participants (1 patient) did not perform the force tasks as required and were 
excluded from the force analysis. Four participants (3 patients) produced less 
than 75% of their MVC at the time of the superimposed twitch during the brief 
contraction, and 1 patient had a very low VA (<50%) and deviated more than 3 
SDs. Twitches of 1 control were greater during contractions than at rest and 
deviated more than 2 SDs. For these participants we excluded their twitch data 
from the statistical analyses. Patient characteristics (and number of 
observations) are presented in Table 1.  
 
Force data 
SPMS patients were weaker (MVC: 24.8N, SD 9.8) and had reduced VA (84.8%, 
SD 11.8) in comparison with controls (MVC: 32.1N, SD 9.6; p=0.011; VA: 93.9%, 
SD 5.8, p=0.004; Table 1). SPMS patients with better activation were stronger 
(MVC vs VA, r=0.70, p=0.001). 
 
Fatigue data 
During the sustained contraction, force and EMG declined more in the SPMS 
group (force: 72.7%; EMG 57.9%) than in controls (force: 58.9%, F61,2745=2.68, 
p<0.001; EMG 48.2%, F61,2684=1.57, p=0.003, Figure 2A,B). Muscle fatigue was 
associated with age (r= -0.33, p=0.023) and MS (r=0.42 p=0.003) but not with 
MVC (p=0.922). 

Furthermore, during the sustained contraction the evoked twitch was larger 
for MS patients than controls (F1,49.7=13.57, p=0.001), reflecting an overall lower 
VA in SPMS. Over time the twitch increased in both groups (F1,1686.3=39.67, 
p<0.001) but the increase, and thus central fatigue, was larger in SPMS patients 
(F1,956.8=5.16, p=0.023, Figure 2). This observation was underscored by a higher 
estimated central fatigue for the SPMS patients (52.7, SD 22.7 versus 12.6, SD 
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18.3; p<0.001). Higher estimated central fatigue was associated with a larger 
mean superimposed twitch (r=0.68, p<0.001).  

The postfatigue twitch declined less in SPMS patients (19.4% ± 19.7) than in 
controls (49.6% ± 19.4, p<0.001), indicating less peripheral fatigue in SPMS 
patients. This decline was inversely associated with the mean superimposed 
twitch during the sustained contraction (r= -0.67, p<0.001).  

In short, SPMS patients displayed a lower VA both during brief and sustained 
contractions, more muscle and more central fatigue but less peripheral fatigue 
than controls. 
 
Cognitive task 
More errors and slower responses were recorded on frequent compared to less-
frequent stimuli (Table 1).  

SPMS patients were slower (F1,48=14.71, p<0.001) and less accurate 
(F1,48=12.76, p=0.001) than controls (Table 1). No effect of time was present (RT: 
F1,48=0.69, p=0.410; accuracy: F1,48=0.18, p=0.670), indicating no difference in 
performance before and after a fatiguing motor task.  
 
Associations with perceived fatigue 
For SPMS patients, the FSS score was not associated with any of the force 
parameters (muscle fatigue p=0.394, MVC p=0.174) nor with HADS depression 
(p=0.541). A previously described model including HADS depression scores, 
MVC, muscle fatigue, and sexchapter 2, chapter 6,196 did not fit the data of the SPMS 
patients (R2=0.14, p=0.599). The MFIS physical score was associated with MVC 
(R= -0.41, p=0.045) and HADS depression (R= 0.53, p=0.006), but not with 
muscle fatigue (R=0.30, p=0.170). The model including MVC, muscle fatigue, 
and HADS depression could significantly explain 36% of the variation in MFIS 
physical scores (R2=0.36, p=0.035; rpartial: HADS 0.39, p=0.083; MVC -0.27, 
p=0.329; muscle fatigue 0.08, p=0.743).  
 
Comparison of RRMS and SPMS patients 
First, we directly compared the SPMS patients to the RRMS patients. SPMS 
patients had lower MVCs (F1,39=5.12, p=0.029). Furthermore, SPMS patients had 
lower VA during both brief (F1,36=6.10, p=0.018) and sustained contractions 
(F1,38.256=4.64, p=0.038). Over time SPMS patients showed a greater decline in 
force (F1,39=6.17, p=0.017) but no difference in peripheral fatigue (F1,36=1.14, 
p=0.292) nor in VA (F1,35.111=0.11, p=0.748). The estimated central fatigue was 
however larger (F1,36=5.19, p=0.029). 
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Figure 2 Force (A) and EMG (B) during the 2-minute sustained maximal contraction for SPMS 
and RRMS patients and their respective controls (data averaged over 2-s intervals). (C) 
Amplitude of the corrected twitches during the experiment (see equation 4). The first data point 
was obtained during the brief MVC before the sustained contraction, the rest during the 
sustained contraction. Error bars depict standard errors. SP, secondary progressive MS 
patients. RR, relapsing-remitting MS patients. CSP, controls for SPMS patients. CRR, controls 
for RRMS patients.  
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For different dependent variables, the variance inflation factor (VIF) for 
phenotype and EDSS-scores varied between 1.56 and 1.65. We additionally 
repeated the analyses above with EDSS (instead of phenotype). These analyses 
revealed only significant effects for the univariate analyses of MVC (p=0.046), 
indicating that the effects of phenotype are not mainly due to associations 
between phenotype and EDSS. 

Second, to correct for possible age effects between SPMS and RRMS 
patients, we inspected interaction effects of Group and MS. During the brief 
contraction, VA was lower in SPMS patients (F1,76=4.25, p=0.043). Force decline 
during the sustained contraction was greater in SPMS (F1,79=5.92, p=0.017, 
Figure 2A). However, VA during the sustained contraction (F1,84.87=2.51, 
p=0.117) and the decrease of VA over time (F1,76.97=0.01, p=0.925, Figure 2C) 
were not different between the groups. The estimated central fatigue did differ 
between the groups (F1,83=7.71, p=0.007) but peripheral fatigue did not 
(F1,75=2.24, p=0.139).  

In summary, after correction for age and sex SPMS patients have lower VA 
than RRMS patients during brief maximal contractions. During sustained 
contractions, SPMS patients show greater muscle fatigability and estimated 
central fatigue but no difference in peripheral fatigue. Over time the VA decrease 
did not differ between the phenotypes.  
 
DISCUSSION 
Compared to controls, SPMS patients had reduced VA during brief and 
sustained contractions. The reduced activation resulted in weaker maximal 
voluntary force, more muscle and central fatigue, and less peripheral fatigue. 
Compared to RRMS patients, SPMS patients had lower VA, greater force 
decline, and more central fatigue, but no difference was found for peripheral 
fatigue or change in VA over time. Furthermore, neither SPMS patients nor 
controls showed a decline in cognitive performance after a fatiguing motor task.  
 
SPMS patients have lower VA and larger force decline than controls 
In tasks that do not require maximal force, fMRI studies demonstrated stronger 
activation and additionally activated motor areas in MS patients compared to 
controls.164,174 This is most likely to compensate for reduced connectivity 
between cortical areas due to axonal demyelination and cortical damage.56,174 
During sustained maximal contractions, RRMS patients were not able to 
increase cortical output as much as controls to overcome fatigue-related 
changes on spinal levels.138,197 Although the diminished increase resulted in 
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poorer VA, force decline was not different from controls.196 The present data 
showed, however, a greater force decline for SPMS patients, especially in the 
first 20 to 30 seconds. This decline was accompanied by lower VA and more 
central fatigue, but also with lower levels of peripheral fatigue. Thus, although 
smaller fatigue-related changes were observed in the peripheral neuromuscular 
system, the reduction in VA over time resulted in greater force decline in SPMS. 
Less peripheral fatigue was associated with poorer activation, suggesting that 
the reduced peripheral fatigue was not due to MS-related changes in the intrinsic 
fatigability of the muscle fibers but to reduced activity in these fibers. Studies that 
applied electrical stimulation to induce peripheral fatigue even showed that 
muscles of MS patients had a tendency to be more fatigable,46,188 although this 
was not confirmed in hand muscles.47 The interplay between central and 
peripheral factors relevant for fatigue illustrates the complexity of muscle fatigue. 
 
SPMS patients present greater force decline and estimated central fatigue than 
RRMS patients 
The comparison between phenotypes showed that SPMS patients have poorer 
muscle activation already at the start of the contraction. This observation is 
expected if cortical/corticospinal damage is evident.56 Reduced connectivity 
between primary and secondary motor areas, as expected after axonal damage, 
demyelination,17,177 and increased damage to grey matter, reduces corticofugal 
output.208 Especially in hand muscles, corticospinal connections are dense,125 
and a decline in the output to the motoneuron pool reduces both maximal motor 
unit rate168 and motor unit recruitment. Poor VA therefore not only reduces motor 
output and thus muscle force but, as aforementioned, also reduces the amount 
of peripheral fatigue. However, the change in VA over time was not different for 
SPMS and RRMS; the difference in estimated central fatigue across the 
phenotypes probably reflects the overall poorer VA in SPMS patients.  

Interestingly, in the first half of the sustained maximal contraction controls 
increased their cortical activation possibly to overcome a fatigue-related decline 
in spinal excitability.197 Initially, RRMS patients also showed this increase but 
were unable to endure this increase.197 Our data suggests that SPMS patients 
may not be able to generate sufficient cortical output already at the start of the 
task.  

Overall, participants with poorer VA had less peripheral fatigue. However, 
despite the lower VA in SPMS patients and probably due to the large variability, 
this did not result in significant differences in peripheral fatigue between SPMS 
and RRMS participants.  
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To compare SPMS patients with RRMS patients, we aimed to correct for age 
differences by comparing data that was normalized to sex- and age-matched 
controls. Older individuals in general have lower muscle fatigability during 
isometric force tasks.34 In contrast to the differences across MS-phenotypes, 
possible explanations for an age-effect focus on peripheral factors such as 
changes in energy-producing pathways within the muscle and a shift towards 
Type I muscle fibers.106 No differences are described as yet in VA.99,133 
 
Cognitive performance does not change after a fatiguing motor task 
On the cognitive task SPMS patients were slower and less accurate compared to 
controls.48,51 Using fMRI215 we showed in controls that cognitive performance 
before and after a sustained maximal contraction did not change; however, 
greater activation was seen in orbitofrontal areas and the fusiform gyrus after the 
contraction. Hence, we anticipated that SPMS patients would be less able to 
increase cortical activation, and consequently would reduce their cognitive 
performance. In contrast to our expectation, the present study demonstrates that 
performance after the fatiguing motor task was not affected in SPMS patients, 
comparable to RR and progressive patients.102 However, another study using 
physical exhaustion (treadmill running) did find decreased cognitive performance 
afterwards.35 
 
Associations with perceived fatigue 
Even though FSS and MFIS physical were themselves moderately associated in 
SPMS patients, FSS showed no association with neither psychological (HADS 
depression) nor physiological measures (MVC, muscle fatigue), whereas the 
MFIS physical did. Although the model for the MFIS physical showed a 
significant result, the model described in previous studiesChapter 2,Chapter 6,196 
indicating that both types of measures were involved in sensing fatigue did not 
seem to fit the data of the current SPMS patients well. Whether this is a result of 
the small sample size or whether this model does not fit data obtained in SPMS 
patients remains to be determined. 
 
Limitations 
This study involved a hand muscle. Muscle fatigability and central fatigue are 
task and muscle dependent.23,61 Hand muscles receive a strong corticospinal 
projection,125 and these muscles are therefore ideally suited for the examination 
of VA. Furthermore, since the FDI muscle is the main index finger abductor, 
EMG and force recordings are therefore relatively selective for this muscle.236 
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Since leg muscles of MS patients are more likely to be affected by disuse,47,185 it 
is uncertain whether the results of the current study can be extrapolated to those 
muscles. However, the greater contribution of central fatigue to muscle 
fatigability was also present in lower extremities in RRMS patients.11 Whether 
additional effects due to muscle disuse are present requires further examination. 

To compare the 2 phenotypes we related the patient data to age- and sex-
matched controls. The inclusion of 4 experimental groups (instead of 2 groups) 
increased the difficulty of data interpretation. We cannot conclude based on our 
current data whether the underlying neurophysiological mechanism in SPMS 
patients differs from RRMS patients, or that changes in SPMS patients are only 
due to progression of the disease. However, it is our interpretation, based on 
existing literature,56 and the analyses where phenotype was substituted for 
EDSS, that mechanisms might differ (loss of axonal integrity versus neuronal 
and axonal damage).  
 
Future directions and conclusion 
SPMS patients had poorer muscle activation and were subsequently weaker and 
displayed greater muscle and estimated central fatigue, compared to both RRMS 
patients and controls. These data suggest that increased cortical damage 
reduced compensatory mechanisms in SPMS patients, which resulted eventually 
in functional loss.62 Considering the differences in motor performance and 
estimated central fatigue, future studies using motor tasks will benefit from 
differentiating between RRMS and SPMS patients.62 In cognitive research it is 
already more common to distinguish across phenotypes.48,51 

Reduced muscle activation will eventually result in a decline in muscle force 
and muscle atrophy.46,188 Therefore, rehabilitation programs that focus on 
maintaining or even improving VA are essential, especially since current 
treatment options in SPMS patients are limited. Studies in controls have shown 
the possibility to improve VA through exercise (see review by Arnold and 
Bautmans12). Few studies have investigated the effect of training on VA in 
patients with MS.30,45,65 Their data indicate a possible improvement of VA. It is 
therefore warranted to design exercise studies for MS patients in which the 
effects on VA will be followed. 
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ABSTRACT 
fIntroduction Dexterity becomes more important in today’s society. MS patients 
and older individuals often report lower dexterity. Both MS patients and older 
individuals show increased cortical activation, especially of the ipsilateral motor 
cortex, during unimanual task performance. The increased cortical activation is 
possibly a compensatory mechanism. If older individuals already increase 
ipsilateral cortical activation, it is possible that MS patients are not able to 
increase cortical activation sufficiently to maintain function. However, it is not 
known whether age affects MS patients to a greater degree than controls. 
Methods 115 patients with relapsing-remitting MS and 110 controls performed 
the Purdue Pegboard Test (PPT). The PPT measures both unimanual and 
bimanual task performance, and symmetrical and asymmetrical bimanual 
performance. 
Results MS patients had overall lower dexterity than controls, and pegboard 
score was inversely associated with age (r=-0.59, p<0.001). A stronger decrease 
in task performance from a bimanual symmetric to a bimanual asymmetric task 
was found in both MS patients (Task by Group: F1,220=154.7, p<0.001) and 
older individuals (Task by Age: F1,220=51.4, p<0.001). No interaction effect of 
Task by Group by Age was found (F1,220=0.05, p=0.829). 
Conclusion Patients with MS and older individuals have lower dexterity than 
controls and younger individuals, and this is more pronounced on an asymmetric 
versus symmetric bimanual task. The data suggest that MS patients are not 
differentially affected by age than controls. 
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INTRODUCTION 
Today’s society is becoming increasingly dependent on the ability to manipulate 
small electronic devices. Precise bimanual control and dexterity is important in 
the work situation and for social interaction. Patients with multiple sclerosis (MS) 
often experience motor complaints, such as decreased dexterity.37 Lower 
dexterity is also described in aging individuals.42 Further parallels can be seen 
between patients with MS and an aging population. Both groups have reduced 
white matter integrity132,190 and increased levels of inflammation142,190 in the 
central nervous system. Furthermore, according to studies using fMRI and TMS, 
both MS patients64,124,164,174,176,234 and older individuals68,69,204 showed increased 
cortical activation during the performance of a motor task, especially in ipsilateral 
motor areas. Although there is still debate about the function of increased 
ipsilateral activation it is suggested for both MS patients174,195 and elderly 
subjects69 that it could point towards neuroplasticity to compensate for neuronal 
damage. This raised the question whether MS patients and elderly subjects 
show more interference with bimanual task performance. Bimanual performance 
demands even more attention when both hands perform different tasks 
compared to symmetrical bimanual tasks.24,169 It is therefore expected, that if 
there is an interference between the compensatory (ipsilateral) activation and the 
bimanual activation, that MS patients and elderly subjects would show a larger 
performance decline during asymmetrical tasks. Furthermore, it is unclear what 
will happen to dexterity when MS patients age. 

In the present pilot experiment we aimed to extend previous experiments 
regarding bimanual coordination in MS patients by including an asymmetrical 
bimanual task. Testing of both uni- and bimanual tasks, with both bimanual 
symmetrical and asymmetrical tasks makes the Purdue Pegboard test (#32020 
Lafayette Instruments, Lafayette, USA; PPT) a good tool to monitor dexterity in 
MS patients. Most studies reported low dexterity values for MS 
patients84,104,116,232 but did not study differences between unimanual and 
bimanual tasks and did not investigate aging effects in a patients population. In 
the present study we therefore focused on interaction effects across the Purdue 
Pegboard tasks and MS patients versus sex- and age matched controls. It was 
our hypothesis that MS patients and elderly subjects would have more difficulties 
with bimanual than unimanual task performance and that asymmetrical 
performance would be more difficult than symmetrical task performance. 
Furthermore, we expected that older MS patients would show a larger 
performance decline during symmetrical and even more during asymmetrical 
tasks. 
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Table 1 Subject characteristics and PPT performance scores. 
 MS patients (N=115) Controls (N=110) p-value 
Sex (m/f) 39/76 (34%/66%) 39/71 (35%/65%) 0.809 
Age 41.0 (20-65) 40.5 (18-64) 0.761 
Disease duration 8.4 (0-34)   
PPT right 12.6 (5.3-19.0) 15.8 (11.3-19.7) <0.001 
PPT left 11.9 (5.7-18.3) 15.0 (10.0-18.0) <0.001 
PPT unimanual 12.3 (5.5-18.0) 15.4 (11.7-18.8) <0.001 
PPT bimanual 9.7 (3.3-15.7) 12.5 (8.7-15.7) <0.001 
PPT assembly 26.9 (8.3-53.7) 39.5 (24.3-53.7) <0.001 
PPT z-score -2.0 (-5.9-1.6) 0.0 (-2.5-2.0) <0.001 
RM ANOVA PPT Effect F-value p-value 
Unimanual-Bimanual Task F1,220=124.4 <0.001 
 Group F1,220=6.7 0.010 
 Age F1,220=27.9 <0.001 
 Task by Group F1,220=1.3 0.257 
 Task by Age F1,220=0.3 0.566 
 Task by Group by Age F1,220=0.4 0.521 
Bimanual-Assembly Task F1,220=464.1 <0.001 
 Group F1,220=10.9 0.001 
 Age F1,220=47.4 <0.001 
 Task by Group F1,220=154.7 <0.001 
 Task by Age F1,220=51.4 <0.001 
 Task by Group by Age F1,220=0.05 0.829 

PPT, Purdue pegboard test. MS, multiple sclerosis. Top: Subject characteristics and PPT. Data 
are represented as mean (range). Bottom: Main and interaction effects of RM ANOVA on the 
PPT. 

METHODS 
We included 115 MS patients with relapsing-remitting MS159 and 110 controls. All 
but 3 were right-handed according to the Edinburgh Handedness 
questionnaire.151 

All subjects performed the Purdue Pegboard Test. Subjects were seated at a 
table with the Purdue Pegboard in front of them. The test was explained to the 
participant according to the instructions manual. The test consists of 4 parts, 
which are all repeated three times: placing as many pins as possible in a board 
1) using only the right hand, 2) using only the left hand, 3) using the right and left 
hand simultaneously, 4) placing pins and washers by using the right and left 
hand alternately. Subjects had 30 seconds for tasks 1-3, and 1 minute for task 4.  
 
Statistical analyses 
From one patient we only collected unimanual data. The data of three trials for 
each subtask were averaged. We calculated an overall score for PPT 
performance, by first calculating z-scores for each subtest with the following 
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equation: z-score=(score-meancontrols)/sdcontrols, and then averaging the four z-
scores per individual (zPPT-score). 

To compare an unimanual with a bimanual task, we averaged the scores of 
the right and left hand as a measure of unimanual performance. To compare 
performance between the unimanual and (symmetrical) bimanual tasks, and 
between the symmetrical and asymmetrical bimanual task, we applied a 
repeated measures ANOVA with Task as a within-subjects factor, Group as a 
between-subjects factor and Age as a covariate. Although both main and 
interaction effects are presented, our interest concerns the interactions effects of 
Task by Group, Task by Age, and Task by Group by Age. 

 
Figure 1 PPT scores 
in controls (n=110) 
and RRMS patients 
(n=115) Data 
represent mean and 
SD. * main effects 
Task and Group; # 
Interaction effect 
Task by Group; + 
Interaction effect 
Task by Age. 

 
 
 
 
 
 
 
 
 
 
 

 
RESULTS 
MS patients and controls did not differ in age nor sex (Table 1). Overall 
pegboard scores (Table 1, Figures 1 and 2) in controls were negatively 
associated with age (r=-0.59, p<0.001), with lower dexterity scores for older 
subjects.  
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Performance change  
The analysis of unimanual versus symmetrical bimanual task revealed a main 
effect of Task, Age and Group (Table 1, Figure 2) but no interaction effects. 
Participants placed less pairs of pegs during the bimanual condition than the 
number of pegs in the unimanual condition, MS patients placed less pins on both 
tasks, and with increasing age less pegs were placed. The comparison between 
the symmetrical and asymmetrical bimanual task revealed - besides main effects 
of Task, Age and Group - an interaction effect of Task by Group (F1,221=154.7, 
p<0.001) and Task by Age (F1,221=51.4, p<0.001) (Table 1, Figure 2). These 
results indicate that the difference between the symmetrical and asymmetrical 
bimanual task was larger for the MS patients than the controls. Furthermore, the 
decline in performance in the asymmetrical task was also larger for older 
subjects compared with younger subjects. 
 

Figure 2 Bimanual task performance with age (A) Symmetric bimanual task. (B) Asymmetric 
bimanual task. 

 
DISCUSSION 
In comparison with an symmetrical bimanual task, during an asymmetrical 
bimanual task MS patients reduced their performance more than controls. Thus 
even after controlling for generalized slowness MS patients showed a reduced 
performance. For both older subjects and MS patients, performance was even 
more reduced when an asymmetrical bimanual task (compared to a symmetrical 
task) was performed. 

The performance of a bimanual task can be considered a motor-motor dual 
task. Performance decline on a dual-task can be attributed to two reasons: if the 
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two tasks share input- or output modalities, competition can result in 
performance decline. If the two tasks do not share input- or output modalities, 
performance decline is most likely a result of insufficient attentional 
resources.152,225 
 
Interference effects 
During unimanual contractions, TMS and fMRI studies demonstrated more 
activity in ipsilateral cortical motor areas in both elderly subjects68,69,204 and MS 
patients.64,176 Whether the ipsilateral activation is functional in either MS 
patients126,174 or older individuals136,170 is still a subject of debate. It is expected 
that if ipsilateral motor areas are functionally involved in the unimanual 
contraction, interferences could take place during bimanual contractions which 
would result in the observed performance decline. 
 
Attentional resources 
Both MS patients64,175 and elderly subjects92,229 already require greater attention 
during unimanual task performance. Increased activation in MS patients64,175 and 
older subjects92,229 is found in areas involved in cognitive control of movements 
(frontal and parietal areas, including pre-motor cortex, posterior parietal cortex, 
anterior cingulate cortex). Under conditions with increased task demands both 
groups are less able to harness extra cognitive reserve resulting eventually to a 
decline in task performance, as shown on cognitive-motor dual-tasks.Chapter 

5,Chapter 6,72,218 The decreased cognitive reserve possibly accounts for the 
increased performance decline on the asymmetrical bimanual task of the PPT. 
 
Bimanual task performance 
Bimanual contractions are more complex than unimanual contractions.203 
Bimanual task performance requires action of both primary motor cortices and a 
complex bilateral neural network,83,203 including the cerebellum, supplementary 
motor area (SMA), cingulate motor cortex, the (dorsal) premotor cortex, and the 
corpus callosum. It is therefore possible that both interference effects and 
decreased cognitive reserve are present in both MS patients and older 
individuals. 
 
MS and aging 
No interaction effect of Task by MS or Task by Age was found for an unimanual 
and bimanual task. Possibly, cortical activation can be increased to a level to 
maintain function, whereas the more difficult asymmetrical task did result in 
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additional performance decline. Both MS patients and older individuals had 
greater performance decline on an asymmetrical bimanual task. Since both 
groups have increased white matter disruption, increased levels of inflammation, 
and increased cortical activation during the performance of a task,64,92,132,142,175,229 
it is possible that similar mechanisms are responsible for functional decline in 
both groups, however further research is necessary to confirm this. 

No interaction effect of Task by Group by Age was present, indicating no 
differential effects of aging for bimanual task performance in MS patients and 
controls. This is in agreement with the only other study that examined the 
interaction of aging and multiple sclerosis, by using a cognitive task.26 
 
Implications and conclusions 
Both MS patients and older subjects show similar performance decrease under 
asymmetrical bimanual task performance. This may have implications for the 
performance of MS patients in a work setting or during daily activities, especially 
on more complex tasks bimanual tasks. It is not known whether performance 
decline in both groups is the result of similar changes in cortical integrity and 
neuroplasticity. However similar compensatory activation strategies seem to be 
employed. Further research is therefore necessary to investigate the reasons for 
functional decline on bimanual tasks, for both MS patients and older subjects. 
Understanding the cause of increased performance decline can result in novel 
rehabilitation strategies for MS patients.  
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ABSTRACT 
Introduction Generalized slowing characterizes aging and there is some 
evidence to suggest that this slowing already starts at midlife. This study aims to 
assess reaction time changes while performing a concurrent low-force and high-
force motor task in young and middle-aged subjects. The high-force motor task 
is designed to induce muscle fatigue and thereby progressively increase the 
attentional demands. 
Methods Twenty-five young (20-30 years, 12 males) and sixteen middle-aged 
(35-55 years, 9 males) adults performed an auditory two-choice reaction time 
task (CRT) with and without a concurrent low- or high-force motor task. The CRT 
required subjects to respond to two different stimuli that occurred with a 
probability of 70% or 30%. The motor task consisted of index finger abduction, at 
either 10% (10%-dual-task) or 30% (30%-dual-task) of maximal voluntary force. 
Cognitive task performance was measured as percentage of correct responses 
and reaction times. 
Results Middle-aged subjects responded slower on the frequent but more 
accurately on the infrequent stimuli of CRT than young subjects. Both young and 
middle-aged subjects showed increased errors and reaction times while 
performing under dual-task conditions and both outcome measures increased 
further under fatiguing conditions. Only under 30%-dual-task demands, an age-
effect on dual-task performance was present. 
Conclusions Both single- and dual-task conditions showed that already at mid-
life response preparation is seriously declined and that subjects implement 
different strategies to perform a CRT task. 
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INTRODUCTION 
With increasing age cognitive performance slows down,52,216 including cognitive 
processes essential for motor performance.231 Additionally, performance of motor 
tasks becomes less automatic and requires increased attentional demands in 
older subjects.92,218,229 A classic method to study the distribution of attentional 
and processing capacity is the dual-task paradigm.152 During a dual-task 
attention needs to be allocated to two different tasks that are performed 
simultaneously. If the 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; if the two tasks do not share input- or output modalities then 
quantification of this interference can be used to address the distribution of 
attentional resources between the two tasks.152,225 Given the observation that 
attentional demands for performing a single motor task already increases with 
age92,136,222,229 we expected that for older subjects performing a cognitive-motor 
dual-task would be even more difficult. Several studies indeed found a decline in 
cognitive-motor task performance with age43,72,218 and a meta-analysis by 
Verhaeghen et al217 revealed that dual-task costs with aging were greater than 
the general age-related slowing in reaction times.  

Previous studies in our group on young subjects showed a decline in 
performance on a cognitive task during a concurrently performed motor task, and 
additionally that the decline became stronger when the motor task was 
fatiguing.130,237 In those as well as in the present study muscle fatigue is defined 
as an increased effort to maintain a desired force level (demonstrated by an 
increase in electromyographic activity, EMG) and a decline in maximal force 
generating capacity followed by the subsequent inability to maintain a 
submaximal target force. During a sustained submaximal contraction, muscle 
fibers become fatigued and an increase in voluntary drive is necessary to 
maintain the submaximal force.215 We expected that older subjects would have 
more difficulties in performing a cognitive-motor dual-task and that fatigue would 
contribute to a further deterioration of the dual-task performance. In other words, 
fatigue was used as an extra stressor to highlight possible age-related 
differences in dual-task performance. 

In our cognitive-motor dual-task,130,237 we used a choice reaction time task 
(CRT) as the secondary, cognitive task. In the CRT we used two stimuli (a high-
pitched and a low-pitched tone). One of the stimuli of the CRT occurred more 
often than the other stimulus81,143 and subjects were thus primed to prepare a 



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

response to the frequent stimulus. Preparing for the frequent stimuli leads to 
faster reaction times for this stimulus, albeit with more erroneous responses for 
the infrequent stimulus. It is therefore expected that subjects who prepared more 
for the frequent stimuli would demonstrate larger differences between reaction 
times and accuracy on frequent and infrequent stimuli.81,143 Furthermore, we 
expected that responding to the infrequent stimulus would become more difficult 
and that, therefore, this stimulus would be more sensitive to changes in 
attention. 

Previous reaction time studies showed that older subjects choose to maintain 
accuracy over speed in a dual-task condition.162,192,225 It is, therefore, conceivable 
that older subjects would be less willing to prepare for frequent stimuli44 and thus 
show smaller differences in reaction times and accuracy than young subjects. 

Most experiments have been performed on young (<35 years) and older 
subjects (> 65 years). Neuroimaging studies, however, indicate that age-related 
changes can already appear in late midlife.77,88,129 Whether differences in dual-
task costs and preparation are already manifest in middle-aged adults is still 
uncertain, although the results of Crossley and Hiscock43 suggest that effects 
may already appear in this age group (41-65 years). As middle-aged subjects 
are more likely to be actively involved on the work floor and considering the 
widespread use of electronic devices that require high cognitive and motor 
demands it is important to also investigate age-related dual-task changes in this 
age-group. 

Therefore, it was the aim of the present study to investigate differences in 
response preparation and dual-task costs in young and middle-aged adults. 
Furthermore, we induced muscle fatigue during the dual-task to further increase 
the attentional load and to evoke additional dual-task interference in both young 
and middle-aged adults. We expected less response preparation and more dual-
task costs in middle-aged subjects. Furthermore, we expected the motor task to 
be performed adequately in both age groups, with only little dual-task costs on 
the motor task.130 However, we expect an additional attentional cost in the 
middle-aged subjects what would result in an additional decline in cognitive 
performance in the middle-aged group without a significant difference in the 
performance on the fatiguing motor task. During the fatiguing dual-task, we 
expected a further increase in dual-task costs in both age-groups. 
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METHODS 
Participants 
We used data obtained in twenty-five young (mean 23 years, range 20-29, 12 
males) and sixteen middle-aged (mean 46 years, range 35-55, 9 males) adults. 
All subjects were right-handed according to the Edinburgh Handedness 
Questionnaire (range 38-100151), had normal or corrected-to-normal vision and 
none reported hearing deficits. Level of education was determined based on the 
“standaard onderwijsindeling 2006”, (SOI 2006, CBS; the Dutch version of the 
ISCED). No difference was found in level of education between the age groups 
(p=0.20). All participants gave their informed consent before participation. The 
study was approved by the University Medical Center Groningen Medical Ethical 
Committee and was in conformance with the standard set out in the WMA 
declaration of Helsinki (2008). 
 
Experimental setup 
The experimental setup and tasks largely followed the methods as described by 
Lorist et al.130 
 
Force and electromyographic recordings during the motor task 
The motor task consisted of abduction of the right index finger. Participants sat 
at a table with their lower arms resting on the table. The forearm of the right 
hand was stabilized with a splint halfway between pronation and supination. 
Digits three, four and five were constrained with a plastic plate and the thumb 
was fixated with a Velcro strap. The proximal interphalangeal joint of the index 
finger was taped against a wedge, connected to a force transducer. For details 
on the set-up, see also Zijdewind and Kernell.236 The force signal was amplified 
and recorded at a sampling rate of 500 Hz. EMG was recorded with sintered 
Ag/AgCl electrodes located over the right first dorsal interosseus muscle (FDI). 
EMG was amplified 500 times, filtered between 8 Hz and 1000 Hz, and recorded 
at a sampling frequency of 2000 Hz. Data was recorded and analyzed with a PC 
equipped with a data-acquisition interface and the accompanying software 
Spike2 v7 (1401 Power, Cambridge Electronic Design, Cambridge, UK). During 
the experiment, participants were given force feedback on a computer screen 
located approximately one meter in front of the subject. A target line showed the 
force that participants were required to deliver. A second line, in a different color, 
showed the actual produced force in real-time. 
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Set-up of the cognitive task 
A response box was placed in front of the participant at a comfortable position so 
that the participant could have his right index finger placed in the force set-up 
and simultaneously respond with his left hand, positioned on the response box. 
The cognitive task consisted of an auditory CRT. Loudspeakers placed in front of 
the participant on both the left and right side produced either a low (500 Hz) or a 
high (900 Hz) pitched tone at a level of 70 dBA. The tones were of 50 ms 
duration with an inter-stimulus interval of 1100-1300 ms. The participants were 
instructed to respond as quickly and as accurately as possible by pressing a 
button on a serial response box with their left index or middle finger. E-Prime 
software was used to present the stimuli and record the responses (Psychology 
Software Tools, Inc., Sharpsburg, PA, USA). The expected response (index- or 
middle finger) to high and low tones was randomized between participants. The 
probability of one of the tones was more frequent (70%) than the other tone 
(30%). Which tone was presented more frequent was randomized between 
participants. Participants were informed that the first stimulus of every block was 
always the frequent stimulus. 
 
Experimental tasks 
Participants came for three sessions, separated by one week. The first session 
was a practice session. All tasks were practiced in order to familiarize 
participants with the task and to minimize learning effects in the cognitive task. 
Some of the tasks were performed with fewer blocks in the practice session 
compared to the second and third session. In the second and third session, a 
dual-task at either 10% or 30% of maximal voluntary contraction (MVC) was 
performed. For an overview of the tasks, see Figures 1 and 2. Each session 
consisted of four tasks: 
Task I. Practice of the CRT. Responding to 150 stimuli (Task Ia), followed by 
three blocks of 50 stimuli, with 5 seconds between the blocks (Task Ib). The 
purpose of the practice tasks was to minimize the within-session learning effect. 
Task II. Determination of MVC. Participants were asked to maximally abduct 
their right index finger three times for 5 s, with 60 s of rest between attempts. 
The maximal force of the three attempts was taken as the control MVC (cMVC), 
the mean rectified EMG (100 ms) around the peak force was used as the control 
EMG (cEMG). 
Task III. Single-task. Twelve blocks of the CRT consisting of 33 stimuli (~40 s 
blocks). After the first, third, sixth, ninth and twelfth block, subjects were 
instructed to perform a 5 s MVC with their right FDI to acquaint subjects with the 
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timing of the MVCs during the dual-task. 
Task IV. Dual-task. Task consists of a combination of the force and CRT task. 
Participants were instructed to maintain a stable force level at either 10% or 30% 
of their cMVC in that session. All subjects were instructed to prioritize the motor 
task over the cognitive task in order to standardize the dual-task performance. 
Four seconds into the force-task, the cognitive stimuli started and subjects had 
to respond to the stimuli with their left hand while still abducting their right index 
finger. Similar to the CRT (single-task), blocks of 33 stimuli were presented. After 
the CRT task ended, participants were asked to perform an MVC during 5 s, 
followed by 5 s rest. This task sequence continued for twelve blocks for the 10%-
dual-task, and until task failure for the 30%-dual-task (we anticipated that most 
subjects would not be able to continue the 30%-dual-task for more than 10 
blocks). Task failure was defined as a subject being unable to maintain the force 
at 30% for more than 5 s, or when the MVC did not exceed 30%. 
 

Figure 1 Schematic overview of the protocol. Dotted lines represent the cognitive task, solid 
lines the motor task. Task Ia, practice of the choice reaction time task (CRT), 150 consecutive 
stimuli. Task Ib, practice of the choice reaction time task (CRT), 3 times 50 stimuli. Task II, right 
index finger abduction, determination of maximal voluntary force (MVC). Task III, Single CRT-
task. Responding to the auditory stimuli as fast and as accurate as possible. Task IV, Dual-task. 
One session the dual-task at 30% of cMVC (30%-dual-task), one session the dual-task at 10% 
of cMVC (10%-dual-task). All subjects performed 3 sessions. In session 1, all tasks were 
practiced; session 2 and 3 were the experimental sessions in which Task I to III were similar for 
the two sessions and Task IV was alternated between the 10%-dual-task or the 30%-dual-task. 

 
Outcome measures 
The main outcome measures during task II were the MVC and the maximal 
rectified and smoothed (100ms) EMG. During the dual-task (task IV), mean 
submaximal force (% of cMVC), variability (SD) of the submaximal force, mean 
rectified EMG activity (% of cEMG) and MVCs (% of cMVC) were determined. 
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Figure 2 Overview of the raw data of a 
representative subject. (A) Task II, Right 
index finger abduction force and EMG 
recordings of the first dorsal interosseus 
muscle (FDI) during maximal voluntary 
contractions (MVC). (B) Task III, Single 
CRT-task. Subjects had to respond with 
either their index or middle finger to two 
stimuli with a different probability of 
presentation (frequent and an infrequent 
tone). Two top rows show the reactions to 
12 blocks of CRT, with 5 short (5 seconds) 
MVCs between blocks of CRT. Force and 
EMG recordings are presented in row three 
and four. (C) Task IV, 10%-dual-task. Top 
two rows, show 12 blocks of CRT 
concurrent with right index finger abduction 
(force and EMG at row three and four) at 
10% of cMVC, with a period of 5 seconds 
MVC after every block. (D: Task IV. 30%-
dual-task. Similar to (C), but force at 30% of 
cMVC, the task is maintained until task 
failure. 

 
 
 
 
 
 
 
 

 
Cognitive outcome measures consisted of the percentage of incorrect responses 
and the reaction times. The first two responses of each block were discarded 
because participants were informed that the first tone was always the frequent 
tone. Responses faster than 100 ms were counted as incorrect. Only reaction 
times to correct responses were used in the analyses. In order to minimize the 
influence of outliers, 20% trimmed means were used to assess mean reaction 
time values per subject, i.e. the slowest and fastest 10% of reactions on each 
task per subject were removed from the analysis. 
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Statistics 
In order to investigate within-session training effects, repeated measures 
ANOVAs were performed with Task (Task Ia, Task Ib, Task III) and Probability 
(frequent, infrequent) as within-subjects effects and Age group as between-
subjects effects. To investigate between-session learning effects, we used the 
cognitive data obtained during the single CRT task. For all sessions only the first 
six blocks were used since the practice session consisted of six blocks only. 
Repeated measures ANOVAs were performed with Session and Probability as 
within-subjects effects and Age group as between-subjects effects. If the 
assumption of sphericity was not met, degrees of freedom were Greenhouse-
Geisser-corrected. 

The MVCs between groups were tested with a univariate ANOVA with Age 
group and Sex as factors; Sex was added as a between-subject variable since it 
is known that men are stronger than women. 

For comparison of the single- versus the dual-task performance, we used 
cognitive data from 12 blocks of both the single- and the 10%-dual-task. To 
investigate the effect of fatigue we compared the data obtained during the 10%- 
and 30%-dual-task. The data was averaged for two time windows: the first and 
second half of the task. Both the cognitive and the force-related data obtained 
during the 10%-dual-task were averaged for the same number of blocks as for 
the 30%-dual-task. This was not possible for one middle-aged and two young 
participants, who maintained the 30%-dual-task for 13 and 15 blocks. For these 
participants, 12 blocks of the 10%-dual-task were used. Four young participants 
maintained the dual-task for only three blocks. In order to obtain a reliable 
estimate for the reaction time and accuracy data, the second block of data was 
used to calculate results for both the first (=average block 1 and 2) and second 
(=average block 2 and 3) part of the task. Force data was examined with 
repeated measures ANOVA with Task (10%-dual-task and 30%-dual-task) and 
Time (first and second half) as within-subject factors and Age group as between-
subject factor.  

Cognitive data was examined with repeated measures ANOVA with Task and 
Probability as within-subject factors, and Age group as a between-subject factor. 
For comparison of the 10%-dual-task with the 30%-dual-task, Time (first and 
second half) was added as a within-subjects factor. For comparison of the 10%-
dual-task versus the 30%-dual-task, the percentage of incorrect responses and 
reaction times of both dual-tasks were represented as the delta of the dual-task 
minus the single-task. These analyses were performed separately for both 
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outcome measures; that is, percentage of incorrect responses and reaction 
times.  

Statistical significance was set at alpha is 0.05  
=SQRT(SSfactor/SStotal). If interaction effects were present, main effects were not 
explicitly described. Post-hoc analyses (within-subject: Bonferroni corrected 
where appropriate; between-subject analysis: univariate ANOVAs) were 
performed to break down significant effects where appropriate. 
 
RESULTS 
Training effects 
Between sessions subjects responded faster for frequent stimuli with less errors 
We used the data obtained during the cognitive single-task in the three sessions 
to ascertain possible differences in training effects between the two age groups 
(see Figure 3). Analysis revealed no training effects within a session for 
accuracy (F1.7,66.2=0.92, p=0.39) or reaction times (F2.0,77.1=0.56, p=0.57). 
Furthermore, no training effects were observed on accuracy between sessions 
(F1.2,73.9=0.62, p=0.47). For reaction times, an interaction effect of Session by 
Probability was present (F1.6,60.7=10.41, p<0.001, eta=0.09; Figure 3). Post-hoc 
analyses showed that for frequent stimuli, reactions became faster from Session 
1 (315 ms) to Session 2 (299 ms; F1,39=7.68, p=0.01, =0.37), and from Session 
2 to Session 3 (287 ms; F1,39=22.0, p<0.001, =0.24). For infrequent stimuli, 
reaction times decreased only from Session 1 (351 ms) to Session 2 (340 ms; 
F1,39=4.7, p=0.04, =0.30; Session 3: 335 ms). The difference in reaction times 
and number of errors between frequent and infrequent stimuli were present in all 
sessions with faster reactions and less errors for frequent stimuli. (reaction 
times: Session 1: F=111.87, p<0.001, =0.86; Session 2, F=190.39, p<0.001, 

=0.91 and Session 3, F=323.29, p<0.001, =0.94; Accuracy: Session 1: 
F=52.74, p<0.001, =0.76; Session 2, F=53.51, p<0.001, =0.82 and Session 3, 
F=70.64, p<0.001, =0.80). Overall, subjects were responding faster and more 
accurate to frequent stimuli, suggesting the presence of preparation. 
 
Single- versus dual-task performance  
Middle-aged subjects responded slower to frequent but more accurate to 
infrequent stimuli 
Besides main effects, the analysis revealed an interaction effect of Probability by 
Age group for accuracy (F1,39=7.59, p=0.01, =0.23) and reaction times 
(F1,39=4.10, p=0.05, =0.14). Post-hoc analysis showed for the infrequent stimuli 
a higher number of errors for young subjects (middle-aged: 3.8%, young: 7.3%;  
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Figure 3 Effect of training on accuracy (A, C) and reaction times (B, D). Circles represent 
middle-aged subjects, squares represent young subjects. Solid lines for frequent stimuli, dashed 
lines for infrequent stimuli. A, B: within-session practice effects. Task Ia: 150 stimuli of the CRT 
task; Task Ib: 3*50 stimuli of the CRT task; Task III: 6*33 stimuli of the CRT task. C,D: between-
session practice effects. Data represent first 6 blocks of CRT task on task III. Error bars 
represent SE. * shows main effects, ## shows main between session effects for frequent and 
infrequent stimuli, # shows between sessions effect for frequent stimuli only. Please note for the 
young subjects, the learning curve on reaction times for the frequent stimuli. 

 
F1,39=6.76, p=0.013, =0.38), but not for the frequent stimuli (middle-aged: 1.9%, 
young: 3.6%; F1,39=1.27, p=0.27; Figure 4). In contrast, the reaction times for 
frequent stimuli were higher for middle-aged subjects (middle-aged: 325 ms, 
young: 283 ms; F1,39=9.68, p=0.003, =0.45), but not for the infrequent stimuli 
(middle-aged: 366 ms, young: 341 ms; F1,39=3.32, p=0.076; Figure 4). Both 
middle-aged and young participants made more errors (F1,39=57.78, p<0.001; 
t15=-4.8, p<0.001, t24= -7.1, p<0.001, respectively) and responded slower 
(F1,39=153.59, p<0.001; t15=-7.6, p<0.001, t24=-10.8, p<0.001, respectively) on 
the infrequent stimuli compared to the frequent stimuli (Figure 4). Overall, 
middle-aged subjects made less errors (F1,39=5.81, p=0.02, =0.36) but 
responded slower (F1,39=6.55, p=0.01, =0.38; Figure 4). 
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Dual-task performance resulted in more errors and slower responses for 
infrequent stimuli 
The data showed an interaction effect of Task by Probability for accuracy 
(F1,39=4.43, p=0.04, =0.10) and reaction times (F1,39=7.63, p=0.01, =0.05). 
Although an increase in errors was present from the single- to the dual-task for 
both the frequent (single-task: 0.9%, dual-task: 1.4%; F1,39=4.92, p=0.03, =0.33) 
and infrequent stimuli (single-task: 4.6%, dual-task: 6.5%; F1,39=6.22, p=0.02, 

=0.37), the increase was larger for the infrequent stimuli. Reaction times were 
also longer for the infrequent stimuli in the dual- versus the single-task (single-
task: 348 ms, dual-task: 359 ms; F1,39=15.41, p<0.001, =0.53), but not for the 
frequent stimuli (single-task: 302 ms, dual-task: 307 ms; F1,39=2.43, p=0.13). 

In both the single- and the dual-task, participants made more errors (t40=-6.9, 
p<0.001; t40=-7.0, p<0.001, respectively) and were slower (t40=-12.2, p<0.001, 
t40=-12.4, p<0.001, respectively) on the infrequent stimuli compared to the 
frequent stimuli (Figure 4). Overall, the single versus dual-task data 
demonstrated that in both tasks, young subjects responded faster to the frequent 
stimuli but made more errors on the infrequent stimuli than middle-aged 
participants did, suggesting that young subjects prepared themselves better for 
the frequent stimuli. The more demanding dual-task resulted in slower responses 
and more errors for the infrequent stimuli, without changes in reaction times for 
the frequent stimuli. 
 
30%- versus 10%-dual-task: effects of fatigue on motor performance 
30%-dual-task resulted in more fatigue, but not in differences between age 
groups 
The maximal index finger force at the start of the session was not different in the 
10%- and 30%-dual-task session (10% session: 39.0 N, SD 10.4; 30% session: 
39.4 N, SD 11.1; p=0.66). Furthermore, no difference was found in MVCs 
between young (39.4 N, SD 10.8) and middle-aged participants (44.6 N, SD 
11.5; F1,37=1.91, p=0.18). Men were, however, stronger than women 
(F1,37=22.19, p<0.001), but no interaction effect of Age group by Sex was present 
(F1,37=0.13, p=0.72).The number of blocks until fatigue (task failure) did not differ 
between young and middle-aged participants (7.0, SD 3.4 and 7.7, SD 2.1, 
respectively; F1,39=0.52, p=0.48). 

Middle-aged participants produced marginally less force during the 30%-dual-
task (mean force: 30% of cMVC) than young participants did (32% of cMVC; 
p=0.01, Figure 5A). No differences were found on the 10%-dual-task (mean  
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Figure 4 Accuracy (A) and reaction times (B) for the single and 10%-dual-task (10% MVC). 
Circles represent middle-aged subjects, squares represent young subjects. Solid lines for 
frequent stimuli, dashed lines for infrequent stimuli. Error bars represent SE. * shows main 
effects, # shows interaction effects. The graphs shows the difference between the two age 
groups with respect to preparation, i.e. faster reaction times for the frequent stimuli, but larger 
number of errors for the infrequent stimuli especially for the young subjects. 

 
force: 11% of cMVC versus 10% of cMVC, for young and middle-aged 
participants, respectively; p=0.22). 

During the 30%-dual-task the intermittent MVCs declined more (33%) than 
during the 10%-dual-task (7%, F1,39=194.09, p<0.001, =0.42), but no main 
effect of Age group was present (F1,39=0.42, p=0.84, Figure 5B). 
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Figure 5 Submaximal force (A), maximal force (B), standard deviation of the submaximal force 
(C) and EMG during the submaximal force task (D) during the 10%-dual-task and 30%-dual-
task. Means are calculated for the first and second half of the task. Circles represent middle-
aged subjects, squares represent young subjects. Solid lines for 30%-dual-task, dashed lines 
for 10%-dual-task. Error bars represent SE. * shows main effects, # shows interaction effects. 
Signs of fatigue in the second half of the dual-task are clearly visible for the 30%-dual-task (i.e. 
decline in MVC, increase in the standard deviation of the submaximal force associated with an 
increase in EMG). 

 
The standard deviation of force during the dual-task showed a stronger 

increase with time during the 30%-dual-task (0.02% of MVC) than during the 
10%-dual- task (0.01% of MVC; F1,39=25.15, p<0.001, =0.16). No main effect of 
Age group was present (F1,39=0.07, p=0.79, Figure 5C). 

The EMG increased more with time in the 30%-dual-task (with 13.1%) 
compared to the 10%-dual-task (0.0%, F1,39=73.53, p<0.001, =0.18). No main 
effect of Age group was present (F1,39=0.51, p=0.48, Figure 5D). 

In summary, data from the maximal forces, standard deviation of force and 
the EMG indicated that participants became more fatigued during the 30%-dual-
task, but no difference was evident between young and middle-aged 
participants. 
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30%- versus 10%-dual-task: effects of fatigue on cognitive performance  
To standardize for possible changes in performance between sessions we 
calculated the difference between the performance on the single- and the dual-
task within the same session. Thus, the presented data are shown as deltas 
(dual-task data minus single-task data). 
 
30%-dual-task resulted in slower responses and a trend toward more errors with 
time 
In the comparison between the 10%-dual-task and 30%-dual-task, we found a 
trend towards an interaction effect of Task by Time for accuracy (F1,39=3.80, 
p=0.06, =0.08) and a significant interaction for reaction times (F1,39=8.24, 
p=0.01, =0.15). With time, an increase was seen in number of errors and 
reaction times for the 30%-dual-task (t40=-2.6, p=0.013; t40=-4.1, p<0.001, 
respectively), but not in the 10%-dual-task (t40=-0.4, p=0.69, t40=-0.6, p=0.56). 
 
30%-dual-task resulted in slower responses and more errors than the 10%-dual-
task 
Slower responses (+17 ms and +33 ms, in the first and second half of the dual-
task) and more errors (4.6% and 6.4%, respectively) were made in the 30%- 
compared to the 10%-dual-task (+8 ms and +9 ms, 0.9% and 1.0%, respectively; 
reaction times: F1,39=14.88, p<0.001, =0.35; accuracy: F1,39=53.41, p<0.001, 

=0.43; Figure 6). 
For accuracy, we found an additional interaction effect of Task by Probability 

(F1,39=12.52, p<0.001, =0.19). An increase in errors between the 10%- and 
30%-dual-task was present for both frequent (10%-dual-task: 0.3%, 30%-dual-
task: 2.8%; F1,39=30.24, p<0.001, =0.49) and infrequent stimuli (10%-dual-task: 
1.6%, 30%-dual-task: 8.2%; F1,39=35.89, p<0.001, =0.55), the increase being 
larger for the infrequent stimuli. 
 
Larger dual-task costs for reaction times in middle aged subjects  
A main effect of Age group for reaction times (F1,39=5.10, p=0.03, =0.34; Figure 
6) shows that dual-task demands were greater for the middle-aged than the 
young participants. 
 
30%- versus 10%-dual-task: effects of sex on fatigue effects 
There are indications that sex has an effect on motor93,97 and dual-task230 
performance. Sex differences on cognitive performance have not been studied 
extensively, although in a large sample size (n=7130), Der and Deary52 found an 
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effect of sex on reaction times. Our data seemed to indicate some effects of sex; 
therefore, we decided to analyze the data with regard to sex differences. We 
examined the influence of sex by performing a mixed design repeated measures 
ANOVA where Sex was added as a between-subject factor and Age (grand 
mean) was added as a covariate. 

On the single- and dual-tasks, no difference on accuracy was found for Sex 
(single-task: 3.0% and 2.9%; F1,38=0.10, p=0.75; 10%-dual-task: 3.6% and 3.5%; 
F1,38=0.10, p=0.76; 30%-dual-task: 3.6% and 2.9%; F1,38=0.41, p=0.52, for men 
and women, respectively), nor did we find interaction effects with Sex. We did 
see, however, that women responded slower than men did (single-task: 333 ms 
and 310 ms, F1,38=4.35, p=0.04, =0.29; 10%-dual-task: 336 ms and 315 ms, 
 

Figure 6 Accuracy (A, B) and reaction times (C, D) during the 10%-dual-task and 30%-dual-
task. A and C show responses to frequent stimuli, B and D responses to infrequent stimuli. Data 
is represented as the difference between dual-task and single-task (delta). Circles represent 
middle-aged subjects, squares represent young subjects. Solid lines for 30%-dual-task (30% 
cMVC), dashed lines for 10%-dual-task (10% cMVC). Data are shown for the first and second 
half of the task. Error bars represent SE. * shows main effects, # shows interaction effects. 
Please note the increase in errors (see however middle-aged subjects on infrequent stimuli) and 
reaction times with time for the 30%-dual-task. 
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F1,38=4.02, p=0.05). For the 30%-dual-task an interaction effect of Task by Sex 
(F1,38=7.16, p=0.01, =0.23) was found. Therefore, we decided to run the 
analyses on the effects of fatigue again, but separately for men and women. 
 
30%-dual-task increased the number of errors with time, especially in young men 
For accuracy in men, we found an interaction effect of Task by Probability by 
Time by Age group (F1,19=4.96, p=0.04, =0.08). The number of errors for the 
infrequent stimulus in the 30%-dual-task increased with time more for young 
men, as can be seen in Figure 7. For reaction times in men, an interaction effect 
of Task by Time was present (F1,19=5.74, p=0.03, =0.16). At the start, the 
reaction times for the 10%- and 30%-dual-task were similar (F1,20=0.001, p=0.98) 
but the reaction times increased more during the 30%-dual-task (from +6 ms to 
+21 ms, p=0.008,) than during the 10%-dual-task (+7 ms to +9 ms, p=0.49; 10%-
dual-task versus 30%-dual-task: F1,20=4.40, p=0.05). During the dual-task, 
reaction times were slower for the infrequent (+15 ms) than the frequent (+7 ms) 
stimuli (F1,19=4.97, p=0.04, =0.019). 
 
30%-dual-task increased reaction times especially in middle aged women 
For accuracy in women, there was an interaction effect of Task by Probability 
(F1,18=6.22, p=0.02, =0.17). For both stimuli, the number of errors were larger in 
the 30%-dual-task (frequent stimuli: 0.3% and 2.9%, F1,19=9.58, p=0.006, 

=0.58; infrequent stimuli:1.1% and 7.1%; F1,19=22.44, p<0.001, =0.74; Figure 
7). The difference in errors between the stimuli were, however, larger in the 
30%-dual-task (t19=-4.1, p=0.001) than the 10%-dual-task (t19=-0.9, p=0.366). 
For reaction times in women, an interaction effect of Task by Age group was 
present (F1,18=5.48, p=0.03, =0.25). Middle-aged women showed slower 
responses than young women in the 30%-dual-task (+59 ms and +19 ms, for 
middle-aged and young women, respectively; F1,18=8.49, p=0.009), but not in the 
10%-dual-task (+14 ms and +3 ms, for middle-aged and young women, 
respectively; F1,18=3.84, p=0.07). However, both Age groups showed an effect of 
dual-task force on reaction times (young: t12=-2.2, p=0.05, middle-aged women: 
t6=-4.71, p=0.003). Thus, the increase in reaction times from a 10%-dual-task to 
a 30%-dual-task was present in both young (17 ms) and middle-aged women (46 
ms), but stronger in middle-aged women. 

Overall, the analysis that was done separately for male and female subjects 
pointed to a differential effect of age on male and female adults. In middle-aged 
female participants, the 30%-dual-task resulted in an increase in reaction times, 
already at the start of the task. In men, an additional effect of age was observed 
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on fatigue-related changes in accuracy. Men showed an increase in errors with 
fatigue, this increase being most pronounced in young men. 
 
DISCUSSION 
The main findings of the present study demonstrate that already at middle-age 
participants: (1) responded slower but more accurate than young subjects did; 
(2) were less prepared for frequent stimuli than young subjects were; (3) showed 
an additional increase in reaction times during the 30%-dual-task. Furthermore, 
both young and middle-aged subjects showed a decline in cognitive performance 
under dual-task compared to single-task conditions and during the fatiguing dual-
task, cognitive performance showed an additional decline. This decline during 
fatigue was not different for middle-aged compared to young participants. Pilot 
analyses, however, in which the data were split for sex, showed differential 
effects of age for men and women on dual-task performance under fatiguing 
conditions. 
 
Single-task performance: effects of age on response preparation 
With age, cognitive tasks become increasingly more difficult to perform.52,166,181 
Our data confirmed and extended the observation that cognitive performance, as 
measured by reaction times, showed a significant deterioration in middle-aged 
and older subjects Smith and Brewer,192 58-75 years; Yordanova et al,231 mean 
58 years; Der and Deary,52 18-81 years; Albinet et al,4 61-84 years; Van de Laar 
et al,213 mean 75 years. 

We designed the cognitive task such that one stimulus had a higher 
probability (70%) to be presented than the other stimulus (30%). Consequently, 
after implicit learning subjects started to prepare for the frequent stimulus,81,143 
thereby reducing computational time and thus reducing the reaction times for the 
frequent stimuli. Conversely, the reaction times for infrequent stimuli increases. 
Furthermore, we expected that due to the preparation for the more frequent 
stimulus the low-probability stimulus would be more difficult and more sensitive 
to changes in attentional demands. 

Indeed, during the practice sessions the reaction times, especially on the 
frequent stimuli, decreased with time, and the difference between reaction times 
on frequent and infrequent stimuli increased between the sessions. However, 
despite the training effects middle-aged subjects continued to be slower, but 
more accurate, than young subjects did. The age difference in reaction times 
was more evident in the frequent stimuli (larger difference between young and 
middle-aged participants for the frequent than the infrequent stimuli). On the 



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

5

other hand, the differences in accuracy were more evident in the infrequent 
stimuli (young adults making more errors than middle-aged adults did). The 
observed difference in reaction times between frequent and infrequent stimuli 
(young: 55 ms; middle-aged: 38 ms) were comparable to prior experiments 
(Miller143: 50-88 ms in young male subjects, Eickhoff et al57: 50 ms, both studies 
used a 20-80% probability). These results demonstrate that even after training 
young subjects were better prepared for the frequent stimuli. This observation 
may be explained by the hypothesis that young subjects rely more on proactive 
cognitive control and older subjects more on reactive cognitive control.103 
Our data confirmed literature showing a better preparation by young subjects 
compared to older subjects, albeit using a different approach,198,212,226 and 
extended their results to middle-aged subjects. Preparation for a stimulus is 
advantageous from a behavioral point of view. The subject focuses on one 
response and prepares this response so that the reaction will be fast. The 
chance, however, that a response on the low-probability stimulus is erroneous 
increases. Since elderly subjects prefer accuracy above speed (Rabbitt,162 62-73 
years; Welford225; Smith and Brewer,192 58-75 years, this seemed not to be an 
optimum strategy for this age group. In a recent study Forstmann et al70 
suggested that the focus on accuracy in older subjects is not necessarily a 
conscious strategy but that contrary to young adults, older adults are not even 
capable to choose speed over accuracy. They based their hypothesis on a 
decline in the integrity of the cortico-striatal connections in older subjects - 
resulting in a lower excitability of the primary motor cortex - that showed a 
moderate association with speed-accuracy trade off values.70 Preparation also 
leads to additional cortical activity in motor and cognition related areas, most 
prominently in the prefrontal cortex.57,212 The observation that with age these 
areas show already more activity to perform a motor task92,136,222 suggests that 
preparation may be less optimal in an older (and middle-aged) subject group. 
 
Single- versus dual-task performance 
Tasks become less automatic with increasing age92,229 and especially complex 
motor tasks require increased cortical control with increasing age.92 A classical 
method to study the attentional control over a task is the dual-task paradigm.152 
We expected that, since older subjects show more cognitive involvement during 
the performance of a motor task,92,136,222 adding an extra cognitive task would 
result in stronger detrimental dual-task effects in the middle-aged subjects, 
especially in response to the more complex, infrequent stimuli. Our data showed 
that in comparison with single-task performance, performance of the cognitive  
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Figure 7 Accuracy (A, B, C and D) and reaction times (E, F, G and H) during the 10%-dual-

task and 30%-dual-task. Left column: men. Right column: women. (A, B, E and F) show 

responses to frequent stimuli, (C, D, G and H) responses to infrequent stimuli. Data is 

represented as the difference between dual-task and single task (delta). Circles represent 

middle-aged subjects, squares represent young subjects. Solid lines for 30%-dual-task (30% 

cMVC), dashed lines for 10%-dual-task (10% cMVC). Data are shown for the first and second 

half of the task. Error bars represent SE. * shows main effects, # shows interaction effects. 

Young men showed on infrequent stimuli (Panel C) an increase in errors with time on the 30%-

dual-task. Middle-aged women (Panel F and H) showed a large increase in reaction times from 

the single- to the dual-task (graphs shows deltas) during the 30%-dual-task. 

 
task indeed decreased during the dual-task paradigm (conform Lorist et al130). 
Furthermore, the effect of the dual-task was, as expected, most visible in the 
infrequent stimuli. The hypothesized effect of age on dual-task performance was, 
however, only seen in the more demanding 30%-dual-task. These increased 
dual-task costs with higher force levels confirmed our earlier findings.237 

Previous studies found mixed results during dual-task performance. Some 
studies found dual-task performance to decrease with increasing age,5,43,72,90,218 
whereas others did not.71,89 A meta-analysis by Verhaeghen et al217 showed that 
age does affect dual-task performance. Nevertheless, most likely, the presence 
of an age effect depends on the complexity of the tasks43,72,90 and on the age of 
the subjects.43 Additionally, the difference in strategy utilized by our young and 
middle-aged participants to perform the cognitive task is probably important. We 
hypothesized that the attentional reserve of the young subjects during the 
performance of the cognitive task would be larger and that cognitive 
performance in a dual-task paradigm would therefore be better maintained in 
young subjects. Our cognitive data, however, demonstrated that young subjects 
prepared more for the frequent stimuli and we propose that stronger preparation 
increases the load of the cognitive task, resulting in a smaller attentional reserve. 
Thus, the observation that middle-aged subjects prepared less for the frequent 
stimuli may result in a smaller or no difference in attentional reserve capacity 
between the two age groups. Still, during the dual-task paradigm, additional 
resources need to be utilized and since task performance deteriorated in both 
age groups, it is expected that the attentional requirements exceeded the 
attentional resources for both age groups; albeit for different reasons. 
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Fatiguing dual-task performance 
The force measures did not show an effect of age. Previous experiments also 
demonstrated that force of a hand muscle is relatively stable and only starts to 
decline at high age.54 With respect to fatigue and age, the literature is less 
consistent, but for hand muscles, most data showed no change in fatigability 
from young to middle-aged individuals.31,34,193 This is consistent with our findings, 
where motor performance under fatiguing conditions did not differ between the 
two age groups. 

The data clearly showed an increase in muscle fatigue with time during the 
30%-dual-task. This was illustrated by the force decline, EMG increase and 
increased force variability especially during the 30%-dual-task. By inducing 
muscle fatigue, attention needed to perform the motor task increases, as is 
shown in previous studies129,161,215 by the stronger activation of sensorimotor 
areas and the activation of additional (attention related) areas including the 
premotor and parietal areas during a fatiguing task. It was shown that by 
inducing muscle fatigue in young adults, the performance on a concurrent 
cognitive task decreased significantly.130 Given that older individuals already 
allocate more attention to the motor task,92,222 we expected an additional effect of 
age on performance under fatiguing conditions. We did find decreased 
performance with increasing fatigue on a dual-task, consistent with the results of 
Lorist et al,130 but we did not find an interaction between Age, Task and Time. 

Interestingly, sex was found to affect our results. The increase in reaction 
times by the middle-aged women on the 30%-dual-task was the most distinct 
result in women. This slowness can be a result of the increase in force levels.237 
However, we did not expect the effect of force levels to affect women 
differentially. In the past, it has been shown that women were more affected by a 
concurrent cognitive task during the performance of a motor task;230 while 
performing a secondary cognitive task, performance on a motor task decreased 
more in women than in men. Furthermore, in a large sample size, Der and 
Deary52 showed that women react more slowly than men do on a choice reaction 
time task. This is in line with our results, where women are slower already on a 
single-task and their reaction times on the 30%-dual-task increased more 
compared to men. It should be stated however, that our data was collected from 
only seven middle-aged women. 

Men showed an effect of age group on accuracy performance with increasing 
fatigue, but only in the 30%-dual-task on infrequent stimuli (see Figure 7C). In 
order to maintain fast reaction times under fatiguing conditions, young men 
appear to prepare more, leading to more errors on the infrequent stimuli. 
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In summary, our results showed that age already affects cognitive performance 
in midlife. Especially the different strategies used by middle-aged and young 
adults in the reaction time task are of interest. Most of the changes are early 
markers of age-related changes in cognitive performance, as described by 
several authors for elderly subjects52,87,180,198. With increasing age, subjects tend 
to prioritize differently when faced with the choice of a fast or accurate response, 
and this prioritization remained present under dual-task conditions and even 
increases for young men under fatiguing conditions. Besides from a fundamental 
interest in the effects of age on the central nervous system, our results are also 
of importance from a behavioral point of view. 
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ABSTRACT 
Introduction Multiple sclerosis (MS) can be accompanied by motor, cognitive 
and sensory impairments. Additionally, MS patients often report fatigue as one of 
their most debilitating symptoms. It is, therefore, expected that MS patients will 
have difficulties in performing cognitive-motor dual-tasks, especially in a fatiguing 
condition. The goal of the current study was to determine whether MS patients 
are more challenged by a dual-task than controls in a fatiguing and less-fatiguing 
condition, and whether dual-task performance is associated with perceived 
fatigue. 
Methods A group of 19 MS patients and 19 age-, sex- and education matched 
controls performed a cognitive task (two-choice reaction time task; CRT), 
separately or concurrent with a low-force or a high-force motor task (index finger 
abduction at 10% or 30% maximal voluntary contraction). 
Results MS patients performed less well on a cognitive task than controls. 
Cognitive task performance under dual-task conditions decreased more for MS 
patients. Moreover, under high-force dual-task conditions, cognitive performance 
declined in both groups but to a larger degree for MS patients. Besides a decline 
in cognitive task performance, MS patients also showed a stronger decrease in 
motor performance under high-force dual-task conditions. Dual-task costs were 
positively related to perceived fatigue as measured by questionnaires. 
Conclusions Compared to controls, MS patients performed less well on dual-
tasks as demonstrated by a reduction in both cognitive and motor performances. 
This performance decrease was stronger under fatiguing conditions and was 
related to the sense of fatigue of MS patients. These data illustrate problems that 
MS patients may encounter in daily life because of their fatigue. 
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INTRODUCTION 
Multiple sclerosis (MS) patients report both motor and cognitive complaints (for a 
review, see Compston and Coles.37 The most commonly described cognitive 
symptoms are those of reduced attention and information processing, which 
have been shown to be present already at early stages of the disease.33,154,163 
These symptoms may be due to increased cognitive resources necessary for 
task performance as demonstrated by imaging studies in MS patients. These 
studies show increased cortical activity during the performance of cognitive 
tasks14,78,134,195 as well as during submaximal motor tasks.64,124,176 If execution of 
cognitive and motor tasks requires increased cognitive resources, it is expected 
that the performance of a cognitive task simultaneously with a motor task 
(cognitive-motor dual-task) would be particularly difficult to master. In a dual-task 
paradigm attention needs to be divided over two simultaneously performed 
tasks152 and indeed MS patients underperformed compared to 
controls53,85,86,95,101,105,148,199. 

We used a cognitive-motor dual-task to investigate changes in the distribution 
of attention during development of muscle fatigue in young130,237 and middle-
agedChapter 5 participants. In comparison with single task performance, we found 
decreased cognitive task performance during the dual-task with an additional 
decline in the fatiguing condition.130 Increasing muscle fatigue, defined as an 
exercise-induced decline in muscle force,22,111 increases cortical activity (blood 
oxygenation level detection, BOLD-signal) in controls129,161,215 but not in MS 
patients.197 We speculated that this augmented activation in controls reflected 
increased voluntary activation to compensate for a fatigue-related decline in 
corticospinal excitability.138 The lack of this BOLD increase in MS patients was 
associated with a decline in voluntary activation,197 suggesting that MS patients 
indeed had difficulty raising their corticofugal output. 

To test whether this decline in cortical activation is confined to motor areas or 
that higher-order areas are also affected by muscle fatigue in MS patients, we 
aimed to repeat the fatiguing cognitive-motor dual-task experiments in MS 
patients.Chapter 5,130 Given that MS patients, besides changes in cognitive, motor, 
and sensory abilities,37 almost always report increased levels of perceived 
fatigue (as quantified by fatigue questionnaires),15,117 it is expected that 
performing the fatiguing cognitive-motor dual-task reveals effects of this 
increased perceived fatigue. 

It was the aim of this study to (1) assess effects of muscle fatigue on 
performance of MS patients in a cognitive-motor dual-task as compared to 
control participants, and (2) explore whether changes in dual-task performance 
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were associated with perceived fatigue. We expected MS patients to 
demonstrate decreased cognitive performance compared to controls even at a 
single task, which would become more pronounced during the cognitive-motor 
dual-task and show an even further decline during the fatiguing dual-task. 
The data collected in controls (17/19) were also used in another study that 
addressed age effects on cognitive performance in a dual-task condition.Chapter 5 
 
METHODS 
Participants 
One hundred patients were screened. We only included those right-handed 
patients (as assessed by the Edinburgh Handedness Questionnaire (range 58-
100)151 who were diagnosed with the relapsing-remitting form of MS.159 
Additionally, to ensure proper task performance we only included mildly disabled 
patients as determined by an experienced neurologist (Expanded Disability 
Status Scale [EDSS] <5.0;120 for participants information, see Table 1). Fifty-two 
patients were eligible for participation. Patients were excluded based on the 
following criteria (some for multiple reasons): having the secondary-progressive 
form of MS (n=4), the presence of neurological illnesses other than MS (n=2), 
clinical depression (n=9), other conditions known to influence fatigue (e.g. 
cardiovascular disease, cancer, hypothyroidism; n=7), and the use of fatigue-
modulating medication (Amantadine, tricyclic antidepressants, selective 
serotonin reuptake inhibitors, and muscle relaxants such as Baclofen, 
benzodiazepines and Modafinil; n=37). MS patients were not included during a 
relapse or when they had used Prednisolon in the preceding six weeks. 

Twenty patients agreed to participate. Common reasons not to do so were 
time-investment and logistics. Nineteen MS-patients (one patient relapsed after 
the first measurement and was excluded) and 19 controls, matched on a subject-
by-subject basis for sex, age and education, were included. 
All participants were able to survey the visual feedback and auditory stimuli 
presented in this study without problems. Participants gave their informed 
consent before participation. The study was approved by the University Medical 
Center Groningen Medical Ethical Committee and was performed to conform to 
the Declaration of Helsinki. 
 
General information 
At the start of the experiment participants completed the validated Dutch 
versions of two questionnaires regarding fatigue; the Fatigue Severity Scale 
(FSS) and the Modified Fatigue Impact Scale (MFIS).113,119,147,171 The FSS is a 
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general fatigue questionnaire, the MFIS distinguishes between cognitive and 
physical fatigue. Furthermore, participants filled out the Hospital Anxiety and 
Depression Scale (HADS).235 To determine dexterity, all participants performed 
the Purdue Pegboard Test (PPT, #32020 Lafayette Instruments, Lafayette, 
USA). 
 
Experimental Setup 
The experimental setup and tasks are similar to those described by Lorist et al130 
and in Chapter 5. 
Force and electromyography recording during the motor task 
The motor task consisted of isometric right index finger abduction. Participants 
sat with their arms resting on a table with their right forearm stabilized halfway 
between pronation and supination. Of the right hand, digits 3 to 5 were 
constrained with a plastic plate and the thumb was fixed with a Velcro strap. The 
proximal interphalangeal joint of the index finger was taped to a force transducer 
(Figure 1).236 After amplification, the force signal was collected (500 Hz) with a 
PC equipped with a data-acquisition interface and accompanying software 
Spike2 v7 (1401 Power, Cambridge Electronic Design, Cambridge, UK). 

Electromyographic activity (EMG) of the right first dorsal interosseus muscle 
(FDI) was recorded with sintered Ag/AgCl electrodes taped above the muscle 
and the first metacarpophalangeal joint. EMG signals were amplified, filtered (8-
1000 Hz), and collected (2000 Hz) together with the force data. 

Participants received force feedback on a computer screen located 
approximately one meter in front of them. One line showed the target force and a 
second line, in different color, the produced force in real time. 
 
Set-up of the cognitive task 
A response box was placed in front of the participants at a comfortable position, 
so that participants could respond with their left hand while their right index finger 
was placed in the force set-up (Figure 1A). The cognitive task consisted of an 
auditory choice reaction time task (CRT). E-Prime software presented the stimuli 
and collected the responses (Psychology Software Tools, Inc., Sharpsburg, PA, 
USA). 

Loudspeakers in front of the participant produced either a low- (500 Hz) or a 
high- (900 Hz) pitched tone (50 ms) at 70 dBA. The interstimulus interval varied 
between 1100 and 1300 ms. One tone occurred more frequently (70%) than the 
other tone (30%). Participants responded to the low- or high-pitched tones by 
pressing a button on the response box with either their left index or middle finger  
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Figure 1 Illustration of the tasks. (A) Set-up. Right index finger is attached to a force 
transducer, left hand is placed on a serial response box. (B-E). Raw data for MS (left) and 
control (right) participant, for Task II (B), Task III (C), and task IV 10%-dual-task (D) and 30%-
dual-task (E). Top two rows show responses to the frequent and infrequent cognitive stimuli, 
followed by force and EMG recordings. Task I, the training of the cognitive task, is not shown. 
MS, multiple sclerosis; DT, dual-task; EMG, electromyogrpahic activity; MVC, maximal voluntary 
contraction; CRT, choice reaction time task; inf, infrequent stimuli; fr, frequent stimuli. 
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as quickly and as accurately as possible. The tone that was presented more 
frequently and the associated response (left index or middle finger) were 
randomized between participants. Participants were informed that the first 
stimulus of every block was the frequent stimulus. 
 
Experimental tasks 
Participants came to the lab at the same time of the day for three sessions, 
separated by one week. The first session was a practice session to become 
familiar with the task and to minimize training effects. In the second and third 
session, either a low-force (10%-dual-task) or a high-force dual-task (30%-dual-
task) was performed. Each session (~one hour) consisted of four tasks (Figure 
1): 
Task I, Practice of the cognitive task. Responding to 150 stimuli (Task Ia), 
followed by three blocks of 50 stimuli, with 5 s between the blocks (Task Ib). 
Task II, Maximal voluntary contraction (MVC). Assessment of maximal 
isometric index finger abduction force (~5 s), three attempts with 60 s of rest 
between attempts. The maximal force was taken as the control MVC (cMVC). 
EMG of the FDI was rectified and maximal EMG was determined for a 100 ms 
time window around the maximal force. 
Task III. Single cognitive task. Twelve CRT blocks of 33 stimuli (~40 s). After 
the first, third, sixth, ninth and twelfth block, participants performed a 5 s MVC to 
get acquainted with the timing of the dual-task. 
Task IV. Dual-task. Participants produced a force (~44 s) at either 10% (10%-
dual-task) or 30% (30%-dual-task) cMVC. Four seconds into the contraction, the 
cognitive stimuli started. Again, as in the single task, blocks of 33 stimuli were 
presented. After the cognitive task, participants performed an MVC (5 s), 
followed by five seconds rest. This sequence was repeated for twelve blocks for 
10%-dual-task, and until task failure for 30%-dual-task. Task failure was defined 
as being unable to maintain force at 30% cMVC for more than 5 s, or when the 
MVC did not exceed 30% cMVC. Participants were instructed to prioritize the 
motor task over the cognitive task. 
 
Outcome measures 
Descriptive information included scores on the fatigue and the depression 
questionnaires. The outcome of the fatigue questionnaires were further used as 
a measure of perceived fatigue. 

The main outcome measures of the force task were: (1) MVCs obtained 
during task II, (2) submaximal force (% cMVC), EMG (% maximal EMG) and 
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force variability (SD/force) during the submaximal part of the dual-task, and (3) 
MVCs during the dual-task (% cMVC). 

Cognitive outcome measures consisted of the percentage of incorrect 
responses and reaction times. The first two responses of each block were 
discarded. Responses faster than 100 ms were counted as incorrect; only 
reaction times to correct responses were used in the analyses. Furthermore, we 
calculated variability of reaction times (SD/mean). To minimize the influence of 
outliers, 20% trimmed means were used for calculating the means and the 
variability of the reaction time – that is, the 10% highest and 10% lowest scores 
per participant per task were disregarded. 
 
Statistics 
Twenty-
effect size 0.27). To ensure sufficient power for all analyses 40 participants were 
included. From a previous study (Chapter 5), we learned that age had significant 
effects on reaction times. Therefore, we included age (centered grand mean) as 
a covariate in all statistical analysis. 

Differences in patients and control characteristics were tested with 
independent t-tests. The MVC between groups was tested with a univariate 
ANOVA with MS and Sex as between-subjects factors; sex was added to correct 
for force difference between the sexes. 
 
Training effects 
To investigate within-session training effects, repeated measures (RM) ANOVAs 
were performed with Task (Task Ia, Task Ib, Task III) and Probability (frequent, 
infrequent) as within-subjects effects and MS as between-subjects effects. To 
investigate between-session training effects, we used Task III of the three 
sessions. RM-ANOVAs were performed with Session (1, 2 and 3) and Probability 
(frequent and infrequent stimuli) as within-subject factors and MS as between-
subject factor. 
 
Dual-task analyses 
To compare the two sessions (i.e. 10%- and 30%-dual-task), all data were 
averaged for the same number of blocks. Thus, if a participant could maintain 
the 30%-dual-task for 10 blocks, output measures (reaction times and accuracy) 
obtained during Task III and IV were also averaged for 10 blocks. This was not 
possible for two MS patients and one control, who maintained 30%-dual-task for 
13, 14 and 17 blocks. For these participants, 12 blocks of 10%-dual-task task 
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were used. Analyses were performed for accuracy, reaction times and variability 
of reaction times. RM-ANOVAs were performed with Task (single task, dual-
task), Session force (10% or 30%), and Probability (frequent, infrequent) as 
within-subject factors and MS as a between-subject factor. 

To evaluate time-related changes in motor performance, data during 10%- 
and 30%-dual-task was averaged over the first and second half of the number of 
blocks that a participant could maintain during 30%-dual-task. A RM-ANOVA 
with Force (10% or 30%) and Time (first and second half) as within-subject 
factors and MS as a between-subject factor were used for statistical analysis. 
 
Relationship between perceived fatigue and dual-task costs 
We calculated dual-task costs – that is, dual-task minus single task – to 
investigate the relationship between perceived fatigue as measured with the 
MFIS questionnaire cognitive subscale and dual-task costs. Because no 
interaction effects of MS and Probability were found, data from frequent and 
infrequent stimuli were pooled. We also included a linear regression model as 
proposed by Steens et al 196 to associate perceived fatigue (FSS) with the HADS 
depression score, MVC and fatigability. 
 
RESULTS 
The MS patients reported more fatigue than age and sex-matched controls 
(Table 1). Based on the FSS, using a cut-off point of 4.016, 9 of 18 MS patients 
and 1 of 18 controls were fatigued. The EDSS scores (Table 1, median 0.0) 
indicated that patients were only mildly affected by MS. Still, MS patients had 
reduced fine motor skills as shown by their performance on the Purdue 
Pegboard Test (Table 1). 
In one MS patient, we measured reaction times that were more than 3 standard 
deviations from the average response. We excluded this patient and the 
matched control from all our analyses. During the 30%-dual-task, one MS patient 
produced less than 30% MVC, a second MS patient could not maintain 30% 
MVC for 40 s. We excluded these patients and their matched controls from the 
dual-task analyses. 
 
Training effects 
Within the first session, an interaction effect of Task (Task Ia, Ib and CRT) by 
MS was present for accuracy (F1.3,43.9=5.1, p=0.021); MS patients reduced their 
errors from Task Ia to Task Ib (10.5%, 5.0%, 5.0%), whereas controls did not 
(3.7%, 3.3%, 3.1%; F1,33=5.1, p=0.021; Figure 2). Overall, MS patients made 
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more errors than controls (F1,33=6.2, p=0.018). Reaction times did not show 
training effects within the session, but overall, MS patients were slower than 
controls (F1,33=20.3, p<0.001). 
Between sessions, an effect of Session was found for reaction times (373 ms, 
350 ms, 343 ms; F2,64=11.49, p<0.001; Figure 2). Post-hoc analysis revealed a 
significant decrease in reaction times only from session 1 to session 2 
(F1,32=11.1, p=0.002). Overall, MS patients were slower than controls (F1,33=19.6, 
p<0.001). Nevertheless, there were no interaction effects with MS; hence, 
training effects resulting in faster reaction times were similar for both groups 
(Figure 2). 

In general, more errors and slower reaction times were recorded on 
infrequent as opposed to frequent stimuli, but no interaction effects with MS were 
found. 
 
Table 1 Patient characteristics 

 MS-patients (N=18) Controls (N=18) P-value 

Sex (m/f) 11/7 (61%/39%) 11/7 (61%/39%) 1.00 

Age 39 (21-57) 38 (21-54) 0.76 

Disease duration 5.5 (1-16) -  

EDSS 1.2 (0-3.0) -  

Education ( n level 4–5–6–7)+ 7/10/0/1 6/10/1/1 0.67 

FSS 3.9 (1.6-6.2) 2.4 (1.3-4.6) 0.001* 

MFIS 27.3 (1-56) 13.7 (2-28) 0.005* 

MFIS physical 13.3 (0-24) 5.1 (0-13) <0.001* 

MFIS cognitive 11.7 (0-28) 7.3 (0-14) 0.07 

HADS depression 1.7 (0-6) 1.3 (0-4) 0.47 

z-score PPT -0.6 (-2.5-0.9) 0.6 (-0.6-1.6) <0.001* 

EDSS, Expanded Disability Status Scale; FSS, Fatigue Severity Scale; MFIS, Modified Fatigue 
Impact Scale; HADS, Hospital Anxiety and Depression Scale; PPT, Purdue Pegboard test (z-
score for all 4 subtests combined);.*statistically significant difference between MS patients and 
controls at the p=0.05 level. + Levels according to the SOI, the Dutch equivalent of the ISCED. 
Data are represented as mean (range) unless stated otherwise. 

 
Motor data and the effect of fatigue on force during the dual-task performance 
No difference was found in MVC between sessions (T(31)=0.86, p=0.93) or 
between patients (40 N, SD 18) and controls (45 N, SD 11; F1,28=1.18, p=0.29). 
However, one patient was very strong (97 N). If this patient was excluded, 
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controls were stronger than MS patients (36 N, SD 9; F1,27=7.27, p=0.012). Men 
(49 N) were stronger than women (34 N; F1,28=10.69, p=0.003). 

The number of blocks until fatigue did not differ between patients (7.5 blocks, 
SD 4.1) and controls (8.0 blocks, SD 2.4; p=0.673). The data showed that 
participants maintained target force (Table 2, Figure 3D), but intermittent MVCs 
decreased during 30%-dual-task (p<0.001; Figure 3E). EMG remained stable 
during 10%-dual-task, but increased during 30%-dual-task (p<0.001; Figure 3G). 
Interestingly, force variability increased for both groups during 30%-dual-task, 
but MS patients showed a greater increase (p=0.042; Figure 3F). Patients 
produced less force during intermittent MVCs of 10%-dual-task (p<0.001; Figure 
3E), but not during 30%-dual-task. This was mostly because two MS patients 
had lower MVCs during 10%-dual-task. 
 
Effect of task and force on cognitive performance 
Statistical analysis revealed main effects of Task, Probability, Session force and 
MS on accuracy, reaction times and variability (Table 3, Figure 3). The effect of 
Task demonstrated longer reaction times (p<0.001), more errors (p<0.001), and 
more variability (p<0.001) in responses obtained in dual- versus single-task 
condition. Furthermore, significant interaction effects were found for Task by 
Session force indicating that the increase from a single to a dual-task in reaction 
times (p=0.004), errors (p<0.001) and variability (p<0.001) was larger during the 
more effortful 30%-dual-task (Table 3, Figure 3). 

In general, MS patients responded significantly slower (p<0.001), made more 
errors (p=0.050) and showed greater variability in their reaction times (p=0.031; 
Figure 3). Interaction effects of MS by Task were only found for reaction times 
(p=0.026), showing a greater increase in dual- versus single-task conditions for 
MS-patients than age-, education-, and sex-matched controls. Additionally, an  
interaction effect of Session force and MS was found. This indicated longer 
reaction times during 30%-dual-task compared to 10%-dual-task, particularly in 
MS patients. 
 
Relationship between perceived fatigue and dual-task costs 
In MS patients, significant associations were found between the MFIS cognitive 
subscale and dual-task costs of 30%-dual-task accuracy scores (after correction 
for age; partial r=0.60, p=0.019), 30%-dual-task reaction times (rpartial=0.67, 
p=0.007), and 10%-dual-task variability (rpartial=0.52, p=0.045). Participants with 
higher perceived cognitive fatigue presented more dual- task costs, mainly 
during the fatiguing, 30%-dual-task. 
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Table 2 Motor data 
Task 10%-dual-task  30%-dual-task 
Time First half Second half  First half Second half 
Submaximal force (% cMVC)    
Controls 10.0 (1.6) 9.3 (1.3)  29.7 (2.5) 29.5 (2.6) 
MS 10.0 (3.0) 9.6 (2.8)  28.0 (5.9) 26.8 (6.4) 
Significant effects F1,29  P-value  
 Force 714.9  <0.001  
      
MVC (% cMVC)     
Controls 76.1 (7.1) 70.7 (8.0)  72.4 (6.9) 40.2 (7.9) 
MS 67.0 (12.4) 61.0 (12.2)  70.2 (12.6) 42.6 (7.3) 
Significant effects F1,29  P-value  
 Force*MS 16.76  <0.001  
 Force*Time 123.41  <0.001  
 Force 114.28  <0.001  
 Time 173.30  <0.001  
      
Force variability (%)     
Controls 0.36 (0.20) 0.57 (0.28)  0.44 (0.19) 0.66 (0.21) 
MS 0.35 (0.14) 0.60 (0.28)  0.57 (0.20) 0.95 (0.33) 
Significant effects F1,29  P-value  
 Force*MS 4.5  0.042  
 Force 15.5  <0.001  
 Time 87.1  <0.001  
      
EMG (% cEMG)     
Controls 11.2 (3.0) 11.0 (3.2)  33.4 (9.6) 47.4 (10.6) 
MS 13.9 (5.9) 12.9 (5.1)  35.2 (9.6) 44.4 (12.0) 
Significant effects F1,29  P-value  
 Force*Age 6.3  0.018  
 Force*Time 74.2  <0.001  
 Force 238.7  <0.001  
 Time 51.6  <0.001  

Mean and SD of the submaximal force, MVC, force variability, and EMG during the 10%-
dual-task and 30% DT. Data is presented for the first and second half of the task. 
Significant results of the repeated measures ANOVA are presented as F-scores and p-
values. MVC, maximal voluntary contraction; cMVC, maximal force during task II;EMG, 
electromyographic activity; cEMG, maximal EMG during task II. 
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Figure 2 Training effects. Within session (A,B) and between-session (C,D) training effects for 
accuracy (left panels) and reaction times (right panels). Task Ia, practice of the cognitive task 
with 150 stimuli. Task Ib, practice of the cognitive task with 3x50 stimuli. Task III, single 
cognitive task with 6x33 stimuli. * represents a significant effect, # represents an interaction 
effect. + represents a significant effect for all four graphs.MS, multiple sclerosis. 

 
The number of blocks that a person maintained target force during 30%-dual-

task gives an indication of the fatigability of the FDI. A model as proposed by 
Steens et al.196 including HADS depression, fatigability and MVC could 
significantly explain the differences in FSS score in the MS group (R2= 0.53, 
p=0.026; HADS depression: rpartial=0.66, p=0.011; fatigability rpartial==0.60, 
p=0.024; MVC rpartial==-0.43, p=0.127). Participants with higher FSS scores had 
higher HADS scores, and were more fatigable (lower number of blocks, after 
correcting for their MVC).196 
 
DISCUSSION 
This study showed that MS patients performed a cognitive task slower, with 
more errors, and with a greater variability in their responses compared with 
controls matched for age, sex and education. Compared with controls, MS 
patients’ reaction times increased to a greater extent from a single to a dual-task. 
Furthermore, muscle fatigue resulted in an additional decline in cognitive  
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Figure 3 Dual-task data. Top panels: cognitive data. Accuracy scores (A), reaction times (B) 
and reaction times variability (C) for the single task, 10%-dual-task, and 30%-dual-task. Note 
the decrease in performance with increasing task difficulty, and the additional increase in 
reaction times for MS patients. Lower panels: motor data obtained during the dual-task. 
Submaximal force (D), MVC (E), force variability (F), and EMG (G). Note the increased force 
variability during 30%-dual-task in MS patients. * represents a significant effect. # represents an 
interaction effect. + represents a significant effect for all three cognitive graphs. ## represents 
an interaction effect of both Task*MS and Session force*MS. 

 
performance of MS patients, albeit only of their reaction times. Increased levels 
of cognitive fatigue (MFIS scores) in MS patients were associated with increased 
cognitive dual-task costs. A model that included depression, fatigability, and 
MVC was associated with a general sense of fatigue (FSS score). 
 
MS patients responded slower, with more errors and higher variability 
In agreement with existing literature MS patients reacted slower than 
controls.1,25,95,102,137,154,165 Increased reaction times are thought to be a sign of 
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attentional deficits,1,137,165 with decreased information processing speed154 
possibly accompanied by a slowing of the motor response.102 Included patients 
were only mildly affected by MS, and all but three were still employed or worked 
as volunteers. Hardly any medication was taken except for immune-modulating 
medication. The fact that increased reaction times were found in these 
participants indicates that attentional deficits can already be present in mild 
stages of MS.33 
Accuracy scores were lower in MS patients (conforming with some 
studies,25,95,137 although others did not find effects).1,102,154 Previous studies used 
relatively simple tasks resulting in few errors (less than 10%). This may explain 
why some studies were not able to distinguish between patients and controls. 
Additionally, we found an effect of task and force level, with more errors in the 
dual-task and in the 30%-dual-task, indicating that task complexity affected 
response accuracy.95 

Variability of reaction times is used as a measure of information processing 
speed and an increase points to decreased ability to sustain attention.18,200 The 
greater variability25,28,227 suggests that MS patients had problems with sustained 
attention and were less able to respond consistently. 
 
Response preparation during cognitive task performance was not affected by MS 
Task difficulty was manipulated by using different stimulus probabilities; that is, 
stimuli were presented with a probability of 70% or 30%. After a practice session 
participants prepared preferentially for the frequent stimulus.Chapter 5,81,130,143,237 
This was visible by faster reaction times on frequent stimuli and more errors on 
infrequent stimuli (Table 3, Figure 3). The present data did not show an 
interaction effect between stimulus probability and MS (Table 3), implying that 
MS patients prepared as well as their age-matched controls (Chapter 5). 
Additionally, this result indicates that performance of MS patients did not further 
deteriorate when the task became more difficult; responses to the two stimuli 
differed in reaction times and accuracy, but were similar for both groups.95 Other 
studies that changed task difficulty did find differences between patients and 
controls.25,137,165,227 It is conceivable that because our MS patients were only 
mildly affected, increased difficulty did not result in overt performance deficits.95 
 
Reduced dual-task performance with an additional decrease with muscle fatigue 
in MS 
Studies using relatively simple cognitive-motor dual-tasks53 or cognitive-cognitive 
tasks95,199 did not find reduced performance in MS patients. Conversely, more 
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demanding paradigms resulted in dual-task interference in MS: on cognitive-
walking tasks,85,105 cognitive-posture tasks,101,148 and cognitive-cognitive tasks.53 
These results, combined with our findings, indicate that MS patients are able to 
perform demanding dual-tasks, but at greater dual-task costs. 

Studies in controls using the same cognitive-motor dual-task as the current 
study showed decreased cognitive performance in the dual-task, with an 
additional decline with muscle fatigue.Chapter 5,130 The present study extended this 
observation to MS patients who demonstrated an additional performance 
decline, albeit only in their reaction times, both from a single to a dual-task and 
from a low-force to a high-force dual-task. 

Functional MRI data show increased activity during submaximal motor 
tasks in MS patients, not only in motor areas but also in areas involved in 
attention such as prefrontal and parietal areas.64,124,176,205 A dual-task 
requires participants to divide attention between tasks.152 If our motor task 
demanded increased attention in patients, fewer resources could be 
allocated to the cognitive task, resulting in a reduced performance. 

Moreover, during fatiguing motor tasks MS patients have difficulty 
increasing their voluntary drive to compensate for fatigue-related changes 
downstream of the motor cortex.11,189,191,196,197 This deficient voluntary 
activation is accompanied by a smaller increase in BOLD activity.197 In that 
experiment force output did not differ between controls and MS patients. 
However, it can be surmised that a smaller increase in cortical motor 
activity with fatigue could be responsible for the greater force variability 
observed during the 30%-dual-task task in MS patients. 
 
Perceived fatigue was associated with performance decrease of the dual-task 
We found associations between task performance and measures of perceived 
fatigue. Although these associations should be treated cautiously, because of 
the small number of participants, it is a novel and intriguing observation. 
Nevertheless, these associations do not provide us with the direction of the 
relation. Dual-tasks are often performed during everyday situations and 
participants with higher dual-task costs might display higher levels of cognitive 
fatigue.85 Conversely, it is conceivable that participants perceiving high levels of 
cognitive fatigue perform less well on cognitive tasks, especially in effortful 
conditions. 

The association between FSS score and HADS depression score, MVC and 
muscle fatigue confirms an earlier model,196 referring to the multidimensionality 
of MS-related fatigue. 
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Table 3 Cognitive data. 
Probability Frequent stimuli   Infrequent stimuli  
Task CRT CRT DT DT CRT CRT DT DT 
Session force 10%-DT 30%-DT 10%-DT 30%-DT 10%-DT 30%-DT 10%-DT 30%-DT 
Accuracy (% errors)  
Controls 0.96 

(0.90) 
0.98 
(1.35) 

1.46 
(1.19) 

4.38 
(3.91) 

4.34 
(4.21) 

6.07 
(4.95) 

4.80 
(4.84) 

12.81 
(9.89) 

MS 1.41 
(1.45) 

1.45 
(1.42) 

4.37 
(5.92) 

10.38 
(11.77) 

5.88 
(5.78) 

8.72 
(5.64) 

6.50 
(6.05) 

17.36 
(9.25) 

Significant effects  F(1,29) P-value     
 Session force * Task 36.7 <0.001     
 Session force * Probability 10.0  0.004     
 Session force 42.0 <0.001     
 Task 28.7 <0.001     
 Probability 29.5 <0.001     
 MS 4.2  0.05     
         
Reaction times (ms)  
Controls 307.01 

(46.59) 
299.29 
(46.24) 

317.53 
(53.30) 

327.42 
(70.41) 

348.44 
(48.52) 

362.89 
(51.51) 

341.14 
(46.19) 

375.11 
(60.77) 

MS 327.57 
(38.62) 

345.48 
(47.55) 

363.71 
(86.19) 

410.79 
(100.06)

385.48 
(43.22) 

429.58 
(76.87) 

393.85 
(54.12) 

458.79 
(71.17) ))))))))

Significant effects  F(1,29) P-value     
 Session force * Task 9.7  0.004     
 Task * MS 5.5  0.026     
 Session force * MS 6.0  0.021     
 Session force 7.9  0.009     
 Task 31.9 <0.001     
 Probability 50.8 <0.001     
 Age 24.4 <0.001     
 MS 16.7 <0.001     
         
Reaction time variability (%)  
Controls 21.64 

(5.99) 
21.74 
(7.28) 

22.87 
(5.63) 

28.91 
(7.83) 

18.27 
(2.66) 

18.69 
(4.32) 

17.48 
(2.07) 

22.79 
(5.88) 

MS 26.08 
(5.46) 

25.71 
(8.08) 

30.60 
(12.38) 

35.24 
(11.78) 

19.61 
(4.96) 

22.59 
(7.41) 

19.89 
(6.38) 

25.87 
(10.62) 

Significant effects  F(1,29) P-value     
Session force * task 13.5 <0.001     
Session force 16.0 <0.001     
Task 18.2 <0.001     
Probability 44.4 <0.001     
MS 5.1 0.031     

Mean and SD of accuracy, reaction times, and response variability for the choice reaction time 
task in single (CRT) and dual-task (DT) for two sessions. Session consisted of the CRT 
concurrently with an index finger abduction at 10% of maximal force (10%-DT) or 30% (30%-
DT). Significant results of the repeated measures ANOVA are presented as F-scores and p-
values.MS, multiple sclerosis; SD, standard deviation.
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Limitations of the study 
Our patient group was atypical in that we included more men than women, while 
it is commonly accepted that women are more often affected by MS.27 We 
believe this is a consequence of the criterion that patients were not allowed to 
take fatigue-modulating medication, which seemed to be used more often by 
women than men. However, we do believe that the data found in this study 
applies to both sexes. This is supported by preliminary investigations where sex, 
added as a between-subjects factor in the analyses, did not reveal any effects. 

Knowledge about information processing speed as measured by the symbol 
digit modality task (SDMT) or by the paced auditory serial addition task (PASAT) 
would have added to the interpretation of the results of the dual-task costs. 
 
Conclusions and implications 
Dual-task situations in daily life may prove challenging for MS patients, 
especially under fatiguing circumstances. Our results showed that fatigue effects 
are not confined to the motor system but also affect cognitive parameters. The 
fact that these cognitive effects are already present in patients that have only 
mild symptoms stresses the importance of further research on how to contest 
these effects with medication or rehabilitation therapies (e.g. Kramer et al115), 
especially since the consequences of reduced attention can be serious (e.g. 
errors in decision making, stumbling or falling). Further information of possible 
interactions between motor and cognitive tasks is also essential for patients and 
caregivers in organizing their daily activities. 

In conclusion, MS patients perform less well on a cognitive task compared to 
controls, and although the cognitive performance of all participants deteriorates 
under dual-task conditions, the decrease is stronger in MS patients. Muscle 
fatigue leads to a further deterioration in cognitive performance, which is again 
stronger in MS patients. These results point to problems that MS patients may 
encounter in the present society where attentional demands and dual-task 
performance become increasingly common due to widespread use of electronic 
devices. The observation that dual-task costs are positively associated with 
perceived fatigue could reflect effects of these increased cognitive demands in 
everyday life. 
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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 



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

7

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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Introductie 
Vermoeidheid is een veel voorkomende klacht bij mensen met een 

chronische ziekte. Deze vermoeidheid kan op verschillende manieren worden 
gedefinieerd, zoals ‘een tekort aan energie’, ‘een gevoel van uitputting’, of 
‘moeite met het uitvoeren of volhouden van langdurige spiercontracties’. 
Vermoeidheid kan een negatieve invloed hebben op de kwaliteit van leven. Bij 
multiple sclerose (MS) komt ervaren vermoeidheid vaker voor dan bij de meeste 
andere chronische ziektes. 

MS is een aandoening van het centrale zenuwstelsel (hersenen en 
ruggenmerg) die wordt gekarakteriseerd door ontstekingen, verdwijning van 
myeline (de beschermende laag rondom de zenuwen; demyelinisatie) en afbraak 
van zenuwcellen (neurodegeneratie). De exacte oorzaak is nog onbekend. 
Ongeveer 16.000 mensen in Nederland zijn gediagnosticeerd met MS. Op basis 
van de symptomen worden verschillende vormen van MS onderscheiden. De 
meest voorkomende vorm is relapsing-remitting MS (RRMS), waarbij patiënten 
aanvalsgewijs een toename in klachten hebben, gevolgd door een periode van 
(gedeeltelijk) herstel. Na verloop van tijd vindt vaak een overgang plaats naar de 
secundair progressieve vorm (SPMS), waarbij klachten langzamerhand 
toenemen en weinig verbetering meer optreedt. Er zijn aanwijzingen dat de 
verschillende vormen ook verschillende patronen qua ontstekingsactiviteit en 
neurodegeneratie laten zien. De relapsing-remitting fase wordt gekarakteriseerd 
door voornamelijk acute ontstekingen, in de secundair-progressieve fase is 
neurodegeneratie overheersend. 

Aangezien MS laesies overal in de hersenen en het ruggenmerg kunnen 
ontstaan, kunnen patiënten verscheidene klachten ondervinden. Hieronder 
vallen motorische klachten (krachtsverlies, coördinatieproblemen, spasticiteit), 
sensorische klachten (verminderd gevoel of tintelingen), oogklachten, 
gehoorstoornissen, darm- en blaasproblemen. Een van de meest voorkomende 
klachten is een verhoogd niveau van ervaren vermoeidheid. De ervaren 
vermoeidheid in deze groep is gedefinieerd als ‘een subjectief tekort aan 
lichamelijke en/of mentale energie die wordt ervaren door de persoon zelf of een 
verzorgende, en die ingrijpt op gebruikelijke en gewenste activiteiten’. 70 tot 90% 
van de patiënten geeft aan een verhoogd niveau van vermoeidheid te ervaren. 
Het is vaak één van de eerste klachten, en komt voor tijdens alle fases van de 
ziekte. Deze vermoeidheid heeft in veel gevallen invloed op het dagelijks leven. 
Het is echter nog niet geheel duidelijk waar dit verhoogde gevoel van 
vermoeidheid vandaan komt. Op het moment zijn er nog weinig 
behandelmogelijkheden. Om nieuwe behandelingen te ontwikkelen is het 
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belangrijk om beter te begrijpen waar het gevoel van vermoeidheid door 
veroorzaakt wordt. Waarschijnlijk dragen meerdere factoren bij aan het 
verhoogde niveau van vermoeidheid in MS patiënten. 

 
Associatie met ervaren vermoeidheid 

In hoofdstuk 2 hebben we daarom onderzocht welke factoren geassocieerd 
zijn met ervaren vermoeidheid. Op dit moment zijn vragenlijsten zoals de FSS 
(fatigue severity scale) en de MFIS (modified fatigue impact scale) de enige 
manier om de ervaren vermoeidheid te meten. Deze vragenlijsten zijn valide en 
betrouwbare maten voor ervaren vermoeidheid. Om de ervaren vermoeidheid te 
bepalen hebben we daarom patiënten deze vragenlijsten voorgelegd. 
Vervolgens hebben we factoren onderzocht die met deze ervaren vermoeidheid 
kunnen samenhangen. Het merendeel van de onderzoeken tot nu toe heeft de 
associatie tussen ervaren vermoeidheid en een enkele andere factor 
bestudeerd. Maar aangezien vermoeidheid zeer waarschijnlijk multifactorieel is, 
hebben wij gekeken naar een combinatie van zowel psychologische als 
fysiologische factoren. Als psychologische factor hebben we een maat voor 
depressie geïncludeerd. Hiervoor hebben patiënten een vragenlijst ingevuld 
gericht op depressie, de HADS (hospital anxiety and depression scale). 
Depressie is de enige factor die constant in de literatuur geassocieerd is met het 
niveau van vermoeidheid in MS patiënten. De fysiologische factor was 
spiervermoeibaarheid. Om dit te meten hebben we patiënten gevraagd 2 
minuten lang een kleine handspier, de abductiespier van de wijsvinger (FDI), 
maximaal aan te spannen. De patiënten kregen de instructie om de wijsvinger 
met maximale kracht tegen een krachtsensor aan te drukken. De afname van de 
kracht over tijd hebben we gebruikt als een maat voor de spiervermoeibaarheid. 
Uit dit onderzoek blijkt dat een combinatie van de depressie-scores (met een 
range in subklinische scores) en scores van spiervermoeibaarheid ongeveer de 
helft van het niveau van ervaren vermoeidheid kan verklaren. Dit resultaat 
hebben we ook gevonden in hoofdstuk 6, waar we een andere maat voor 
spiervermoeibaarheid hebben gebruikt. Een aantal factoren die op zichzelf een 
associatie lieten zien met ervaren vermoeidheid (zoals medicatiegebruik en 
werkstatus), droegen niet bij aan de verklaring van de variatie in ervaren 
vermoeidheidsscores in het uiteindelijke model. Dit wijst erop dat determinanten 
van vermoeidheid ook onderlinge samenhang vertonen, wat het onderzoek naar 
ervaren vermoeidheid meer complex maakt. Waar de bijdrage van 
depressiescores al eerder in de literatuur is beschreven, is de bijdrage van 
vermoeibaarheid van de spier een nieuwe bevinding. Ook geeft dit onderzoek 
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duidelijk aan dat het belangrijk is om een combinatie van factoren te betrekken 
om de ervaren vermoeidheid te verklaren, en dat de behandeling waarschijnlijk 
ook multifactorieel moet zijn. 
 
Spiervermoeibaarheid van patiënten met RRMS en SPMS 

In hoofdstuk 3 hebben we aanvullend onderzoek gedaan naar de 
spiervermoeibaarheid. Spiervermoeibaarheid wordt veroorzaakt door een 
combinatie van centrale en perifere mechanismen. Perifere mechanismen 
vinden plaats in de perifere zenuw, de spier-zenuwovergang of in de spier zelf. 
Centrale mechanismen treden op in het centrale zenuwstelsel. Dit kan een 
verminderde aansturing vanuit de hersenen zijn, of omdat de zenuwcellen in het 
ruggenmerg moeilijker te activeren zijn. Wanneer een spier vermoeid raakt is dit 
voornamelijk als gevolg van perifere mechanismen; 80% tot 90% van de 
vermoeidheid is van perifere oorsprong. Hoewel bij MS patiënten het overgrote 
deel van de vermoeidheid ook perifeer ontstaat, is al eerder gebleken dat ten 
opzichte van controles, centrale mechanismen een grotere rol spelen. Eerder 
onderzoek met functionele MRI heeft aangetoond dat tijdens een vermoeiende 
taak een groter deel van de cortex actief wordt, in een poging om ondanks 
vermoeidheidsgerelateerde veranderingen de kracht op niveau te houden. 
Verder is bekend dat MS patiënten tijdens een submaximale krachttaak meer 
corticale activiteit laten zien dan controles, en SPMS patiënten meer dan RRMS 
patiënten. Dit zou eventueel een compensatiemechanisme kunnen zijn voor 
corticale schade. Echter tijdens een maximale, dus vermoeiende, krachttaak 
bleken RRMS patiënten minder dan controles in staat om de corticale activiteit 
toe te laten nemen. Dit uitte zich als een grotere bijdrage van centrale 
mechanismen aan spiervermoeidheid, maar geen verschil in krachtsafname. 
Aangezien SPMS patiënten al beginnen met een sterkere corticale activiteit, zou 
het kunnen zijn dat patiënten met SPMS minder mogelijkheden tot compensatie 
hebben en daardoor wel meer krachtsafname laten zien op een vermoeiende 
krachttaak. Om dit te onderzoeken, en om te onderzoeken wat de bijdrage van 
centrale mechanismen aan de totale krachtsafname is in SPMS patiënten, 
hebben we een vermoeiende krachttaak laten uitvoeren door patiënten met 
SPMS en de resultaten vergeleken met een controlegroep van dezelfde leeftijd 
en geslacht en een groep patiënten met RRMS. De RRMS data is verzameld 
tijdens een eerder onderzoek op onze afdeling. De vermoeiende krachttaak was 
dezelfde als in hoofdstuk 2. Om onderscheid te kunnen maken tussen centrale 
en perifere mechanismen maakten we gebruik van de twitch-interpolatie 
techniek. Hiervoor werd de nervus ulnaris, de zenuw die de FDI innerveert, 
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gestimuleerd ter hoogte van de pols. De elektrische stimulatie zorgt voor 
aanspanning van de spier. De stimulatie van de zenuw vond plaats tijdens een 
maximale krachtsinspanning van de FDI. Wanneer de spier voor 100% is 
aangespannen, zal deze stimulatie niet resulteren in extra kracht. Wanneer de 
stimulatie wel resulteert in extra kracht, kan de grootte van deze ‘twitch’, als 
percentage van een twitch in rust, gebruikt worden als maat voor de aansturing. 
Ons onderzoek toont ten eerste dat, terwijl RRMS patiënten een krachtsafname 
laten zien die vergelijkbaar is met controles, SPMS patiënten een sterkere 
krachtsafname hebben, zowel ten opzichte van RRMS patiënten als controles. 
Verder is met toenemende vermoeidheid een sterkere toename in twitchgrootte 
te zien, vergelijkbaar met eerdere onderzoeken. Deze toename is groter bij MS 
patiënten. Dit duidt erop dat centrale mechanismen een grotere bijdrage leveren 
aan spiervermoeidheid voor MS patiënten dan controles, wat overeenkomt met 
de literatuur. Verder hebben wij als eerste laten zien dat bij patiënten met de 
secundair progressieve vorm van MS de centrale mechanismen een grotere rol 
lijken te spelen dan bij mensen met relapsing-remitting MS. Deze resultaten 
geven aan dat het belangrijk is om onderscheid te maken tussen RRMS en 
SPMS patiënten bij toekomstig onderzoek naar motorische taken. Bij cognitieve 
taken is dit al gebruikelijk. De resultaten kunnen ook implicaties hebben voor 
eventuele toekomstige behandelmethoden. 
  
Spiervermoeidheid en cognitieve prestatie 

Spiervermoeidheid zou naast invloed op kracht, ook invloed kunnen hebben 
op cognitieve functies. In eerder onderzoek is aangetoond dat controles na 
afloop van een vermoeiende krachttaak geen verminderde cognitieve prestatie 
lieten zien, maar wel een sterkere corticale activatie in frontale gebieden. MS 
patiënten laten net als tijdens een motorische taak, ook tijdens de uitvoering van 
een cognitieve taak meer corticale activiteit zien dan controles. MS patiënten 
zouden daarom eventueel moeite kunnen hebben om de activiteit te verhogen 
als reactie op een vermoeiende taak, wat zou kunnen resulteren in verminderde 
cognitieve prestatie. Om dit te onderzoeken hebben we MS patiënten en 
controles een cognitieve taak laten uitvoeren voor en na afloop van een 
vermoeiende motorische taak. De motorische taak was een submaximale 
krachttaak met de abductiespier van de wijsvinger. De cognitieve taak was een 
keuze-reactietijdtaak (CRT). Deelnemers moesten de juiste van twee knoppen 
indrukken als reactie op een reeks van hoge en lage tonen. De ene toon werd 
vaker gepresenteerd (70%; frequente toon), dan de ander (30%; infrequente 
toon). Deelnemers reageerden sneller op frequente dan infrequente stimuli, en 
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er werden ook minder fouten gemaakt als reactie op frequente stimuli. Dit is 
waarschijnlijk het gevolg van preparatie; deelnemers verwachten een frequente 
toon en reageren daardoor sneller en accurater op deze stimulus. MS patiënten 
reageerden langzamer en maakten meer fouten dan controles, maar dit was niet 
versterkt na afloop van een vermoeiende motorische taak.  

Om de cognitieve prestatie verder te onderzoeken, wilden we graag 
maximale inspanning vragen. Dit aangezien onderzoek met krachttaken heeft 
uitgewezen dat MS patiënten in staat zijn om prestaties op submaximale taken 
op peil te houden ten kosten van verhoogde corticale activiteit, maar dat 
achteruitgang te zien is op maximale taken. Om dit te bewerkstelligen hebben 
we gebruik gemaakt van een dubbeltaak. Deelnemers kregen de instructie om 
een cognitieve taak uit te voeren, alleen of in combinatie met een motorische 
taak. De motorische taak bestond uit het langdurig produceren van kracht met 
de abductiespier van de wijsvinger. De beweging was vergelijkbaar met de 
krachttaak die is beschreven in hoofdstukken 2 en 3, maar in plaats van 
maximale kracht werden deelnemers nu geïnstrueerd 10% (minder vermoeiend) 
of 30% (vermoeiend) van hun maximale kracht te geven. Deelnemers kwamen 
voor drie aparte metingen, met een week tussen de metingen. De eerste keer 
was een oefensessie, de tweede en derde waren ofwel de vermoeiende ofwel de 
niet-vermoeiende sessie. De cognitieve taak was de CRT. De verwachting was 
dat beide taken aandacht nodig hebben voor een correcte uitvoering. Door beide 
taken tegelijk uit te voeren, moet de aandacht verdeeld worden en dit zou 
kunnen leiden tot verminderde uitvoering van één van de taken. De instructie 
was om de motortaak goed uit te voeren, waardoor achteruitgang vooral op de 
cognitieve taak te verwachten is. Spiervermoeidheid leidt er verder toe dat meer 
aandacht voor de motorische taak benodigd is, met als gevolg een toename in 
fouten en/of reactietijden van de cognitieve taak. Echter, de toegenomen 
corticale activiteit tijdens de uitvoering van een motorische taak door patiënten 
met MS, is ook aanwezig bij ouderen. Mogelijk hebben daarom beide groepen 
(MS patiënten en ouderen) tijdens een dubbeltaak meer moeite om voldoende 
aandacht aan de taken te geven om de taak goed uit te voeren. We hebben 
deze opzet daarom gebruikt om te onderzoeken wat het effect is van zowel 
leeftijd (hoofdstuk 5) als MS (hoofdstuk 6) op de uitvoering van een 
(vermoeiende) dubbeltaak. 

Tijdens een dubbeltaak waren reacties langzamer en werden meer fouten 
gemaakt dan tijdens een enkeltaak. In vergelijking met de minder vermoeiende 
10%-dubbeltaak, wordt er op de vermoeiende 30%-dubbeltaak langzamer en 
met meer fouten gereageerd. 
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Het sterkste effect van leeftijd is dat mensen van middelbare leeftijd (in dit 
onderzoek gedefinieerd als 35-55 jaar oud) een andere strategie gebruiken op 
de cognitieve taak dan jongeren (<30 jaar). Jongeren prepareren meer, wat zich 
uit in snellere reacties op de frequente toon, en tegelijkertijd meer fouten, vooral 
op de infrequente toon. Het verschil in reactietijden tussen een enkel- en een 
dubbeltaak was groter voor mensen van middelbare leeftijd dan jongeren. Ook 
lijkt het effect van leeftijd afhankelijk te zijn van geslacht, met langzamere 
reacties voor vrouwen van middelbare leeftijd ten opzichte van mannen, en meer 
fouten onder vermoeiende omstandigheden voor jongere mannen dan vrouwen. 
Het effect van geslacht is echter gebaseerd op een kleine onderzoeksgroep en 
moet daarom voorzichtig worden geïnterpreteerd. 

We hebben geen verschil in preparatie gevonden tussen patiënten met MS 
en controles. Wel vonden we dat mensen met MS over het algemeen meer 
fouten maakten en minder snel reageerden. Dit effect was sterker tijdens een 
dubbeltaak, en nog sterker tijdens de moeilijkere vermoeiende dubbeltaak. Op 
basis van ons onderzoek kunnen we echter niet aangeven waar in de hersenen 
de verschillen tussen MS patiënten en controles ontstaat. Het zou daarom 
interessant zijn om in de toekomst dit onderzoek te herhalen in een fMRI-
scanner, zodat corticale activiteit tijdens de taak kan worden bestudeerd. 

In hoofdstuk 4 hebben we nogmaals MS patiënten en controles van 
verschillende leeftijden onderzocht, om te onderzoeken of toegenomen 
taakeisen resulteren in een sterkere functie-afname. Ditmaal werden deelnemers 
geïnstrueerd om een fijne motoriek taak uit te voeren, de Purdue Pegboard Test 
(PPT). Deze bestaat uit vier onderdelen; de eerste omvat het zoveel mogelijk 
pinnetjes in een bord plaatsen binnen 30 seconden met de rechterhand 
(unimanueel). Het tweede onderdeel is hetzelfde met de linkerhand. Het 3e 
onderdeel is met beide handen tegelijk (symmetrisch bimanueel). Het 4e 
onderdeel duurt 1 minuut, en hiervoor moeten afwisselend met de rechter- en 
linkerhand pinnetjes en ringen op het bord geplaatst worden (asymmetrisch 
bimanueel). Bimanuele handelingen vragen meer aandacht en coördinatie dan 
unimanuele handelingen. Aangezien zowel patiënten met MS als ouderen een 
grotere corticale activiteit laten zien tijdens een taak, was dit onderzoek gericht 
op de fijne motoriek tijdens taken van verschillend moeilijkheidsniveau in zowel 
patiënten met MS als controles van verschillende leeftijden. De resultaten laten 
een verminderde fijne motoriek zien van patiënten met MS en controles met een 
hogere leeftijd. Vooral tijdens moeilijkere motorische taken, in dit geval het 
uitvoeren van een symmetrische versus een asymmetrische bimanuele taak, is 
een sterkere afname in prestatie zichtbaar voor zowel patiënten met MS als 
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mensen van middelbare leeftijd ten opzichte van respectievelijk controles en 
jongeren. We zagen echter geen interactie-effect van MS met leeftijd, wat lijkt te 
betekenen dat oudere MS patiënten geen additionele achteruitgang laten zien. 

Deze thesis heeft vermoeidheid in MS patiënten van verschillende kanten 
onderzocht. De toegenomen ervaren vermoeidheid in MS patiënten is 
multifactorieel, en een combinatie van factoren is nodig om de ervaren 
vermoeidheid te verklaren. Een van deze factoren is de vermoeibaarheid van de 
spier. De vermoeibaarheid van de spier wordt in MS patiënten voor een groter 
deel bepaald door centrale mechanismen in vergelijking met controles, en dit lijkt 
sterker te zijn voor SPMS patiënten dan RRMS patiënten. Dit kan effect hebben 
op toekomstige behandelmethoden. De spiervermoeidheid heeft niet alleen 
effect op fysieke prestatie, maar ook op een tegelijkertijd uitgevoerde cognitieve 
taak. En hoe groter de spiervermoeidheid is, hoe sterker het effect op cognitieve 
prestatie, vooral op MS patiënten. Ook binnen bimanuele taken heeft een 
complexere taak meer effect op de prestatie van MS patiënten dan van 
controles. 
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Dames 3. Basketbal was altijd een goede manier om mijn hoofd helemaal leeg 
te maken en het gaf me veel energie. En daarnaast had ik ook nog eens 
superleuke teamgenootjes. Meiden en coaches, bedankt voor alle sportiviteit en 
gezelligheid! 
 
In de weekenden en tijdens vakanties waren er ook genoeg mensen om voor 
afleiding te zorgen. Mijn vrienden van de studie; Ellie, Marieke, Merel, Miriam, 
en Suzanne. Ellie bedankt voor alle avondjes thuis of in de kroeg en skype-



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

sessies die vaak net iets langer duurden dan gepland, maar waarin dan ook 
alles besproken werd . Merel, ik heb geweldige herinneringen overgehouden 
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