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Chapter 1

General introduction
Hearing and seeing a virtuoso pianist play a rapid trill sequence or observing a
skilled typist hit up to seven keys per second makes one realize that the
human neuromotor system is capable of achieving extraordinary things.
However, on the downside is that many people experience musculoskeletal
discomfort and dysfunction of their upper limbs due to these highly developed
skills. Virtuosity comes at a cost. Not only musicians and typists are hit by this
musculoskeletal problem called Repetitive Strain Injury or RSI. Today,
adolescents who excessively use the message service of their mobile phones,
also report pain in hand and fingers. Even young children playing video games
display similar problems. The manual of the Nintendo Gameboy nowadays
includes a specific warning to avoid continuous gaming.
Symptomatology
The symptoms of RSI reported vary strongly and can show up at one or more
locations at the upper limb. They can be categorized into sensory signs, motor
signs and reactions of the autonomous nervous system. Sensory symptoms
include

pain,

numbness,

tingling,

paraesthesia,

fatigue

and

stiffness.

Symptoms of the motor system encompass weakness, muscle cramp, tremor,
and dystonia. Reactions of the autonomous nervous system are excessive
perspiration, swelling, and a pallid or red skin. The variety of systems involved
suggests RSI is not restricted to a single structure. Also, it is unlikely that a
single mechanism can be held responsible for the complaints reported.
Terminology
The term by which this disorder is known varied across time and place. The
founding father of occupational medicine, Bernardino Ramazzini, already gave
a vivid description of the disorder in 1713 (translated from the original Latin
text by W.C. Wright, 1964):
-9-
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“An acquaintance of mine, a notary by profession, still living, used to spend
his whole life continually engaged in writing, and he made a good deal of
money by it; first he began to complain of intense fatigue in the whole arm, but
no remedy could relieve this, and finally the whole right arm became
completely paralyzed. In order to offset this infirmity he began to train himself
to write with the left hand, but it was not very long before it too was attacked
by the dame malady. But what tortures these workers most acutely is the
intense and incessant application of the mind, for in such work as this the
whole brain, its nerves and fibers, must be kept constantly on the stretch”.

However, it was not until the eighties of the previous century that the disorder
became widely known as Repetition or Repetitive Strain Injury, RSI for short.
Other terms that are used in the literature are listed in Table 1. I will use the
term Repetitive Strain Injury throughout this thesis, not because it is the best
description, but because it is the most widely known description of the
disorder.
Aetiology
In 1997 the U.S. Department of Health and Human Services published an
extensive

epidemiological

review

concerning

the

relationship

between

workplace factors and musculoskeletal disorders (Bernard). They reported
evidence that repetitive movements, force output, sustained awkward posture
or a combination of these factors showed causal relations with the development
of musculoskeletal complaints at the upper extremity. The Health Council of
the Netherlands (2000) recently defined RSI as “a medical syndrome affecting
the neck, upper back, shoulders, upper and lower arm, elbow, wrist or hand, or a
combination of these areas. Its effects are restrictive or lead to participation
problems. The syndrome is characterised by a disturbance in the balance
between load and physical capacity, preceded by activities that involve repeated
movements or prolonged periods spent with one or more of the relevant body
parts in a fixed position. RSI is always caused by a combination of factors”.
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Table 1. Terms that (more or less) describe the same painful condition in
shoulder, arms, and fingers due to excessive repetitive motion. Number of
occurrences and occurrences since 2000 in the professional literature (ISI
Web of Knowledge).
Terminology

Number of occurrences in
ISI
Total
Since 2000

Occupational Overuse Syndrome

24

3

Repetition Strain Injury

97

9

Repetitive Strain Injury

273

115

Cumulative Trauma Disorder

468

168

10

6

165

110

92

58

Non-specific Arm Pain
Work-related Musculoskeletal Disorder
Work-related Upper Extremity/Limb Disorder

Besides job factors which are of a physical nature, psychosocial
factors such as work pressure, perceived work load, adequacy of social
support and mental task load are also considered to play a role in the
aetiology of RSI (Bernard, 1997; Bongers, Kremer, & Ter Laak, 2002;
Health Council of the Netherlands, 2000). This is confirmed by a large
epidemiological survey under nearly 2000 participants (Macfarlane, Hunt,
& Silman, 2000). The probability of developing RSI was found to be three to
four times larger in workers who were dissatisfied with the support they got
from

their

supervisor

or

colleagues

compared

to

those

that

never

experienced such psychosocial stress. Before presenting other accounts of
RSI, I will first discuss the relevant pathophysiological processes that are
associated with the disorder.
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Pathophysiology
The multitude of names given to RSI suggest that there was (and still is) no
consensus regarding the nature and the cause of the disorder, which may
partly be due to the lack of a sound biomedical model. In the past, this caused
the idea that the disorder was primarily psychogenic in origin. For instance,
William Gowers (1888) termed Writer’s Cramp, which was the most prevalent
type of RSI in those days, an ‘”occupational neurosis”. He further stressed that
especially those of “distinctly nervous temperament, irritable, sensitive and
bearing overwork and anxiety badly” were most frequently affected. The first
outbreak of RSI due to typewriting was reported in Australia in the early 1980s
(e.g., Browne, Noland & Faithfull, 1984; Ferguson, 1984; Stone, 1983). Here,
the incidence was highest among workers in low-prestige jobs, which were
mainly occupied by women. Further, as RSI became generally accepted, legal
action was taken to ensure workers were compensated. Apart from a medical
condition, RSI had become a social problem (Gun, 1990). This led to scepticism
about the true nature of the disorder. RSI was derisively called “Kangaroos
Paw”. The spread of RSI to Great Britain persuaded a reporter of the Spectator,
Waugh, to ridicule RSI (1986): “Briefly, RSI is the ache we feel when we do
something too often or too long. It surfaces as tennis elbow, Writer’s Cramp
and in a thousand other discomforts. The normal treatment is to wait for it to
go away. Since it was invented as a disease some six years ago, it has spread
throughout the whole spectrum of employment”.
Possibly due to the common belief that RSI was not a real but a
psychosomatic illness, the disorder initially did not receive the attention
necessary to restrict its further development and spread. However, in the
1990s research into RSI increased worldwide, as it became obvious that this
fictitious condition would not spontaneously disappear. Moreover, costs
because of work absence had become too high to ignore the disorder.
Proponents of the biomechanical aetiology began publishing findings on muscle
fatigability, histomorphometry, blood flow, and peripheral sensory-neural
functioning. Several biomedical pathophysiological mechanisms originate from
this research. It is beyond the scope of this manuscript to present all of them,
but I will discuss the explanations that have received substantial support
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and/or that are related to the work presented in the experimental chapters of
this thesis.
Muscular processes
In a comprehensive review by Visser and Van Dieën (2006), a large number of
muscular

oriented

pathophysiological

mechanisms

underlying

RSI

are

discussed. Here I will briefly refer to some of these mechanisms. The influential
“Cinderella” hypothesis (Hägg, 1991) forms the start of the discussion. This
hypothesis suggests that pathology starts due to continuous activation of the
Type I (slow-twitch) muscle fibres. These fibres are found in low-threshold
motor units and are, comparable to Cinderella, continuously active from the
start till the end of every movement. Several experiments have confirmed the
Cinderella mechanism in the trapezius muscle (Kadefors, Forsman, Zoèga, &
Herberts, 1999; Thorn, Forsman, Zhang, & Taoda, 2002; Zennaro, Läubli,
Krebs, Klipstein, & Krueger, 2003) and in a forearm extensor (Forsman, Taoda,
Thorn, & Zhang, 2002). It has further been assumed that long-lasting and
continuous muscular activation can actually cause muscle damage. Though
this has not been confirmed by research on humans, mainly because of ethical
reasons, animal models provide some evidence that this might indeed be the
case. For example, using a rat model Barbe et al. (2003) demonstrated that
high rates of movement repetition (4 reaches/min) during an extended period
of time (2 h/day, and 3 days/week for up to 8 weeks) was associated with signs
of local tissue inflammation. Actual muscle damage is presumed to result from
Ca2+ accumulation or altered blood supply.
Ca2+-ions play in a key role in physiology of muscular contraction, in that
an increase in the concentration of free myoplasmic Ca2+ actuates muscle
contraction.

Prolonged

muscular

contraction,

though,

leads

to

an

accumulation of Ca2+ in the sarcoplasmatic reticulum. This accumulation of
Ca2+ is known to have a damaging effect on muscle tissue (Duncan, 1987;
Fredsted, Mikkelsen, Gissel, & Clausen, 2005) because it leads to the release of
enzymes that affect membrane integrity, resulting in increased permeability
(Kuipers, 1994). When the nociceptive system detects the tissue damage, pain
will develop. Ongoing activity increases Ca2+ leakage, causing further cell
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damage, and finally resulting in muscle fibre necrosis (Armstrong, 1990;
Gissel, 2000).
Altered blood supply has been put forward as an explanation for the
development of musculoskeletal symptoms. A hypertone muscle may hinder its
own blood supply if intramuscular pressure is higher than blood pressure. This
is not very likely to occur in low-intensity computer work. However, continuous
grouped activity of clustered Type I motor units (Cinderella hypothesis), may
lead to a considerable increase in local pressure. Clustered activity has been
shown for several muscles in the arm, including the trapezius muscle (Jensen
& Westgaard, 1997; Mathiassen & Winkel, 1990; Mathiassen, Winkel, & Hägg,
1995). Furthermore, several studies have shown that computer work alters
blood flow as was manifested in a change in tissue oxygenation (Murthy et al.
1997; Heiden, Lyskov, Djupsjobacka, Hellstrom, & Crenshaw, 2005) and in
reactive hyper-compensation (Røe & Knardahl, 2002).
Neurological processes
A specific group of pathological explanations assumes that symptoms like pain,
allodynia, hyperalgesia, and paraesthesia are neuropathic in origin. Carpal
Tunnel Syndrome, which results from compression of the median nerve in the
carpal tunnel, is an example of such specific disorder. However, median nerve
pathology is also assumed to account for a large proportion of non-specific RSI.
The vibration sense of nerves is an early indicator of such neural pathology
(Doezie, Freehill, Novak, Dale, & Mackinnon, 1997; Jetzer, 1991). In several
studies (e.g., Greening & Lynn, 1998; Greening, Lynn, & Leary, 2003; Jensen,
Pilegaard, & Momsen, 2002), elevated vibration thresholds were found for
symptomatic

RSI-patients.

Moreover,

a-symptomatic

office

workers

too

displayed signs of raised threshold values, which may be a sub-clinical
manifestation of nerve dysfunction.
Some researchers have proposed a more central neuronal oriented
interpretation of the symptoms. Where peripheral models focus on tissue
damage, central driven models assume neural changes due to the specific
motor task at hand. It has long been known that incessant handwriting can
cause a focal dystonia called ‘Writer’s Cramp’, a condition characterized by
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cramps or spasms of the hand and forearm muscles. In several monkey
studies, Byl and colleagues (e.g., 1996, 1997, 1999, 2002) have shown that
long-lasting and repetitively executed distal movements can cause motor
dysfunction, the symptoms resembling those of focal dystonia. The monkeys in
these studies showed pain behaviour and produced attempts less successful to
grasp food with their fingers. This is an indication of disturbed sensorimotor
discrimination, which was further supported by electrophysiological mappings
of

the

somatosensory

cortex

revealing

abnormal

and

disorganized

representations of the hand.
Other pathophysiological processes that are described in the literature but will
not be dealt with here are e.g. sensitisation due to hormonal processes (Clauw
& Chrousos, 1997) and muscular force transmission (Jaspers, Brunner, Baan,
& Huijing, 2002).
Cognitive demands and RSI
Having discussed several relevant pathophysiological mechanisms, I will return
to the aetiology of RSI. As noted before, psychosocial factors such as working
tempo, perceived stress, and cognitive demands are acknowledged to have an
exacerbating effect. Ramazzini (1713) already recognized that these risk factors
were important for diseases of scribes and notaries. The following translated
quote from the revised edition of De Morbis Artificum shows that since then
nothing has really changed: “The maladies that afflict the clerks aforesaid arise
from three causes: First, constant sitting, secondly the incessant movement of
the hand and always in the same direction, thirdly the strain on the mind from
the effort not to disfigure the books by errors or cause loss to their employers
when they add, subtract, or do other sums in arithmetic”. It is surprising that
Ramazzini already acknowledged cognitive activity as an important factor. In
modern times, Gomer, Silverstein, Berg, and Lassiter (1987) were among the
first to consider mental load as a possible risk factor for the development of
RSI. They found that operators engaged in a mail-sorting task of high cognitive
complexity reported greater physical discomfort, showed muscular fatigue, and
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made more accuracy-related mistakes than operators working on a less
complex task.
For more than a century, the effects of cognitive processing demands on
performance levels have been an important research topic in experimental
psychology. For instance, from the Yerkes and Dodson (1908) experiments, the
well-known

inverted

U-shaped

relationship

between

arousal

and

task

performance was derived. Where an optimal amount of arousal should benefit
the speed of learning, too much or too little arousal will slow down the learning
process. This principle can also account for performance in motor tasks, like
the relationship between force development and accuracy (Slifkin & Newell,
1999).
Accounting for RSI requires a theory that acknowledges the role of
several sources of stimulus input. In this thesis, I report four studies that
investigated whether the neuromotor noise theory on the relationship between
stress∗ and human performance (Van Gemmert & Van Galen, 1997) provides a
satisfactory explanation of Repetitive Strain Injury. Each experiment tests a
particular claim generated by the neuromotor noise theory. Since each of the
experimental chapters of this thesis only briefly summarizes this theory, I will
introduce it in more detail below.
Neuromotor noise theory
In the 1990s, Van Galen and colleagues reported that not only reaction times
but also movement kinematics reflected the effects of task demands on the
neurocognitive

processes

necessary

to

perform

perceptuomotor

tasks

successfully. The authors analysed movement velocity and acceleration signals
in graphical motor tasks of varying complexity. Van Galen et al. found support
for the idea that the driving force behind finger and hand movements is a
composite of multiple periodic sources of force variation, each influencing the
motion with its own frequency and power. These sources of movement
∗

Stress in everyday life has a negative connotation, in the sense that it describes a
physical, biological or psychological condition that strains the organism to or above
the limits of its adaptive powers. Van Gemmert and Van Galen (1997) define stress as
a condition in which more effort is needed to perform the task, while the task
demands in principle are met.
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variability include the stochastic motor neuron recruitment processes involved
in muscle-force generation, reflex-induced oscillations of force output, feedback
and feedforward servo-mechanisms and mechanical oscillations of muscle
tissue, tendons and bones (Van Galen, Van Doorn, & Schomaker, 1990).
Dysfluencies and irregularities in the production of movements are results of
this stochastic process. In their view, the spatial outcome of motor-output
signals depends on the current signal-to-noise ratio (SNR) of response-related
motor-recruitment signals and the overall noise level in the neuromotor
system. In later experiments using graphical aiming, Van Gemmert and Van
Galen (1997, 1998) demonstrated that stress effects are not unidirectional in
nature. When they combined an auditory stressor with cognitive load in a
spatial aiming task, motor performance either improved or impoverished,
depending on the nature and extent of the simultaneous impact of the induced
mental load. In line with Fitts (1954), who assumed that motor control in
essence resembles the processing of information through noisy channels, Van
Gemmert and Van Galen formulated as the first and second element of their
‘neuromotor noise (NMN) theory’. (1) Motor behaviour is an inherently noisy
process, and (2) motor control entails optimization of the signal-to-noise ratio
in the neuromotor system given the current task demands. Tasks with lenient
spatial constraints can be performed with a relatively poor SNR whereas
spatially critical tasks require the motor system to low-pass filter noisy signals
to realize optimal SNR levels. Neuromotor noise, however, is not only a product
of motor processes. Psychological processes such as mental effort, emotion,
and intrinsic arousal also contribute to its instantaneous level. Well-known
examples of the influence that emotions have on movement production are the
trembling hands of someone who is nervous, the uncontrolled movements of
someone in great danger, or the increased clumsiness of someone who is in
love. The third element in the theory, therefore, assumes that neuromotor noise
stemming from non-motor sources, i.e. cognitive or emotional, may impoverish
the current signal-to-noise ratio in the motor system. Van Galen and Van
Gemmert further assumed that the effects of neuromotor noise depend on the
overall intensity of neural activation and on the functional and anatomical
overlap of active brain regions. Increase of noise in the neuromotor system by a
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stressor can be beneficial to response speed if the level of activation and the
spatial task demands are low. However, when the level of activation has already
been enhanced and/or the motor task requiring high spatial accuracy, a
further increase of neuromotor noise may lead to poorer performance.
A fourth assumption of the theory is that humans exploit certain
biomechanical degrees of freedom to optimize the spatial outcome of
movement. Especially stiffness regulation is assumed to be a useful adaptation
tool for a sufficient spatial outcome notwithstanding decreased SNRs due to
cognitive or physical stressors. The latter proposition is based on the
observation that in several experiments using graphical tasks, subjects
increased the friction with the working substrate by increasing the axial
pen pressure (Van Galen & Van Huygevoort, 2000; Van Gemmert & Van
Galen, 1997, 1998). The simulation of stochastic noise fluctuations in the
human arm and its low-pass filtering by increased stiffness provided
evidence that stiffness regulation is a strategy to improve end-point
accuracy (Van Galen & De Jong, 1995). As predicted by the model, it was
demonstrated that the variance of force output increased with higher levels
of force. Van Galen and De Jong also found in their simulation that the
model of the musculoskeletal system could low-pass filter the neuromotor
signal and thereby modulate end-point accuracy of a movement by actively
changing the level of limb stiffness by the simultaneously contraction of the
agonistic muscles and their antagonist counterparts.
These and other findings suggest that in computer work, in which
precise movement execution is essential and end-point variability critical,
stiffness regulation could be a significant parameter. Evidence that
stiffness regulation through cocontraction is indeed used in a variety of
stressful situations comes from research on effects of anxiety (Goldstein,
1964; Van Galen, Müller, Meulenbroek, & Van Gemmert, 2002; Weinberg &
Hunt, 1976). In the Van Galen et al. (2002) study it was found that
individuals with a high internal level of arousal, as measured by
Spielberger’s et al. “State and Trait Anxiety Test” (1970), tended to react on
a cognitive stressor with enhanced levels of cocontraction. It should be
noted, however, that whereas a proper stiffness regime leads to improved
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accuracy of movement, it is costly in biomechanical and physiological
terms. Stiffer limbs have lower gains and to maintain speed more muscle
force is needed. Continuously increased muscle activity is metabolically
costly and could lead to muscle pathology.
Goals of the thesis
This thesis has two major themes. The first concentrates on the effects of
cognitive load on movement/force production and muscular activation
patterns. We examined whether increased cognitive processing has detrimental
effects on motor behaviour. This might be manifested in decreased production
rates, increased error rates, prolonged movement times, but also in
exaggerated

development

of

force

or

muscular

effort,

or

increased

cocontraction. From an aetiological point of view, the outcomes could provide
support for the idea that cognitive load is a significant factor in the
development of RSI.
After having scrutinized the effects of cognitive load on movements in
healthy participants, the research is extended to RSI-patients. We assume that
continuous muscular activation is an important factor in the development of
RSI and that increased mental processing generates additional muscle activity.
The neuromotor noise theory claims that RSI might be caused by an
accumulation of stress effects in individuals with an enhanced tendency to
react with heightened levels of muscular cocontraction. The main questions
are: (1) do RSI-patients show exaggerated reactions to increased cognitive load
and (2) is motor control fundamentally different in RSI-patients? These topics
are central to the research reported in Chapters 4 and 5.
Outline of the thesis
Four experiments form the body of this thesis, each of which is reported in a
separate chapter. Chapters that already have been published as articles - i.e.
Chapters 2, 3 and 4 - are presented as they appeared in the journals.
In Chapter 2 we investigated the combined effects of typing non-words
and remembering irrelevant stimuli on the kinematics of finger movements in a
transcription-typewriting task. Previous research by Van Galen and colleagues
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(e.g., 1997, 2000) using graphical tasks, demonstrated a change in movement
characteristics induced by cognitive loading. We tried to verify repeatedly found
patterns of slowing down and/or speeding up of typewriting movements under
various combinations of task demands and task context. We asked professional
typists to type strings of words, containing both orthographically regular
(correct) and irregular (incorrect) spelled words, thereby manipulating lexical
load. Performance was expected to slow down when an irregular word was
presented. Furthermore, a cognitive dual-task inducing additional short-term
memory load, was present in half of the trials. Based on the NMN-theory, this
dual-task was expected to differentially affect performance depending on the
nature of the lexical load. The results of the study confirmed the predictions
and yielded further evidence in support of the neuromotor noise theory.
Having established that short-term memory load indeed changed motor
performance, we continued to use this experimental paradigm in the studies
reported in Chapters 3 and 4. Chapter 3 addresses the question whether the
muscle-activation patterns in reaction to a cognitive stressor are different
between the postural muscles of the neck/shoulder and the executive muscles
of the hand. Preliminary observations indicated that postural muscles seemed
more

susceptible

to

cognitive

load

than

executive

forearm

muscles.

Furthermore, epidemiological surveys have shown that RSI is more prone to
develop in the proximal than in the distal parts of the upper limb. To
investigate this, participants were asked to repetitively tap keying patterns with
their dominant index finger at two prescribed tempi. Mental load was
manipulated by means of a concomitant short-term memory task. We used
surface electromyography (EMG) to quantify muscle activation. From several
arm muscles, EMG activity was recorded. Furthermore, the kinematics and
impact forces of the index finger were analysed. The results showed that the
activity of proximal musculature was elevated during the memory task,
whereas tapping tempo only altered activity of the distal arm musculature.
Based on these findings we concluded that a functional separation exists
between the executive and postural unit.
The studies reported in Chapters 4 and 5 of this thesis concentrated on
the distal executive limb segments of the arm. In Chapter 4 the focus lies on
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RSI-patients and their dealing with a cognitive load. We assumed that the
neuromotor system of RSI-patients is noisier than that of healthy participants.
A consequence of increased noisiness is that movements can become less
accurate. This requires biomechanical adaptation strategies, such as stiffness
regulation, if performance is not to be compromised. By combining a graphical
aiming task with a short-term memory tasks we tested, whether RSI-patients
display enhanced limb stiffness regimes in an attempt to counteract the
aggravating effects of having to cope with a noisy neuromotor system. Position
data and force data that were generated during the aiming task were sampled
by a graphical digitizer. This allows kinematic and performance variables to be
analysed, pen pressure indicating the level of limb stiffness. RSI-patients
proved to be as proficient as healthy controls in their ability to execute the task
at hand, but differed markedly with regard to force deployment. The patients
initially generated less force while keeping the pen stationary on the digitizer,
yet increased the pressure on the writing stylus vigorously during movement.
Even though the memory task increased pen pressure in both groups, this
increment was significantly larger in the patient group. Our expectations were
hereby confirmed.
The results obtained from the graphical aiming experiment presented in
Chapter 4 raised a new research question: Does motor control differ
fundamentally between RSI-patients and healthy individuals? On the basis of
several animal studies, Byl and colleagues (e.g., 1996, 1997, 1999, 2002)
suggest that this might be the case. Furthermore, patients suffering from RSI
often report diminished control over manual tasks that require dexterity.
Chapter 5 reports a study that was developed to investigate this question.
Patients and healthy controls performed a task in which they had to accurately
generate and regulate isometric forces by pressing a button with their index
finger. They were instructed to maintain force at a visually specified force
target, but at the same time to minimize variability around the force target.
Each trial consisted of matching a steady force at three possible force levels
(7% - 12% - 17% of the participant’s individual maximum force output),
followed by matching a linear force decrement and increment (or vice versa).
These three force levels are representative of the force levels that are controlled
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in normal computer work. The outcome of this experiment was surprising. RSIpatients did, in essence, not differ from healthy participants with regard to
matching steady and increasing forces. However, controlling force decrements
proved to be more variable as patients produced larger oscillations around the
target force. In order to interpret this specific experimental result as a typical
RSI symptom, we needed to consider involvement of the central nervous system
in RSI.
The thesis is concluded by a presentation of the most important findings
and a reflection on the results obtained. Several issues that remained
unresolved and call for further investigation are discussed in Chapter 6.
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Lateralized effects of cognitive task
demands on the kinematics of typewriting∗
ABSTRACT
This study investigated the combined effects of orthographical irregularity
and auditory memory load on the kinematics of finger movements in a
transcription-typewriting task. Eight right-handed touch-typists were
asked to type 80 strings of ten seven-letter words. In half the trials an
irregularly spelt target word elicited a specific key press sequence of either
the left or right index finger. In the other trials regularly spelt target words
elicited the same key press sequence. An auditory memory load was added
in half the trials by asking participants to remember the pitch of a tone
during task performance. Orthographical irregularity was expected to slow
down performance. Auditory memory load, viewed as a low level stressor,
was expected to affect performance only when orthographically irregular
words needed to be typed. The hypotheses were confirmed. Additional
analysis showed differential effects on the left and right hand, possibly
related to verbal-manual interference and hand dominance. The results
are discussed in relation to relevant findings of recent neuroimaging
studies.

∗

This Chapter is based on:
Bloemsaat, G., Van Galen, G.P., and Meulenbroek, R.G.J. (2003). Lateralized
effects of orthographical irregularity and auditory memory load on the
kinematics of transcription typewriting. Psychological Research, 67, 123-133.
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With the rise of cognitive psychology in the 1970s and 1980s, handwriting
and

drawing

became

important

research

topics

in

experimental

psychology that allowed for detailed process-oriented task analyses
(Cooper, 1983; Goodnow & Levine, 1973; Van Galen, 1991). Rumelhart
and Norman (1982) were among the first to develop a formal model of
skilled typewriting that accounted for variations in interresponse times as
a function of changing task demands. Essentially, these authors predicted
that the duration of the interval between consecutive keystrokes depended
on the biomechanical constraints associated with the alternating or
repeated use of the fingers and hands involved. The longest interkey
response interval was hypothesized to be produced when the same letter
was typed twice by one and the same finger. Shorter interkey response
intervals were expected to occur when digraphs needed to be typed with
two fingers of the same hand. Digraphs typed with the same finger of both
hands would result in the shortest interkey intervals. Rumelhart and
Norman's model produced a reasonable good fit with observed durations
of typing movements, but it did not predict the variability of response
times across the repeated typing of a particular digraph nor could it
account for lexical-dependent response delays. In fact, the duration of a
particular interkey interval may indeed depend on the letters and words in
which the digraph to be typed is embedded. An observation supporting
this assumption was reported by Shaffer and Hardwick (1968). They
showed that although skilled typists are able to produce random words as
quickly as prose, their performance deteriorates when they have to type
non-words. Even though in Shaffer and Hardwick's study the typists were
merely requested to copy the words presented to them without the need to
have a full understanding of the words presented, this finding implies that
linguistic task demands may indeed differentially slow down performance.
Whereas Rumelhart and Norman (1982) emphasized the role of
biomechanical interactions between the fingers and hands in typing, other
authors indeed emphasized the more central processes that occur in the
interval between the moment the word is perceived and the moment it is
typed.

Considering

these

models,
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represents only the final stage of the typing process. Ellis (1982), for
example, made a distinction between central information processes
shared by all different output modes for letter strings, i.e., handwriting,
typewriting and speech, and other, more peripheral processes that were
dedicated to each of these output modes. The central processes in Ellis's
model include semantic, syntactic and other linguistic operations, along
with those responsible for either retrieving the spelling of a familiar word
from memory or assembling a plausible spelling of an unfamiliar word or a
non-word on the basis of representations of sounds. The end product of
these central processes is conceived of by Ellis as an abstract graphemic
representation of words in the form of letter strings. Subsequent
peripheral writing processes then translate the abstract graphemic
representation into output-mode specific representations. While in
handwriting, features like shape and height of a letter have to be
controlled by a delicate interplay between movements of the fingers and
wrist, in typewriting the fingers need to produce very precise and welltimed aiming movements in order to make the desired keystrokes. Unlike
Rumelhart and Norman's model, Ellis's (1988) views not only accounted
for performance delays when either central or peripheral processing
demands were temporarily increased but also for various types of speech,
typing and handwriting errors.
Typewriting in every day life does not occur as an isolated, purely
psycholinguistic or motor process. It is embedded in human functioning
as a whole, interacting with other cognitive demands, psychosocial
variables and the physical environment. For example, while typing a text,
typists may simultaneously be involved in a secondary administrative task
or they may mentally prepare for tasks that will require their attention
later that day. Alternatively, they may worry about other aspects such as
their low pay, unpleasant supervisors, poor desk facilities, etc. These
factors might lead to internal verbalizations that may interfere with a
typist's movements considerably (Bergqvist, Wolgast, Nilsson, & Voss,
1995; Bongers, De Winter, Kompier & Hildebrandt, 1993; Tyrer, 1994;
Westgaard, Jensen & Hansen, 1993).
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To date, in most studies of typewriting, linguistic and environmental
stressors have been studied in isolation. In the present study, we
investigated the combined effects of a relevant linguistic and a task
irrelevant non-linguistic demand on the kinematic characteristics of
typewriting in order to disentangle their possibly confounding effects on
performance. In earlier research, Van Galen and co-workers examined
how task variables like accuracy constraints differentially affect movement
production in pointing, drawing, and isometric force-production tasks of
varying complexity (see e.g., De Jong & Van Galen, 1999; Van Galen & De
Jong, 1995; Van Galen, Van Doorn & Schomaker, 1990).
The above-mentioned issues prompted the present research. We
tried to verify the repeatedly found patterns of slowing down and/or
speeding up of typewriting movements under various combinations of task
demands and task context. We mimicked the experiment by Van Gemmert
and Van Galen (1997, 1998) by designing an experimental typing task
which combined a functionally relevant, i.e., linguistic, and a functionally
irrelevant, i.e., non-linguistic task demand. The aim was to gain more
insight into the extent to which a global low-intensity stimulus of which a
stimulus

dimension

needs

to

be

classified

and

remembered,

in

combination with a local relevant task demand, produces effects on
performance that are not easily explained by the pure summation of the
effects of the two demands separately. Further, to explore possible effects
of lateralized hemispheric processes interfering with the execution of
typewriting, we analysed the performance of each hand separately.
During the last decade, functional neuroimaging studies have
become an increasingly important and expanding source for gaining more
insight into neuronal mechanisms. In the discussion of this study, we will
elaborate on possible relations between the behavioural results we have
found in the present experiment and outcomes of functional neuroimaging
studies in the field of psycholinguistics and motor processing.
The main task for the participants, all experienced typists, was to
type, as accurately as possible, strings of words and non-words, presented
to them one after the other on the computer screen. The task was self-
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paced in that the presentation of a word depended on the typing speed of
the participant. For the experimenter, one word in every string of ten
words served as a target word. The target word contained a particular
sequence of two letters (either b-r, respectively r-b, or n-u, respectively un) specifically selected to elicit an inward or outward movement (i.e.,
towards and away from the trunk, respectively) of either the left or right
index

finger.

The

two

letter

sequences

could

occur

in

both

orthographically regular and irregular (or pseudo-words) words (for
examples, see Table 1). All target words, regular and irregular, were
randomly positioned within series of filler words (all regularly spelled
seven-letter words) and were presented to the participants as a
transcription-typing task. The dual task load consisted of a simple
auditory memory task that required the participant to report, at the end of
each string, on the pitch of a tone (either high or low) presented at the
outset of every new string of ten words.

Table 1.
Examples of orthographically regularly and irregularly spelt words.
The letters printed in bold elicited an index finger movement of either the left or
right hand
Dutch words
Orthographically
regular spelling

Translation

Dutch words
Orthographically
irregular spelling

Hand

tolbrug

toll bridge

tolrbug

left

vuurbal

fireball

vuubral

left

januari

January

jaunari

right

afgunst

envy

afgnust

right

The effects of the task variables on the preparation phase and the
three consecutive movement phases were examined separately by
analysing: (1) the time to start typing the critical two-letter sequence after
presentation of the target word, (2) the dwell time on the first key, (3) the
movement time and trajectory length of the index finger displacement
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between the first and second key of each critical keystroke combination
(either b-r and n-u, or r-b and u-n), and (4) the dwell time on the second
key.
Predictions
Our first prediction concerned the influence of lexical irregularity on the
timing of the critical typing movements. As has been mentioned above,
Shaffer and Hardwick (1968) found that when typists produce pseudowords, their performance slows down as compared to when they type
orthographically regular words. We therefore expected that lexical
irregularity would slow down typing. Further, as a result of enhanced
linguistic processing we predicted that preparation time would increase in
the latter condition.
The second prediction concerns the effects of the secondary,
cognitive task. Remembering the pitch of a tone in an orthographically
regular condition was considered not to interfere with the lexical process
of transcription typing because this aspect of the task requires a different
information processing modality. It is assumed to a have a more
generalized effect on activation. Hockey (1970), for example, found that
auditory noise enhances the execution of a tracking task. Van Gemmert
and Van Galen (1997, 1998) demonstrated that an auditory stressor with
a simultaneous cognitive load in a spatial aiming task could improve
motor performance, depending on the nature and extent of the
simultaneous impact of mental load. However, since in half the trials the
memory load also coincided with the typing of orthographically irregular
spelled words, we hypothesized that here the performance would
deteriorate, because in these cases the motor system would already be
challenged by the irregular letter sequence. This was expected to lead to
an increase in movement time. Furthermore, longer movement trajectories
were also expected since earlier research involving handwriting tasks
showed that secondary cognitive demands can produce lengthened
movement paths (Van Der Plaats & Van Galen, 1990).

- 28 -

Lateralized effects of cognitive task demands on the kinematics of typewriting
METHOD
Participants
Nine

skilled,

right-handed

female

typists

were

recruited

via

an

advertisement to participate on a voluntary basis. They signed an
informed consent and were paid for their participation. All participants
had normal or corrected-to-normal vision. The participants' handedness
was briefly examined by observing their writing behaviour, when they
filled out the informed consent. Furthermore, the participants were asked
with which hand they would throw a ball and would put a thread through
a needle. Skilled typists use specific fingers to type specific letters. In the
present experiment it was essential for the participants to exhibit such
consistent typing behaviour. After examination of the kinematic data, one
typist was excluded from further analysis since she did not consistently
use the desired finger-key combinations. The data of the remaining eight
typists (mean age 27 years and 6 months, standard deviation 8 years 9
months) were used for further analysis.
Experimental task
The main task for the participants was to type, as accurately as possible,
a list of words and non-words presented to them one after the other on a
computer screen. The experimental list consisted of 80 strings, each string
containing 10 words and each word built up of 7 letters. One word in
every string served as the target word, randomly appearing as one of the
words between the first and the ninth word in the string. In the target
word a particular sequence of two target letters, which were located either
on the 3rd and 4th or on the 4th and 5th letter positions of that word,
elicited a forward or backward movement of either the left or right index
finger. For the left index finger, the forward and backward movements
were induced by the letter sequences 'b-r' and 'r-b', respectively, while for
the right index finger they were elicited by having the participants type the
sequences 'n-u' and 'u-n'. The straight-line interkey distance in the 'b-r'
and 'n-u' sequences was 5.0 and 4.0 cm, respectively. Half of the target
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words were characterized by an orthographically regular spelling, while in
the other half an orthographically irregular word had to be typed. The
pseudo-words were created by interchanging the target letters at the 3rd
and 4th or at the 4th and 5th letter positions of an originally correctly
spelled word (see Table 1 for examples).
The memory task consisted of a simple auditory memory task.
Before the first word of a string appeared on the screen the participants
were presented with a tone. In the memory condition (ML+), participants
were either presented with a high frequency (1760 Hz) or with a low
frequency tone (880 Hz). The tones differed a whole octave from each
other, making it easy to discriminate between them. After completing
typing the string, the participants had to recall the pitch of the tone that
was presented at the beginning of the trial. In the non-memory condition
(ML-) an intermediate tone (1320 Hz) introduced each string, but it only
served as a starting signal for the next string. All tones lasted 500 ms, 3
seconds after which the first word of a new trial appeared on the screen.
After the fourth letter of a word was typed, the subsequent word appeared.
Consequently, even though the participants were encouraged to type as
fast as possible for as long as possible, the typing task was self-paced.
Figure 1 displays the successive events that occurred within a trial.
Apparatus
The experimental stimuli were presented on the computer screen of a
Tandon 486, 50 MHz PC. This computer activated, via a second slave
computer (100 MHz PC) an Optotrak3020 3D motion-tracking system
sampling the position of small infrared markers (IRED) with high spatial
resolution (less than 0.2 mm in the X, Y and Z dimensions). In the
experiment, IREDs were placed on the nails of the left and right index
fingers. In the traditional ten-fingers typing method these two fingers are
used for making the b-r and n-u sequences. Data were sampled at a rate
of 200 Hz. Further, in order to express the 3D Euclidean IRED positions
relative to the computer keyboard, a rigid 3D-coordinate frame with IREDs
attached to its orthogonally placed legs was placed at the lower left corner
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of the 70 tilt keyboard such that the XY plane corresponded with the
surface of the table. By having related the raw 3D data to the keyboard,
the exact positions of the two IREDs on the index fingers in a taskrelevant, orthogonal coordinate system were determined.
The scheduling of events during an experimental trial
target letter sequence

↓

♪

rugbyen sociale ambitie dessert tolbrug……..…herberg

↓1

↓2

↓3

↓4

↓5
question

500 ms 3 s

4 s data sampling

Figure 1.
Scheduling of events during an experimental trial. Numbers on the
horizontal time axis mean the following: -1- Start of experimental trial with the
presentation of a 1320 Hz tone in the ML- condition (no memory load) and a 880
Hz or 1760 Hz tone in the ML+ condition (memory load). -2- Presentation of the
first word. -3- Upon typing the 4th letter, the next word appeared on the
computer screen. -4- Data sampling started when the target word was presented.
-5- After having typed the last letter of the final word of each string of words, a
question mark was presented. The participant just pressed the spacebar in the
ML- condition. In the ML+ condition the participant was asked to press ‘1’ or ‘2’
for a high or low tone respectively.

Design
Four experimental variables were examined, each of which was varied at
two levels. These were orthographical status (regular and irregular),
memory load (no tone- and tone discrimination), hand performance (left
and right) and direction of movement (forward and backward), leading to a
total of 16 experimental conditions. The performance of both hands was
analysed to control for possible hand dominance differences. The two
directions of movement, forward (b-r, n-u) and backward (r-b, u-n), were
randomized across trials and collapsed in the data analysis.
The three remaining variables were used for further analysis. An
ABBA design was used to control for possible effects of practice with the
dual task. Within the cells of the design, each containing the data of 20
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word strings, the memory load remained the same. Participants were
instructed to recall the pitch of the tone in the 'A' cells and to ignore the
(intermediate) tone in the 'B' cells. Finally, orthographical status and hand
performance were counterbalanced by randomly applying them within
each of the 4 cells of the ABBA design.
Procedure
The participants were seated at a table on a height-adjustable office chair
without armrests, with their feet placed on the ground and a hip-trunk
angle of approximately 90 degrees. The keyboard was firmly attached to
the table. The desired upper body position was 0-deg shoulder flexion, 90deg elbow flexion and 0-deg wrist flexion. The computer screen, also
placed on the table, could be moved in the horizontal and vertical plane to
allow its distance and height to be adjusted to each participant. The
distance between the participant's eyes and the screen was 80 cm. The
height of the monitor was determined in such a way that the head would
be neutrally positioned. All participants were able to work comfortably
and, apart from minor individual differences, all assumed the required
position. After the IREDs had been attached to both index fingernails, the
instructions appeared on the computer screen. Ten practice trials were
offered to allow the participants to familiarize themselves with the
required tasks. During these practice trials the experimenter evaluated
the recordings of the finger-position signals to check for any disturbances
and intervened when they occurred. The actual experiment was started
when the participant indicated to understand the task and had shown to
be able to execute it properly.
For every string of ten words, data sampling started when the 4th
letter of the word preceding the target word was typed (appearance of the
target word) and ended after four seconds. Each trial was monitored online by the experimenter. When the data were considered incorrect, i.e.
participants did not type the target word as presented, the trial had to be
repeated. After forty experimental trials the participant was allowed a one
minute break.
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Data reduction and analysis
By segmenting each of the 4-s records of position data by means of a
semi-interactive computer program, the start of the index finger
movement was determined as well as the precise movement intervals of
the critical target sequences of two letters. The first step was to determine
the boundaries of the two keystrokes. Because the spatial positions (X, Y
and Z coordinates) of the target keys on the keyboard were known, it was
easy to select the relevant total movement interval. Subsequently, this
interval was divided into three subintervals representing the first
keystroke, the flight phase, and the second keystroke by means of an
automatic procedure that identified the relevant local tangential velocity
minima. Subsequently, preparation time, dwell time on each of the two
keys, movement time as well as the trajectory length of the interkey finger
displacement was calculated. The mean values of these measures served
as cell entries for within-subject repeated measures ANOVAs according to
a complete factorial design (orthographical status [2] * memory task load
[2] * hand performance [2]).

RESULTS
Following a brief overall summary of the results related to possible effects
of practice and fatigue, the outcomes will be presented in the order of the
consecutive phases, i.e. the preparation time, the first key press, followed
by the between-key finger displacement and the second key press. It
should be noted that for the particular digraphs under study, the left
hand had to cover a greater distance between the target keys than the
right hand. Consequently, in comparing the role of the two hands absolute
values should be compared with care.
Effects of practice or fatigue and performance errors
To investigate effects of practice or fatigue, the experiment was divided
into four parts of 20 consecutive trials each. The means of preparation
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time, movement time and trajectory length in these four phases of the
experiment were evaluated by means of a one-way ANOVA. None of the
outcomes displayed significant changes during the course of the
experiment, indicating that there were no signs of adaptation or fatigue.
Tone-recall and typewriting errors were also investigated by means of oneway ANOVAs. The analyses indicated no effects of the experimental
variables on tone-recall (6% incorrect recalls), but participants made more
typewriting errors while typing non-words (16%) than typing regular
words (11%), F(1,7) = 3.65, p = .056. Error rate further increased to 21%
for the combined presentation of orthographical irregularity and memory
task load (F(1,7) = 4.91, p < .05). Memory load and the hand used showed
no significant main effects (F(1,7) = 1.15, ns and F(1,7) <1, ns,
respectively). The average typing speed remained constant across the four
phases of the experiment and corresponded to 287 characters per minute.
Start of the index finger movement.
The start of the movements for both index finger trajectories only
differed with respect to orthographical status, F(1,7) = 27.70, p < .05.
Compared to an orthographical regular word, participants needed 295 ms
more time to start typing the irregular target letter sequence, which on
average took 1355 ms. No further significant main effects or interactions
were present.
First key press
Figure 2 shows the effects of orthographical irregularity, memory task
load, and hand used on the dwell time on the first key. Orthographical
irregularity prolonged the dwell time, from 85 ms to 89 ms, of the fingers
on the first key (F(1,7) = 35.20, p < .01). The dual task load, however, did
not differentially affect the dwell time (F(1,7) = 1.30, ns), nor did the use of
either hand (F(1,7) <1, ns) or the interaction between orthographical
irregularity and the memory task (F(1,7) = 2.35, ns). The dwell time on the
first key for the interaction between typing pseudo-words and hand used
was significant (F(1,7) = 11.78, p < .05). In the left hand no differential
effects were found for orthographical status (88 ms versus 89 ms in the
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orthographical irregular condition), but in the right hand, typing pseudowords increased dwell time on the first target key from 82 ms to 89 ms.
Between-key finger displacement
Figures 3 and 4 show the effects of the task variables on the kinematics of
the between-key displacement of the index finger. Orthographical
irregularity prolonged the duration of the interkey finger displacement
(F(1,7) = 20.29, p < .01). The mean movement time of the between-key
finger displacement increased from 178 ms in the orthographical regular
condition to 215 ms in the orthographical irregular condition. No effects of
pseudo-word typing were found on trajectory length (F(1,7) = 1.33, ns).
Further, dual task load displayed no effects on movement time (F(1,7) <1,
ns), but a small effect on trajectory length (F(1,7) = 11.00, p < .05). Dual
task load increased trajectory length by 1.6 mm to 61.0 mm.
First Key Press

Interkey Interval

■ = orthographically regular
■ = orthographically irregular

ML- = no memory load
ML+ = memory load

120

250
230

100

movement time
(ms)

dwell time
(ms)

110

90

80

210
190
170

70

150
ML- ML+
LEFT

ML- ML+

ML- ML+
RIGHT

Figure 2.
Means and standard
errors of dwell time on the first key
press

ML- ML+

Figure 3. Means and standard
errors of the movement time of
the inter-key finger displacement
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The right hand needed overall less time (190 ms) to travel the
distance between the target keys than the left hand (203 ms), F(1,7) =
5.62, p = .05. While movement time between the hands only varied 7%,
the participants, on average, realized a 34% larger trajectory with their left
index finger (68.8 mm) compared to their right index finger (51.5 mm;
F(1,7) = 284.83, p < .01). This can be explained by the principle of
isochrony, which is the tendency in repetitive movements to maintain
movement duration constant over different trajectories (Viviani &
Schneider, 1991).
The interaction between orthographical irregularity and memory
load proved to be significant (F(1,7) = 6.06, p < .05). Whereas in the case
of orthographical regular words, global memory load decreased movement
time by 11 ms to 172 ms, in combination with orthographical irregularity
it prolonged movement time from 209 ms to 220 ms (Figure 3). No
significant trajectory length differences were observed for this interaction
(F(1,7) <1, ns), indicating that trajectory length was not responsible for
this interaction.
To recapitulate, so far we found confirmation for most of our
hypotheses formulated in the introduction. As was expected from many
previous studies, pseudo-word typing lengthened movement preparation
time as well as movement time considerably (more than 20%). The first
key presses exhibited also a significant effect, though this effect was
smaller (5%). The interaction between orthographical irregularity and the
memory task showed effects of increased effort by the neuromotor system
to cope with simultaneous appearing stressors, especially resulting in
prolonged

movement

times.

Preparation

time,

however,

was

not

differentially influenced by the combination of orthographical irregularity
and memory load.
In the introduction we raised the question whether performance
differed between the hands as a possible sign of hemisphere confined
linguistic processes. Visual inspection of Figure 4A, displaying the movement
times as a function of the load variables split apart for the left and right
hand, indicated that different patterns of activation might be present.
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Interkey Interval
■=
■=

orthographically regular
orthographically irregular

A

B

250

45
mean tangential velocity
(cm/s)

75
70
trajectory length
(mm)

230
movement time
(ms)

ML- = no memory load
ML+ = memory load

210
190
170

65
60
55
50
45

150

40

C

40
35
30
25
20

ML- ML+

ML- ML+

ML- ML+

ML- ML+

ML- ML+

ML- ML+

LEFT

RIGHT

LEFT

RIGHT

LEFT

RIGHT

Figure 4.
Means and standard errors of the movement time (A), trajectory
length (B) and the mean tangential velocity (C) of the inter-key finger
displacement

However, none of the higher order interactions between hand performance
on the one hand and lexical load / memory load on the other actually did
reach significance. Presumably, the different trajectory lengths for the left
and right hand (see Figure 4B) obscured the higher order interactions in
the time domain. Therefore, to give more insight into the possibly different
roles of the two hands while at the same time taking into account the
different trajectory lengths, we analysed the mean tangential velocity or
M-Vel (see Figure 4C). The mean tangential velocity varied, as expected,
significantly between the hands (F(1,7) = 62.32, p < .001); the left hand
moved at 36.99 cm/s while the right hand moved on average at a slower
pace of 29.62 cm/s.
In line with the movement time findings, overall M-Vel of the finger
displacements decreased from 35.2 cm/s to 31.4 cm/s (F(1,7) = 20.02, p <
.005) due to orthographical irregularity. Memory task load did not lead to
significant

differences

(F(1,7)

<1.1,

ns).

The

interaction

between

orthographical irregularity and memory load showed a strong trend
towards significance (F(1,7) = 5.24, p = .056). Apparently, memory load
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combined with the typing of orthographical regular words speeded up the
mean tangential velocity, compared to the no-load condition (no memory
load and no orthographical irregularity), from 34.19 cm/s to 36.16 cm/s,
while memory load in combination with orthographical irregularity
resulted in the lowest M-Vel (31.05 cm/s; see Figure 5A).
Figure 5B displays the effects on mean tangential velocity of the
orthographical irregularity - used hand interaction (F(1,7) = 13.82, p <
.01). As can be seen in the figure, orthographical irregularity lowered
velocity in both hands. However, mean tangential velocity clearly
decreased more in the left non-dominant hand (from 39.77 cm/s to 34.21
cm/s) than in the right dominant hand (from 30.58 cm/s to 28.66 cm/s).
The 3-way interaction between hand performance, memory load and
orthographical status was not significant (F(1,7) <1, ns).

Interkey Interval
A

B

mean tangential velocity
(cm/s)

40

MLML+

=
=
=
=

orthographically regular
orthographically irregular
no memory load
memory load

mean tangential velocity
(cm/s)

■

45 ■

35
30
25
20

45
40
35
30
25
20

ML-

ML+

LEFT

memory load * orthographical irregularity

RIGHT

hand * orthographical irregularity

Figure 5. Means and standard errors for the mean tangential velocity of the
inter-key finger displacement
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Second key press
The effects of the task variables on the dwell time on the first key and on
the kinematic features of the interkey displacement between the two key
presses under study did not show up in the dwell time on the second key.
As can be seen in Figure 6, orthographical irregularity did not affect the
dwell time on the second key (F(1,7) <1, ns), which was identical in both
hands (F(1,7) <1, ns). The memory load, however, did result in a small
decrease (of 3 ms) of the dwell time on the second key to an average of 90
ms (F(1,7) = 10.28, p < .05).

120

dwell time
(ms)

110

■
■

= orthographically regular
= orthographically irregular

MLML+

= no memory load
= memory load

100
90
80
70
MLML+
LEFT

MLML+
RIGHT

Figure 6. Means and standard errors of the dwell time on the second key press

The 2-way interaction between orthographical status and hand was
significant (F(1,7) = 13.01, p < .01). Orthographical irregularity increased
dwell time on the second target key in the left hand while decreased it in
the right hand. The 3-way interaction between all factors also proved to be
significant (F(1,7) = 7.02, p < .05). Additional separate analysis for the left
and right hands were performed. As can be derived from Figure 6 (left
hand bars), the typing of pseudo-words led, in the left hand, to a
significant increase of the dwell time on the second key (F(1,7) = 5.90, p <
.05), while memory load (F(1,7) = 5.47, p = .052) and the 2-way interaction
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(F(1,7) = 5.05, p = .059) showed trends towards significant differences. The
separate analysis of the right hand only showed a tendency towards
significance for the effects of orthographical irregularity (F(1,7) = 5.40, p =
.053). In this condition, however, and opposite to the effects found in the
preceding phases, dwell time on the second key was shortened with 5 ms
to 92 ms when participants typed orthographical irregular words.
To summarize, orthographical irregularity generally increased movement
time. Though the left index finger had to travel a greater distance between
the target keys than the right index finger, movement time of the left index
finger was not proportionally longer, which possibly reflects that
participants strived towards isochronicity. As to the interaction effects of
orthographical irregularity and performing hand, analysis of the mean
tangential velocity showed that the decrease of M-Vel as a function of
orthographical irregularity was far more pronounced in the non-dominant
left hand compared to the decrease in the dominant, left hemisphere
controlled right hand. Finally, orthographical irregularity seemed to have
lost its effect at the end of the target letter sequence.

DISCUSSION
The aim of the present study was to investigate how motor performance in
a continuous transcription typing task is affected when, in addition to
manipulating psycholinguistic variables, these variables are in turn
embedded in a secondary dual task of different modality. Previous
research by Van Galen et al. (1990), Van Gemmert and Van Galen (1998)
and Van Galen and Van Huygevoort (2000) examined how various task
stressors differentially slow down movement production in pointing,
drawing, and isometric force-production tasks of varying complexity. In
this study we extended the scope of Van Galen and co-workers' findings to
the area of typewriting. As announced in the introduction, we further
wanted to link our data with outcomes from recent studies in the field of
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functional neuroimaging, hoping that it could provide us with additional
insights to explain the results.
Lexical load
In line with Shaffer and Hardwick (1968) we expected that chronometric
measurements would reflect a slowing down in performance when
participants needed to type orthographically irregular words. This
prediction was confirmed. Firstly, this was the case in the preparation
period where we found a 28% increase of the duration of the interval
between the appearance of the target word after pressing the fourth letter
of the previous word up to pressing the first key of the two letter target
sequence. What we regarded as the preparation period, actually was
determined by a collection of perceptual, attention, linguistic and motor
processes, of which the durations were not separately measured in our
experimental setup. The increase of duration we found in the preparation
phase would thus reflect changes of one or more of the processes involved
in transcription typing. Several studies have reported increased lexical
decision times for pseudo-words compared to words and for low-frequency
words compared to high-frequency words (Allen, Wallace & Weber, 1995;
Fiebach, Friederici, Müller & Von Cramon, 2002; Forster & Bednall, 1976;
Simos et al., 2002). Initially the effects were thought to be the result of a
prolonged single serial searching process in a frequency ordered mental
lexicon. At the present time, it is assumed that a network of different
processes act upon word recognition. In this study it was not a goal to
contribute directly to the present debate within cognitive psychology
whether word and pseudo-word recognition/ pronunciation relies on a
dual route mechanism or is resolved by a single computational neural
network. A more general conclusion of research on word recognition tasks
is that several brain areas show differential activation patterns for the
lexical status of the words that were involved. Fiebach et al. (2002) for
example, reported increased activity in left Brodmann's area (BA) 45 when
a high-frequency word was presented, while activity in left BA 44 was
raised when low-frequency words and pseudo-words were presented.
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Rumsey et al. (1997) found increased activation of BA 44 in pseudo-word
decision making relative to real word decision making. Varying or different
involvement of brain areas in word processing could explain the
distinctions in the chronometric domain of word recognition.
In spite of a large increase in preparation time, the presentation of a
pseudo-word elicited only a small increase on the time of the first key
press (5%) and had no significant effect on the second key press. The
interkey finger displacement time, however was again considerably
lengthened by 21%.
So besides increased processing times, typing of the critical letter
sequence was also prolonged. The lexical status of a word clearly
interfered with the production of the word, which is in agreement with the
outcomes of earlier experiments (Gentner, Larochelle & Grudin, 1988;
Inhoff, 1991; Massaro & Lucas, 1984). Other forms of language
production like speech (Forster & Chambers, 1973) and writing (Orliaguet
& Boë, 1993; Portier, Van Galen & Thomassen, 1993) have reported
similar reduced tempi while expressing words of increased complexity.
From a phylogenetic point of view, it can be hypothesized that speech
evolves from more primitive hand gesture communication. It therefore
seems plausible to assume that several processes, but certainly not all,
involved in written or typed language production show large overlap with
verbal production of language (Bonin, Chalard, Méot & Fayol, 2002;
Caramazza, 1997).
An interesting outcome of studies by Fiez, Balota, Raichle and
Petersen (1999) and by Rumsey et al. (1997) is that the motor cortex is
found to be more active during the pronunciation of pseudo-words than of
low-frequency

words.

Furthermore,

it

was

demonstrated

that

the

supplementary motor area or SMA was more active during reading of nonwords than of high-frequency words (Fiez et al., 1999). The control of
simple and complex hand movements involve neural networks within the
ventral premotor cortex lying in BA 44 (Binkofski et al., 1999),
supplementary motor cortex, primary motor cortex (Gordon, Lee, Flament,
Ugurbil & Ebner, 1998). Neuroimaging studies have revealed increased
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activation of the SMA in the preparation and execution of complex motor
tasks as compared to more simple ones (Boecker et al., 1998; Catalan,
Honda, Weeks, Cohen & Hallett, 1998). Behavioral support for increased
SMA involvement in complex hand movements was provided by Gerloff,
Corwell, Chen, Hallet and Cohen (1997). When they applied transcranial
magnetic stimulation (TMS) to the SMA area, it induced errors in complex
sequential behaviour of the hand but did not interfere with the simpler
hand movements.
A possible explanation for the slowing down of the typewriting
movements, as was reported for the pseudo-words, could reflect
interference stemming from increased activation of the SMA due to more
complex phoneme - to - grapheme processing, with areas within the SMA
responsible for the sequencing of complex finger movements that are
required for typewriting. Without adaptation mechanisms, this could lead
to performance inaccuracies, for example, increased numbers of typemismatches. The experimental task, however, was to copy-type the
presented words, thus not allowing for these mistakes to be made. This
might have forced the participants to apply strategies to comply with the
task demands. A number of studies investigated the possibility of on-line
programming in hand movements of different motor and cognitive
complexity. Next to pre-programming, it was suggested that on-line
programming serves as a strategy to copy with increased movement
complexity (Portier & Van Galen, 1992; Smiley-Owen & Worringham,
1996). In the more recent work by Van Galen and co-workers it was
proposed that biomechanical adaptation such as increased muscle and
limb stiffness could provide a suitable degree of freedom for maintaining
spatial

accuracy

during

increased

processing

demands.

Stiffness

enhancement would filter the effect of the spreading of neuromotor noise
due to enhanced processing, but, at the same time, it would lower the
biomechanical gain of the limb, resulting in longer movement times as
well. Recent evidence for a more dynamical view of on-line processing
effects was published in Van Galen and Van Huygevoort (2000) and in
Van Galen, Müller, Meulenbroek and Van Gemmert (2002).
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Dual-task load
The second theme formulated in the introduction was the effect a
secondary low-level cognitive stressor has on the kinematics of typing.
First, to get an indication of the complexity of the secondary task, we
calculated the percentage of incorrect recalls on the height of the pitch.
Remember that the difference in pitch interval was a whole octave (1:2, or
880 Hz versus 1760 Hz). In only six percent of the trials the participants
gave the wrong answer and no significant effects were found for the
manipulated variables, indicating that the secondary task was, from a
cognitive and perceptual point of view, not a difficult one. However, we can
not be certain in what way participants remembered the pitch of the tone.
Because we did not give specific instructions, it could either be processed
verbally, acoustically, or by both modalities simultaneously. A functional
brain imaging study by Breier, Simos, Zouridakis and Papanicolaou
(1999) found equal distribution in cerebral activation between both
hemispheres in a tone-recognition task. This result would at least rule out
verbal memorizing as the single mechanism in the tone memorizing
condition.
We hypothesized that remembering the pitch of a tone while typing
regular words was considered not to interfere with the lexical process of
transcription typing because this aspect of the task requires a different
information processing modality. However, since in half the trials the
memory load also coincided with the typing of pseudo-words, we
hypothesized that here the performance would deteriorate because in
these cases the motor system would already be challenged by the irregular
letter sequence. As was shown in the results section, we found
confirmation for the above described interactive effects of the lexical
status of a word and the dual task. Even more, performance was
enhanced by the single presentation of the auditory memory task, which
agrees with the spreading of bilateral hemispheric activity in the tone
recall task of Breier et al. (1999). It gives support to our assumption that
the auditory task load has a more generalized influence on brain
activation.
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Verbal-manual interference
As a last topic, we explored possible effects of lateralized hemispheric
processes interfering with the execution of typewriting by analysing the
performance of each hand separately. Many studies have reported on the
effects

of

verbal-manual

interference

when

the

right

hand

was

simultaneously engaged in a linguistic task (e.g. Kinsbourne & Cook,
1971; Kinsbourne & Hicks, 1978; McGowan & Duka, 2000). Mildner
(2000) studied the effects of interference between manual and verbal
performance on two types of concurrent verbal-manual tasks. Where
motor performance of both hands was significantly influenced by a
complex verbal task, a less complex task only significantly influenced
performance of the right hand. This is a common outcome in manualverbal studies, suggesting spreading of activity to adjacent cortical areas.
In our experiment, however, we observed that the right hand,
relative to the left non-dominant hand, exhibited a smaller performance
loss in the orthographically irregular condition. Analysis of the mean
tangential velocity showed that for the left hand, memory load had no
effect while typing pseudo-words decreased it by 14% compared to the
regular word condition. In the right hand, the decrease resulting from
orthographical irregularity being only 6%, was far less pronounced.
Apparently, the dominant right hand, although mainly controlled by
structures within the linguistic left hemisphere, seems capable of
neutralizing the disturbing influence from nearby positioned cortical areas
to a certain extent. This would suggest a hand dominance effect on
movement stability. Indications that the dominant hand is more stable
than the non-dominant hand have previously been found in tapping
studies (Peters, 1980; Sternrad, Dean & Newell, 2000; Todor & Kyprie,
1980) and in tapping tasks with concurrent verbal reading (Hiscock &
Inch, 1995). A possible explanation for the found differences between our
and many other studies on verbal-manual interference, is that the latter
studies often examine the changes on maximum performance (e.g. tapping
rate, verbal production) as a measure of the interference. The functioning
of the system would then give an indication of the remaining capacity. We,

- 45 -

Chapter 2
however, examined performance in a ecologically more valid task, namely
that of transcription typing, involving both hands simultaneously in the
production of words and pseudo-words. Assuming that the right hand has
more spare capacity than the non-dominant left hand, it would resist
longer against a stressor such as presented in our experiment.
Alternatively, more spare capacity for the movement of the right
hand could also have evolved from the smaller distance it had to cover
relative to the left hand between the target keys, consequently requiring
less visuo-motor processing. This explanation is in line with Fitts (1954),
who assumed that motor control in essence shows similarities with the
processing of information through noisy channels. If Fitts' law would
apply, we should have found a larger difference between the movement
times of the left and right index finger in the non-loaded conditions. This
effect did not occur in the present experiment. We cannot, however, be
absolutely certain that decreased processing demands were not present
for the right hand at a neuronal level since the isochrony principle (Viviani
& Schneider, 1991) might have obscured the outcome. Because the left
hand, which is travelling a longer distance, had to develop a higher
movement velocity to accomplish the isochrony principle, it might have
happened that fewer control resources had been left for handling the
lexical abnormality.
Further studies, in which the stress level of the task-irrelevant
stressor will be systematically varied, are indeed needed to substantiate
the tentative inference we have drawn from the present findings. Future
experiments should also include direct measurements of muscular
activation patterns (e.g. through application of EMG measurements) to
study whether or not the combination of task-relevant and task-irrelevant
stressors perhaps increase muscular activity in general or task-irrelevant
cocontraction levels in particular (cf. Van Galen, 1991; Van Galen et al.,
1990, and Van Galen & De Jong, 1995). This would give us the
opportunity to investigate a current actual problem: the growing incidence
of musculoskeletal disorders in office workers that seem to evolve, among
other things, from cognitive and psychological stress-related factors. In
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recent research on the ergonomic implications of keyboarding, higher
stiffness levels under conditions of mental stress also have been
attributed a role in the causation of Repetitive Strain Injury (Westgaard,
1999). Results from neuroimaging studies could provide us with tools to
map cortical reactions on both external and internal stressors. By
coupling peripheral kinematic effects with the reactions on a neuronal
level, valuable information on possible mechanisms of importance for
developing musculoskeletal complaints of the upper extremity can be
gathered.
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Differential effects of mental load on
proximal and distal arm muscle activity∗
ABSTRACT
Musculoskeletal complaints or Repetitive Strain Injuries (RSIs) that result
from keyboarding tasks are prevalent and costly. Although the precise
mechanisms causing the disorder are not yet fully understood, several risk
factors have been proposed. These include, beside the physical factors, also
more psychological factors such as mental load. Epidemiological surveys
have shown that RSI is more prone to develop in the postural muscles of the
neck/shoulder area than in the executive muscles controlling the hand. The
present study investigated whether the activation patterns of these two
muscle types are differentially affected by an additional mental load during
the performance of a repetitive tapping task. Participants tapped various
keying patterns with their dominant index finger at two prescribed tempi.
Mental load was manipulated by means of an auditory short-term memory
task. EMG activity of several arm, shoulder and neck muscles was evaluated.
The results confirmed that the upper limb has two functions. Specifically,
activity of the executive distal musculature was increased during tapping at
the higher pace, while the activity of the postural upper limb musculature
was elevated due to the memory task. The results are discussed with respect
to biomechanical adaptation strategies that deal with the consequences of
increased noise in the neuromotor system due to enhanced mental
processing.

∗

This Chapter is based on:
Bloemsaat, J.G., Meulenbroek, R.G.J., and Van Galen, G.P. (2005). Differential
effects of mental load on proximal and distal arm muscle activity. Experimental
Brain Research, 167, 622 - 634.
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Keyboarding tasks are embedded in daily human functioning and their
performance is thus continuously affected by other cognitive, psychosocial
and physical demands. When typing a manuscript, for instance, an
approaching deadline may induce stress in the author or he may be mentally
preparing himself for tasks that will require his attention later that day.
Furthermore, the keyboarder needs to cope with all kinds of sounds or noise
emanating from the environment. These internal and external stressors may
all strongly interfere with the precise keyboard movements the fingers, hands
and arms need to make. From epidemiological studies (Bongers, De Winter,
Kompier & Hildebrandt, 1993; Bongers, Kremer, & Ter Laak, 2002; Haufler,
Feuerstein, & Huang, 2000; Macfarlane, Hunt, & Silman, 2000; Melin &
Lundberg 1997; National Research Council, The Institute of Medicine 2001)
it has become clear that job demands and other physical and psychosocial
stressors increase the likelihood of keyboarders developing musculoskeletal
complaints of the upper limbs, also known as Repetitive Stain Injury (RSI).
Why and how these complaints develop is still subject of debate (see for a
recent review Visser & Van Dieën, 2006). However, there is a growing
consensus that the repetitive nature of the motor task, resulting in local
muscular overuse, together with sustained static working postures are
among the main provoking factors of RSI, and that these risk factors are
strengthened by the abovementioned psychosocial and mental stressors.
Additionally, a personality trait like perfectionism could prevent people to
quit typing as fatigue sets in (Van Eijsden-Besseling, Peeters, Reijnen, & De
Bie, 2004).
Recently, Van Gemmert and Van Galen (1997; see also Van Galen &
Van Huygevoort, 2000; Van Galen, Müller, Meulenbroek, & Van Gemmert,
2002)

provided

a

theoretical

framework

to

explain

why

and

how

cognitive/psychological stressors may interfere with motor performance and
eventually lead to RSI. The theory emphasizes that producing movements
efficiently requires the delicate control of intrinsically noisy musclerecruitment signals. Besides neurophysiological and biomechanical sources
of variability, neuromotor signals are, according to the theory, also
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contaminated by the variability originating from mental and psychological
processes.
Recent physiological measurements support the notion that cognitive
activity influences the variability of peripheral muscle-recruitment processes.
Ribot-Ciscar, Rossi-Durand, and Roll (2000), for instance, demonstrated
enhanced muscle-spindle activity in subjects performing mental arithmetic,
showing that cognitive processing may alter the muscles’ sensitivity to
length-change. We will expand on this issue in the discussion section.
As has been shown in many studies, mental and psychological
stressors can influence motor performance in the sense the spatial accuracy
or movement velocity alter. However, acceptable levels of performance can be
maintained by resorting to adaptive movement strategies that either reduce
the overall level of intrinsic neuromotor noise itself or minimize the
detrimental effects of increased noise levels on performance. One such
strategy is the control of velocity (Harris & Wolpert, 1998). Moving at a lower
velocity requires a less vigorous set of motor commands that exhibits less
noise than the motor-command pattern associated with at higher speeds.
Obviously, due to the work pressure common in real-life working conditions,
this strategy is not always apposite.
An alternative strategy to increase the effectiveness of the control
signal is to low-pass filter the outgoing motor signals by setting a taskappropriate level of muscle and joint stiffness (Franklin, Burdet, Osu,
Kawato, & Milner, 2003; Van Galen & Schomaker, 1992). Task-appropriate
stiffness levels can be achieved by coactivating or cocontracting antagonist
muscles of the relevant effector system. By changing the level of
cocontraction, viscoelastic properties of the joint and muscles, and thus the
whole limb-effector system alter (Hogan, 1984; Milner, 2004). Increased limb
stiffness as a mechanism to adapt to changing physical and spatial task
requirements has been demonstrated in e.g. graphical aiming (Van Gemmert
& Van Galen, 1997), writing (Meulenbroek, Van Galen, M. Hulstijn, W.
Hulstijn, & Bloemsaat, 2005), pointing (Gribble, Mullin, Cothros, & Mattar,
2003; Laursen, Jensen, & Sjogaard, 1998), catching a ball (Lacquaniti &
Maiolo, 1987), pinching (Danion & Gallea, 2004; Serrien, Kaluzny, Wicki, &
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Wiesendanger, 1999), and even after congenital brain damage (Van Roon,
Steenbergen, & Meulenbroek, 2005). Besides the influence of spatial and
physical demands, the dynamics of motor performance in fine motor tasks
also changes by cognitive demands. Van Gemmert and Van Galen (1997),
and Van Galen and Van Huygevoort (2000) showed increased pen pressure,
which is an expression of increased limb stiffness (Wann & Nimmo-Smith,
1991), in cognitively more demanding task conditions. Thus, stiffness
regulation through cocontraction appears to be a strategy to deal with
uncertainties in the motor signal in order to maintain performance at a
satisfactory level. However, the strategy is metabolically costly and exposure
studies have demonstrated that when muscles continuously work at a low
intensity, signs of fatigue already become manifest after one hour (Fallentin,
Sidenius, & Jorgensen, 1985; Sjogaard, Kiens, Jorgensen, & Saltin, 1986). In
this sense, modulating muscular cocontraction is a risky and, in the longterm, a potentially harmful movement strategy. Indeed, we showed that RSIpatients displayed pen pressure increments that were a fourfold of that of the
healthy controls (Bloemsaat, Ruijgrok, & Van Galen, 2004).
Movements generated with a writing stylus can be compared with
those generated with a computer mouse since both tools afford fast and
accurate movements on a flat surface. Results from experiments in which a
ballpoint pen was used suggest that the activity of the entire arm
musculature is augmented under increased processing demands. However,
in a recently conducted, non-published (Bloemsaat, 2003), key-tapping
experiment we found effects of increased cognitive demands in the trapezius
descendens muscle but not in the finger flexors. Given that epidemiological
surveys show that in workers using visual-display terminals proximal
(neck/shoulder) complaints are reported more frequently than distal
(forearm/wrist/hand) complaints (Blatter, Bongers, Kraam, & Dhondt, 2000;
Palmer, Cooper, Walker-Bone, Syddall, & Coggonn, 2001), we reasoned that
cognitive load and spatial task demands might have differential effects on the
contraction patterns of distal and proximal musculature. More specifically,
we considered two possibilities: (1) that the activation of the proximal
muscles of the upper-limb segments are more susceptible to cognitive task
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demands than activation of the muscles
of

the

distal

segments,

the

latter

specifically highlighting spatio-temporal
demands, or (2) that the muscles of the
proximal

and

distal

segments

are

equally reactive to increased mental and
spatio-temporal processing. If the first
option is true, then increased cognitive
task demands should increase the
activity

of

proximal

muscles

only.

Conversely, if the second possibility
holds, an overall increase of muscular
activity should be found in the entire
arm under increased mental and spatiotemporal load conditions. Finally, we
expected a further increase of muscular
activity when participants have to move
at a higher pace during the concurrent
mental processing task. To test these
Figure 1. Schematic representation
of the experimental set-up. Panel a:
View of participant; Panel b: Tablet
configuration. Keys 1–4 were used in
the tapping task. The arrows indicate
the three cyclical tapping patterns.
Subjects pressed keys A-C to give
their motor judgment regarding the
(dis)similarity
of
the
presented
auditory stimuli. Panel c: The
stimulus screen.

hypotheses we conducted an experiment
in which we asked participants to tap a
repetitive

pattern

of

predefined

keystrokes with their dominant index
finger (for the patterns, see Figure 1b).
The task was to be performed at two
different speeds. The secondary task
used

to

manipulate

mental

load

consisted of an auditory memory task. Participants listened to a 5-tone sequence
that was presented prior to the tapping task and were instructed to memorize this
tone sequence and compare it to a second 5-tone sequence that would be
presented after they had completed the tapping task. Besides muscular activity,
we analysed the kinematics of the movements generated by the index finger during
the tapping task, as well as the impact forces the finger exerted on the keys.
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METHOD
Participants
Fourteen healthy, right-handed adult participants (5 men, 9 women)
volunteered to take part in the experiment (mean age 26 years, SD 2
years, 8 months). All participants had sufficient experience (3 years or
more) with the computer keyboard and had normal or corrected-tonormal vision. They received payment or course credits for their
participation. The local ethics committee approved the experimental
protocol and all subjects signed an informed consent form, as required by
the 1964 Declaration of Helsinki.
Apparatus
Participants were seated in a height-adjustable chair at a heightadjustable table, 1 meter in front of a 19-inch computer screen. A force
tablet (size 15×15 cm) consisting of five regular keyboard keys (distance
between adjacent keys measured from centre to centre was 1.8 cm) was
mounted on the table. Each subject sat in a relaxed posture with the
right upper arm suspended alongside their trunk and the elbow flexed at
900, the forearm stabilized on an armrest (for the subject’s position and
key configuration see Figure 1, panels a and b). The tablet was positioned
such that the stretched hand and index finger could easily press the top
(farthest removed) key (2). Furthermore, the tablet was rotated such that
the subject’s forearm, hand and index finger were in line with the vertical
row of keys (2-3-4), i.e. the wrist was positioned in a neutral posture.
Task and procedure
The participants were asked to perform visually guided, rapid tapping
movements with their right, dominant index finger. The tapping rate was
manipulated at 4 Hz (.25 s. inter-key interval) and 3 Hz (.33 s. inter-key
interval). Subjects tapped one of three possible repetitive key patterns
presented on the computer screen: (1) a vertical two-key combination, (2) a
vertical three-key combination, or (3) a three-key combination containing a
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90° angle (Figure 1b). Each pattern had to be tapped in a back and forward
movement sequence. To manipulate the cognitive task demands, we made
use of a short-term memory task that had already proven to be effective in
previous pilot experiments [2003] in that the task had elicited errors and had
thus necessitated the subjects to maintain certain levels of concentration.
The task required subjects to discriminate between two 5-tone sequences
(produced by a mouth organ tuned in C), one presented at the beginning of
each trial, i.e. before the actual tapping began, and one after the trial had
been completed. In the memory-load condition the sequences were randomly
comprised of three tones (tone duration 0.7 s, inter-tone interval 0.3 s,
loudness 60 dB). The second sequence could differ from the first sequence on
one or two tones. The subject judged the two sequences by pressing one of
the keys that were assigned the letters A, B and C (see Figure 1b): key A for
equal sequences, and keys B or C for one or two differences, respectively. In
the control condition (no memory load) all five tones were equal in both
sequences and subjects always pressed key B. By pressing one of the keys
(A, B or C) the trial ended.
After having given the participant written and verbal instructions,
the experimenter prepared the EMG electrode locations by cleaning and
rubbing the skin with alcohol and gel until skin resistance was below 10
kΩ, after which he placed the electrodes on the muscles under study (for
more details, see section on data acquisition). Subsequently, one infrared
marker was placed on the index finger’s nail and one on the styloid
process of the ulna. Signals were tested for quality and specification, i.e.
whether cross-talk stemming from adjacent muscles appeared. EMG
activity,

kinematic

and

kinetic

data

needed

for

calibration

and

synchronizing purposes were collected both under conditions of rest and
activity. Figures 2 and 3 display a typical trial. At the beginning of each
trial, the starting screen (as depicted in Figure 1, panel c) was activated
showing a red dot, immediately followed by the presentation of the first
series of five tones, after which a two-second visual presentation of the
tapping pattern appeared.
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Figure 2.
Three-dimensional representation of a 90° tapping pattern. The figure
shows position data of the index finger.

Following the pattern presentation, the colour of the dot changed from red to
yellow. This indicated the subject to place and hold his/her index finger on
the lower key until, after a random delay of 1.9 – 2.4 s, the colour of the dot
turned to green signalling he/she should start tapping without delay.
Simultaneously, a speed-feedback cursor appeared. Depending on the
difference between the adopted keying speed and the required tempo, the
cursor either moved into the red left-hand side of the bar when the tempo
produced was too low or to the bar’s red, right-hand side when the tempo
was too high. The cursor moved into the central green area when subjects
adhered to the correct tempo. Three seconds after the subjects had produced
three consecutive back and forward repetitions of a tapping pattern in the
correct tempo, the cursor disappeared, after which the green dot turned
yellow, indicating that the index finger had to be placed back onto the lowest
key of the tablet. One second later the second tone sequence sounded.
Pending this presentation, the subjects again kept their right index finger on
the lower key. After the last tone sounded, the subjects pressed one of the
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Figure 3.
Velocity, force, and EMG functions of a typical trial. Numbers 1–10
represent successive events: -1- presentation of first 5-tone sequence, -2presentation of tapping pattern, -3- placement of the index-finger on key no 4, -4appearance of cursor, -5- start of tapping, -6- three cycles used for the analysis, -7end of tapping, -8- placement of the index-finger on key no 4, -9- presentation of
second 5-tone sequence, -10- key press of memory task marking the end of the trial.

response keys (A, B or C). One experimental trial lasted, on average, thirty
seconds.

After

visual

inspection

and

approval

of

the

signals,

the

experimenter started the next trial. If subjects failed to produce the correct
tempo within eight seconds after appearance of the green dot, the trial was
repeated immediately.
Prior to the experimental trials the subjects performed a series of 13
practice trials allowing them to master the task at hand. The experiment
proper consisted of a total of 72 trials divided into 4 blocks of 18 trials.
Within each block, memory load was held constant (A-memory load, B-no
memory load) and counterbalanced according to an ABBA or BAAB design.
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Participants were aware when they had to memorize the tone sequence by an
indication of the experimenter. Each of the four blocks was subsequently
divided into two smaller blocks of nine trials each. Within these smaller
blocks, tempo (either 3 Hz or 4 Hz) was held constant. The tapping pattern
varied quasi-randomly from trial to trial. After every 18th trial, subjects were
given a 1-minute break to avoid fatigue.
Data acquisition
The tablet was mounted via a custom-made construction (Instrumentation
Service, Radboud University, Nijmegen) on a single load cell (DS EUROPE,
BC302 miniaturized compression load cell, range 0–6 kg, sensitivity 5.5
gram/milliVolt), which in turn was connected to a custom-made amplifier
(Electronic Research Group, NICI, Radboud University, Nijmegen). We
recorded position data of the index finger and the forearm using an Optotrak
3020 3D motion-tracking device (Northern Digital), sampling 5×5 mm
infrared markers (IREDs) at 200 Hz. Raw EMG activity was sampled at 2 kHz
using the Fysioflex (CMRR 90 dB, high-pass 20 Hz, low-pass 500 Hz), an
EMG-interface module consisting of a custom-made, front-end physiological
amplifier (Medical Instrumentation Service, Radboud University, Nijmegen).
Adhesive, disposable pre-gelled Ag/AgCl surface EMG disc electrodes (Ø 9
mm, inter-electrode centre-to-centre distance 2 cm) were placed in a bi-polar
derivation, parallel to the fibres at the bellies of the muscles under study,
with the reference electrode placed on the spinous process of the seventh
cervical vertebra. We measured muscles primarily involved in movements of
the hand/wrist (Flexor Digitorum Superficialis, FDS; Extensor Digitorum,
ED; Extensor Carpi Radialis Longus, ECR; Extensor Carpi Ulnaris, ECU), of
the elbow (lateral aspect of the Biceps Brachii Long Head (Ter Haar Romeny,
Van Der Gon, & Gielen, 1984), BIC; Triceps Brachii Lateral Head, TRIC) and
of the shoulder/neck (Anterior Deltoid, DELT; Trapezius Descendens, TRAP).
An ODAU-II system (Northern Digital, Waterloo, Canada), facilitating 16-bit
synchronized collection of analogue and digital data with the Optotrak IREDdisplacement data, digitally converted the raw EMG signals and the signals
from the strain gauges to 1000 Hz. All data were stored on a computer and
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the data obtained from the load cell provided the subjects with real-time
visual feedback of their tapping rate via a 19-inch stimulus presentation
screen.
Data preparation and data analysis
Kinematics and force production
Position data from the Optotrak were converted to 3D position data in a
Cartesian coordinate system and subsequently low-pass filtered at 20 Hz
using a 2nd order zero phase-lag elliptic filter (MATLAB 5.3, Mathworks).
Fingertip-position data combined with the filtered pressure data from the
load cell (low-pass filtered at 20 Hz with 3rd order zero phase-lag elliptic
filter), allowed us to determine which key was tapped and the moment at
which it was pressed.
EMG
The raw EMG signals were digitally band-pass filtered from 20–400 Hz by
means of a 5th order elliptic filter. Pre-processing of the raw EMG data
consisted of applying a Root Mean Square (RMS) filter with a time constant of
.02 s, resulting in a rectified, filtered surface-EMG signal (hereafter EMG) for
each of the investigated muscles. These signals were expressed as a
percentage of a reference Maximum Voluntary Contraction (% MVC).
Due to the elastic properties of the musculotendinous unit, a time
discrepancy exists between the recorded EMG signal and the detectable
motor response. This delay is termed the electromechanical delay (EMD).
EMD has to be accounted for when relating EMG signals to kinematic and/or
kinetic data, especially when the investigated time window is of such a short
duration as was the case in our experiment. To this end, we determined the
EMDs for each subject separately. The EMG data were subsequently timeshifted by the associated delay in order to synchronize them with the
kinematic and kinetic data. We did not test the EMDs of the Trapezius and
the Deltoid muscle because we did not expect the activity of these muscles to
be time critical during the experimental task. The EMDs for these muscles
were the same as we assigned for the m. Biceps Brachii. Means and standard
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deviations in milliseconds of the EMDs for the muscles of the forearm and
upper arm were: ED (55/11), ECR (53/9), ECU (50/9), FDS (93/18), BIC
(51/8), & TRIC (45/11).
Muscular contraction patterns
The EMG pattern of the primary muscles in keyboarding tasks is
characterized by biphasic contractions (Dennerlein et al. 1998). Simply put,
in keyboarding the extensor lifts the finger from the key and the flexor moves
it down towards the key. The extensor does not need to arrest the downward
movement because of the stiff resistance at the end of the key press. Burst
and tonic EMG activity distinguishes the reciprocal contractions of the
forearm flexor and extensors.
Various procedures are used to represent cocontraction. For example,
Winter (1990) expressed it as a ratio between agonist and antagonist activity,
while Thoroughman and Shadmehr (1999) introduced the concept of ‘wasted
contraction’, i.e. the amount of muscle activity cancelled out by the opposing
muscle(s). These representations, as applies for any other measure that
expresses time-varying cocontraction as a kind of ratio or difference between
an agonist-antagonist muscle pair, should take into account factors like
continuously changing muscle moment arms, differences in force-generating
capability for the muscles under study, changing EMG activity under
muscle-length or velocity change, and synergistic muscles contributing to the
finger and wrist movements.
In our study we did not measure the kinematics of the finger-and wrist
joints nor did we record EMG activity from all muscles contributing to the
finger and wrist movements. Consequently, estimation of time-varying
cocontraction based on a ratio of agonist and antagonist muscle activity
seemed inappropriate to us. However, an alternative way to define
cocontraction is to determine the amount of antagonist muscle activity
(Gribble et al., 2003) after movement ending. We reasoned that this method
might also be applicable to movements if, despite increased cognitive
processing, no change would appear in the kinematics of the movement, i.e.
no net torque changes. Otherwise the results would be confounded, because
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cocontraction alters when kinematics change (Suzuki, Shiller, Gribble, &
Ostry,. 2001). As will be described in the results section, the external visual
pacing controlled the participants’ performance speed during the entire
experiment and we therefore considered it was justified to use antagonist
muscle activity as a measure of cocontraction.
Whereas the distal upper-limb segments executed the movements on
the keyboard, the elbow and shoulder remained in an externally supported
position. In principle, this should require little extra effort from the muscles
spanning the elbow and shoulder. As the shoulder and elbow remain in a
stable position, there is not a clear state of agonistic or antagonistic muscle
functioning. Further, the muscles we tested in the shoulder do not function
as opposites. Therefore, the use of the term cocontraction or coactivation is
avoided. Instead, we may conclude in the case of globally increasing proximal
muscle activity that contact areas of the joints come closer to each other,
which lead to increased joint stiffness (Bosga, Meulenbroek, & Swinnen,
2003).
Statistics
We analysed the trace of the tapping trajectory that was identical for all three
keying patterns, i.e. the movements between the lowest key (4) and the
centre key (3). Both the movement from key 3 to 4 and the reverse movement
between key 4 and 3 were included in the data analyses and the combination
of these two movements was treated as a single cycle. The starting
movements (the first two key presses) were omitted from the time-series
analysis due to high variability both between and within subjects.
Additionally, to control for possible abating effects of memory load over time,
we restricted the analysis of the tapping movements to the first four cycles
following the eliminated starting movements only. Obviously, the time
needed to make four repetitions of the two-key pattern was shorter than the
time needed to generate the four repetitions of the three-key patterns.
The EMG data during tapping were time-normalized to a hundred data
points per cycle comprising the back-and-forth movements between keys 4
and 3. Per trial, the averaged four cycles provided a mean pattern of muscle
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activation. Single data points were created for keying force, reaction and
movement times, accuracy measures, and for muscle activity during the
stationary phases of each trial. All data points served as entries for a withinsubject MANOVA (TEMPO [2] * MEMORY LOAD [2]). The results of the timenormalized EMG data were considered statistically significant if three consecutive
bins were significant∗. Data analysis was carried out with SPSS 11.5.

RESULTS
In the next paragraphs the results will be described for the various
measures separately. In Figure 4, the panels a-d, f-i display the timenormalized, averaged muscular activity of the eight muscles under
investigation and the panels e1&2 and j1&2 show the average tangential
velocities and the vertical index finger lift respectively for the experimental
variables memory load and tempo separately.
Performance changes over the course of the experiment
We assessed possible performance changes due to learning or fatigue by
comparing memory task errors, reaction time, and the time subjects
needed to produce three consecutive tapping cycles of forward and
backward movements in the correct tempo during the first and the second
half of the experiment.
The short-term memory task appeared to be quite difficult. On
average, the subjects misidentified 27% of the tone sequences in the
memory-loaded trials. There were no significant differences between the
first and second part of the experiment, nor was the error rate significantly
influenced by tapping tempo. The results further showed that subjects
tended to react faster in the second half of the experiment (268 ms versus
245 ms, F(1,13) = 3.97, p =.068). This proved to be an overall, consistent
∗

Assuming an alpha of 0.05, the odds that three consecutive bins hold a type I error is 0.05
* 0.05 * 0.05 = 0.000125 or 1 in 8000 cases. We tested 100 bins, the chance of a Type I error
being 100 * 0.000125 = 0.0125, which is well below the initial alpha level of 0.05 (see also
Van Schie, Wijers, Kellenbach, & Stowe, 2003).
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trend because there were no significant interactions with memory load or
with the required tapping tempo. Furthermore, the time subjects needed
to attain the correct tempo was not significantly different (on average 5.19
s, F(1,13) = 1.5, ns) between the halves.
Motor performance
Next, we will describe whether and how the kinematics, the temporal -and
spatial accuracy, and the keying force changed during the first four cycles
in the tapping sequence as a function of memory load and tempo.
Contrary to our hypotheses of a mutual influence of memory load
and tempo on the measured variables, the results revealed no significant
interaction on any of the variables. Since this was true for all the
dependent measures that were assessed, we will not mention this again in
our discussion of the various findings below.
Kinematics
The panels e1 and e2 of Figure 4 show the velocity profiles of the index
finger. As expected, typing at a higher tempo led to higher velocity. As can
be seen in the figure, increased memory processing (grey thick line) did
not lead to changed velocity profiles of the index finger.
Spatial accuracy
The area of key impact along the Y-axis (the axis in line with the forearm,
hand and index finger) became slightly smaller for the memory loaded
condition as compared to the non-loaded condition (1.2 mm vs. 1.4 mm,
F(1,13) = 13.2, p < .005). As a result of this decrease, the overall spread
was reduced for the memory-loaded condition (from 1.5 mm to 1.4 mm,
F(1,13) = 10.4, p < .01). Movement speed did not influence spatial
accuracy.
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Figure 4.
The panels (a-d, f-i) display the mean traces of muscle activity (% MVC)
for the muscles under study presented on a time-normalized scale. The left-hand
side of the panels represent the reactions on the short-term memory task (1), the
right-hand side the reactions on the speed of tapping (2). Significance levels per bin
are indicated by thick bar for p < .05 and by thin bar for p < .1. The averaged
velocity traces are depicted in panel e and the vertical lift of the index finger tip in
panel j.

Temporal accuracy
In the memory-load condition, on average, the participants deviated more
from the imposed tempo (16 ms) than they did in the control condition (13
ms), F(1,13) = 5.3, p < .05, i.e. in the loaded condition participants were less
consistent in their tapping rate. Further, tapping in the 4 Hz tempo led to a
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small but significant augmented tempo deflection compared to the 3 Hz
tempo (16 ms vs. 13 ms, F(1,13) = 5.0, p < .05).
Keying force
During the two stationary phases of the experimental trials, isometric keying
force on the bottom key (4) changed under memory demands. Participants
pressed harder in the memory-loaded conditions of both stationary phases
1.99 N versus 1.78 N during the pre-tapping period (F(1,13) = 7.4, p < .05)
and 1.91 N versus 1.78 N during the post-tapping period (F(1,13) = 5.7, p <
.05). However, during tapping no difference in keying force was observed as a
result of memory load (F(1,13)<1, ns). For tempo, the situation was reversed:
isometric key pressure in the stationary phases was unchanged, while key
pressure during tapping increased from 1.6 N to 1.75 N for the faster tempo
(F(1,13) = 29.3, p < .001).
EMG activity of the proximal and distal arm musculature
Pre-trial stationary measurements
After the auditory presentation of the first series of tones and the visual
presentation of the typing pattern, participants placed and held their right
index finger on the lower key (4). Memory load led to higher average EMG
activity in three of the eight muscles. Mean ECU activity was raised from
8.8% MVC to 9.8% MVC (F(1,13) = 11.2, p < .01) and FDS from 6.9% MVC to
8.0% MVC (F(1,13) = 3.3, p < .05). Trapezius descendens increased from
6.8% MVC to 8.5% MVC (F(1,13) = 5.3, p < .05). The pre-imposed tempo did
not significantly affect the pre-tapping EMG activity in any of the measured
muscles.
First four cycles of tapping
As memory load did not alter tapping velocity, the changes in EMG due to
the memory load were not contaminated by changed kinematic profiles.
Memory load (Figure 4, left panels grey thick line), operationalized by
having the participants remember a 5-tone sequence, elicited small, local
effects in the prime movers. FDS and EDC phasic peak activity increased
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significantly (the mean difference both being .7% MVC; see Figure 4,
panels a1 and b1). During the remaining course of the movement,
however,

no

further

changes

were

observed.

In

contrast,

overall

consistent reactions were found in three of the four postural upper limb
muscles. Biceps activity increased slightly but significantly in the
memory-load condition. On average, EMG activity was raised from 2.0%
MVC to 2.3% MVC. DELT activity displayed a trend of increased activity
(p < .1) over most of the movement trajectory. Mean DELT EMG activity
increased with .7 % MVC (3.3% MVC to 4.1% MVC). Finally, TRAP activity
showed the largest and most distinct effect under the influence of
memory load, its activity rising from 6.4% MVC to 7.8% MVC.
Tempo (Figure 4, right panels) significantly affected the prime
movers of the hand and fingers. Tapping at the faster rate of 4 Hz
(dashed lines) produced higher EMG activity in all four forearm muscles
measured. As can be seen in panels a2-d2 of Figure 4, the increase in
activity was mainly significant during those parts of the movement where
the involved muscle had a phasic function, i.e. where the muscle acted as
an agonist. When the muscle functioned as the antagonist, no significant
differences occurred. Of the proximal muscles (Figure 4, panels f-i), only
TRIC activity was enhanced when a faster typing rate was used (mean
difference

.5%

MVC),

while

BIC

and

DELT

were

activated

more

immediately before the middle key was pressed (3). TRAP activity
remained the same in both speed conditions.
Post-trial stationary measurements
Memory load caused significant reactions in two muscles, one muscle
showed a trend. Trapezius descendens (F(1,13) = 5.0, p < .05) and ECU
(F(1,13) = 4.7, p = .05) increased activity from 6.9% MVC to 8.4% MVC, and
from 9.3% MVC to 9.9% MVC respectively. Biceps activity (F(1,13) = 3.9, p <
.05) rose from 1.1 to 1.3% MVC. Again, we did not find an effect of TEMPO
on EMG activity in any muscle.
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DISCUSSION
We investigated potential effects of mental processing on the muscular
activation patterns of the upper limb system during tapping activity of the
dominant index finger. For this purpose, we designed a keying task and
analysed the muscle activation, kinematics, and kinetics at three different
points in time: pre-movement, during movement and post-movement. The
keys were mounted on a force tablet and participants had to press various
repetitive

key

combinations

in

a

prescribed,

on-line

visual-feedback

maintained tempo (3 Hz or 4 Hz). We introduced additional mental
processing in the form of a concurrent short-term memory task. The subjects
had to memorize a 5-tone sequence presented before the actual tapping task,
which they had to compare with a second 5-tone sequence after they had
completed the tapping task.
The main finding of this study points to a functional separation
between primarily executive and primarily supportive musculature of the
upper limb segments in reaction to cognitive stress. While the prime movers
of the index finger and wrist (EDC, ECR, ECU and FDS) showed little to no
change

in

reaction

to

increased

memory

demands,

the

supportive

musculature displayed consistent effects. In three of the four upper
limb/shoulder muscles measured (BIC, DELT, and TRAP) EMG activity was
elevated, with the increase present in respectively eleven, ten, and twelve out
of the fourteen participants tested. On the kinematic level we found no
alterations in velocity due to increased memory processing. During tapping
in the memory-loaded trials, participants showed reduced spatial variation
but increased temporal variability of their tapping movements. Although a
trade-off between these two variables seemed likely, no significant correlation
was found. The effects of tapping tempo mainly manifested itself in the prime
movers of the hand and the wrist. The faster tempo led to increased
muscular activity, particularly during the movement phases when the
muscle had an agonistic, phasic function.
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Differential effects of cognitive processing on upper-limb muscle activity
The results of our study suggest different functions for the executive distal
upper-limb

musculature

and

the

proximal

supporting

upper-limb

musculature. Thus, our first proposal that the muscles of proximal upperlimb segments are more susceptible to cognitive task demands than muscles
from the distal segments seems to be confirmed.
The majority of studies examining the influence of mental stressors on
muscle activity in visual display terminal (VDT) tasks, focussed on the
trapezius as the muscle of interest. This is a logical choice since most
complaints are reported from that area. A general conclusion from those
experiments is that mental load increases the activity in the trapezius
muscle (e.g., Bansevicius & Sjaastad, 1996; Lundberg et al., 2002; Lundberg,
et al., 1994; McNulty, Gevirtz, Hubbard, & Berkoff, 1994). Fewer studies take
the forearm muscles into account (e.g., Finsen, Sogaard, Jensen, Borg, &
Christensen, 2001; Van Galen et al., 2002; Wahlstrom, Hagberg, Johnson,
Svensson, & Rempel, 2002). To our knowledge only one study by Waersted
and Westgaard (1996) also analysed the contribution of upper arm muscles
in a cognitive loaded task. In that study, subjects performed a complex twochoice reaction-time task with the fingers of the right hand, and cognitive
processing was manipulated by motivational stimuli (money incentives or
continuous feedback on performance). While they recorded EMG signals
stemming from muscles of the arm, shoulder, face, spine, trunk and calves,
EMG from the primary executing muscles of the right forearm we not
measured. Furthermore, the movements of the right fingers were not
recorded. However, the general conclusion from the Waersted and Westgaard
study is in agreement with the outcome of our experiment, i.e. that muscle
activity tended to decrease in caudal direction in reaction to a psychological
stressor. Furthermore, as participants did not display altered kinematic and
kinetic profiles during the memorizing of the tone sequences, the increment
of EMG activity can be assigned to the cognitive loaded condition solely.
Latter is a strength of our experimental setup, because interpretation of
other

experimental

data

is

often

complicated

by

changing

motor

performance, e.g. muscular activity increases as a result of increased time
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pressure, but at the same time the motor output is being enhanced by the
higher demands (Birch, Arend-Nielsen, Graven-Nielsen, & Christensen,
2000).
In a previous experiment (Bloemsaat et al. 2004) involving a graphical
aiming task, we reported increased pen pressure as a function of mental
processing and regarded that as a sign of increased limb stiffness. Stiffness
regulation can be exploited to optimize motor performance as has been
demonstrated in various settings (see Introduction). However, we showed in
the present experiment, that no sign of cocontraction following increased
cognitive processing appeared in the distal parts of the arm. This finding
suggests that a possible filtering strategy does not by definition occur in the
total limb. In the next paragraphs we introduce a number of possibilities that
could provide explanatory grounds for our findings.
Intuitively, it makes sense to resist against a perturbation, whether it
is of internal or external origin, with the aid of larger and stronger muscles
than with the aid of smaller and weaker muscles. Hamilton, Jones, and
Wolpert (2004) recently presented experimental evidence for this notion.
Using a torque-matching task, they demonstrated that the motor output
from the stronger, more proximal joints in the human arm showed less
variability than the output from the weaker, more distal joints. They further
showed an inverse relationship between the level of noise found in the upperlimb muscles and the number of motor units within that muscle, i.e. the
muscles with smaller numbers of motor units displayed higher levels of
motor noise. Based on their findings, it is plausible that the larger muscles
positioned around the shoulder and neck are better suited to deal with the
increased neuromotor noise following increased mental processing than the
smaller muscles of the forearm and hand.
An alternative explanation of the presently observed increased
proximal muscle activity under memory-loaded conditions is that the
enhanced

neuromotor

noise

required

adjustments

of

the

available

biomechanical degrees of freedom (DOF) in the motor system in order to
optimize performance. This notion fits in with the theoretical view advocated
by Bernstein (1967), which is best illustrated by the ranking of the top 10
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athletes in the “Men 50 m Rifle 3 positions” at the 2004 Olympic Games in
Athens. These athletes showed the highest accuracy when they fired their
shots from a prone position, followed by kneeling down with the supporting
elbow placed on the knee. The ‘poorest’ performance occurred while shooting
from an upright stance, where practically all joints in the body can attribute
to the variability. Soechting (1984) also provided experimental evidence
supporting a DOF reduction in order to increase accuracy. He showed that
the coupling between the elbow and shoulder joints became tighter when
subjects reached towards a smaller target. DOF adaptation also plays a role
in coping with increased psychological processing. Van Loon, Masters, Ring,
and McIntyre (2001) demonstrated that in a combined weight-lifting and
arithmetic task the elbows were positioned closer to the body in a mentalstress condition than in a control condition. Higuchi, Imanakam, and
Hatayama (2002) reported that more spatially constrained movement paths
were generated when participants had to hit a target under conditions of
increased accuracy demands. In their experiment the targets did not vary in
size but light electrical shocks served as a psychological motivator to elicit
accurate movements.
Although the presence of a mechanism controlling the available
biomechanical DOFs might be a different theoretical approach to explain how
humans deal with the problem of increased cognitive processing, there
undoubtedly is overlap with the neuromotor noise theory of motor control. In
the latter theory, a control mechanism, i.e. muscular cocontraction, filters
the noisy motor signal by adjusting muscle stiffness. At the same time,
however, the contact surfaces of the joints’ constituent bones are brought
closer

together

by

the

increased

cocontraction

of

the

surrounding

musculature, thus tightening the joint (cf. Bosga et al., 2003) and reducing
the various DOFs.
We expected an additive effect of memory load on EMG activity in the
speeded tapping condition. However, we found that muscle activity increased
similarly in both tempo conditions. Again, the reason for this phenomenon
may be that the larger muscles are the ones that primarily (have to) deal with
the consequences of increased neuromotor noise. Apparently, muscular
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activation patterns as studied in the present experiment may differ
fundamentally from the patterns observed in experiments using the pen as
the device of input. In our task, the armrest divided the participant’s arm in
two separate functional units: executive (wrist/hand) versus postural
(elbow/shoulder). Conversely, writing and drawing tasks imply that the
segments of the arm function as tightly coupled units (Wann & NimmoSmith, 1991). The existence of two separate functional arm units in our
tapping task may thus explain why memory load did not interact with tempo.
As was shown in the results section, tapping speed did not alter the activity
of the majority of the proximal musculature. Therefore, an interaction
between tempo and memory load was less likely to occur.
Effects of continuously enhanced muscular activity
One could cast doubts on the overall small effects of the mental load in our
experiment and its relevance regarding the development of Repetitive Strain
Injury.

Nonetheless,

the

effects

in

the

postural

musculature

were

continuously present over the entire range of the analysed movement
segments and several researchers have found adverse effects of such
continuous low-level muscular activity. Fallentin et al. (1985) and Sjogaard
et al. (1986) showed that continuous low-muscle activity, i.e. less than 10%
of the MVC, in time does lead to muscle fatigue. Furthermore, Kim, Kuboki,
Tsukiyama, Koyano, and Clark (1999) reported increased blood-flow under
such conditions, which is a sign that, due to the accumulation of
metabolites, hypoxia already occurs after a 30-s low-intensity (5% MVC)
isometric contraction. An additional contribution of 1.5% MVC due to
increased mental processing then could become a significant risk factor for
developing complaints.
Capitalizing on the effects of continuous muscular activity, Johansson
and Sojka (1991) formulated a pathophysiological mechanism to explain the
genesis and spread of muscular tension in RSI. In short, they propose that
when chemosensitive group-III and group-IV slow-conducting muscle
afferents are activated, for example by fatigue, the γ-fusimotor system is
triggered. The latter system allows state-dependent adjustments of length
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and velocity feedback. Increased α-motoneuron activity influences the
discharge of both types Ia and II muscle-spindle afferents. These muscle
spindles respond to increasing length and length-change by increasing their
firing frequency, thereby exciting the a-motoneurones of the muscle
containing the spindles and enhancing the reflex-mediated component of the
muscle stiffness (intrinsic muscle stiffness is dependent on the viscoelastic
properties of the muscle and the existing actin-myosin cross bridges).
Furthermore, the CNS can alter the muscle spindles’ sensitivity via activity in
the γ-fusimotor system. Increased activity in the fusimotor system will, in
turn, lead to a further increase of muscle stiffness.
Furthermore, it is suggested that the fusimotor system, rather than
being automatically triggered to compensate for muscle shortening, can be
activated independently from the α-motoneuronal system (Ribot-Ciscar,
Rossi-Durand, & Roll, 2000). The possibility of independent activation is
interesting in the light of the assumption that the γ-fusimotor system may
play a role in human cognitive processes. Ribot-Ciscar et al. (2000), RossiDurand (2002), and Nafati, Rossi-Durand, and Schmied (2004) have recently
investigated this view. In a series of experiments they mechanically or
electrically stimulated nerves or had participants make passive joint
movements and recorded the activity of muscle spindle afferents. Increased
activity would indicate that the γ-fusimotor system sensitizes the muscle
spindle. Indeed, under the influence of cognitive load, muscle-spindle
discharge increased. The implication here is that in humans, similar to what
has been shown in non-human mammals (see review by Prochazka, 1989),
the fusimotor system adapts to arousal and expectancy to perform the
ongoing motor task and regulates the reflex-mediated component of the
muscle stiffness. Such state-dependent stiffness regulation fits in with the
notion that optimal signal-to-noise ratios in motor output can be achieved by
adjusting limb stiffness (Van Galen & Van Huygevoort, 2000).
Some final comments have to be made with regard to the results of our
experiment. Of the four measured proximal muscles, only triceps activity did
not increase following amplified memory processing. A possible clarification
might lie in the anatomical and functional proximity of the biceps to the
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shoulder compared to the triceps lateral head. Whereas the latter is a
monoarticular muscle head solely spanning and controlling the elbow joint,
the long head of the biceps brachii, besides the elbow, also spans and
controls the shoulder. Yamazaki et al. (2003) showed that coactivation in
muscles that share the primarily moving or focal joint is greater than in
muscles that do not share that joint. Assuming that the focus of the
adaptation to increased neuromotor noise is situated in the shoulder area,
that area then could be considered as the focal joint. While the biceps span
the focal joint, the triceps lateral head does not, and therefore did not
cocontract in our experiment.
A second comment concerns the salience of the cognitive stimuli. Even
if the cognitive stimuli we used only affected the proximal musculature, it is
likely that mental processing could have affected the forearm muscles had
the presented stimuli been stronger. Other experiments already showed that
stronger stimuli do change motor behaviour. However, stimuli like the
STROOP colour-word test (used in Laursen, Jensen, Garde, & Jorgensen,
2002), tap attentional resources to such a high degree that they cannot be
considered as ecological equivalents of activities normally present in dual
task performance; they rather represent the extremes on a continuous scale.
Future research could test whether a systematic relationship exists between
the intensity of cognitive processing and the consequences on a muscular
and performance level.
Finally, we already suggested that typing with the arm supported
might separate the upper limb into two functional units, viz. an executive
and postural unit. It would be of interest to investigate whether the effects of
cognitive processing would be changed with different arm configurations, i.e.
whether we would observe a shift towards an entire upper-limb activity
increase in situations where memory demands are higher and the limb
configuration more tightly coupled. This would help clarify whether the use
of armrests in an office environment could be beneficial to employees and
also what parts of the body should certainly be targeted in remedial therapy
when complaints of RSI have developed.
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Insufficient movement strategies in
non-specific Repetitive Strain Injury∗
ABSTRACT
The purpose of this research was to investigate whether patients
experiencing non-specific complaints of the forearm caused by sustained
use of the personal computer exhibit deviant movement strategies as
compared to healthy participants. Patients (N=10) and controls (N=24)
performed a graphical aiming task combined with an auditory memory
task. Force production (pen pressure), kinematic- and performance
variables were recorded. During a trial, the control group gradually
increased pen pressure from the stationary phases to the dynamic phase.
The patients increased their pen pressure much more abruptly and to
such a degree that the final pressure during real-time movement far
exceeded that of the controls. Memory load led to a greater increase of pen
pressure from the stationary phase to the dynamic phase in the patient
group. Patients further displayed longer reaction times. The results are
discussed within the framework of our recent theory on the role of
neuromotor noise in the regulation of task performance under conditions
of stress (Van Galen & Van Huygevoort, 2000).

∗

This Chapter is based on:
Bloemsaat, J.G., Ruijgrok, J.M., and Van Galen, G.P. (2004). Patients suffering
from nonspecific work-related upper extremity disorders exhibit insufficient
movement strategies. Acta Psychologica, 115, 17-33.
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Today’s office-workers risk developing musculoskeletal complaints of the
upper limb, commonly referred to as Repetitive Strain Injury, RSI for
short. A recent report from the (Health Council of the Netherlands, 2000)
mentions that on an average 30% of the current labour force experiences
such musculoskeletal complaints of the upper extremity. Furthermore,
depending on the type of profession, over a one-year period 6–13% of
employees are absent from work due to such complaints. In the U.S., the
Bureau of Labor Statistics estimated the number of new cases in 1996 at
439,000, which number constituted 64% of all new labour-related
disability cases (Dembe, 1999). It is clear that the complaints confront
society with a major problem, both from an economic and from a social
point of view.
A complication for developing a theoretical framework for handling
the disorder is that up to 80% of the RSIs are non-specific in nature, that
is they cannot be solely attributed to any known biomedical condition
such as epicondylitis lateralis and medialis, carpal tunnel syndrome, or
rotator cuff syndrome (e.g., Cooper & Baker, 1996; Kiesler & Finholt,
1988; Sluiter, Rest, & Frings-Dresen, 2001). Despite an impressive body
of literature on the topic, there are still no sufficiently proven medical or
behavioural treatments for the complaints. The lack of a clear biomedical
aetiology strengthened many in their beliefs that psychological factors
play a significant role in the disorder. In the present article we defend the
view that, indeed, behavioural and psychological factors also contribute to
the aetiology of RSI and that the origin of the complaints will be better
understood when both biological and psychological factors can be
incorporated in one single scientific model. In the study reported here, the
influence of psychological and biological factors on the development of
non-specific Repetitive Strain Injury is investigated from the perspective of
a recent psychophysiological model on the relation between stress and
human performance (Van Galen & Van Huygevoort, 2000). It is suggested
that this model can also explain the interaction of these factors with
known

ergonomic

determinants.

A

first

attempt

at

such

an

interdisciplinary account has been recently provided by Van Galen,
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Müller, Meulenbroek and Van Gemmert (2002). This study concluded that
more research, and especially studies comparing patients with healthy
controls,

was

needed

to

demonstrate

the

value

of

their

psychophysiological model for understanding the aetiology of RSI. The
present study was aimed to fill this void.
Earlier research
Of the many studies dedicated to the aetiology of RSI, a large number of
researchers

have

investigated

the

consequences

of

unfavourable

ergonomic factors for the musculoskeletal system. There is a general
agreement that sustained static postures, extreme joint positions,
application

of

excessive

force

and

vibrations

are

unambiguously

associated with the development of complaints in the neck and shoulder
area (Bernard, 1997). Epidemiological studies emphasize that negative
psychosocial factors such as lack of peer support, low appreciation, and
deviating self-control mechanisms often accompany the disorder (Bernard,
1997; Bongers, De Winter, Kompier & Hildebrandt, 1993; Bongers &
Houtman, 2000). Other authors have emphasized the importance of
neurophysiological pathways leading to a loss of sensory differentiation of
the overused limb (Byl, Merzenich, & Jenkins, 1996) or the disturbance of
hormonal systems, which may lead to the lowering of pain thresholds
(Clauw & Chrousos, 1997), though the latter researchers specifically
addressed patients with other chronic pain and fatigue syndromes. These
different explanations may quite well refer to different aspects and stages
of the same syndrome.
Research into the characteristics of tasks provoking the effector
system, especially the arm, is relatively scarce. Gomer, Silverstein, Berg,
and Lassiter (1987) were among the first to vary physical and mental
factors in a single experimental design. They found that operators engaged
in a mail-sorting task of higher complexity, reported greater physical
discomfort, showed muscular fatigue, and made more accuracy related
mistakes than the operators in a less complex task. The effects of speed
and precision in a hand-aiming task on the electromyography of shoulder
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muscles in humans were studied by Laursen, Jensen, and Sjogaard
(1998). They reported elevated muscular activity, both with higher speed
and with increasing precision demands. The greatest increase of muscular
activity, however, was observed when velocity and precision demands were
imposed simultaneously.
These findings (Gomer et al., 1987; Laursen et al., 1998) fit in well
with a recently formulated perspective on the effects of physical and
mental stress on task performance and limb stiffness. The first full
account of this theory, the neuromotor noise (NMN) model of motor
control, was presented by Van Gemmert and Van Galen (1997) and Van
Gemmert and Van Galen (1998). The rationale of this model is that motor
performance is the optimized outcome of a stochastic, oscillatory
recruitment signal to the involved muscles. These signals stem from
several neurophysiological and biomechanical processes, like motor unit
recruitment, reflex-induced oscillations, and soft tissue mechanical
vibrations, but also from mental and psychological processes. For
example, the neuromotor signal controlling the motor output is supposed
to be noisier in high anxious persons and especially when they are
engaged in activities comprising a secondary, mentally challenging task
(Van Galen et al., 2002).
Movement variability is related to the capacity of the motor control
system to deal with the signal-to-noise ratio of the signal. It is assumed
that the total variance in the measured force signal is composed of the
sum of variances from the oscillatory signals (Van Galen & De Jong,
1995). The motor control system has several biomechanical degrees of
freedom to optimize accuracy, a notion that fits into the theoretical view
as advocated by Bernstein (1967) and more recently by Latash and Anson
(1996). In dynamic tasks, precision can be improved by mechanisms that
reduce the effects of intrinsic neuromotor noise, such as velocity control
(Harris & Wolpert, 1998). Moving at a lower velocity requires lower motor
commands, which are less noisy than the larger commands that are
required for a higher velocity. An alternative strategy to cope with
increased variability, when velocity adjustments are not an option, is to
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adjust the degree of limb stiffness. This can be achieved by agonist–
antagonist cocontraction (Gribble, Mullin, Cothros, & Mattar, 2003) or by
friction due to surface contact e.g. by increasing the downward pressure
of the pen during graphical aiming (Van Gemmert & Van Galen, 1998).
Increased axial pen pressure therefore corresponds to higher levels of
friction between the limb and the substrate and consequently increased
stiffness of the limb-and-pencil system (Wann & Nimmo-Smith, 1991).
Though mechanically effective in terms of endpoint accuracy,
increased limb stiffness comes at the price of increased resistance to
change and consequently uses more muscle energy to move through the
same trajectory. When muscles are working continuously for 1 h at low
intensity i.e., at less than 10% of their maximum, signs of fatigue show up
(Fallentin, Sidenius, & Jorgensen, 1985; Sjogaard, Kiens, Jorgensen, &
Saltin, 1986). After a sustained contraction, increased blood flow is
essential for removing hypoxia and metabolites that have accumulated.
Kim, Kuboki, Tsukiyama, Koyano, and Clark (1999) even reported an
increase after a 30 s low-intensity (5% maximum voluntary contraction)
isometric contraction. Therefore, continuously moving with increased limb
stiffness is considered to be an inefficient movement strategy.
Research questions and predictions
We defend the view that higher levels of limb stiffness, operationalized by
increased downward pressure of the pen, form the key characteristic of
the insufficient movement strategies resulting in RSI. It is assumed that
during the initial phases of the syndrome, physical and psychological
strain work together to provoke heightened limb stiffness, leading to
impoverished blood flow and poor carry-off of metabolism products. Limb
stiffness is possibly aggravated in situations with extreme sensory
stimulation, e.g. environmental auditory noise, or in individuals with a
high level of spontaneous neuromotor noise, for instance in highly
anxious subjects (Van Galen et al., 2002).
The present study examined the kinematics and force patterns in a
sample of patients diagnosed as suffering from non-specific RSI with those
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in a healthy control group, when they were engaged in a precise graphical
aiming task, using a pen as the input device. We wanted to get a clear
view on the force development. Therefore we standardised the task in
order to control for possibly changing movement times and velocity that
would have obscured the interpretation of the pen pressure data. The
central research question we posed was: How efficient are the movement
strategies of RSI patients compared to those of non-affected individuals, in
terms of pen pressure, when they are engaged in precise fine motor tasks?
The prediction was that in the patient group the aiming task would be
performed with levels of increased pen pressure indicative of higher levels
of cocontraction. Our second research question was: Are patients more
sensitive to an additional mental stressor? Based on the neuromotor noise
theory, it was hypothesized that the patients would show a larger increase
of pen pressure than the controls.

METHOD
Participants
Thirty-four adults participated in this study on a voluntary basis. Ten
were patients (six females, four males, mean age: 31.9 years, age range:
19–48 years) with non-specific RSI, who had been recruited by their
medical specialist from the databank of the Rehabilitation Department of
the Maastricht University Hospital. Mean duration of their complaints was
2 years and 7 months, standard deviation 1 year and 1 month. The 24
healthy participants (22 female, 2 male, mean age 23 years, age range 20–
37 years), recruited by an advertisement, formed the control group. All
signed a written informed consent and were paid or received course
credits for their participation. The participants were right-handed and had
normal or corrected-to-normal vision. They were familiar with and
sufficiently trained in the use of the mouse as a computer input device.
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Diagnostic procedure
Non-specific RSI is characterized by nagging pains, stiffness, tingling
sensations, numbness or coldness in hand, and arm or neck region,
without evidence of a specific combination of symptoms and signs typical
for one of the specific upper extremity musculoskeletal disorders. The
examination protocol has been described by Sluiter et al. (2001).
The diagnostic procedure included an extensive anamnesis to
identify known risk factors and a checklist for symptoms and clinical
signs to exclude any specific form of RSI. In order to establish the work
relatedness of the symptoms both physical (posture, force, movement, and
vibration) and non-physical factors in the job (organizational factors, like
work-rest ratios, and job strain, like psychological demands, decision
latitude, etc.) were determined. The patients in our experiment were
diagnosed as suffering from non-specific RSI of the forearm caused by
work-related use of the PC and computer mouse. Complaints varied from
pain, increased muscular tone and muscle fatigue (all patients), tingling
sensations in the hand (four patients) and vegetative symptoms like
sweaty (one patient), and cold skin (two patients). None of the patients
displayed increased clumsiness, and none had been diagnosed as having
neurological pathologies. Patients had received a combination of physical
therapy, cognitive training and occupational therapy. At the moment of
the experiment, all had returned to work, though adjustments to the
ergonomic environment were made.
The task was implemented using the OASIS software package,
version 6.47 (De Jong, Hulstijn, Kosterman, & Smits-Engelsman, 1996).
The package allows manipulation of experimental conditions through
visual and auditory stimulus control, and simultaneous recording of penforce data and of pen displacements in the XY-plane on a digitizer tablet.
The task ran on a Pentium 90 MHz PC and was displayed via a Philips
Brilliance 15 in. monitor. A NICI 111 modified digitizer pen was used as
the input device on a Wacom UD-1218 digitizer, sampling at 200 Hz, with
a spatial precision of 0.2 mm in the XY-plane.
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Task
The participants performed a computer task requiring them to make fast,
goal-directed movements with a pen on the surface of a digitizer. The
movements were made by the dominant right arm into the flexion
direction of the elbow, thus producing a movement to the left. Our task
was comparable to a computer game of pocket billiards. Guided by realtime feedback on the computer screen, participants had to hit a ball
(virtual target with a virtual mass) with a cue, represented by the tip of
the pen on the digitizer. They had to propel the ball over the edge of a
virtual platform into a basket positioned at a fixed distance below and to
the left of the target. Prior to the start of each trial, three tones sounded,
one high-pitched tone (1500 Hz) and two low tones (750 Hz). In the
auditory memory load condition (i.e., in half of the trial blocks),
participants had to report the position (first, second or third place) of the
high-pitched tone relative to the two lower tones after completion of each
trial.
Experimental procedure
Participants were seated on a height-adjustable office chair at a table on
which the monitor and the digitizer were mounted. The participants were
positioned with their hips, knees and elbows in a 90° angle. Participant,
digitizer and screen were in line. The participants were informed about the
procedures. Before the actual experiment, participants received a practice
block of 30 trials. This proved to be sufficient to become familiar with the
task. All participants carried out 200 experimental trials in four blocks of
50 trials each. The four blocks were completely counter-balanced
according to an ABBA (or BAAB) design, of which block A represented the
condition where participants had to remember and report the position of
the high-pitched tone relative to the low-pitch tones. Block B was the
condition

without

the

auditory

memory

load.

After

two

blocks,

participants took a short break of at least two minutes to prevent fatigue.
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Each trial was organized as follows. The participant started the trial
by placing the pen in a freely chosen position in the lower area of the
digitizer surface, at approximately two-third of the total width of the
digitizer. This activated the screen, showing the platform with the cue tip
representing the pen-point and the basket below. After a random delay of
300–600 ms, three tones (one high- and two low-pitch tones) were
presented in random order. Each tone lasted 500 ms and the silent tone
interval was 200 ms. The tone presentation period (subsequently referred
to as TP) lasted a standard 1.9 s and was immediately followed by the
target ball popping up on the screen, which also implied the start of the
reaction period (RP).
According to the instructions, participants started moving as
quickly as possible after the appearance of the target. The reaction period
ended and the movement period (MP) began when pen velocity exceeded
the 0.57 cm/s threshold. This threshold corresponded to the minimum
velocity value that could be discriminated from noise. As soon as the
target ball, located 11.8 cm from the initial starting point, was hit the
movement period ended. The target ball was launched at the moment of
cue impact. Depending on the impact velocity, the ball could either land
into (62.93 - 82.47 cm/s, i.e. a successful hit), short of (< 62.93 cm/s) or
over (> 82.47 cm/s) the basket. In the tone discrimination condition, the
participants were instructed to report the position of the high-pitched tone
to the experimenter after the ball had landed. Next, just as in the no-tone
discrimination condition, the screen turned blank. The following trial was
started as soon as the participant returned the pen to the starting
position.
Before, at the short break, and after finishing the experiment, we
asked all participants to inform us about their current state regarding
muscle pain and fatigue in the shoulder and arm area. None of our
participants then did report any pain during the execution of the tasks.
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Data and statistical analysis
Performance, kinematic and chronometric measurements
The ratio of successful hits was taken as an overall index of
performance. In the chronometric domain, we measured reaction time
(RT i.e., length of the reaction period) and movement time (i.e., length
of the movement period). In order to avoid outliers in RTs, due to
anticipatory responses or inattention, reaction times below 150 ms
(Anson, 1982) or values exceeding two standard deviations above the
mean were excluded from the analysis. Six percent of the RTs were
subsequently removed from the analysis. We further measured mean
velocity during the movement trajectory and velocity at the moment of
impact.
Axial pen pressure
During the three consecutive phases of a trial i.e., the tone
presentation period, the reaction period, and the movement period,
mean axial pen pressure was taken as an index of applied muscular
force towards the digitizer surface.
Statistical analysis
Means of the dependent variables across the replications of each
condition were analysed using repeated measures ANOVAs. The design
consisted of one between-subjects factor group (patients versus
controls) and one within-subjects factor auditory memory load: no
memory load (ML-) versus memory load (ML+). To analyse the
evolution of the applied pen force across the three successive parts of
a single trial, we added an extra within-subjects factor phase (TP, RP,
and MP). Step-down analysis of statistically significant effects was
performed by means of planned comparisons, an option available in
SPSS GLM. Alpha was set to .05.
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RESULTS
The results section is divided into subsections on measures of learning
and fatigue, task performance (success rates, reaction and movement
time, mean and impact velocity, see Figure 1), and on measures related to
force development (applied pen pressure) during the three consecutive
phases of a trial.
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Figure 1. Means and standard errors of the successful hits (A), reaction and
movement time (B), and the mean tangential and impact velocity (C).

Learning and fatigue
During the experiment, there were neither signs of performance
improvement - or deterioration as indicated by stable success rates, nor
did we observe permanent changes of the applied pen pressure.
Task performance, kinematic and chronometric measurements
Group
The two groups were comparable with respect to their overall performance
on the task, the average percentage of successful hits was calculated
(Figure 1A). The patient and control groups had success rates of 84% and
85% respectively, and were not significantly different. Furthermore, with
regard to movement time (Figure 1B) and tangential velocity (Figure 1C),
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there was also no significant distinction between the patient group (309
ms; 38.1 cm/s) and the controls (305 ms; 37.9 cm/s). At the moment of
hitting the ball, impact velocity also was equal for both the groups (see
Figure 1C) and well within the desired speed range.
Whereas movement execution revealed no substantial differences, a
contrasting finding appeared when RTs were analysed. As panel B of
Figure 1 shows, the patient group needed considerably more time (321
ms) than the control group (271 ms) to start moving towards the target,
F(1,32) = 5.58, p < .05.
Auditory memory load
Memory load had a significant effect on the velocity at the moment of
impact, which increased from 72.1 to 73.8 cm/s, F(1,32) = 8.06, p < .01.
However, remembering the position of the tone in the series did not
significantly influence the rate of successful hits. Memory load further
speeded up mean tangential velocity, from 37.6 to 38.4 cm/s, F(1,32) =
6.09, p < .05, though it did not significantly decrease movement time,
F(1,32) = 2.77, ns. Apparently, the memory load induced a longer
approach trajectory as well. While RTs differed considerably between the
groups, RTs were not significantly affected by remembering the position of
the high-pitched tone. Finally, the interaction between group and auditory
memory load was not significant for any of the task performance
variables.
Pen pressure
Phase
During the experimental trial, pen pressure increased from phase to
phase, F(2,31) = 31.79, p < .01. Planned comparison showed that the
transitions from the tone presentation phase to the reaction phase (from
120 to 136 g, F(1,32) = 36.86, p < .01) and from the reaction phase to the
movement phase (from 136 to 170 g, F(1,32) = 23.76, p < .01) differed
significantly.
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Figure 2.
Development of axial pen pressure (mean and standard error of the
mean) during the three consecutive periods of an experimental trial as a function
of auditory memory load.

Group
The pressure applied to the tip of the pen averaged over the three
experimental phases was not significantly different for the groups, F(1,32)
< 1, ns. On average, the controls put 137 g of pressure on the pen-tip and
the patients 148 g.
Auditory memory load
Remembering the position of the high-pitched tone did not result in an
overall significant effect of pen pressure (F(1,32) = 2.67, ns).
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Interactions
The evolution of pen pressure through the consecutive phases, as is
shown in Figure 2, differed for the two groups under study, F(2,31) =
8.07, p < .005. While the controls showed a small and gradual
increase of pen pressure from phase to phase (from 124 to 136 to 150
g), the patient group displayed a different pattern. First, the patients
started the trial on average with 8 g less pressure put on the pen-tip.
Secondly, they raised the pen pressure with greater leaps (from 116 to
137 to 191 g), especially from the RP to the MP, finally exceeding the
controls by 41 g. Step-down analysis of the interaction showed no
significant

group

differences

for

the

transition

from

the

tone

presentation to the reaction period, F(1,32) = 2.25, ns. However, the
above described change from the reaction phase to the actual
movement indeed proved to be statistically different between the
groups, F(1,32) = 8.40, p < .01.
Furthermore, a significant interaction was found between phase
and auditory memory load (F(2,31) = 9.27, p < .01), which however
followed from the significant 3-way interaction group * phase *
auditory memory load, F(2,31) = 7.63, p < .01. Therefore, only the
latter interaction is presented in this section. Step-down analysis of
the phase * auditory memory load interaction for the control group
displayed no significant differences. During all experimental phases,
auditory memory load led to increased pen pressure. In the patient
group however, the reactions to memory load in the tone presentation
and the reaction phase differed from the movement phase, F(1,9) =
5.1, p < .05 and F(1,9) = 6.2, p < .05 respectively. While remembering
the position of the high-pitched tone, the patients displayed lower
levels of pen force in both stationary phases. In the movement phase
however, the pattern was reversed; auditory memory load now induced
more pen pressure compared to the no-load condition.

- 88 -

Insufficient movement strategies in non-specific Repetitive Strain Injury
DISCUSSION
Summary of the results
The main objective of this study was to provide experimental evidence for
the theory that patients suffering from non-specific RSI employ energetic
less efficient movement strategies than non-affected persons when they
are engaged in high precision motor tasks. A second goal was to
demonstrate that additional mental processing would further deteriorate
movement efficiency in the patient group. To this end we designed an
experiment that explored the concurrent evolution of task performance
measures, chronometric measures and kinematic measurements during
the different phases of such a motor task.
With regard to task performance, the patient group did not differ
from the controls. Both groups had similar success rates, movement times
and velocity. However, the reaction time phase was significantly prolonged
in the patient group; patients needed on average 19% more time compared
to the healthy participants to start moving. Pen pressure is considered to
reflect the applied strategy of force generation. The overall picture was
that the control group increased force gradually from the preparation to
the movement phase, while RSI patients employed an alternative strategy.
Patients started the task at comparable force levels, but just before
moving they increased pen pressure in a steeper way, which finally
resulted in higher pen pressure during the movement phase.
Several explanations for the findings are suggested by further
exploration of the experimental results. They will be discussed in the
following paragraphs.
Changed strategies in RSI patients
Reaction times
In this section we will explore possible mechanisms, which could have
caused reaction times to increase in the patient group.
Recently, Le Pera,

et al. (2001) demonstrated that tonic muscle

pain, induced by injecting hypertonic saline in several forearm and hand
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muscles, reduced the excitability of the human motor cortex. They further
found that after a short period, the spinal Hoffman reflex was suppressed,
so besides less cortical excitation, the spinal motoneurones also showed
signs of reduced excitability. These findings might suggest why our
patient group, following long-lasting discomfort of their limbs, had more
difficulties initiating their movements and possibly leading to longer
reaction times.
A different window on increased RTs is presented by Byl et al.
(1996, 1997) and by Topp and Byl (1999). They trained Owl monkeys to
repeatedly handle a hand piece by rewarding them with food. The
monkeys

that

used

a

highly

articulated

hand-squeezing

strategy

developed symptoms of focal dystonia, a movement disorder characterized
by involuntary muscle contractions. However, the monkey using an
alternative strategy by pulling the handpiece from its shoulder did not
show signs of the motor disturbance. A characteristic neurophysiological
symptom of focal dystonia is decreased reciprocal inhibition: the
diminished ability to relax the as antagonist functioning muscle during a
movement (Marsden & Rothwell, 1987). An interesting point of view that
could also account for the lengthened reaction times is the assumption
that our patients developed a mild form of focal dystonia following longterm highly repetitive, spatially stereotyped and articulated hand and
finger movements. The hyperactive antagonist would resist the initiation
of the movement, resulting in increased RTs. In this context it is relevant
to mention that Chen, Tsai, & Lu (1995) also observed decreased
reciprocal inhibition in the non-affected hand of patients with writer’s
cramp, possibly indicating an early or generalized symptom of the
disorder.
Axial pen pressure during the actual movement
In this section we will explore possible mechanisms, which could have
caused pen pressure to raise in the patient group.
Several researchers reported changes in the processing and
awareness of sensory information in patients displaying signs of RSI (Byl
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et al., 1996; Greening & Lynn, 1998; Jensen, Pilegaard, & Momsen, 2002)
or focal dystonia (Abbruzzese, Marchese, Buccolieri, Gasparetto, &
Trompetto, 2001; Byl et al., 1996; Grünewald, Yoneda, Shipman, & Sagar,
1997). Byl et al. (1996) found, following the experiment described in the
previous paragraph, extensive dedifferentiation of the normally sharply
segregated primary somatosensory cortical areas of the dystone monkey
hand. Further, in a study where tonic muscle pain was caused by
injecting hypertonic saline into the masseter (jaw) muscle it was found
that the threshold for detecting mechanical stimuli to the facial skin was
increased (Stohler, Kowalski, & Lund, 2001).
Altered processing of sensory information, whether of peripheral or
central origin, could explain our finding that patients displayed an abrupt
increase of pen pressure during movement. Not being able to make a
precise estimation of the desired force application, patients appeared to
adopt a different strategy to allow them to fulfil the task demands. This
suggestion is supported by the NMN-theory of Van Galen and colleagues.
As described in Section 1, the theory assumes that, among other factors,
neurophysiological processes determine the signal-to-noise ratio of the
motor signal. Disturbed information processing is thought to lead to
decreasing signal-to-noise ratios and thus contributes to a more variable
and uncertain movement outcome. Because velocity adaptation was not
an option, as the experimental task forced the participants to hit the
target at a defined velocity, increased limb stiffness, though energetically
inefficient, became a suitable degree of freedom to filter the noisy
neuromotor signal (Van Galen and De Jong, 1995).
So far, our first research issue, hypothesizing that RSI patients
would use insufficient movement strategies to complete the aiming task,
was confirmed by the experimental data.
Effects of cognitive stressor
The second goal of this experiment was to investigate the reaction to a
secondary cognitive stressor. It was hypothesized that especially the RSI
patients would react with increased levels of pen pressure. Confirmation
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of this finding would provide an important building stone for an etiological
theory of RSI, because of the fatiguing nature of prolonged muscular
effort.
Indeed while moving the pen over the digitizers’ surface, in the
condition of the memory task load, patients as well as healthy controls
produced more axial pen force indicating increased levels of limb stiffness.
This finding corroborates the outcomes of many studies that investigate
the influence of mental stress on force application and regulation in motor
tasks (e.g. Laursen et al., 2002; Van den Heuvel et al., 1998; Van
Gemmert and Van Galen, 1997; Van Loon et al., 2001).
The transition from the stationary parts of the trial to the dynamic
part elicited, under the influence of the memory load, different reactions
in the two groups. The controls showed a similar pattern as in the no
memory load condition, but added an extra 15 g of pen pressure to each
phase. Apparently they adjusted their limb stiffness to a certain constant
level to deal with the cognitive load. The data from the patients showed a
different pattern. During the first two stationary phases (tone presentation
and reaction), pen pressure was equal for both memory conditions.
However, from the reaction phase to the movement phase, the patients
raised pen pressure with 44 g in the no-load condition and with 64 g in
the memory load condition. Besides the already discussed large overall
increase of pen pressure from the stationary phase to the dynamic phase,
the memory load condition contributed largely to this increase. In studies
on motor performance and mental load, it was found that the combination
of a precise spatial task and increased mental processing led to a
reduction of performance speed (Bloemsaat, Van Galen, & Meulenbroek,
2003) or to a reduction of muscular activation (Birch, Arend-Nielsen,
Graven-Nielsen, & Christensen, 2000). However, in these experimental
conditions there was no time limit, thus allowing participants to use
variation of velocity as a degree of freedom to control for altered
processing demands. The setup of the experiment as described in this
article did not allow for such variation of velocity. Our last finding
underlines the deteriorating effect of additional mental processing on the
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kinetics of a precise motor task in the patient group when individuals
have no or little freedom to adjust their work habits.
Future research and conclusions
Unfortunately, the design of the present study did not allow us to draw
any definitive conclusions as to what specific activities may induce or
aggravate RSI. We measured motor control strategies in patients already
diagnosed with Repetitive Strain Injury and did not have any data
concerning their motor habits before the first complaints manifested
themselves. The altered movement strategy exhibited by the patients can
either be a cause or a result of their complaints. This issue can only be
definitively solved in a well-designed prospective study. We intend to
elaborate on this issue in future research. However, it is certain that high
levels of sustained force for longer periods of time, especially in
combination with tensed proximal musculature as a consequence of
continued static postures, will lead to hampered blood flow, poor energy
supply,

poor

carry-off

of

metabolic

products,

nerve

entrapment,

sensations of pain, fatigue, and somesthetic abnormalities (Fallentin et
al., 1985; Sjogaard et al., 1986).
Because it is well documented that pain and fatigue can alter
muscle tension, which could have confounded the results of experiment,
we took care to avoid the typical complaint-provoking task of mouse
manipulation when designing the experiment. We also allowed a short
break in the middle of the experiment and designed the experiment in
such a way that participants could relax between the trials. Fortunately,
our patient group did not report physical discomfort during and after the
experiment. Furthermore, they showed quite normal movement times and
their success rate in hitting the ball was similar to that of the controls.
However, the experimental task needed to be sufficient comparable
to mouse manipulation in order to generalize our findings. We think we
succeeded in this setup since the pen allows participants to make
accurate and fast aiming movements, just like a computer mouse would.
Further, the pen is also used as an input device, especially in the
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graphical industry. An important argument to use the pen as a research
tool is the fact that the energy transfer from pen-point to the digitizer’s
surface is small, meaning that the applied force is concentrated to one
point and therefore can be precisely estimated by a single calibration
procedure. A computer mouse on the other hand has a much larger and
more

variable

contact

area,

which

requires

complex

calibration

procedures. If this aiming task could eventually be used as a diagnostic or
screening instrument, usability would be greatly enhanced by simple
routines and user friendliness.
When developing an etiological model of RSI, it is important to
realize that the disorder manifests itself in rather divergent forms. Some
patients only feel pain while working, while others continue to feel
severely handicapped when resting at home. It cannot be excluded that
one mechanism such as insufficient movement strategies may be
responsible for the development of muscle fatigue and pain complaints
while other mechanisms, possibly of a neurophysiological (Littlejohn,
1995) or neurohormonal (Clauw & Chrousos, 1997) nature, are causing
the persistence of pain even after prolonged cessation of the repetitive
labour. It remains intriguing, though, that the disorder specifically occurs
during or is caused by a particular type of task, namely highly repetitive,
precise motor tasks. Byl et al. (1996) were among the first to pay attention
to altered movement strategies and to connect this to a central
neurological mechanism as a possible explanation of Repetitive Strain
Injury. Surprisingly few follow-up studies have been conducted to further
explore this neurophysiological lead.
We were able to demonstrate that particular signs of changed
patterns in the force production accompany RSI. Future research might
investigate the utilization of an (adapted) aiming task as a diagnostic or
screening instrument, provided that a task can be designed that has
sufficient discriminatory power.
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Reduced force control in
non-specific Repetitive Strain Injury∗
ABSTRACT
Patients suffering from Repetitive Strain Injury often report diminished control
over manual tasks that require fine motor control. Additionally, they appear to
have lost the ability to voluntary relax their muscles. Though these symptoms
are frequently noticed, few research has been dedicated to specifically
investigate motor functioning in these patients. In the present experiment we
systematically scrutinized the above mentioned symptoms. 14 patients and 20
controls performed a task in which they had to accurately generate and
regulate isometric forces by pressing a button with the index finger. They were
instructed to maintain force at a force target, but at the same time to
minimize variability around the force target. Each trial consisted of matching
a steady force, followed by matching a linear force decrement and increment
(or vice versa). This allowed us to investigate force control during sustained
isometric contraction, and during graded isometric contraction and relaxation.
The coefficient of variation of continuously measured force output and its
relative

power

spectrum

were

calculated

for

the

selected

segments.

Furthermore, muscular activity and cocontraction were analyzed to provide a
window into muscle functioning. The results revealed that patients displayed
force match inaccuracies during graded muscle relaxation. In contrast, no
group differences during graded or steady contractions were found.

∗

This Chapter is based on:
Bloemsaat, J.G., Meulenbroek, R.G.J., Ruijgrok, J.M., and Van Galen, G.P.
(submitted). Reduced isometric force control in non-specific Repetitive Strain Injury.
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Precise control of the forces generated with our hand is a prerequisite to
successfully manipulate objects in the environment. This particular motor
function allows us to write, type, tie our shoes, and operate the remote
control. People suffering from musculoskeletal complaints of the upper
limbs due to work related activity, also known as Repetitive Strain Injury
(RSI), often report diminished control over these and related tasks
(Haufler, Feuerstein, & Huang, 2000). They further seem to have lost the
ability to relax their muscles during and after work (Elert, RantepääDahlqvist, Henrikssonlarsen, Lorentzon, & Gerdle, 1992; Holte &
Westgaard 2002; Larsson, Bjork, Elert, & Gerdle, 2000; Melin & Lundberg
1997). In a large portion of this patient group the complaints appear
without evidence of a known pathological mechanism (Sluiter, Rest, &
Frings-Dresen, 2001). Hence the complaints reported by RSI patients are
referred to as non-specific. In a substantial part of the Dutch working
population complaints develop in the forearm and hand area (± 20%,
Picavet, Van Gils, & Schouten, 2000). These distal limb segments have a
primarily manipulation function in fine motor control that can be clearly
discerned from the position-control function of the proximal parts of the
upper limb. It is therefore probable that the pathological mechanisms
responsible for the complaints are different for the proximal and distal
segments of the arm. In this study, we will focus on the function of the
distal parts of the upper limb.
The sensory aspects of Repetitive Strain Injury (i.e., pain, fatigue, a
tingling sensation, numbness or coldness of the upper limb etc.), which
cause individuals most discomfort, have received much attention in
experimental studies. However, the disorder also manifests itself by
various motor symptoms. Research into these symptoms has mainly
emphasized the detrimental consequences of increased and sustained
muscular contractions when working with computers and their possible
relation with the development of peripheral sensory problems (e.g., Harvey
& Peper 1997; Røe & Knardahl 2002; Barbe et al., 2003). Only few
behavioral studies have addressed fine motor control in RSI patients. For
example, Brouwer, Mazzoni, and Pearce (2001) reported less accurate
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performance in a graphical tracking task, especially when the wrist was
moving near its joint limits. Recently, we also examined RSI patients in a
graphical aiming task (Bloemsaat, Ruijgrok, & Van Galen, 2004). Even
though our patients showed similar performance accuracy as the controls,
they used considerably more force than the controls while moving the
stylus across the digitizer. We suggested that these results were probably
the result of a motor-adaptation strategy to try and contain the increased
variability of the neuromotor signal. Our reasoning was that by generating
more force with the pencil, the visco-elastic properties of the joint and
muscles alter (Hogan 1984; Milner 2004) and fluctuations of the motor
signal can be suppressed. However, because of the observed force increase
in the patients, we could not be sure that the output of the neuromotor
signal was indeed more variable and/or noisier than that of the healthy
controls. Furthermore, during normal movement involving end-effector
displacements, there are complex shifts in the internal and external forces
that act on the joints.
In the present study we tried to control for the drawbacks of our
earlier study (Bloemsaat et al., 2004) and subjected RSI patients to an
isometric task that required them to generate and regulate forces
precisely. As everyday computer tasks are characterized by continuous
low-level force output (Martin et al., 1996), we limited our research to that
lower force range, i.e. < 20% of the maximum voluntary contraction
(MVC). Variability within the range of 0 - 20% MVC, often expressed by
the ratio between the signals’ standard deviation and its mean, is known
to exponentially decay as the force output increases (e.g., Slifkin & Newell
1999). The variability seen at the lower force output levels can be largely
attributed to centrally generated MU-recruitment processes (GravenNielsen, Svensson, & Arendt-Nielsen, 1997; Laidlaw, Bilodeau, & Enoka,
2000; Moritz, Barry, Pascoe, & Enoka, 2005) rather than to pain. Previous
experiments investigating the influence of pain on force control by
injecting a hypertonic saline into the muscles showed varying effects,
which depended on the level of force generation. At 30 % MVC, the ability
to match an isometric force at the elbow was disturbed (Weerakkody,
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Percival, Canny, Morgan, & Proske, 2003). However, at low force levels
ranging up to 10 % MVC, no signs of altered performance or disturbed MU
activity were found (Birch, Arend-Nielsen, Graven-Nielsen, & Christensen,
2000). A final, explorative topic of the present study concerned the
reduced ability of patients to relax their muscles. Based on the clinical
observation that patients with Repetitive Strain Injury have difficulties in
relaxing their muscles (Elert et al., 1992; Holte & Westgaard 2002; Melin
& Lundberg 1997), we expected them to show deviant muscle-relaxation
patterns as opposed to muscle-contraction patterns in the prime movers.
We designed an experiment where subjects were engaged in a
combined static and dynamic isometric force matching task. During each
trial, participants had to press a rigid force button with the index finger at
one of three force levels, i.e. 7%, 12%, or 17% MVC. Generating these
target force levels resulted in a cursor on a computer screen reaching a
pre-defined target area. Following the generation of the target force level
participants were asked to generate a linear force decrement followed by a
linear force increment (or vice versa). The paradigm allowed us to
investigate force control during sustained isometric contraction (STEADY),
graded isometric contraction (CON) and graded isometric relaxation (REL).
We further recorded muscle activity of the agonist Flexor Digitorum
Superficialis (FDS) and antagonist Extensor Digitorum (ED).

METHOD
Participants
Patients with non-specific RSI, without pre-existing neurological or
orthopaedic pathology, were recruited by their medical specialist from the
databank of the Rehabilitation Department of the Maastricht University
Hospital. As motor control can be different for the dominant and nondominant hand (see e.g. Adam, De Luca, & Erim, 1998; Bloemsaat et
al., 2004; McDonnell, Ridding, Flavel, & Miles, 2005), we tried to avoid
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possible obscuring or interacting
effects

of

hand

dominance.

Therefore, we included only those
patients

for

analysis

reporting

considerable complaints (4 points
or more on a 11-point pain scale;
Farrar, Young, LaMoreaux, Werth,
& Poole, 2001) on their dominant
but symptomatic side, and none or
very mild complaints (score < 2) on
their non-dominant asymptomatic
side.

In

total

14

patients

(10

women, 4 men; mean age, 34.9
years; range, 23-43 years) were
selected for further analysis. At the
moment of participation, none of
them received therapy anymore,
and all had returned to work. To
provide

reference

values,

we

evaluated 20 healthy subjects (13
women, 7 men; mean age, 30.5
years;
Figure 1. Experimental setup.
The bottom panel shows the left
hand fixed to the tablet by
strapping it with Velcro. The
load cell force transducers can
be moved along the steel bar
such that the MCP-II joint was
forced into 900 flexion. The top
panel represents the stimulus
presentation
monitor.
The
participant is trying to position
the cursor into the target bar.

range,

19-37

years)

by

means of the same experimental
protocol.

All

participants

had

normal or corrected to normal
vision. The study was conducted in
accordance

with

the

1964

Declaration of Helsinki, approved
by the Local Ethics Committee,
and participants provided informed
consent prior to participation.
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Force and EMG measurements
Participants were seated in an adjustable chair at a height-adjustable
table. The upper arm was positioned along the trunk and the forearm
rested on a custom-made tablet (Instrumentation Service, Radboud
University, Nijmegen), making a 900 angle at the elbow joint (see Figure 1
for the experimental setup). The hand of the tested side was strapped on a
handgrip that was fixed to the tablet. This handgrip was placed under the
MCP joints of the four fingers in such way that these joints were forced
into a 900 flexion. The thumb loosely lay against the side of the handgrip.
The phalangeal joints of the index finger were completely extended, and
under the tip of the finger we placed a circular button (Ø 12 mm) of the
force transducer. These procedures forced participants to produce an
isometric flexion in the MCP joint of the index finger. The output from the
load cell force transducer (BC302 miniaturized compression load cell, DS
EUROPE, Milan - Italy, range 0-6 kg, sensitivity 5.5 gram/milliVolt) was
amplified 500 times and low-pass filtered at 100 Hz (Burn Brown INA 125,
Butt Brown, Tuscon, USA). The load cell was calibrated using known
weights.
Raw EMG activity was sampled at 2 kHz using the Fysioflex (CMRR
90 dB, high-pass 20 Hz, low-pass 500 Hz), an EMG-interface module
consisting of a custom-made, front-end physiological amplifier (Medical
Instrumentation

Service,

Radboud

University,

Nijmegen

–

The

Netherlands). Adhesive, disposable pre-gelled Ag/AgCl surface EMG disc
electrodes (Ø 9 mm, inter-electrode center-to-center distance 2 cm) were
placed in a bi-polar derivation, parallel to the fibers above the bellies,
between the bulk of the muscle and the start of the distal tendon of the
muscles under study (FDS and ED). The EMG electrode locations were
prepared until skin resistance was below 10kΩ. The reference electrode
was placed on the spinous process of the seventh cervical vertebra. The
output of both the force transducer and EMG was digitally sampled at
1024 Hz using a 16-bit analog-to-digital converter (DAQcard AI-16XE-50,
National Instruments, Austin, USA) and stored on a computer.
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A flat screen monitor (15 inch; resolution 1024 * 768 ) displayed the
target force and the feedback of the participants’ force trajectory. This
stimulus presentation monitor was placed approximately 70 cm in front of
the participant, with the upper edge of the screen at eye level. Target force
was depicted as a 7-mm wide target bar spanning the width of the screen.
A 5*5 mm red cursor at the centreline of the screen provided visual
feedback of the pressure applied on the force transducer. The feedback
cursor moved upwards when pressure increased, and downward when
pressure decreased. Furthermore, two additional monitors were used to
control and monitor the experiment.
Experimental protocol
Reference values
Prior to the testing of each index finger, maximum force output (N) was
determined by pressing the force button. The stimulus monitor displayed
a horizontal target bar and a squared feedback cursor. The size of the
screen corresponded with a force output varying from 0 - 40 N, 0 N at the
bottom and 40 N at the top op the screen. Participants had to position
and keep the feedback cursor just above the target bar for 2 seconds.
After a successful attempt, the target bar was moved upwards. In a few
trials (on average 3.2), the experimenter determined the reference value (=
100% MVC), i.e. the force level before the point where participants could
not correctly position or keep the cursor just above the target bar. Special
attention was given that participants did not compensate by adjusting the
upper body position. Besides the reference value, maximum EMG activity
(EMGmax) of the FDS was obtained during the same procedure. We
determined maximum ED activity by having the participants two times
perform an isometric contraction in the experimental position against an
insuperable resistance. Before and right after the MVC procedure,
minimum EMG values were obtained by having the participants fully relax
their muscles.

- 101 -

Chapter 5
Task and procedure
Following the determination of the reference values, the proportion of the
computer screen changed. The top of the screen now corresponded with 25%
MVC, the bottom with 0% MVC. A visual displacement of one centimetre
corresponded with a difference of 0.75% MVC.

Figure 2. Example
of an experimental
trial at 12% MVC The
solid line represents
the generated force,
the dashed line the
requested
force
pattern. The thick
black lines represent
the selected force
traces, i.e., traces
that deviated least
from
the
force
requested.

Subjects were instructed to place the cursor as accurately as possible, by
pressing the force button with the index finger, into the target bar and keep it
positioned there until the end of the trial (see Figure 2 for a typical trial). The
initial target force was set at 7%, 12%, or 17% MVC. When participants
succeeded to hold the cursor 3 consecutive seconds within an area of 0.25%
MVC surrounding the target bar (STEADY), the bar started to move in either
upwards (CON) or downward (REL) direction. This change was followed by a
return back to the initial target force. By gradually increasing or decreasing
pressure on the force button, participants could follow and keep the cursor
within the moving target bar. The displacement of the target bar always was 3%
MVC. We tried to avoid anticipation by altering the speed of target bar
displacement (1% or 0.6% MVC/s).
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The experiment consisted of 48 trials divided into 2 blocks of 24
trials, one block for each index finger. All participants received the same
series of stimuli, though the order of presentation was varied randomly.
Prior to both experimental blocks, the subjects performed a series of 11
practice trials allowing them become familiar and comfortable with the
task at hand. In total, the experiment took little more than an hour to
complete. Net experimental time was 35 - 40 minutes.
Data preparation
Data processing was executed by MATLAB (Mathworks, version 6.1,
2001).

Each

experimental

trial

was

divided

into

three

segments

corresponding to STEADY, CON and REL. For analysis, we determined the
best performance over 2 consecutive seconds with regard to matching the
desired force for each segment. This was implemented by the following
procedure. First, we selected 256 two-second force samples that showed
the largest overlap with the target signal, i.e. which standard deviations of
the difference score with the target signal were smallest. Then, from these
256 signals we selected the 2-second signal that showed the smallest
difference with the slope of the target signal.
In order to remove any global non-stationarity from the selected
force signals, we fitted a first-order polynomial regression equation to the
selected time series and returned the residuals from the regression line.
Then, the force signals were low-pass filtered (< 30 Hz) by a 2nd order zerophase lag elliptic filter. The original means of the particular segments were
added which resulted in filtered force signals, containing the original
unfiltered signals’ mean but with zero slope. Finally, the corrected force
signals were expressed as a percentage of the obtained reference value
(100% MVC).
Raw EMG signals for the finger muscles were band-pass filtered (25
Hz - 300 Hz) by a 4th order zero-phase lag elliptic filter. Further preprocessing of the raw EMG data consisted of applying a Root Mean Square
(RMS) filter with a time constant of .02 s, resulting in a rectified, filtered
surface-EMG signal. Minimum reference values were subtracted from all
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EMG signals. That way we omitted system noise from the signal. EMG
signals were expressed as a percentage of the obtained maximum EMG
activity (% EMGmax).
We aimed at comparing the experimental variables over different
segments and force levels. To allow this comparison, we standardised both
force output and EMG output to 1% MVC, i.e. by dividing the signals
through the mean force level (% MVC) of the selected sample range. The
value thus obtained reflected the output per 1% MVC; note that it is
possible that per % MVC more muscular effort is needed to produce an
isometric contraction of 7% MVC than 17% MVC.
Experimental variables
Coefficient of Variation or CV is a measure to express the relative amount
of variability present at a certain signal level. It is calculated by dividing
the standard deviation of the signal by its mean value (SD/Mean), and
expressed as a ratio score (%); increased variability will lead to increased
CV if the mean output signal remains the same.
Besides calculating CV as an overall measure of force variability, we
were interested in the structure of the variability through spectral
analysis. Spectral analysis decomposes the signal into component
frequencies, so that the profile of the frequency domain can be
determined. For example, resting tremor in Parkinson’s disease is
characterized by dominant oscillations in the 3-6 Hz. The second measure
extracted from the standardised force signal was the power spectrum
density (PSDforce), computed by the following procedure. Subtracting the
mean of the standardised force signal resulted in a new signal with a
mean and slope of zero. Then, using the Welch method of power spectrum
estimation, the signal was subdivided into sections of 4096 data points.
Each bin represented power over .25 Hz. The successive sections are
Hanning

windowed,

submitted

to

Fast

Fourier

Transform,

and

accumulated. Only frequencies up to 10 Hz were selected for further
analysis, because the bulk of power (> 98%) was located within that
frequency range. Further, the correlation between CV and the power
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spectrum in this experiment was largest between .5 – 2.5 Hz (r between .6
and .7 on a trial-per-trial basis) and 90% of the total power in the force
signal is present in frequency bins up to 3 Hz. Therefore, it may be
expected that significant CVs should at least lead to changes in these
lower frequency region of the power spectrum.
The standardised EMG signal provided us with two relevant
measures. Firstly, standardised EMG (EMGstand) can be regarded as the
relative effort a muscle generates in a particular condition. Secondly, we
determined cocontraction by the ratio between agonist FDS – antagonist
ED (Winter, 1990). Calculating cocontraction this way does not take into
account other muscles contributing to finger force production and thus
can be considered a simplification of the process. However, factors that
play an important role in dynamical movements like continuously shifting
moment arms and changing EMG activity under muscle length or velocity
change, are of less importance in isometric contractions. Therefore, we feel
confident that the cocontraction ratio sufficiently reflects the force
dynamics of the finger muscles under study.
Statistical analysis
Repeated measures MANOVAs were used to compare means of the
force

and

EMG

variables

during

steady

and

graded

isometric

contraction, and graded isometric relaxation. During STEADY, these
mean values were submitted to GROUP (patients versus controls) as a
between-subjects factor, and HAND (dominant versus non-dominant)
and FORCE LEVEL (7% - 12% - 17% MVC) as within-subjects factors.
For dynamical isometric force matching, FORCE CHANGE (CON versus
REL) was added as an additional within-subjects factor. If necessary,
we specified the differences among the factors by contrast analysis. All
statistical procedures were performed with SPSS version 10.0. Alpha
was set to .05.
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RESULTS
Task compliance
In order to allow proper comparison of the performance between the
groups, it was essential that both groups were able to sufficiently match
and track the requested force patterns, i.e. were the slopes of the
requested force and the generated force comparable. For each selected
segment, a difference score was calculated between the slopes for the
requested and the generated force pattern. Positive difference scores
indicated that, compared to the requested pattern, participants produced
a steeper force increase or decrease than was requested. The reverse
implied for negative difference scores. Though we found no between group
effects, small but structural diversions from the requested pattern were
present in both groups. During the steady segment, participants did not
produce a completely steady force output, as it slowly increased by .03 %
MVC/s. In the dynamic force match segments, produced force increments
or decrements were less steep than was being asked for. On average, the
requested force change during the dynamic segments was .8% MVC/s.
Typically, subjects were trailing the requested pattern by .055% MVC/s.
From these results we conclude that the experimental task was equally
executed by the two groups under study.
Maximum force output
Prior to the experimental trials, participants produced a maximum force
output (N) by pressing the force button with the index finger. The patient
group exhibited lower levels of maximum force, F(1,32) = 5.1, p < .05.
Furthermore, a significant interaction was present between GROUP and
HAND (F(1,32) = 7.7, p < .01). For their dominant side (28.3 N), controls
generated more force than for their non-dominant side (25.7 N). In the
patient group though, it was the non-dominant asymptomatic index finger
that produced higher peak force (22.9 N, SD 7.5 N) than the finger on the
dominant but symptomatic side (21.1 N, SD 6.1 N).
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Figure 3. Force variability during isometric force matching. Average changes in
the coefficient of variation (CV) as a function of GROUP – FORCE LEVEL - HAND
(Panel A: steady force matching) and GROUP – FORCE LEVEL - HAND - FORCE
CHANGE (Panel B: dynamic force matching). Larger values of CV indicate
relatively increased variability of the force output signal.

In the remaining part of the RESULTS section, the data (CV, PSDforce,
muscular variables) are presented first for the STEADY ISOMETRIC
FORCE MATCHING part of the experimental task and then for the
DYNAMIC ISOMETRIC FORCE MATCHING task components. Figures 3 - 6
provide an overview of the dependent variables during both the steady (A)
and dynamic (B) force match segments.
Steady Isometric Force Matching
Coefficient of Variation (CV)
The mean CVs as a function of HAND * FORCE LEVEL are depicted in
Figure 3A, where higher scores indicate greater variability relative to the
output signal. A general outcome of isometric force match studies is that
for levels up to 25% MVC, CVs rise as force production gets lower. This is
also confirmed by the results from our study; on average CVs rapidly
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increased for matching forces of decreasing intensity (1.5% - 17% MVC;
1.9% - 12% MVC; 2.9% - 7% MVC), F(2,31) = 77.4, p < .001. This is a
clear demonstration that matching a low intensity force is a more variable
process than matching forces of higher intensity.
The top row of each panel in Figure 3A represents the CV scores of
the control group, the bottom row that of the patients. We expected that
patients would be more variable than controls. To our surprise, however,
the groups did not differ (F(1,32) < 1, ns); average CVs for patients and
controls during steady force matching were 2.2% and 2.1% respectively.
Additionally, CVs showed no significant interaction between GROUP and
HAND (F(1,32) = 2.1, p > .1).

Figure 4.
Power spectrum (0-5Hz) of standardised force output during
steady isometric force matching.
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PSDforce
While the CV provides an indication of the overall variability in the signal,
the power spectrum (Figure 4) reflects the profile of the variation. As
correlation between CV and the power spectrum is largest between .5 –
2.5 Hz (r between .6 and .7 on a trial-per-trial basis) and 90% of the total
power in the force signal is present in frequency bins up to 3 Hz, it may be
expected that significant CVs should at least lead to changes in these
lower frequency region of the power spectrum. Indeed, in agreement with
the increased CVs during steady force matching, PSDforce increased (.25-9
Hz; p<.01) as the target forces to match decreased. Typically and in
accordance with Slifkin, Vaillancourt, and Newell (2000), the peak of the
power spectrum lies around .75 – 1 Hz, which means that the dominant
oscillation in steady isometric force production occurs at low frequencies.
In concordance with the unchanged CVs between the groups under
study,

PSDforce

neither

showed

overall

significant

between-group

differences. However, when observing the panels of Figure 4, it is visible
that while matching a 7% MVC force, PSDforce augmented in few of the
lower frequency bands on the patients’ symptomatic side. Contrast
analysis showed that this increase was significant (p < .05) for the 1.5 and 1.75 Hz band.
MUSC
Figure 5 presents EMGstand, with the agonist FDS displayed in the top row
and the antagonist ED in the middle row. Note that the value EMGstand is
calculated by dividing normalized EMG (% EMGmax) by the normalized
force level (% MVC). The value thus obtained reflects the relative effort per
% MVC generated by the muscle. For the factor FORCE LEVEL during
steady force matching (factor FORCE LEVEL has been collapsed in the
figure), it was found that EMGstand significantly increased for both muscles
as the target forces were lower: FDS (.5 - .57 - .73; F(2,31) = 45.2, p <
.001), and ED (.18 - .22 - 0.31; F(2,31) = 28.6, p < .001). Apparently
participants needed relative more muscular activity while matching a
lower target force. Cocontraction (Figure 5, bottom row) is expressed as
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the ratio between two opposing muscles. In our experiment, the ratio of
cocontraction increased significantly (39% - 43% - 47% COC; F(2,31) =
5.9, p < .01) as target force decreased. The increment of the cocontraction
ratio indicates that the activation of the antagonistic ED muscle increased
relative to the agonist FDS muscle.

Figure 5. Muscle activity and cocontraction during isometric force
matching. Muscle activity (first and second row) and cocontraction
(third row) as a function GROUP - HAND (Panel A: steady force
matching) and GROUP - HAND - FORCE CHANGE (Panel B: dynamic
force matching). Note that the results are collapsed over FORCE LEVEL.

Figure 5A (steady force matching, top panel) shows that EMGstand for
the agonist FDS significantly differed between the groups, F(1,32) = 5.7, p
< .05. On average EMGstand was .68 for the patients and .52 for the
controls. Within each group, FDS activity was not significantly different
between the dominant and non-dominant side. This was different though
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for antagonist ED activity (middle panel). EMGstand of the extensor muscle
was particularly larger on the asymptomatic (.34) side of the patient
group, while activity on the symptomatic (.21) side and on both sides (.19)
of the controls was about equal, F(1,32) = 6.1, p < .05. Consequently, a
significant GROUP * HAND interaction for cocontraction emerged (F(1,32)
= 4.6, p < .05), since the ratio mainly depended on ED activity as FDS
was about equal within each group. Cocontraction (bottom panel) in
patients was considerably lower on the symptomatic (34 %), and higher on
the asymptomatic side (54 %), whereas in the control group cocontraction
was about equal for both sides (dominant 44 %, non-dominant 40 %).
Steady isometric force production seems unaffected by the medical
status of the participants; CVs did not differ significantly between the
groups. A small power increment on the symptomatic side for the 1.5 Hz
and 1.75 Hz band in the 7% MVC condition though, may suggest some
changes in force control. Stronger indications for diminished force control
arise during dynamic isometric force matching.
Dynamic Isometric Force Matching
Coefficient of Variation
Figure 3B displays CVs during graded isometric contraction (CON, see
solid bars) and relaxation (REL, hatched bars) at the three different force
levels. Similar to the static segment, matching a force of lower intensity
resulted in larger CVs (1.3% - 17% MVC; 1.6% - 12% MVC; 2.4% - 7%
MVC), F(2,31) = 112.8, p < .001. Furthermore, it can be observed that CVs
were larger for REL than for CON, their average values being 1.9% and
1.5% respectively, F(1,32) = 72.1, p < .001. This confirms the notion that
the relative force output variability becomes larger when matching
dynamical decreasing forces. Besides these main effects, a significant
interaction is present between FORCE LEVEL and FORCE CHANGE,
F(2,31) = 32.1, p < .001. Comparing the distance between REL and CON
in Figure 3B, it can be seen that the distance grows as the force to match
became lower. Muscle relaxation relative to muscle contraction becomes
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more variable at lower force output; regulating relaxation at low force
output is a demanding task for the neuromotor system.
The panels in the top row of Figure 3B display CVs for the control
group, in the bottom row those for the patient group. Here significant
differences emerge between the groups under study. Though GROUP as a
main factor reached significance, it has to be further specified because of
higher order interactions. By comparison of the panels, it is apparent that
the difference between a graded isometric contraction and relaxation is
larger in the patient group. This GROUP * FORCE CHANGE interaction
proved to be significant (F(1,32) = 12.2, p < .005); where there is no
substantial difference between the groups while performing a graded
contraction (solid bars; 1.6% and 1.5% for the patients and control group
respectively), graded relaxation (hatched bars) shows higher CVs for the
patients (2.2%) than for the controls (1.7%). Furthermore, the interaction
is particularly evident at the lower forces and results in strong trend for
the 2nd order interaction between GROUP * FORCE CHANGE * FORCE
LEVEL (F(2,31) = 3.2, p =.054). This is shown by significant contrasts of
the GROUP * FORCE CHANGE interaction tested at 7% MVC (F(1,32) =
8.4, p < .01) and 12% MVC (F(1,32) = 11.8, p < .005). At 17% MVC, the
interaction is not significant (F(1,32) = 2.3, p > .1).
The results show that patients display augmented variability during
isometric relaxation, especially when generating small forces. Conversely,
isometric contraction was not different between the patient and control
group. We will elaborate on this striking and relevant distinction in the
Discussion.
PSDforce
The frequency profile of the force output during dynamic isometric force
matching is displayed in Figure 6. Analogue to the steady segment, power
in frequency bins up to 10 Hz (p < .05) was significantly enhanced when
matching a force of lower intensity.
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Figure 6. Power spectrum (0-5Hz) of standardised force output during
dynamic isometric force matching.

PSDforce

also

showed

significant

differences

for

FORCE

CHANGE.

Practically along the entire range (.5Hz – 10 Hz), power was significantly (p
< .01) larger when producing a controlled isometric relaxation (dotted
lines)

than

Furthermore,

for
the

a

controlled
significant

isometric
FORCE

contraction

LEVEL

*

(solid

FORCE

lines).

CHANGE

interaction for CV is also reflected in PSDforce. When target forces are
lower, power in frequency bins 1 - 10 Hz display a significant (p < .05)
larger increase for isometric relaxation than for isometric contraction.
By comparing the panels of Figure 6, it is directly notable that the
power spectrum for the dynamical segment did show a clear distinction
between the patients (bottom row) and the control group (top row).
Consonant with the earlier reported increased CVs, power in the lower
domain (.75 – 3 Hz) of the force spectrum was enlarged during isometric
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relaxation (dotted lines) for the patients. During CON (solid lines) though,
there was no substantial difference between the two groups. This GROUP
* FORCE CHANGE interaction was significant (p < .05). The trend we
found for CV with regard to the 2nd order interaction GROUP * FORCE
CHANGE * FORCE LEVEL was not reflected by changed PSDforce.
MUSC
Muscle activity during dynamic force matching (Figure 5B) did in essence
not differ from static force matching (Figure 5A). Matching forces of
decreasing intensity led to significantly increased EMGstand in both
muscles: FDS (.51 - .58 - .73; F(2,31) = 48.3, p < .001), ED (.19 - .24 - .36;
F(2,31) = 31.9, p < .001). Additionally, the ratio of cocontraction increased
significantly (41% - 46% - 54%; F(2,31) = 9.6, p < .005) as target force was
lower.
During the production of a graded isometric relaxation (Figure 5B
top and middle row panels, hatched bars), EMGstand for both muscles was
lower relative to the production of an isometric contraction (solid bars).
Though this decrease was rather small, it was highly systematic. On
average, EMGstand for the FDS decreased from .62 to .59, F(2,32) = 52.0, p
< .001. ED activity decreased from .27 to .26, F(2,32) = 22.1, p < .001.
Cocontraction (bottom panels) did not change as EMGstand for both the
agonist and antagonist muscle relatively decreased equally.
As earlier described, EMGstand did not differ between the static and
dynamic force match phases, which also applies for the between group
differences. Again, FDS (top panels) activity on both sides and ED (middle
panels) activity on the asymptomatic side was significantly increased in
the

patient

group.

Further,

cocontraction

(bottom

panels)

was

considerably lower on the symptomatic (38 %), and higher on the
asymptomatic side (61 %), while cocontraction was about equal for both
sides in the control group (dominant 48 %, non-dominant 45 %), F(1,32) =
4.9, p < .05.
In contrast to steady isometric force production, dynamic isometric
force production did show a distinguished distinction between the control
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group and the patient group. Where variability, manifested by CV and
PSDforce, for both groups was augmented while performing a graded
isometric relaxation, the raise was larger in the group with RSI patients.
The execution of an isometric contraction on the other hand was not
different between the groups under study.

DISCUSSION
Patients with musculoskeletal complaints of the forearm, caused by VDT
tasks, often report diminished motor control over their hand and fingers.
To verify that description we tested aspects of fine motor performance of
the index fingers on the symptomatic and a-symptomatic side, and
compared those with the dominant and non-dominant index finger of
healthy controls. To that end, we designed an experiment in which
participants were engaged in a combined static -and dynamic forcematching task. We measured the structure of the force output by means
of Coefficient of Variation and the frequency profile of the produced force.
Further, EMG data provided us a window on muscular activation
patterns.
Main outcomes
The results surprisingly showed that patients were not clearly different
from the healthy controls regarding their ability to produce a steady or
controlled increasing force. This disproves part of our hypothesis that the
neuromotor system of RSI patients is noisier than that of healthy control
subjects. However, controlled force decrement was different between the
groups: controlled relaxation proved to be more variable in the patient
group. They showed an increase in CV of 38% versus 13% for the controls
during that specific part of the task (cf. Figure 3). This is evidence that
patients particularly have more difficulties controlling decrement of their
force output, regardless whether they used the index finger of their
symptomatic or asymptomatic side. One could immediately suggest a
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relation between the lower MVCs and the higher CV in the patient group,
as CVs tend to increase when force production decreases. However, this
was not the case as the correlation between MVC and CV in each group
was not significant and less then .15. Power spectral density analysis of
the relative force output signal showed what frequency bands changed
following the task requirements. As we clarified in the Method section,
significant changed of CV-scores should at least be reflected in several of
the lower frequency bins (0.5 - 2.5 Hz). The experimental data confirm this
notion. As for standardised muscle activity, patients showed for both sides
and across all experimental conditions increased agonist FDS activity.
Antagonist ED activity did only increase on the asymptomatic side.
Consequently, the cocontraction ratio (agonist/antagonist) decreased on
the symptomatic, and increased on the asymptomatic side.
In the remaining of the Discussion we will discuss several aspects of the
experimental

outcomes

and

relate

those

to

(neuro)-physiological

mechanisms. This is followed by suggestions to explain the finding that
patients particularly perform particularly worse on controlled relaxation.
Motor unit recruitment and force variability
Though MU recruitment is a noisy and stochastic process, some general
principles apply. Within a muscle, MU recruitment and decruitment are
organized according to Henneman’s size principle (1957): small motor
units (MUs) units are recruited first but decruited last and vice versa for
the large MUs. It depends on the number of MUs in the muscle what
strategy is being used by the central nervous system. In large muscles like
the Biceps Brachii, new MUs are recruited up to 80% of the muscles’
maximum output, while for a small muscle like the first dorsal
interosseus muscle recruitment stops at MU at 50%- 60% MVC (Kukulka
& Clamann, 1981; Moritz et al., 2005). Force increase beyond the strategy
of recruiting more MUs is realized by raising the firing frequency of the
MUs. The relative contribution of these two mechanisms to an increase in
muscle force varies across the working range of the muscle. Recruitment
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dominates at low forces, whereas rate coding is more significant at high
forces (De Luca, Levever, McCue, & Xenakis, 1982; Kernell & Sjoholm,
1975; Milner-Brown, Stein, & Yemm, 1973; Monster & Chan, 1977;
Person & Kudina, 1972). The discharge rate of a motor unit forms a main
contribution to the fluctuations in the net force output. This is especially
valid at low forces when the initial discharge rates are low and the relative
contribution of a motor unit to the net force at its largest (Laidlaw et al
2000; Moritz et al., 2005). Indeed, the CV for the index finger force showed
a rapid decline from 7% to 12% MVC and a smaller decline from 12% to
17% MVC. The trend is similar to studies examining other tasks like
isometric finger abduction (Moritz et al., 2005; Burnett, Laidlaw, & Enoka,
2000) or isometric knee extension (Christou, Grossman, & Carlton, 2002;
Tracy & Enoka, 2002). This implies that working at low force levels is a
demanding task for the neuromotor system.
As we observed in our experiment by manipulating the direction of
force matching, controlled muscle relaxation is a more variable process
than controlled muscle contraction. It has been demonstrated that the
torque at which a MU starts firing during an isometric contraction is
higher than that at which it ceases firing during isometric relaxation (e.g.
De Luca et al., 1982; Denier van der Gon et al., 1985; Romaiguere, Vedel,
& Pagni, 1993). Further, for various arm and leg muscles it was shown
that the firing rates of MUs at equal force level are lower during relaxation
than during contraction (Denier van der Gon et al., 1985; Romaiguere et
al., 1993; Van Groeningen, Nijhof, Vermeule, & Erkelens, 1999; Gorassini,
Yang, Siu, & Bennett, 2002; Kimura et al., 2003). Finally, the synaptic
drive that is needed to preserve the firing of motor units during relaxation
was smaller than that needed to recruit the MU during contraction
(Gorassini et al., 2002). These findings indicate that graded muscle
relaxation is a more difficult and variable process to control than graded
muscle contraction as the relative contribution of a motor unit to the net
force will be larger during relaxation. Moreover, the neuromotor system is
more reactive in its relaxed state because it necessitates less descending
stimuli to increase its firing rate.
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Visual and motor integration
Matching the bar on the computer screen in our experimental task
required successful feedback control, i.e. integration of proprioceptive and
visual position information which allows for online error detection and
correction. With this type of control, a high degree of accuracy can be
reached, though it is necessarily slow. Feedforward control on the other
hand can do without the use of online of sensory information evolving
during the action. Such actions depend on the accuracy of an internal
model, and can occur rapidly, as there is no need to account for delays of
feedback loops (cf. Kawato, 1999). Visual feedback probably is the most
important source of information in both segments of our accurate
isometric force matching experiment; increasing intermittency of visual
feedback leads to less accurate performance (Slifkin et al., 2000).
Feedforward control though probably plays a more important role in
dynamical force matching than in steady force matching. Required force
production in the dynamic segments of the task namely can be predicted
once the direction and velocity of the visual target is known. It is
interesting to observe that overall variability was less for dynamical force
matching than for steady force matching (compare Figure 3A & B), which
suggests that the combination of feedforward and feedback control
benefits motor performance (Desmurget and Grafton, 2000).
In tasks that require a simple motor reaction to a visual stimulus,
visuomotor delay can be 150 milliseconds (Teichner & Krebs, 1972). On
the other hand, reaction times between perceiving a signal and starting a
braking manoeuvre while driving a car can be up 1 to 2 seconds (Fambro,
Koppa, Picha, & Fitzpatrick, 1998). Corrective movements are reflected in
the power spectrum of the force signal. In isometric force matching tasks,
one prominent peak is typically present around 1-1.5 Hz (Christou,
Jakobi, Critchlow, Fleshner, & Enoka, 2004; Slifkin & Newell 1999; Slifkin
et al., 2000), with no discrete peak occurring in the 6-7 Hz bands. The
latter peak would be expected if participants would react according to a
minimum visuomotor delay of 150 ms. It is not likely though, that a
precise and controlled motor correction can be executed in about 150 ms;
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the central nervous system will require more time to compute an error
correction signal. In order to integrate fast visual error detection in motor
error correction during ongoing isometric force matching, Slifkin et al.
(2000) proposed a model where visual errors are sampled at a maximum
rate of 6.4 Hz. Each sample is accumulated in a short-term buffer, and an
error correction is being computed and executed after a 1-second interval.
A possible advantage of such a delayed feedback closed-loop correction
mechanism is that unsystematic noise is reduced following multiple
summations of the error samples.
Having discussed general principles underlying variability in
isometric force production we now specifically address this variability in
the patient group.
Why patients perform worse
The RSI patients displayed force match inaccuracies during graded
muscle relaxation, while graded or steady contractions did not show large
differences

between

the

groups.

In

the

following

paragraph,

we

hypothesize about possible mechanisms underlying this finding.
Though pain is a major disturbance for these patients, it did not
seem to directly attribute to the results of this experiment. As we
hypothesized in the Introduction, pain should be considered a major
factor if its’ influence would become apparent while matching larger
forces. This did not happen, as increasing forces led to improved CVs in
both patients as controls. Beside pain, diminished vibration sense, which
is an early indicator of sensory nerve pathology, is frequently observed in
RSI patients (Doezie, Freehill & Novak, 1997; Greening & Lynn, 1998;
Jensen, Pilgaard & Momsen, 2002). The issue is whether reduced
peripheral

sensory

functioning

would

directly

affect

fine

motor

performance. In studies where sensibility of the fingers was reduced,
either as a clinical symptom or due to anaesthesia, it was found that the
need for tactile sensory feedback in object manipulation depended on the
predictability of the task (Johansson, Hager, & Backstrom, 1992; Nowak
et al., 2001; Nowak and Hermsdörfer, 2003). If a task could be predicted,
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anaesthetized grasping fingers only show mild impairments of grip force
control. However, unpredictable load changes produced less efficient or
sometimes no motor adjustments in anaesthetized digits. Though our task
was unpredictable in the sense what force level had to initiated and in
what direction the target bar moved after the stationary period, having to
produce continuous increasing pressure followed by decreasing pressure
(or vice versa) is not. So it is less likely that decreased cutaneous sensory
functioning would be the main contributor to the symptoms present in
our

experiment.

Moreover,

detecting

force

changes

in

isometric

contracting muscles is mainly a function of the muscle spindles and
Golgi-tendon organs, and not of the cutaneous receptors.
It is certainly not the case that changed peripheral sensory
functioning does not have an important role in the development of
Repetitive Strain Injury, as we will discuss further on the text. But the
point we want to make here is that the presented symptoms suggest an
involvement of central motor control processes in RSI. We underpin this
notion with two arguments. The first reason is that motor control in the
patient group is bilaterally disturbed. This could not be predicted on a
solely peripheral based explanation, as the asymptomatic side was, at
worst, much less affected than the symptomatic side, but still displayed
considerable signs of increased motor variability. There is ample evidence
that movements are represented by generalized motor programs in the
brain. A telling example is the phenomenon that when people write with a
pencil using their non-dominant hand, clenched between their teeth or
toes, they still produce a written output similar (stroke ratio, velocity
profile, curvature) to when they would have taken the pencil in their
dominant hand (Raibert, 1977). This so-called motor equivalence (Lashley,
1930) provides arguments to suggest that following unilateral long-lasting
deviant motor behaviour, due to whatever reason, changes can also
become present on the originally non-deviant side. Smeulders, Kreulen,
Hage, Ritt, and Mulder (2002), who investigated motor performance in
patients with non-specific unilateral wrist pain, came to a similar
conclusion. Their patients, compared to healthy controls, produced a less
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fluent output with their asymptomatic hand in a graphical drawing task.
Further evidence for motor equivalence emerges from dystonic Writer’s
Cramp patients, where the asymptomatic side also appears to be affected.
Chen, Tsai, and Lu (1995) showed that the amplitude of inhibition of
median H-reflexes were smaller in both the symptomatic as in the
asymptomatic arm compared to reflexes in the arms of the controls.
The second argument of assumed central neurological involvement
comes from the differential effects of dynamic force matching. Muscle
contraction and relaxation has been studied in populations of patients
like Parkinson’s disease (Corcos, Chen, Quinn, McAuley, & Rothwell,
1996;

Grasso,

Mazzini,

&

Schieppati,

1996;

Robichaud,

Pfann,

Vaillancourt, Comella, & Corcos, 2005), and focal dystonias (Buccolieri,
Abbruzzese, & Rothwell, 2004; Oga et al., 2002; Yazawa et al., 1999). A
general finding is that especially relaxation is impaired, in the sense that
patients are slower terminating their muscle activity. Contracting the
muscles on the other hand seems to be less impaired. This suggests that
the process of muscle relaxation is not simply the termination of the
motor command, but must be regarded as an active inhibitory process.
Indeed, in patients with focal dystonias there is support of reduced
excitability of inhibitory circuits in several parts of the motor system, both
on a cortical level (Abbruzzese, Marchese, Buccolieri, Gasparetto, &
Trompetto, 2001; Chen, Wassermann, Canos, & Hallett, 1997; Filipovic et
al., 1997; Ikoma, Samii, Mercuri, Wassermann, & Hallett, 1996; Ridding,
Sheean, Rothwell, Inzelberg, & Kujirai, 1995) as in the spinal cord (Chen
et al., 1995; Nakashima et al., 1989; Panizza, Lelli, Nilsson, & Hallett,
1990). Though the participants in our study did not completely have to
cease muscle activity, reduced inhibition of the motor signal could provide
satisfactory explanation for the findings. Assuming that muscle relaxation
is delayed in the RSI patients by failing inhibition, it is logical that they
are less proficient matching a decreasing target force as they are slower
adapting to the required situation. We thus conclude that altered central
neurological processing has to be taken into account in Repetitive Strain
Injury.
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It may be speculative to assume a relation between focal dystonia
and certain forms a non-specific RSI, but the type of task that causes
both conditions is the same: rapid, repetitive, highly stereotypic
movements, executed in an attentive manner. Byl and colleagues (e.g.,
1996, 1997, 1999, 2002) already have showed in several monkey studies
that these movement strategies cause motor dysfunction resembling those
of focal dystonias. Furthermore, electrophysiological mapping revealed
abnormal hand representations in the primary somatosensory cortex of
the affected monkeys. This shows that aberrant neuroplasticity can be
caused by adverse motor learning.
It further seems likely that peripheral tissue damage and altered
peripheral sensory functioning also attribute to this mechanism. Using a
rat model, Barbe et al. (2003) have clearly demonstrated that high rates of
movement repetition during an extended period of time was, besides
associated with local tissue inflammation, related to the development of
fine motor disturbances. It would be of the utmost importance to examine
the brains of these rats to establish a relation between observed
pathological symptoms and changed cortical mapping.
An interesting study by McCabe, Haigh, Halligan, & Blake (2005)
describes the detrimental sensory effects on healthy subjects due to
sensory-motor incongruence. In the experiment, participants moved their
arms or legs in-phase or out-phase. A mirror/whiteboard placed on the
midline, prevented them to view the opposite side of the body, as
participants were turning their head and just looked at one side of the
mirror/whiteboard. In the mirror condition, they received visual input of
the moving limb on the homolateral side. Many participants reported
changed sensory awareness. Almost 60% of them described feelings of
pain,

temperature

or

weight

changes,

perceived

loss

and

other

peculiarities predominantly in the hidden limb, when observing the
homolateral limb in the mirror while making out-of-phase movements.
This implies that the larger the incongruence between motor performance
and sensory perception, the larger susceptibility to pain is. With this in
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mind, using the mouse as an input device may become troublesome if the
input-output relation is ambiguous.
Muscular activity
We hypothesized that cocontraction would increase in patients resulting
from an adaptation strategy to be used in order to control for the
inaccuracies in the force output signal. The obtained results for
cocontraction did not allow for a clear interpretation. Though the CVs for
the patient group were raised for both sides, the cocontraction ratio
differed markedly between the symptomatic and asymptomatic side. This
was mainly due to different antagonist ED activity, as agonist FDS activity
was about equal on both sides.
In dynamical tasks, cocontraction is a useful strategy to control
movement variability, which has been demonstrated in e.g. graphical
aiming (Van Gemmert & Van Galen, 1997), handwriting (Meulenbroek,
Van Galen, M. Hulstijn, W. Hulstijn, & Bloemsaat, 2005), pointing
(Gribble, Mullin, Cothros, & Mattar, 2003; Laursen, Jensen, & Sjogaard,
1998), and catching a ball (Lacquaniti & Maioli, 1987). It is questionable
though that cocontraction is important for controlling isometric force on a
rigid force button. Most likely, the insuperable resistance of the force
button provides enough stability while it further only allows for force
generation

in

one

direction.

Some

recent

publications

provide

experimental support for this notion. Danion and Gallea (2004) did not
find a correlation during a precision grip between cocontraction for several
thumb muscles and the Coefficient of Variation. Furthermore, Burnett et
al. (2000) showed that cocontraction did not co-vary with steadiness in old
adults several isometric and anisometric contractions of the index finger.
If we focus on the role of the primary agonist FDS, it is apparent
that activity in this muscle was increased for the patient group on both
sides and across all experimental conditions (Figure 5 top panels).
However, it is not clear what the meaning of the finding is, because
increased FDS did not lead to higher force production as that was
successfully controlled for by the task constraints. On the other side, we
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only measured two muscles while nearly ten different muscles directly
contribute to index finger movements. Especially the intrinsic hand
muscles are of importance in sustained isometric contractions (Maier &
Hepp-Reymond, 1995). It might be possible that the distribution of muscle
activity was different between the groups but remained unnoticed due to
the experimental setup. This needs further experimental elucidation.
Final remarks
The experiment clearly showed that patients suffering from non-specific
RSI display reduced capability to control muscle relaxation. This might
explain part of the motor complaints they express, as fine motor control
requires intact ability to contract and relax the musculature. From this
finding we would predict that in continuous manual tasking, force applied
by the patients augments in time as the ability to relax has diminished.
Our patients were capable of sufficiently controlling muscle relaxation at
higher force levels. From a motor control perspective, it would be
advisable for these patients to operate at higher force levels, where motor
performance

is

better

to

regulate.

However,

considered

from

an

energetically point of view, that strategy would be hardly recommendable
as it is metabolically costly. Exposure studies have demonstrated that
when muscles continuously work at a low intensity, signs of fatigue
already become manifest after one hour (Fallentin, Sidenius, & Jorgensen,
1985; Sjogaard, Kiens, Jorgensen, & Saltin, 1986). At work, patients have
to compromise by at the same time allowing a certain degree of inaccuracy
and working in a more relaxed fashion.
The outcomes of the experiment further underline the importance of
measuring both static and dynamic force matching in examining motor
performance. By only focusing on static force matching as a test variable,
possibly valuable information concerning neuromotor functioning could
be missed. Details regarding the status of the neuromotor system are
essential for providing a starting point for adequate intervention
strategies. Such a diagnostic and/or evaluative tool however, should be
applicable within a short period of time and not, like ours, take an hour or
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so to complete. Further testing therefore is recommended to investigate
whether a similar and reliable conclusion can be drawn from this
promising research tool in its possibly shorter form.
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Conclusions and discussion

The primary goal of the research project that resulted in the present thesis
was to investigate whether the neuromotor noise (NMN) theory on the
relationship between stress and human performance (Van Galen & Van
Huygevoort, 2000; Van Gemmert & Van Galen, 1997) provides a
satisfactory

account

of

Repetitive

Strain

Injury

(RSI).

RSI

is

a

multifactorial determined musculoskeletal disorder of the upper limb.
Factors that are acknowledged as potential risk factors in the development
of the debilitating syndrome are sustained repetition, force output, and
awkward working postures. Psychosocial factors such as work pressure,
work load, and inadequate social support from peers and superiors are
assumed to play a mediating role. In Chapter 1 of this thesis the NMNtheory is described in detail. Here I will only list four of its essential claims
to be able to discuss the theoretical implications of the results obtained in
the experiments described in Chapters 2-5. The four most important
assumptions of the NMN-theory are:
1. Motor behaviour is inherently noisy
2. Motor control entails optimizing the signal-to-noise ratio (SNR)
in the neuromotor system given the current task demands
3. Neuromotor

noise

stemming

from

non-motor

sources

impoverishes the current SNR in the motor system
4. Humans exploit certain biomechanical degrees of freedom to
maintain acceptable levels of movement accuracy
Based on these assumptions the NMN-theory postulates that RSI might be
caused by an accumulation of stress effects in individuals with an
enhanced tendency to react to stressors with heightened levels of
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muscular cocontraction. This hypothesis generated a number of research
questions that we addressed in the experiments. An overview of the most
important and relevant findings of the thesis will be presented in the next
few paragraphs. When appropriate, additional comments on unresolved
issues and suggestions for future research are provided. Furthermore, the
explanatory power of the neuromotor noise theory is being reviewed.
Cognitive load
What effects does cognitive load have on movement and force production,
and on muscular activation patterns?
Previous research by Van Galen and colleagues (e.g., 1997, 1998, 2000,
2002) using drawing and handwriting tasks demonstrated that mental
load, depending on its nature and extent, could either improve or
impoverish motor performance. In Chapter 2 we extended these findings
to typewriting. By using a transcription-typewriting task, the combined
effects of lexical complexity and short-term auditory memory load on the
kinematics of finger movements were investigated. In concordance with
our expectations, we found differential effects on movement production
depending on the simultaneous occurrence of the experimental stressors.
Memory load presented in isolation facilitated movement execution, lexical
complexity as such had a primary inhibitory effect. The simultaneous
presentation of these task demands, however, did not counteract the
effect of both stressors, but resulted, as predicted by the NMN-theory, in a
further decline of motor performance.
The NMN-theory assumes that stiffness regulation is a suitable
biomechanical adaptation strategy to counter effects of impoverished
signal-to-noise ratios, caused by cognitive processes. Confirmation of this
assumption in a dexterous task would support the hypothesis that
cognitive processing is an important factor in the aetiology of RSI.
Increased limb stiffness namely requires continuous enhancement of
muscular activity, the latter being an acknowledged risk factor. The
participants tested in the Chapter 2 experiment did not necessarily have
to use stiffness regulation as a control parameter. They were free to vary
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the speed of typing, which is how they coped with the task demands
imposed. In Chapter 3 therefore, we aimed to eliminate speed variation as
an available degree of freedom by imposing fixed tapping rates.
Furthermore, muscular (co)activation and applied force were determined
to provide an indication of the degree of limb stiffness generated. The
experimental setup was designed in such a way that normal typewriting
was approximated by adopting the same working posture, viz. supporting
the forearm while tapping. Consequently, two functional units were
created: an executive unit for the production of the action (distal segment,
forearm/wrist/hand)

and

a

postural

unit

(proximal

segment,

neck/shoulders) to support the executive unit. Based on the results of a
previous experiment and epidemiological surveys, we expected the effects
of cognitive stress to become noticeable at least in the postural
musculature. This prediction was confirmed by the experimental data.
Contrary to what would have been predicted by the NMN-theory, we
did not find signs of increased limb stiffness in the executive limb segment
due to increased cognitive load; neither muscular cocontraction nor
keying force was enhanced. The results of the experiment reported in
Chapter 4, however, did show that cognitive processing load increased
limb stiffness. These conflicting results are discussed below in the
paragraph Notes on the neuromotor noise theory.
Are RSI-patients more reactive to an additional mental stressor?
We assumed that RSI is likely to develop in individuals with a noisier
neuromotor system who tend to react to various stressors with augmented
muscular activation. A logical inference is that once RSI has developed,
these individuals will still display an increased reactivity to cognitive load.
This assumption seems to be confirmed in Chapter 4. We showed that
while moving the pen towards a target, a secondary cognitive task caused
pen pressure to increase more in patients than in healthy participants.
However, we did not find the expected signs of increased stiffness to
emerge during the preparatory breaks in which no movement took place.
This might cast some doubt on the assumed enhanced noisiness of the
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neuromotor system in patients. Moreover, signs of increased neuromotor
noise should also have become manifest as increased variability in the
force output profile. We did not find convincing evidence for such
increased variability during the steady phase of the isometric force match
task (Chapter 5). It must be noted, though, that additional cognitive
processing was required from the participants in the graphical aiming
experiment but not from those in the isometric study. Therefore, no
definitive conclusions can be drawn, and remains to be tested.
Motor control in RSI-patients
Do RSI-patients who report forearm complaints show altered motor control?
In Chapters 4 and 5 we demonstrated that RSI-patients showed distinct
signs of deviant motor control. In the graphical aiming experiment of
Chapter 4, patients clearly had difficulty initiating movements and
generated more force during movement than control participants. We
considered latter as a demonstration of increased muscular cocontraction.
Therefore, we tentatively suggested that a central neural component might
be involved in the pathological process of this particular group of patients.
However, due to some uncontrolled degrees of freedom, again no definitive
conclusion could be drawn. To overcome these drawbacks, we designed a
task in which participants had to match and modulate low-intensity
isometric forces (Chapter 5). Analyses focused on the modulation of force
increments and decrements, as well as on the already mentioned control
of steady forces. The results strengthened the idea of central neural
involvement in the group of RSI-patients under study. Especially the
aberrant modulation of force decrement was considered to be illustrative.
Various earlier experiments had namely found similar results for patients
with neural deficits like Parkinson disease (Corcos, Chen, Quinn,
McAuley, & Rothwell, 1996; Grasso, Mazzini, & Schieppati, 1996;
Robichaud, Pfann, Vaillancourt, Comella, & Corcos, 2005) and dystonia
(Buccolieri, Abbruzzese, & Rothwell, 2004; Oga et al., 2002; Yazawa et al.,
1999). Comparable findings have been obtained for the elderly (VoelckerRehage and Alberts, 2005). Furthermore, changes in the central neural
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system in patients with carpal tunnel syndrome (Tinazzi et al, 1998), and
musician’s cramp (Rosenkranz, Altenmuller, Siggelkow, & Dengler, 2000),
and in monkeys performing highly repetitive manual tasks (e.g., Byl,
Merzenich & Jenkins, 1996) have already been described in the literature.
Yet, this tentative but interesting assumption still awaits corroboration for
RSI-patients.
Notes on the neuromotor noise theory
Analysing a complex syndrome such as RSI from the viewpoint of a theory
like the NMN-theory clearly has advantages over an ad hoc approach
focusing on single symptoms. A theoretically based analysis might
demonstrate the relationship between the different phenomena that occur
as a result of underlying pathological processes. For instance, the NMNtheory assumes that the signal-to-noise ratio of motor processes is
influenced by typical motor demands like precision and speed, but also by
psychological/cognitive factors such as anxiety, motivation, and cognitive
task complexity.
However, even though the NMN-theory provides clear insights into
the important but complicated relationship that exist between stress and
human performance (Van Gemmert & Van Galen, 1997), it did not enable
us to fully clarify all results. In Chapter 3, for example, we described an
experiment in which cognitive load had differential effects on the muscles
of the upper limb. The NMN-theory does not make a specific claim as to
where in the motor system psychological/cognitive stress the effects
emerge. In the discussion of Chapter 3, we reasoned that the effect was
probably dependent on the momentary function of a particular segment,
e.g. less effect on the muscles of the executive parts (hand and wrist) than
on the postural supportive parts (neck/shoulder area). The increased
muscular activity observed in the large muscles of the neck/shoulder area
was regarded as a biomechanical adaptation strategy, i.e. a stiffness
response, to the stressor. We further considered it to be a ‘wise’ response
of the neuromotor system, as the larger postural muscles rather than the
smaller executive muscles would be able to cope more efficiently with
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increased cognitive load (Hamilton, Jones & Wolpert, 2004). Nonetheless,
this clarification does not rule out an alternative account of the effects. It
could be that the propagation of noise is noise-level dependent, i.e. lowintensity noise may not disseminate as far through the system as highintensity noise. This matter could be investigated by examining the effects
of freeing and freezing particular degrees of freedom of the arm under
different cognitive load and task conditions.
A related matter of discussion concerns the conflicting results of the
experiments reported in Chapters 3 and 4. In both experiments a
comparable cognitive stress condition was used. However, only in the
graphical aiming experiment described in Chapter 4, this stressor did
elicit increased pen pressure. Perhaps an explanation can be found in
subtle but important differences between the two types of motor tasks.
Generating movements on a keyboard or with a hand-held computer
mouse is different. Typewriting is a highly automated skill which, in
skilled typists, requires little to no visuomotor control. Manipulating a
computer mouse, on the other hand, is an action that continuously
requires a substantial amount of guidance from the visual system. And
there

is

another

fundamental

difference

between

continuous

tapping/typing and graphical aiming. The latter task can be described as
a discrete task in which the isolated movements have a well-defined
starting point and end whereas the former is a repetitive or rhythmic task
in which the movement units are cyclical by nature. In the motor control
literature there has been, and still is, debate, about whether (1) rhythmic
movements should be regarded as concatenated discrete movements, (2)
whether discrete movements should be seen as truncated rhythmic
movements, or (3) whether discrete and rhythmic movements have to be
regarded as separate motor programs (Miall & Ivry, 2004). Though still
inconclusive

both

behavioural

(Van

Mourik

&

Beek,

2004)

and

neurophysiological (Schaal, Sternad, Osu, & Kawato, 2004) data at least
rule out the first possibility. Schaal et al. (2004) found increased and more
widespread brain activity during a discrete single-joint wrist flexionextension movement than during the same action in a cyclic pattern. The

- 132 -

Conclusions and discussion
authors interpreted this as evidence that performing discrete movements
is relatively more demanding than generating cyclic or rhythmic
movements. Additional behavioural evidence from studies by SmitsEngelsman, Van Galen & Duysens (2002) showed that performance on a
graphical aiming task was indeed better for the cyclical version than for
the discrete version of the task. These findings support the NMN-theory in
the way it accounts for differential effects of cognitive load on graphical
aiming and typing/tapping tasks. The third assumption of the theory
states that neuromotor noise stemming from non-motor sources may
impoverish the current SNR. As typewriting is a less demanding task for
the neuromotor system, increased noise due to cognitive activity will have
the largest disturbing effects on the graphical task. The NMN-theory has
sufficient explanatory power to examine the effects of increased cognitive
and motor demands in RSI. Nonetheless, the theory lacks specificity as to
where in the multi-segmented effector system the enhanced neuromotor
noise may have its most pronounced effects.
Final comments
Epidemiological surveys have yielded a good idea of what the primary and
mediating risk factors in the development of RSI are. To improve diagnosis
and treatment, more targeted studies analysing the pathophysiological
mechanisms responsible for RSI symptoms are badly needed. Such
experiments require appropriate operationalization of the important risk
factors. Take, for example, the finding that dual- or multi-tasking is such
a risk factor. Experimental studies may confirm that having to perform
two tasks at the same time causes tonic stiffness of the arm to increase.
At the same time, neurophysiological studies show that sustained muscle
activity may result in permanent muscular problems. It is particularly
important to realize that behavioural changes may induce alterations in
neural structures. Given these diverse insights into RSI, a potentially
cognitive intervention is to prevent people from too much multi-tasking by
reorganizing their work into separate activities. However, this strategy is
probably not effective if behavioural changes were already manifest for a
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longer period of time and neural changes may have become permanent.
The wise physician or therapist acknowledges these matters and is aware
of the possibility that the core of the problem does not need to be at the
place where it hurts. The focus of the intervention might consequently be
aimed at restoring healthy behaviour and neural functioning first. This
could, for example, be achieved by gradually training the individual to
uncouple proximal and distal muscle activation. Once this skill is
mastered in isolation, it should be transferred to the workplace. Here it
might become part of a larger return-to-work treatment program, which
may include time management, stress coping programs and physical
conditioning.
Probably, Bernardino Ramazzini (1713) would agree with the
suggestions mentioned above. Apart from sniffing volatile ammoniac to
dispel inertia, he recommends performing a regular healthy workout:
“Now what safeguards shall the medical profession prescribe for
those who by incessant writing bring on themselves such serious
maladies? First of all, to repair the damage that a sedentary life
may bring on, physical exercise will be beneficial, but in moderation
and on holy-days after due attendance at services in church”.
Maybe the last part of his advice should not be taken too literally, but
taking time for some serene moments would not hurt.
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Samenvatting
Wanneer we een virtuoze pianist een ingewikkeld en snel stuk zien en
horen uitvoeren, of de wereldkampioen blindtypen 900 aanslagen per
minuut zien maken, is het duidelijk dat ons bewegingsapparaat tot
buitengewone dingen in staat is. Maar de keerzijde is dat velen juist
fysieke klachten aan de bovenste extremiteit (arm, schouder en/of nek)
ondervinden door deze ver ontwikkelde vaardigheden. Verder zijn het niet
alleen de musici en typisten die deze klachten, beter bekend als
Repetitive Strain Injury of RSI, ontwikkelen. De vele SMS-jes die vooral
worden gestuurd door jongvolwassenen hebben al de eerste slachtoffers
geëist. En zelfs jonge kinderen die langdurig videospelletjes spelen,
rapporteren

tegenwoordig

klachten.

Nintendo

waarschuwt

de

kinderen/ouders al door een specifieke paragraaf met betrekking tot de
gevaren van langdurig gamen in de handleiding op te nemen.
RSI laat geen, zoals meestal wel het geval is bij een gebroken been of
spierscheuring, duidelijk omschrijfbare en diagnosticeerbare symptomen
zien. Daarom wordt er ook vaak een onderscheid gemaakt tussen
specifieke RSI (bijvoorbeeld Tenniselleboog, Carpaal Tunnel Syndroom) en
aspecifieke RSI, waarbij patiënten uit de laatst genoemde categorie veruit
de grootste groep vormen. De klachten die worden gerapporteerd variëren
sterk tussen verschillende personen en binnen dezelfde persoon en
kunnen zich op een enkele of meerdere plaatsen in de bovenste extremiteit
uiten. Ze kunnen worden onderverdeeld in sensorische symptomen,
motorische symptomen en in reacties van het onwillekeurige of vegetatieve
zenuwstelsel. De sensorische symptomen omvatten ondermeer pijn,
tintelingen, gevoelloosheid of juist toegenomen gevoeligheid, vermoeidheid
en stijfheid. Motorische symptomen uiten zich door zwakte, spierkramp,
trillingen en dystonieën (onvrijwillige bewegingen). Reacties van het
vegetatieve zenuwstelsel zijn bijvoorbeeld overmatige zweet productie,
zwelling van de hand en een veranderde kleur van de huid. Ondanks de
diversiteit aan verschijningsvormen is intussen wel een redelijk eenduidig
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beeld ontstaan door welke groep van activiteiten RSI ontstaat: fysieke
werkzaamheden met herhaalde bewegingen in een statische houding van
één of meer delen van arm, schouder en/of nek. De resultaten van
verschillende onderzoeken maken het aannemelijk dat continue activatie
van de spieren uiteindelijk kan leiden tot schade aan die spieren.
Dat RSI geen nieuwe ziekte is bewijst de volgende passage uit het
werk van Bernardino Ramazzini, één van de grondleggers van de
arbeidsgeneeskunde. In 1713 schreef hij al over een bevriende notaris (vrij
vertaald):
“Hij heeft zijn hele leven geschreven en verdiende daar een aardige cent
mee. Eerst begon hij te klagen over een intense vermoeidheid in de gehele
arm, maar er was geen remedie om deze klachten te verlichten, waarna
uiteindelijk zijn hele rechter arm lam werd. Teneinde met deze handicap om
te gaan leerde hij zichzelf aan om met de linker hand te gaan schrijven. Het
duurde echter niet lang voordat ook deze arm werd aangetast door dezelfde
aandoening. Maar wat deze werknemers nog het meeste kwelt is het zich
intensief en continue moeten beroepen op het verstand, omdat in dergelijk
werk het gehele brein met al zijn zenuwen een voortdurende topprestatie
moet leveren.”
Naast fysieke factoren zijn psychologische factoren van belang.
Voorbeelden hiervan zijn werkdruk, onvoldoende ervaren steun van
collega’s en leidinggevenden, maar ook mentale taken die gelijktijdig
moeten worden uitgevoerd met de primaire motorische taak. Al kunnen
laatstgenoemde factoren niet direct verantwoordelijk worden geacht voor
het ontstaan van RSI, ze dragen wel bij aan het creëren van de ongunstige
omstandigheden waarin de aandoening zich kan ontwikkelen.
Uitgangspunt

van

dit

proefschrift

is

de

aanname

dat

het

bewegingsgedrag verandert ten gevolge van de betrokken psychologische
processen. Dit is reeds uit tal van onderzoeken gebleken. Bekende
alledaagse voorbeelden hiervan zijn er eens goed voor gaan zitten als een
handtekening onder de trouwakte moet worden gezet, of het stevig
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klemmen van de pen tussen de vingers door een basisschool leerling die
net leert schrijven. Onbewust worden deze taken uitgeoefend op een hoog
krachtsniveau. En indien dit lang genoeg aan blijft houden kan dit
uiteindelijk resulteren in klachten van het bewegingsapparaat.
In dit proefschrift worden twee hoofdthema’s behandeld. Het eerste
thema, dat centraal staat in de hoofdstukken 2 en 3, behelst de
consequenties van mentale belasting op de gemaakte bewegingen. We
vroegen ons af of mentale belasting inderdaad ook nadelige effecten had
op het motorisch functioneren tijdens computertaken. Dit zou dan tot
uiting kunnen komen in een tragere uitvoering en/of verminderde
taakproductie, door een groter aantal gemaakte fouten, maar mogelijk ook
door het inzetten van meer kracht tijdens de uitvoer van de bewuste taak.
Door dit te bestuderen bij gezonde deelnemers hoopten we meer te weten
te komen over de mogelijke bijdrage van mentale belasting aan het
ontstaan van RSI.
Zo verzochten we, in het experiment van hoofdstuk 2, professionele
typisten die volgens het 10-vingers blind systeem typten, om bestaande en
niet-bestaande woorden na te typen. Geheel volgens de verwachtingen
waren zij trager tijdens het typen van de niet-bestaande woorden. Om te
onderzoeken

hoe

een

mentale

dubbeltaak

zou

ingrijpen

op

het

bewegingsgedrag werd in een deel van het experiment een kortdurende
geheugentaak geïntroduceerd. Deze secondaire mentale taak bleek de
typebewegingen van de niet-bestaande woorden nog trager te maken dan
ze al waren, terwijl het typen van bestaande woorden niet negatief werd
beïnvloed. Dit is een duidelijk voorbeeld hoe in een ongunstige situatie
factoren elkaar negatief kunnen versterken.
In hoofdstuk 3 werd onderzocht of de motorische reacties op een
geheugen

belastende

taak

verschilden

tussen

de

houding

-en

uitvoeringsspieren van de arm. Resultaten uit eerder experimenteel
onderzoek

en

epidemiologische

onderzoeken

maakten

dit

namelijk

aannemelijk. In ons experiment typten gezonde proefpersonen met de
wijsvinger patronen van toetsaanslagen op een alternatief toetsenbordje.
De snelheid van bewegen werd gestandaardiseerd door een soort van

- 151 -

Samenvatting
visuele metronoom. Naast het bewegingsverloop van de wijsvinger en de
kracht van de toetsaanslagen registreerden we de spieractiviteit van een
aantal spieren van de bovenste extremiteit. De resultaten lieten inderdaad
een

verschil

zien

in

de

spierreacties

van

de

houdings-

en

uitvoeringsspieren. Activiteit van de houdingsspieren, gelegen in de nek en
schouder, nam toe wanneer de proefpersonen de geheugentaak moesten
uitvoeren. De uitvoerende spieren van de onderarm en hand lieten hierop
echter geen verandering zien. Deze uitkomst zou betekenen dat de
houdingsspieren

gevoeliger

zijn

voor

mentaal

belastende

factoren.

Misschien rapporteren velen daarom juist klachten in het nek-schouder
gebied ten gevolge van stressgerelateerde factoren.
Mentale belasting kan verschillende effecten hebben op de uitvoer
van computer taken, afhankelijk van de vrijheid die een persoon wordt
geboden om met de belasting om te gaan. Als de taak geen eisen stelt aan
de snelheid van uitvoering, zoals in het type experiment van hoofdstuk 2,
hebben personen de mogelijkheid trager te bewegen indien een taak (te)
complex wordt. Echter, in het experiment van hoofdstuk 3 hadden de
proefpersonen deze optie niet meer, omdat ze in het door een visuele
metronoom opgelegde tempo moesten typen. Het effect van de mentale
belasting

uitte

zich

nu

in

een

toegenomen

spanning

van

de

houdingsspieren. Continu toegenomen spieractiviteit kan, zoals al eerder
is vermeld, op den duur aanleiding geven tot klachten van het
bewegingsapparaat.
Met het tweede hoofdthema wordt het onderzoeksveld verbreed naar
de RSI-patiënten. We zijn ervan uitgegaan dat RSI (mede) ontstaat ten
gevolge van continu toegenomen spieractiviteit en dat mentaal belastende
factoren/activiteiten een verdere toename van deze activiteit tot gevolg
hebben. Dan kunnen we aannemen dat individuen die aanleg hebben om
op deze mentale factoren te reageren met verhoogde spier activatie, een
vergrote kans hebben om RSI te ontwikkelen. Daarom is de eerste
onderzoeksvraag van dit thema of RSI-patiënten daadwerkelijk gevoeliger
zijn voor mentaal belastende factoren tijdens de uitvoer van een computer
taak. In hoofdstuk 4 simuleerden we het gebruik van de computermuis
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door de proefpersonen met een pen over een elektronisch schrijftablet te
laten bewegen. Dit meetinstrument registreert zeer nauwkeurig de
bewegingen van, en de uitgeoefende druk door de pen op het tablet tijdens
schrijf -of tekenbewegingen. Zodoende zijn subtiele verschillen in de
taakuitvoering te detecteren. Toegenomen pendruk weerspiegelt een
toename van de activiteit in de spieren die de pen sturen. In het
experiment voerden proefpersonen een grafische miktaak uit, waarbij de
punt van de pen als een blokje en het doel als een balletje op het
computerscherm

werden

afgebeeld.

Proefpersonen

moesten

na

het

startsignaal, het blokje (de pen) naar het balletje (het doel) toe bewegen en
met een zodanige snelheid aantikken dat het balletje begon te rollen en in
een verderop op het scherm gelegen mandje viel. Dit vereiste nauwkeurige
controle over de uit te voeren pen beweging. Mentale belasting werd in dit
experiment

wederom

geïntroduceerd

door

het

aanbieden

van

een

eenvoudige geheugentaak. De resultaten uit dit experiment bevestigden
onze vermoedens. RSI-patiënten bleken inderdaad reactiever te zijn dan
gezonde proefpersonen op het moment dat de geheugenbelasting in de
taak werd opgenomen; al nam de pendruk in beide groepen toe, de
patiënten lieten een extra grote toename zien.
Uit resultaten van het grafische experiment kwam een tweede
interessant verschil tussen de onderzoeksgroepen naar voren. Hoewel de
prestatie, in de zin van succesvolle uitvoeringen van de taak, tussen beide
groepen niet verschilde, hadden de RSI-patiënten meer tijd nodig om de
beweging in gang te zetten. Verder drukten zij harder op de pen tijdens de
beweging naar het doel toe. We vroegen ons daarom af of deze patiënten
problemen kenden in de controle over de bewegingen van hun handen:
was de motorische controle in RSI-patiënten, mogelijk ten gevolge van een
ziekteproces, veranderd? Op basis van de gegevens uit een aantal
dierstudies kon dit worden verwacht. Om dit te onderzoeken werd het
experiment

van

hoofdstuk 5

ontworpen

waarbij

de

proefpersonen

nauwkeurig krachten moesten leveren door met de wijsvinger op een knop
te drukken. De uitgeoefende druk correspondeerde met de bewegingen
van een vierkantje op een computerscherm. Door meer of minder druk te
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leveren steeg of zakte het vierkantje. De taak voor de proefpersonen was
om het vierkantje zo nauwkeurig als mogelijk binnen de grenzen van een
geprojecteerd doel (horizontale balk over de breedte van het scherm) te
houden. Het doel stond aan het begin van iedere test poging stil, waarna
het in opwaartse richting bewoog, gevolgd door een beweging terug in
neerwaartse richting (of omgekeerd). De krachtniveaus om de taak uit te
voeren (lager dan 20% van het maximum) kwamen overeen met de
niveaus

die

ook

tijdens

de

uitvoer

van

normale

computertaken

voorkomen. De resultaten lieten een gedifferentieerd beeld zien. RSIpatiënten bleken ongeveer even goed te zijn als de gezonde controle
proefpersonen wat betreft het nauwkeurig positioneren van het vierkantje
in het doel. Tevens schaalden zij hun kracht adequaat op, zodat het doel
succesvol werd gevolgd in opwaartse richting. Echter, een verschil met de
controle groep was aanwezig tijdens het volgen in neerwaartse richting. De
patiënten hadden duidelijk meer moeite om de uitgeoefende kracht
gecontroleerd te laten afnemen, wat zich uitte in grotere afwijkingen
rondom het doel. Deze resultaten doen vermoeden dat in ieder geval een
specifieke component van de motorische controle is gestoord, namelijk de
actieve remming van een beweging. In soortgelijke onderzoeken bij
patiënten met neurologische ziektebeelden als dystonie en Parkinson,
bleek dat in het bijzonder de actieve remming gestoord was. Het is nu nog
te vroeg om een harde uitspraak te doen over de mogelijke betrokkenheid
van pathologische processen binnen het centrale zenuwstelsel bij RSI.
Echter, toekomstig onderzoek zou deze mogelijkheid zeker in ogenschouw
moeten nemen, omdat er indicaties zijn die in die richting wijzen.
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Dankwoord
Eindelijk dan het dankwoord. Niet dat het schrijven van dit proefschrift een
onaangename bezigheid was, maar het is toch fijn om de laatste zinnen op
papier te zien belanden.
Gerard, via omwegen ben ik indertijd bij je terecht gekomen voor het schrijven
van mijn onderzoeksscriptie. Gezien mijn achtergrond als fysiotherapeut was
de keuze voor het RSI onderwerp achteraf bezien een logische. Na mijn
afstuderen introduceerde je me bij Erwin Hartsuiker, directeur van Mind
Media, die me in 1999 aanstelde als wetenschappelijk medewerker. In dat jaar
schreef je het voorstel waardoor ik in 2000 kon beginnen aan mijn
promotieonderzoek. En zelfs na mijn promotie heb je ervoor gezorgd dat ik nog
enige maanden aan de slag kon gaan als postdoc. Het wordt nu misschien tijd
om op mijn eigen benen te gaan staan, maar ik wil je hartelijk danken voor
alle inspanningen, natuurlijk ook die in je rol als promotor, die je voor mij
hebt gedaan.
Ruud, net als Gerard, wil ik jou danken voor je begeleiding. Onvoorstelbaar
hoe snel jij een tekst kan bekijken en voorzien van correcties en
commentaren. Dat heeft tijdens het schrijven van de stukken de vaart er goed
in gehouden. Verder genereerden de brainstorm sessies op je kamer zoveel
ideeën dat ik weer werk had voor een hele periode.
Zonder de hulp, kennis en inventiviteit van Chris Bouwhuisen, Hubert Voogd,
Jos Wittebrood, Gerard van Oijen, Norbert Hermesdorf en Erik Hogervorst had
ik de experimenten uit dit proefschrift nooit kunnen realiseren. Ik dank jullie.
De aparte status van promovendus, half student en half werkende, zorgt
ervoor dat je een zekere mate van vrijheid hebt. Niet gebonden aan strakke
schema’s (buiten de einddatum van je contract dan) kun je het je eens

- 156 -

permitteren om met de NICI collega’s gezellig samen te zijn. Ik heb dat altijd
wel fijn gevonden. Bedankt motor, taal en perceptie boys & girls.
De donderdagavond stond in het teken van OBELIX, de Nijmeegse Studenten
Rugby Vereniging. Eventueel aanwezige frustraties kon ik kwijt door de fysieke
confrontaties met Moeder Aarde. Ik moet zeggen dat daar een heilzame
werking van uitgaat.
De meeste van de vrienden uit mijn studententijd zijn in Nijmegen blijven
hangen, terwijl ik de stad voor Breda verruilde. Gelukkig zijn we, Helen,
Marcel, Remco, Berno, Theo en Twan, elkaar blijven zien, meestal op de
donderdagavond (inderdaad een erg drukke avond). Twan, ik moet jou ook
bedanken voor het beschikbaar stellen van de logeerkamer in je flat, dat heeft
me veel reistijd bespaard en maakte bovenstaande activiteiten mogelijk.
Martijn, uit het oog maar niet uit het hart. Misschien dat we je nog eens
terugzien in Nederland, maar anders zoek ik je wel weer op in de States.
Tijdens de afgelopen periode hebben een aantal personen regelmatig op mijn
zoontje gepast, zodat ik in alle rust de laatste stukken kon schrijven. Bedankt
(oma) Mieke, Ceciel en Frank.
Mijn ouders en beide broers wil ik danken, gewoon omdat ze er zijn. Dat is
voor mij reden genoeg.
Kathalijne, hetzelfde geldt eigenlijk ook voor jou. De plaats die jij in mijn leven
inneemt is niet te beschrijven, maar ik ben er ongelooflijk blij mee. En nu
hebben we ook nog eens twee prachtige zonen, Bart en sinds kort Ties (al
hebben ze niet echt bijgedragen aan een vlotte afronding van dit proefschrift ;- ).

Breda, 14 mei 2006
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Na het behalen van het HAVO diploma aan scholengemeenschap “De Lage
Waard” te Papendrecht, begon hij in 1986 aan de studie fysiotherapie aan
de toenmalige “Hogeschool West-Brabant” te Breda. Na een onderbreking
van twee jaar, in die periode ondermeer dienend als soldaat, studeerde hij
in 1992 af. Meteen aansluitend startte Gijs met de studie Psychologie aan
de Katholieke Universiteit Nijmegen, om in 1998 af te studeren als
Neuropsycholoog. Vanaf 1999 tot 2003 werkte hij, eerst fulltime daarna
parttime, als wetenschappelijk medewerker bij MINDMEDIA. Het resultaat
van zijn AIO-aanstelling bij het Nijmeegs Instituut voor Cognitie en
Informatie (2000 - 2005) kunt u lezen in dit proefschrift.
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STELLINGEN
Repetitive Strain Injury (RSI) is ‘a case of mind and matter’ (dit proefschrift).
De manier waarop effecten van mentale belasting in bewegingen tot uiting komen is mede
afhankelijk van het aantal beschikbare biomechanische vrijheidsgraden (dit proefschrift).
De directe gevolgen van mentale belasting op het bewegingsapparaat maken het
aannemelijk dat deze factor bijdraagt aan de ontwikkeling van RSI (dit proefschrift).
Klachten aan het bewegingsapparaat ten gevolge van mentale belasting zullen vaker tot
uiting komen in de houdingsmusculatuur dan in de uitvoerende musculatuur (dit
proefschrift).
Het neuro-musculaire systeem van RSI-patiënten is reactiever dan dat van niet-patiënten
(dit proefschrift).
Het afwijkende bewegingsgedrag van RSI-patiënten doet vermoeden dat er problemen zijn
met de centrale aansturing van hun motoriek (dit proefschrift).
Indien men tijdens het therapeutisch ingrijpen bij RSI geen rekening houdt met de
mogelijkheid genoemd in de voorgaande stelling, zal herstel bemoeilijkt worden en
recidive waarschijnlijk zijn.
De introductie van de computer in het klaslokaal zal verstrekkende negatieve gevolgen
hebben voor het welzijn van de huidige generatie basisschool leerlingen.
Pogingen om het Gestalt RSI te vervangen door eveneens niets zeggende acroniemen zoals
ABBE, CANS of WRUED zijn een verspilling van de energie.
De vaak afwijkende papiersoort en het losse velletje waarop stellingen van een proefschrift
worden gepresenteerd laten zien dat overzicht en creativiteit bij voorkeur ontstaan als de
ballast overboord is gezet.
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