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Movement is the end-result of a continuous interaction between sensory (perceptual), 

cognitive, and motor processes (Mulder et al., 2002). That is, the motor control system 

continuously adjusts its output (movements) by integrating internal (proprioceptive) and 

external (environmental) information. The relation between input and output is constantly 

adjusted by cognitive control. This thesis is part of the project “Cognitive modulation of 

neuronal dynamics in human action control”. This project was a combined effort from 

three universities (Radboud University, Nijmegen; University of Groningen; Free 

University, Amsterdam) within the Cognition Framework of the Netherlands Organisation 

for Scientific Research (NWO). The project aims to elucidate how cognition affects the 

control of movement.  

The experiments described in this thesis focus on the (cognitive) control of 

movement and the costs of the control of movement, measured by the performance of a 

concurrent cognitive task. The costs of the control of movement, that is the demands of 

the motor task, were manipulated by varying the amount of force and by inducing motor 

fatigue. In other words, we studied the interaction between motor and cognitive task 

performance.  
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As mentioned above, movements are the end-result of a continuous interaction between 

sensory (perceptual), cognitive, and motor processes (Mulder et al., 2002). Thus 

changes in sensory, cognitive, and/or motor input can influence motor performance. 

However, often the motor output is not substantially altered, because of the adaptability 

of the control system. Nevertheless, changes in input can increase the effort or attention 

necessary for task performance (Mulder et al., 2002; see Fig. 1 for a schematic 

illustration of the motor control system).  

 

The motor control system is organized into three main control levels: 1) the motor areas 

of the cerebral cortex (the primary motor cortex, supplementary motor area, and the 

lateral premotor areas); 2) the descending systems of the brainstem; and 3) the spinal 

cord. 

Many interactions exist between these three levels and also between these 

levels and other areas that are involved in motor performance, such as the thalamus, the 

cerebellum, and the basal ganglia. With all these interactions, the levels are organized 
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both hierarchically and in parallel. The motor areas of the cerebral cortex (the primary 

motor cortex, supplementary motor area, and the lateral premotor areas) are the 

“highest” in control hierarchy. Indeed, at this level, the integration of input (cognitive, 

sensory) and motor output takes place. All these areas project directly to the spinal cord 

through the corticospinal tract, and indirectly through brain stem motor systems. In this 

way, the brain stem has a role in the control of discrete goal-directed movements (of 

especially hands and arms), but most in the control of posture. The spinal cord can be 

seen as “lowest” in hierarchy; it is the level of automatic and stereotyped motor patterns 

and reflexes. Furthermore, it is the level of cell bodies of motoneurons innervating 

skeletal muscles and the level of interneurons (Kandel et al., 2000). 
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The cell bodies of motoneurons that innervate a specific muscle form a cluster in 

the spinal cord, called a motor nucleus. A motoneuron receives excitatory and inhibitory 

synaptic current at its cell body and dendrites from (inter)neurons and other sources. 

One motoneuron innervates several muscle fibers within a single muscle. A motoneuron 

together with its muscle fibers is called a motor unit. A single motoneuron action 

potential results in a twitch contraction of the entire motor unit, and repetitive firing gives 
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rise to tetanic contractions. In order to obtain significant whole muscle contractions, 

multiple motoneurons – and thus motor units – have to be active at the same time. 

 

As described above, muscles consist of multiple motor units. Within single muscles, 

motor units can be classified into different “types”, i.e., the weak, slow-twitch, fatigue-

resistant units (S), the stronger fast-twitch, fatigue-resistant units (FR), and the very 

strong fast-twitch, fatigue-sensitive units (FF). When a muscle is contracting, force can 

be graded by two mechanisms: by increasing (or decreasing) the number of activated 

motor units and (in parallel) by varying the firing frequency of the motor units already 

activated. The above implies that motor units are not all recruited simultaneously. 

Moreover, the “order” of motor unit recruitment is not random; in general, recruitment 

occurs according to the ‘size principle’ (Henneman et al., 1965a, 1965b). With increasing 

force, weak motor units (“S” type) are most easily activated, followed by the “FR” units. 

Finally, with large forces, the “FF” units are recruited. Thus, during contractions at low 

force levels a few weak motor units are recruited, firing repetitively at a regular rate, 

while duing stronger contractions, the spike frequencies of these units increase, and in 

addition, new units (also FR and FF units) will be recruited (Duchateau et al., 2006; 

Kandel et al., 2000; Kernell, 2006).  
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Under normal conditions, many movements are performed more or less automatically; 

that is, little or no attention is necessary for task performance. However, a (temporary) 

breakdown of automaticity will increase attention necessary for task performance, 

resulting in an increase of costs (or effort) necessary for task performance. One of the 

factors that can require an increased effort is fatigue, especially motor fatigue. Motor 

fatigue is defined here as any reduction in a person’s ability to generate force or power 

in response to voluntary effort, regardless of whether or not the task can be performed 

successfully (Bigland-Ritchie et al., 1984). Thus fatigue encompasses more than simply 

the failure to maintain a particular level of force.  

The reduction in the ability to exert force (i.e. fatigue) is caused by concurrent 

impairments of several (more or less) simultaneous processes occurring upstream of the 

motor cortex down to the myofibrillar level (Gandevia, 2001). In other words, motor 

fatigue has both peripheral and central causes (Gandevia et al., 1995; Gandevia, 2001). 

At the peripheral level, fatigue may be induced by disturbances in excitation-contraction 

coupling and/or in metabolic events. Changes in K+ and Na+ concentrations – important 
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for the generation of action potentials – cause a depolarization of the membrane 

potential. Disturbances of excitation-contraction coupling can be an altered sarcolemma 

and T tubular excitability, a depressed T tubular charge sensor, an inhibited 

sarcoplasmic reticulum Ca2+ release, and/or an uncoupling of the T tubular charge 

sensor and SR Ca2+ release channels (Fitts, 1994). The changes in metabolic events 

involve acidification (increase in cellular lactate and H+), decreases in adenosine 

triphosphate (ATP) and phosphocreatine (PCr), and increases in intracellular inorganic 

phosphate (Pi; Fitts, 1994). The relative importance of these factors in the development 

of fatigue depends on the kind of task and also on the duration of the exercise (Enoka 

and Stuart, 1992; Fitts, 1994).  

During submaximal contractions, the central nervous system can increase the 

drive to fatiguing muscles to overcome or reduce the peripheral effects of fatigue 

(Bigland-Ritchie et al., 1986; Lind and Petrofsky, 1979; for review see, Enoka and Stuart, 

1992). Thus, prolongation of the fatiguing exercise necessitates an increase of the 

central drive, and thereby it will increase the central effects of fatigue. These central 

factors of fatigue were already described by Mosso in the 1890s. He found that central 

factors directly affect peripheral function of muscle; that is, endurance performance was 

diminished after excessive mental “work” (Mosso, 1904). These central aspects of motor 

fatigue are now known to include the impaired firing rate modulation and reduced motor 

unit recruitment rates in the presence of a constant drive (Kernell, 1995; Miller, 1995a). 

This progressive reduction in voluntary activation of muscle during exercise is called 

central fatigue (Gandevia et al., 1995; Gandevia, 2001). Even during submaximal 

contractions, there is a moment that the contraction cannot be sustained anymore, the 

moment of exhaustion (Vøllestad, 1995). Until this moment, there will be an increase in 

central drive (as described above); this increase in central drive is often experienced by 

the subject as an increase in effort (Cafarelli and Bigland-Ritchie, 1979; Cain and 

Stevens, 1971; Enoka and Stuart, 1992; Jones and Hunter, 1982, 1983; McCloskey et 

al., 1974; for a review see: Jones, 1995). Insights in the amount of the effort (or costs) 

can be obtained using a dual-task paradigm.  
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In daily life, most people are capable of performing two actions simultaneously without 

any obvious interference; for example, when talking while driving or when taking notes 

while listening to a presentation. Nevertheless, when one of these actions becomes 
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more difficult (needs more attention), the performance of the other action will be 

affected. Thus, when the traffic is heavy or when the presentation gets complicated, 

more attention is necessary for driving or understanding, resulting in a decrease of 

talking or taking notes. In these examples, the increase in difficulty came from external 

factors, and the situation determined which action was most important (driving instead of 

talking and understanding instead of writing). An increase in difficulty can also come 

from internal factors, such as fatigue. 

In an experimental dual-task paradigm, human subjects have to perform two 

actions (two tasks) simultaneously. Subjects can divide their attention to both tasks 

equally; however, often they are instructed to focus their attention on one task, the 

primary task of interest. In this way, the quality of the performance of the other task, the 

secondary task, reflects the attentional demands of the primary task. That is, when the 

demands of the primary task increase, performance of the secondary task will decrease; 

this is called dual-task interference. As mentioned above, the amount of interference can 

be used as an indication of the costs of the primary task performance (Mulder et al., 

2002; Wickens, 1984, 2000). Dual-task interference can be found when performing two 

cognitive tasks (e.g., Adcock et al., 2000; Jaeggi et al., 2003; Schumacher et al., 1999, 

2001; Szameitat et al., 2002), two motor tasks (e.g., Stephan et al., 1999; Swinnen and 

Wenderoth, 2004, Wenderoth et al., 2005), or the combination of a motor and a cognitive 

task (e.g., Bloem et al., 2006; Lorist et al., 2002; Mulder et al., 2002; Schubert et al., 

1998). In this chapter (and rest of the thesis), we will focus on the latter paradigms: dual 

tasks involving the combination of a motor task and a cognitive task. In the experiments 

described in this thesis, the motor task is always the primary task of interest, whereas 

the performance of the secondary cognitive task was used as an indication of the 

demands of the primary task. The motor demands can increase with increasing force 

levels and with motor fatigue, but in daily life also as a result of motor dysfunction. 

 

�����	����������������
�������������
����

Studies that investigated dual-task interference during isometric force production and 

cognitive task performance have shown conflicting results. Low force contractions can 

have facilitating effects on cognitive performance, while high force contractions seem to 

have deteriorating effects (Bills, 1927; Bills and Stauffacher, 1937; Moran and Cleary, 

1986, 1988; Parker, 1973; Pinneo, 2003). Schubert and colleagues also showed that 

force-related factors are important in explaining the (level of) interference between motor 

and cognitive performance (Schubert et al., 1998). They combined an auditory choice 
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reaction time task (CRT) with either a force task (at approximately 50% of maximal 

force) or a displacement task (minimal force requirements). And they found significantly 

longer reaction times during the concurrent force task than during the displacement task 

(Schubert et al, 1998). Besides the difficulty of the motor task, the complexity of the 

cognitive task also affects performance. Muscle contractions had the largest facilitating 

effects on relatively simple tasks, such as a simple reaction time task. However, the 

facilitating effects of muscle contractions on more complex tasks were smaller and 

sometimes the effects were not facilitating at all but inhibitory (Bills, 1927; Bills and 

Stauffacher, 1937; Moran and Cleary, 1986, 1988; Parker, 1973; Pinneo, 2003).  

An experiment performed by Lorist and collegues showed an interaction between 

motor and cognitive performance during motor fatigue (Lorist et al., 2002). In this study, 

subjects performed (submaximal) isometric contractions at 30% of their maximal force 

with their right first dorsal interosseus muscle (abduction of the index finger). These 

contractions were combined with an auditory CRT, in which subjects had to respond to 

two tones with either the left index or middle finger. During the long-lasting, fatiguing 

submaximal contractions subjects had to put more drive into the motoneuron pool to 

counteract the fatigue-related decline in the force production of muscle fibers. Their data 

showed that performance of the concurrent cognitive task deteriorated with increasing 

motor fatigue (Lorist et al., 2002). This interference between motor fatigue and cognitive 

task performance was suggested to have a central origin; that is, the interference could 

be the result of the interaction of different brain areas while performing the tasks. A 

possible candidate in this respect is the dorsolateral prefrontal cortex, an area involved 

in a number of tasks ranging from working memory and response selection (Rowe et al., 

2000; Rypma and D’Esposito, 1999) to (fatiguing) isometric contractions (Dettmers et al., 

1996c; Ward and Frackowiak, 2003).  

 

An interaction between motor and cognitive performance has also been found in several 

clinical studies (Bloem et al. 2001a, 2001b; Geurts and Mulder, 1994; Lundin-Olson et 

al., 1997, 2000). For instance, Mulder and colleagues showed that a single motor task 

required more attention in patients with lower limb amputations than in control subjects 

(Geurts and Mulder, 1994; Mulder et al., 2002). Standing on a force platform, patients 

wearing their first prosthesis were able to keep their balance as good as their age-

matched controls. However, when this balance test was combined with a cognitive task, 

balance was disturbed in the patients but not in the controls, implying that patients had 

to invest more attentional effort into the balance task, which was competing with the 

attentional effort necessary for performing the secondary cognitive task. The interference 
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between balance (motor performance) and cognitive performance was diminished after 

rehabilitation (Mulder et al., 2002).  
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In the present thesis, the interaction between motor and cognitive performance was 

studied by measuring index finger abduction force, muscle activity, brain activation, and 

cognitive task performance. Since the methods to study muscle activity (using 

electromyography, EMG) and brain activation (using functional magnetic resonance 

imaging, fMRI) are quite complex, I will discuss the employed techniques in more detail.  

 

������������
����������

Action potentials, generated by a motoneuron, will result in action potentials in all its 

muscle fibers (see motor control). This electrical activity in the muscle can be recorded 

by placing electrodes (in or) on the surface of the muscle; this technique is called 

electromyography (EMG). During surface EMG measurements, often one electrode is 

placed on the muscle belly and another electrode is placed on a nearby joint. The 

difference in potential between these two electrodes is caused by the electrical activity in 

(part of) the muscle. This interference pattern is usually the sum of many superimposed 

action potentials of several motor units. To quantify the amount of muscle activity, one 

can rectify the recordings (that is, taking the absolute values of the EMG signal); often 

the signal is also “smoothed” (that is, reducing the high frequency changes). After 

rectification and smoothing of the EMG signal, it often parallels force recordings (Bigland 

and Lippold, 1954; Edwards and Lippold, 1956; Enoka, 1994; Lippold, 1952). 
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Protons (H+), which are abundant in the human body, have an odd atomic mass and 

charge. As a result, they have an angular momentum – called spin – and a magnetic 

moment with the axis parallel to this spin, inducing a small magnetic field. In the absent 

of an external magnetic field, the axes of a group of protons are random oriented. 

However, within a static magnetic field, protons orient preferentially parallel or anti-

parallel to the static field. Different tissues are composed of different amounts of protons. 

As a result, different tissues have different magnetic properties and this can be 

visualized by magnetic resonance imaging (MRI). 

Haemoglobin is the transporter of oxygen in the human body. When oxygen is 

bound to haemoglobin, it is called oxyhaemoglobin; if not, it is called deoxyhaemoglobin. 
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Oxyhaemoglobin and deoxyhaemoglobin also have different magnetic properties; that is 

deoxyhaemoglobin becomes magnetic in the presence of a magnetic field, causing field 

inhomogeneities, resulting in a local decrease in signal intensity. When an area in the 

brain becomes active, there is an increase in metabolic activity, which would result in an 

increase in deoxyhameglobin and a decrease in oxyhaemoglobin. However, an increase 

in brain activity causes an increase in local blood volume and also in blood flow to the 

activated area, resulting in a relative increase in the amount of oxyhaemoglobin and a 

relative decrease in deoxyhaemoglobin. These changes in deoxyhaemoglobin are called 

the blood oxygenated level dependent (BOLD) response, and this can be measured 

using functional MRI (fMRI). In an elegant experiment, Logothetis and colleagues (2001, 

2002) recorded both single cell and multi cell activity together with the BOLD response in 

a monkey brain. Their experiments showed that the BOLD response correlated stronger 

with the multi cell recording than with the single cell recording (Logothetis et al., 2001, 

2002). As the multi cell recording is more affected by pre-synaptic input than by action 

potential generation, this result suggests that input to the neuron is more important than 

the firing properties of the individual neurons for the BOLD response.  
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The first part of this thesis (chapters 2 & 3) elaborates on the interaction between motor 

and cognitive task performance (in healthy human subjects). Chapter 2 studies the 

effects of different force levels on cognitive task performance, using short non-fatiguing 

submaximal contractions. Chapter 3 studies the central effects of fatigue by the 

administration of caffeine, a well known stimulant of the central nervous system.  

The second part of this thesis (chapters 4 & 5) describes the problems when 

measuring force (chapter 4) and electromyography (chapter 5) during functional 

magnetic resonance imaging (fMRI). Since the measurement of both force and EMG rely 

on electrical signals, these measurements interact with fMRI. 

The last part of this thesis (chapters 6 & 7) addresses brain activation during 

motor performance. Chapter 6 describes brain activation during non-fatiguing 

submaximal contractions at increasing force levels. In Chapter 7 the effects on motor 

fatigue on brain activation were studied. Chapter 8 deals with brain activation during 

dual-task performance. Special attention was directed to the interaction between motor 

and cognitive task performance, in a non-fatiguing condition and during motor fatigue.  

Chapter 9 concludes this thesis with a general discussion of all results.  




