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Summary 
The purpose of this thesis was to investigate whether (1) the motor performance of stroke 

patients can be improved by training on a hand ergometer and (2) the motor performance of 

cerebellar patients by training on a climbing wall. The thesis consists of 3 experimental parts. 

The first part concerns the rehabilitation of chronic stroke patients on a hand ergometer and 

the development of an index in order to quantify the spasticity of a given muscle. The second 

part is a pilot study on cerebellar patients who performed training on a climbing wall. The 

third part is the main study on cerebellar patients in which the results from the pilot study had 

been considered in the design of the test experiments.  

The aims of the first part were (1) to test whether training on an arm ergometer of stroke 

patients decreases spasticity, increases muscle force and movement range, and (2) to develop 

a technique to quantify individual muscle spasticity. Nine patients with a stabilized 

hemisyndrome underwent a 3-week training on an arm ergometer during 5 days/week. 

Patient testing was performed one week before training, at training onset, at the end of 

training and 2 weeks after training. Spasticity was quantified by (1) the Ashworth scale, (2) 

the maximum active extension of the biceps, and (3) the minimum torque on the lesioned 

side during arm cycling. Muscle force was evaluated by the Rivermead Motorik Assessment, 

the Motricity Index and the cycling force, and the range of active movement was quantified 

by the sum of the angles at a maximum shoulder flexion, shoulder abduction, elbow flexion 

and elbow extension. By the training, spasticity decreased, muscle force and range of 

movement increased significantly. The spasticity index - the relation between the muscle 

activity modulation on the normal and lesioned side - was shown to be a useful tool in 

quantifying individual muscle spasticity. It was concluded that cycling on an arm ergometer 

is a useful tool for rehabilitation. 

The objective of the second pilot study was to evaluate whether the training on a climbing 

wall of patients with a cerebellar lesion improves their motor performance. Five patients 

participated in the training, which lasted 45 min a day, during 5 days a week and over a 

period of 3 weeks. Each patient was tested for the climbing performance, reaction time (RT), 

pointing movement and flexion/extension movements of the upper limbs during test sessions 

which were performed (1) at T0, the first day of the pre-training phase, (2) at T1, 3 weeks 

later, at the end of the pre-training phase, (3) at T2, 3 weeks after T1, at the end of training 

period and (4) at T3, 3 weeks after T2. The results showed that the training improved the 

performance of the patients in some of the tests. It turned out, however, that part of the tests 

were not optimally adapted to test the performance of the patients and were eliminated for 
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the main study. Mainly the tests on the climbing wall could hardly be quantified due to the 

different performance of the patients. Furthermore the pointing tasks were adapted with the 

aim to test specifically cerebellar deficiencies.  

The aim of the third investigation was, similar as in the second study, to evaluate the effect of 

a 6-week climbing training on motor control of 4 patients with cerebellar damage. Test 

sessions, which were taken before, during and after the training included 3-dimensional 

analysis of arm and leg movements during pointing tasks, clinical balance tests, motor skill 

tests and self-perception of symptoms. The results of this investigation showed a positive 

effect of the climbing training on the coordination of the upper and lower limb during 

pointing moments and on balance of patients with cerebellar damage. 

In conclusion the training of stroke patients on a hand ergometer and of cerebellar patients on 

a climbing wall has a positive effect on their motor performance. It should therefore be 

envisaged to replace some physiotherapy treatment by cycling on a hand ergometer in stroke 

patients and by climbing on a climbing wall in cerebellar patients 
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Résumé  
Le but de cette thèse est celui d’analyser, d’une part, comment la performance motrice des 

patients avec des attaques cérébrales peut être amélioré à travers un entrainement avec un 

ergomètre à bras et, d’autre part, et la performance des patients cérébelleux qui s’entrainent avec 

l’escalade. La thèse consiste dans trois parties expérimentales. La première partie concerne la 

réhabilitation des patients avec des attaques cérébrales parmi un ergomètre à bras et le 

développement d’un index qui puisse quantifier le degré se spasticité d’un muscle donné. La 

deuxième partie est un avant-projet sur les patients cérébelleux qui pratiquaient l’escalade. La 

troisième partie concerne l’étude principale sur les patients cérébelleux, qui se base sur les 

résultats obtenus dans l’avant-projet. 

L’objectif de la première partie est double : premièrement il s’agit d’analyser si l’entrainement 

avec un ergomètre à bras, sur les patients avec des attaques cérébrales, réduit la spasticité, s’il 

augmente la puissance du muscle et s’il augmente l’étendue du mouvement du muscle ; 

deuxièmes il s’agit de développer une technique qui nous permet de quantifier la spasticité 

individuelle d’un muscle. Neuf patients avec niveau stable de hémisyndrome cérébelleux  ont été 

soumis à un entraiment avec l’ergomètre de trois semaines pendants cinq jours/semaines. Le test 

sur les patients a été conduit quatre fois : une semaine avant l’entrainement, pendant 

l’entrainement, à la fin de celui-ci, et deux semaines après l’entrainement. La spasticité a été 

quantifiée à travers trois moyens : l’échelle d’Ashworth, l’extension maximale du biceps, et la 

torque minimale sur la partie lésinée pendant la rotation du bras. La puissance du muscle est 

évalué grâce au « Rivermead Motorik Assessment », au « Motrocity Index » et la puissance de la 

rotation; en outre, l’étendue du mouvement actif a été mesuré par la somme des inclinations 

maximales crées par une flexion de l’épaule, par une abduction de l’épaule, par une flexion de la 

coude, et par une extension de la coude. Pendant l’entrainement on a pu constater une réduction 

de la spasticité ainsi qu’une augmentation remarquable de la puissance du muscle et de l’étendue 

du mouvement. L’index de spasticité- à savoir, la relation entre la modulation de l’activité 

musculaire sur la partie normale et sur la partie lésinée - a montré de pouvoir être un important 

outil dans la quantification de la spasticité musculaire. On a pu conclure que la rotation avec un 

ergomètre à bras est un outil important pour la réhabilitation. 

L’objectif de l’avant-projet était celui d’évaluer l’amélioration de la performance motrice des 

patients cérébelleux suite à un entrainement en escalade sur mur artificiel. Cinq patients ont 

participé à un entrainement de 45 minutes par jour, pour cinq jours la semaine et sur une période 

de trois semaines. Chaque patient  a été testé sur les suivants critères : la performance en 

escalade, le temps de réaction, le mouvement, et la flexion/extension de la partie supérieure du 
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membre. Les sessions du test ont été conduites à T0, le premier jour dans la phase avant 

l’entrainement, à T 1, trois semaines plus tard à la fin de cette phase, à T2, trois semaines après 

T1, à la fin de l’entrainement  et à T3, trois semaines après T2.  Les résultats ont montré que 

l’entrainement a amélioré la performance des patients dans quelques tests. On s’est aperçu, 

pourtant, que une partie des tests n’étaient pas adaptes à tester la performance des patients et ont 

donc été supprimé pour l’étude principale. Les tests d’escalade sur mur artificiel peuvent 

difficilement être interprétés à cause des différents niveaux de performance des patients. En outre 

les taches ont été adaptées avec le but de tester les déficiences cérébelleux.   

L’objectif de la troisième partie est similaire à celui de l’avant-projet de la deuxième partie : 

évaluer les effets d’un entrainement d ‘escalade de six semaines sur la performance motrice de 

quatre patients avec des lésions cérébrales. Les sessions de test, qui ont été conduites avant, 

pendant et après l’entrainement, incluaient des analyses à 3-D du mouvement du bras et jambe ; 

ces analyses ont été effectuées sur la base des taches ciblées, des tests d’équilibre, de test sur 

l’habilité motrice et de l’auto-perception de symptômes. Le résultat de l’analyse montra un effet 

positif de l’entrainement en escalade sur la coordination de la partie supérieur et inférieur du 

membre. 

 En conclusion, les deux types d’entrainement sur les deux types des patients, cités plus haut, ont 

montré un effet positif sur leur performance motrice. En outre, c’est envisageable de remplacer 

une partie des traitements  de physiothérapie, d’une part, avec des exercices de rotation avec un 

ergomètre à bras chez les patients avec des attaques cérébrales et, d’autre part, avec l’escalade 

sur mur artificiel chez les patients cérébelleux.  
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----------------------------------------------------------------------------------Chapter 1. Introduction  

Rehabilitation of stroke and cerebellar patients 

 
1. General Introduction  

Rehabilitation measurements essentially focus on clinical observations. To date, these have 

not been able to differentiate with certitude the spontaneous recovery by different 

mechanisms of adaptation from the effects of regular rehabilitation exercise. A major 

problem is that patients are unique and it is nearly impossible to have a homogenous 

population of patients for controlled studies. Mechanisms of rehabilitation and motor 

adaptation can thus much easier be studied in animal models than in patients.  

 
1.1. Plasticity of the cerebral cortex 

Plasticity, which is generally referred to a biologic system altering its structure or function to 

accommodate to external conditions or stimuli (Wilson et al. 1975), is not limited to patients 

but can also occur in normal subjects and animals. Plasticity of the cerebral cortex can be 

investigated during development when intrinsic factors such as genes or molecular gradients 

and extrinsic factors such as sensory experience shape the final structure and function of the 

cortex. The ability of the brain to adapt to changes in its environment provides vital insight 

into how the brain develops, functions and recovers from damage. Environmental influences 

can change the electrical activity and shape the connectivity and function of the cortex. 

Experiments dating back at least four decades have explored this issue and considerable 

progress has been made in describing the phenomena and mechanisms of plasticity in the 

cortex (Stein et al. 1988). Cortical development is divided into two stages, an initial phase 

where connections are formed, and a secondary phase where existing connections are refined. 

Both intrinsic and extrinsic factors impact on these two phases and consequently the structure 

and function of the cortex. Understanding how genes, molecules, and experience contribute 

to the different phases of cortical development and how they influence the formation of 

cortical areas, maps and connections is critical to understanding developmental plasticity. 

Molecular gradients within an area may play a role in the establishment of cortical maps, 

such as the retinotopic map. Interestingly, some gradients are abruptly down-regulated at a 

time when maps are refined, suggesting a dynamic interaction between intrinsic and extrinsic 

factors during cortical map development (Stein et al. 1988). Factors extrinsic to the cortex, 

such as the amount and pattern of electrical activity in input pathways, also contribute to 

cortical development.  
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During the past two decades, experimental studies in animals and neurophysiological and 

neuroimaging studies in humans have demonstrated that the adult brain maintains the ability 

to reorganize throughout life. Cortical reorganization or plasticity as defined by Donoghue is 

“any enduring changes in the cortical properties either morphological or functional” 

(Garraway et al. 1983) and it is of major interest as it may play an important role in learning 

and functional recovery after injury to the nervous system. The availability of noninvasive 

neuroimaging and electrophysiological techniques allows us to study reorganization in the 

intact human brain. Positron emission tomography (PET) and functional magnetic resonance 

imaging (fMRI) are used for studying the reorganization of functional representations in 

relation to motor learning and recovery from human brain diseases. Transcortical magnetic 

stimulation (TMS) provides additional information on processes involved in cerebral 

reorganization as it can measure changes of the human corticospinal motor output system in 

different circumstances such as use or injury of the brain. More recently, paired-pulse TMS 

has provided means to study the differential regulation of intracortical inhibitory and 

excitatory networks involved in reorganization of the brain (Bütefisch et al. 2000). 

Furthermore, by combining TMS with drugs that either block or enhance TMS-evoked 

responses, neurotransmitter system mediating the observed effects can be identified 

(Bütefisch et al. 2000; Stefan et al. 2002). In addition, “artificial reversible brain lesions” can 

be introduced with repetitive TMS, which allows the investigators to probe the specific role 

of a cortical area for a given behavioral task (Bütefisch et al. 2000). An important concept of 

reorganization in the motor cortex is that of a distributed neuronal network in which multiple 

overlapping motor representations are functionally connected through an extensive horizontal 

network. By changing the strength of horizontal connections between motor neurons, 

functionally different neuronal assemblies can form, thereby providing a substrate to 

construct dynamic motor output zones (Stein et at. 1988). Modulation of inhibition and 

synaptic efficacy are mechanisms involved. Recent evidence from animal experiments 

indicates that these functional changes are accompanied by anatomical changes (Donoghue et 

al. 1996). Because plasticity of the brain plays a major role in the recovery of function after 

stroke, the knowledge of the principles of plasticity may help to design strategies to enhance 

plasticity when it is beneficial, such as after brain infarction (Langhammer and Stanghelle 

2000). 

Numerous studies have described plastic changes in the cortical motor areas after a stroke. 

These include decreases in motor output areas (Traversa et al. 1997), increases in motor 

thresholds (Byrnes et al. 1999), and changes in regional blood flow demonstrated by PET 
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(Dettmers et al. 1997; Nelles et al. 1999) and fMRI (Cramer et al. 1997). When patients 

underwent a training program of neuro rehabilitation they showed, simultaneously with 

improved motor functions, an increase in the number of cortical sites from where motor 

evoked potentials (MEP) of the paretic hand could be elicited (Traversa et al. 1997; 

Wittenberg et al. 2003), indicating that the cortical representation of the target muscle 

(muscle map) enlarged compared to the pretraining mapping. The shift of the muscle map or 

the increased number of abnormal location of cortical stimulation sites indicate that cortical 

motor output zone has expanded into the adjacent spared cortex, involving cortical areas 

previously not dedicated to this muscle. Similarly, recent studies in adult monkeys have 

demonstrated that behavioral experience has a clear impact on the cortical motor 

representation following injury to the motor cortex. The effect of training of the affected limb 

on the reorganization following small lesions to the hand area of the primary motor cortex 

was studied. In monkeys not receiving postinfarct behavioral training, the remaining, 

undamaged hand representation decreased in size (Nudo et al. 2001). In contrast, monkeys 

that received post injury behavioral training showed retention of the undamaged hand 

representation. In some cases, the hand territory expanded to the elbow and shoulder 

representation (Nudo et al. 2001). 

Basic neurophysiological research suggests that repetitive motor activity forms the basis of 

motor learning and recovery. (Asanuma et al. 1997) provided electrophysiological and 

anatomical evidence that the activation of pathways to the sensorimotor cortex can provoke 

long-term potentiation (LTP) phenomena and structural transformations of synapses. Further 

experimental evidence comes from studies involving TMS in humans. Short-term repetitive 

execution of simple movements of the thumb was shown to induce representational changes 

within the cortical motor map (Classen et al. 1998).  

 
1.2. Adaptation in normal subjects 
Repeated physical practice improves motor performance and elicits over time long-term 

neuromuscular adaptations (Herman et al. 1986). The increase in muscle strength during the 

first 2 weeks of strength training is primarily neural, whereas muscle hypertrophy is 

produced by resistance training for as much as 4 months (Hakkinen et al. 2000; Staron et al. 

1994). Over time, repeated hypertrophic conditions also yield lasting changes in the number 

of contractile proteins within the exercised muscles, in ratios of the muscle fiber types 

(Staron et al. 1994), and in muscle strength. Lasting neural adaptations also occur during 

resistance exercise regimens and are sometimes more pivotal to adaptation than muscular 
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factors such as hypertrophy (Hakkinen et al. 2000). Examples include changed 

electromyography-to-force ratios (Liepert et al. 1998) and increased neuromuscular junction 

size (Deschenes et al. 1993). Long-term changes in the topography of cortical maps are also 

thought to accompany repeated physical practice, although the time course of these changes 

in concert with physical practice is still unknown. For example, specific areas in the primary 

motor cortex of healthy participants engaging in daily practice of motor tasks are enlarged 

(Karni et al 1995). Even simple thumb movements repeated over a short period of time 

induce lasting cortical representational changes and an enlargement of these representations 

as learning occurs (Classen et al 1998).  

If an individual begins a running exercise regimen and has never run before, initial changes 

in endurance will be dramatic. However, after training for 6 to 8 weeks, the gains will be 

small in comparison. Eventually, if the regimen is not varied, either by modifying the 

exercise regimen and/or by continually overloading the muscles, a performance plateau will 

occur. Such plateaus are common in all areas of neuromuscular performance and are typified 

by stabilization of maximal motor performance at some peak level in response to a stable 

training stimulus. This general adaptation syndrome is characterized by 3 phases 

(Garhammer et al 1979). First is the alarm phase, in which a new stress (i.e., resistance 

training) may cause excessive soreness, fatigue, and perhaps even a temporary drop in 

performance. Second is the resistance phase, in which the body adapts to the stimulus and 

returns to a normal, albeit enhanced functional level. During this phase, the hormonal milieu 

responds to increases in neuromuscular stimulation by increasing anabolism to support 

biochemical, structural, and mechanical changes in muscle physiology. And third is the 

exhaustion phase, in which continued training at similar sets and repetitions with increased 

intensity will eventually lead to a plateau and subsequent decline in function, as the hormonal 

milieu shifts to one favoring catabolism in response to an increase in stress hormones relative 

to the available anabolic mediators. 

 
1.3. Rehabilitation in patients 
In recent years, understanding of motor learning, neuroplasticity and functional recovery 

after the occurrence of brain lesion has grown significantly. Repeated motor practice and 

motor activity in a real world environment have been identified in several prospective studies 

as favorable for motor recovery in stroke patients (Langhammer and Stanghelle 2000). 

Although a considerable number of physiotherapeutic "schools" has been established, a 

conclusive proof of their benefit and a physiological model of their effect on neuronal 
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structures and processes are still missing. Correspondingly, interventions and methods of 

physical exercise therapy in motor rehabilitation vary considerably depending on the 

physiotherapist’s preferred therapeutic approach and on the patient’s physical and 

motivational state. However, evidence-based strategies for motor rehabilitation are more and 

more available. Unfortunately, the benefit of therapeutic strategies aiming at improving 

motor function in stroke patients has only been demonstrated on a general level, i.e. without 

specification of the influence of a single well-defined intervention (Hummelsheim and 

Eickhof 1999). 

Briefly, we know that occupational therapy and physiotherapy improve motor function 

although the operative components within the entire rehabilitation process are not yet 

identified. Furthermore, little is known about the neurophysiological mechanisms.  

As examples, the physiotherapeutic method according to (Bobath et al. 1990) involves the 

reduction of an enhanced muscle tone (spasticity) before voluntary motor activities are 

facilitated. However, Langhammer and Stanghelle (2000) pointed out that a task-specific 

“motor relearning program” is more effective with respect to motor recovery and to the level 

of independence in the activities of daily living as compared with the Bobath approach.  

Task-specific, repeated practice regimens can induce lasting cortical reorganizations (Classen 

et al. 1998) that appear to precede motor improvement. The patients become gradually neuro- 

physiologically accustomed to exercise regimens to which they have been exposed 

repeatedly. Like an athlete who executes the same training regimen until adaptation has 

occurred, we assume that many stroke patients experiencing plateaus may actually be 

adapting to their therapeutic motor exercise regimens. It is usually argued that such recovery 

"plateaus" reflect diminished capacity for additional motor improvement, warranting 

discharge. 

How cortical and subcortical structures react to such a condition has been the subject of 

several investigations with various, partly divergent findings. On one hand, EEG in SCI 

patients has shown reorganization related to the recovery of limb functions with a posterior 

shift of cortical activation towards the primary somatosensory area (Karni et al. 1995). On 

the other hand, TMS in paraplegics disclosed an enlargement of the cortical representations 

of non-affected muscles in the primary motor cortex, together with an increased excitability 

(Cao et al. 1998). In addition, PET in paraplegic and quadriplegic patients revealed extensive 

changes in cortical and subcortical activation during specific motor performances of the 

upper limbs (Curt et al. 2002). 
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1.4. Rehabilitation in stroke patients 

A stroke occurs when a blood vessel that brings oxygen and nutrients to the brain bursts 

(hemorrhagic stroke) or is clogged by a blood clot or some other mass (ischemic stroke). 

Because of this rupture or blockage, part of the brain doesn’t get the blood and oxygen it 

needs. Deprived of oxygen, nerve cells in the affected area of the brain can’t work and die 

within minutes and the part of the body they control can’t work either.  

Stroke can affect people in different ways. It depends on the type of stroke, the area of the 

brain affected and the extent of the brain injury. Brain injury from a stroke can affect the 

senses, motor activity, speech and the ability to understand speech. It can also affect 

behavioral and thought patterns, memory and emotions. Paralysis or weakness on one side of 

the body is common. 

Most of these problems can improve over time. In some patients they will go away 

completely. Stroke often causes people to lose mobility and/or feeling in an arm and/or leg. If 

this affects the left side of the body (caused by a stroke on the right side of the brain), stroke 

survivors may also forget or ignore their weaker side. As a result, they may ignore items on 

their affected side and not think that their left arm or leg belongs to them (neglect). They also 

may dress only one side of their bodies and think they’re fully dressed. Bumping into 

furniture or door jambs is also common. A stroke can also affect seeing, touching, moving 

and thinking, so a person’s perception of everyday objects may be changed. Stroke survivors 

may not be able to recognize and understand familiar objects the way they did before. When 

vision is affected, objects may look closer or farther away than they really are. This causes 

survivors to have spills at the table or collisions or falls when they walk. With injury in areas 

where the short-term and long-term memories are located, it may be hard for patients to plan 

and carry out even simple activities. Stroke survivors may not know how to start a task, 

confuse the sequence of logical steps in tasks, or forget how to do tasks they’ve done many 

times before. 

By studying stroke patients it has been possible to explore the contributions of various brain 

regions to normal cerebral operations and the adaptation of remaining tissue to selective 

neuronal loss (Bhakta et al. 2000). In addition, the understanding of mechanisms underlying 

observed recovery of function has led to improvements in the methods and timing of 

interventions with stroke patients (Dombovy and Bach-rita 1988). 

Although the timing and extent of motor recovery vary for individual patients, several studies 

indicate that most functions either re-emerge in a short period of time or remain permanently 
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lost. In a study in New Zealand, 598 of 680 patients (88%) exhibited motor impairment at the 

onset of stroke. After 1 month, much improvement had occurred and after 6 months, three 

quarters of the survivors recovered substantially or completely. Recovery usually occurs by 

8–12 weeks and sometimes 6 to 12 months after the stroke (Smith et al. 2000). 

In relation to the timing of the therapy for stroke patients, it has to start as early as possible 

after the brain lesion (Ernst et al. 1990). It is a common clinical believe that stroke patients 

past a certain time window are unlikely to benefit from motor rehabilitation (Jorgensen et al. 

1995), although it has been convincingly demonstrated that motor rehabilitation of stroke 

patients remains efficacious even in the “chronic” stage, i.e. several months or years after the 

acute stroke (Kunkel et al. 1999; Page et al. 2002; Smith et al. 2000; Whitall et al. 2000). 

Even so managed-care providers often restrict the number of rehabilitation sessions, and 

motor therapy is usually only reimbursed when provided to the most acute stroke patients. 

When entering the chronic stage, their clinicians tell them that additional motor improvement 

was not to be expected, and motor therapy is discontinued.  

In order to study the efficacy of a treatment, factors that predict recovery have to be 

identified. Improvement seems to be more likely when initial deficits are limited and rate and 

extent of recovery are often greater when early impairment resolves quickly (Duncan et al. 

1994). Gender and age, on the other hand, do not appear to reliably predict recovery 

(Nakamura et al. 1992). Although information about initial severity and early course might 

enhance prognostic accuracy, it is still difficult to determine outcomes for particular patients 

(Duncan et al. 1994). 

In principle the use of the affected limb improves function and maintenance of the cortical 

representation of the affected limb. For example, repetitive finger and wrist movements 

improved the kinematics of the trained movement and overall hand function. This effect was 

specific for the repetitive training as it was not seen with training a variety of complex 

movements (Bütefisch et al. 2000). Another example is the constraint-induced therapy that 

encourages using the affected limb by constraining the non-affected limb (Tate and Damiano 

2002) and has been shown to improve motor function of stroke patients (Wittenberg et al. 

2003). 

The relationship between improvement of motor function and movement-related brain 

activation in fMRI is still unclear as some studies show an association between improvement 

in motor function and increased activation of the motor area ipsilateral to the lesion 

(Johansen-Berg et al. 2002) when moving the affected limb whereas others show a negative 
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correlation between the amount of motor-related brain activation and improvement of 

function after therapy (Wittenberg et al. 2003). 

As exposed above, many studies demonstrated plastic changes in cortical representations. 

However, these studies did not differentiate between a spontaneous recovery and plasticity 

induced by physiotherapeutic interventions. A decade ago the therapeutic value of stroke 

rehabilitation was still controversial (Dobkin et al. 1989). However, in recent years several 

studies have demonstrated the clinical efficacy of physiotherapy in stroke rehabilitation 

(Weder and Seitz 1994). The effects are more pronounced with high treatment intensity 

(Bütefisch et al 2000; Kwakkel et al. 1999) and with an early onset of the training after the 

stroke (Bhakta et. al. 2000). 

 
1.5. Spasticity 
Spasticity is a disorder of the sensorimotor system characterized by a velocity-dependent 

increase in muscle tone with exaggerated tendon jerks, resulting from hyper excitability of 

the stretch reflex (Reddihough et al. 2002).  

The pathophysiological basis of spasticity is incompletely understood. Unlike healthy 

subjects, in whom rapid muscle stretch does not elicit reflex muscle activity beyond the 

normal short-latency tendon reflex, patients with spasticity experience prolonged muscle 

contraction when spastic muscles are stretched. After an acute injury, the ease with which 

muscle activity is evoked by stretch increases in the first month of spasticity; then the 

threshold remains stable until declining after a year. The changes in muscle tone probably 

result from (1) loss of descending tonic or phasic excitatory and inhibitory inputs from 

reticulospinal and other descending pathways to the spinal motor apparatus, (2) alterations in 

the segmental balance of excitatory and inhibitory control, (3) denervation supersensitivity 

and (4) neuronal sprouting. The excitability of motoneurons is increased, as is suggested by 

enhanced H-M ratios and F-wave amplitudes. Judged by recordings from Ia spindle afferents, 

muscle spindle sensitivity is not increased in human spasticity. Once spasticity is established, 

the chronically shortened muscle may develop physical changes such as shortening and 

contracture that further contribute to muscle stiffness (Dietz et al. 2000). 

Spasticity is associated with some very common neurological disorders—multiple sclerosis, 

stroke, cerebral palsy, spinal cord and brain injuries, and neurodegenerative diseases 

affecting the upper motor neuron and pyramidal and extra pyramidal pathways. Spasticity is 

one of the main causes of disability among post-stroke patients because of functional 

limitations during daily living activities. Furthermore, it is a major risk for secondary 
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articular damage: contractures, pain and vitiated postures. Spasticity can be relieved by 

means of systemic and local drug treatments; in particular botulinum toxin has been much 

used to manage spasticity in several anatomical areas in a variety of conditions such as 

multiple sclerosis (Schapiro et al. 2001), cerebral palsy (Flett et al. 2003 and Yang et al. 

2003), and traumatic brain injury (Smith et al. 2000). Botulinum toxin plays a role in the 

management of upper and lower limb spasticity also in hemiparetic patients after stroke in 

reducing disability and reducing pain (Bhakta et al. 2000; Brashear et al. 2002). It presents 

several advantages: (1) the absence of side effects and optimum tolerance by patients, (2) the 

lack of sensory effects, and (3) the ability to target specific muscle groups, so allowing 

harmful spasticity to be reduced in one area while preserving useful spasticity in another. 

 
1.5.1 Spasticity of the upper extremities 

Muscles that often contribute to spastic adduction/internal rotation dysfunction of the 

shoulder include latissimus dorsi, teres major, clavicular and sternal heads of pectoralis 

major, and subscapularis. In the flexed elbow, the brachioradialis is spastic more often than 

the biceps and brachialis. In the spastic flexed wrist, carpal tunnel symptoms may develop. 

Flexion with radial deviation implicates flexor carpi radialis (Bhakta et al. 2000). 

In the clenched fist, if the proximal interphalangeal (PIP) joints flex while the distal 

interphalangeal joints remain extended, spasticity of the flexor digitorum superficialis (FDS) 

rather than the flexor digitorum profundus (FDP) may be suspected. A combined 

metacarpophalangeal flexion and PIP extension also may occur. A patient may be spastic in 

only one or two muscle slips of either FDP or FDS. Neurolysis with botulinum toxin is 

beneficial for spasticity of the intrinsic hand muscles because of their size and accessibility 

(Bhakta et al. 2000). 

 
1.5.2 Spasticity of the lower extremities 

Spastic deformities of the lower limbs affect ambulation, bed positioning, sitting, chair level 

activities, transfers, and standing up. Equinovarus is the most common pathological posture 

seen in the lower extremity. Equinovarus is a key deformity that can prevent even limited 

functional ambulation or unassisted transfers. Overactivity of the hamstrings may indicate 

that knee stiffness is a defense against knee flexion collapse. 

Diagnostic motor point block may reveal whether weakening strategies are indicated for 

reducing knee stiffness. In the flexed knee, overactivity in the hamstrings is more often 

medial than lateral. (Bhakta et al. 2000). 
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1.5.3 Tremor 

The most frequently seen tremor in MS is largely a function of cerebellar involvement. 

Patients with lesions in the cerebellum will most likely have balance problems as well. 

Tremor, however, presents its own set of problems. Tremor in the hands, if severe, may 

interfere with a person’s ability to propel a manual wheelchair, drive a power chair or use an 

ambulatory aid. If body tremor is present, it interferes with ambulation and movement of any 

type. Tremor may interfere with transfers, bed mobility, balance and safety. Tremor, if 

severe, is fatiguing. Tremor also interferes with driving an automobile. 

 
1.6. Climbing wall training 
We chose climbing on a wall as a rehabilitation paradigm because it is a complex task for the 

motor system which probably demands the integratory function of the whole cerebellum and 

all the sensory systems. Cerebellum helps provide smooth coordinated body movement. It 

requires precise pointing movements of the feet and the hands to the grips, planning in 

advance of some movements in order to avoid impossible body positions within the climbing 

wall, and for more advanced climbers optimal body positions in order to put the largest 

possible weight on the feet and the least possible force on the hands and an important force in 

relation to the body weight (mainly in fingers). Climbing has other features making it 

interesting for patients. The climber has a well-defined task to fulfill to reach the top of the 

wall without external help. Mobility is a primary area of concern for healthcare professionals 

treating people with multiple sclerosis (MS). Mobility limitation is often the result of several 

impairments that are common in MS and can affect a person’s vocational and recreational 

activities, one’s self-esteem and quality of life. Many impairments and deficits can influence 

the mobility of a person with MS. Some of the factors that may affect one’s mobility include 

spasticity, weakness, balance and coordination impairment, sensory and visual disturbances, 

fatigue, cognitive deficits, and emotional problems such as depression. Many times mobility 

limitation is due to multiple factors requiring a multi-disciplinary treatment approach. 

Mobility can be separated into balance impairments.  

Balance impairments are common in people with MS and can adversely affect overall 

mobility. Generally, balance includes the interaction between visual, proprioceptive (muscle, 

joint and skin) and vestibular (head position and movement) systems. Balance can also be 

affected by spasticity, weakness, cognitive deficits and emotional distress. 
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1.7. Main Objective 

• We wanted (1) to quantify spasticity, muscle force and the range of active movements 

of stroke patients trained on an arm-ergometer by means of the arm force, the surface 

EMG of the biceps and triceps and several clinical tests, and (2) to test whether the 

training changes them significantly. 

• We wanted to investigate the effects of climbing on (1) a reduction of the dismetria, 

(2) a reduction of the tremor, (3) an improved ability to maintain a constant force, (4) 

a reduction of the clumsy, impaired ability to perform the rapid alternation 

movements, (5) a decrease reaction time (RT), and (6) an improved performance on 

the climbing wall for the cerebellar patients. 

 

 
Fig. 1.1: The cross section of the human brain 
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2. Rehabilitation of stroke patients with an arm ergometer 
 

2.1. Introduction 
Patients recovering from a stroke usually receive physiotherapy with the aim to improve the 

outcome of functional rehabilitation. Often conventional physiotherapeutic exercise 

programs are applied for which neurophysiological background is not well understood due to 

missing basic research in this field. In some programs, the difference between the functional 

outcomes cannot be detected (Dickstein et. al. 1986; Basmajian et al. 1987; Wagenaar et al. 

1990). Recently, a new approach based on simple repetitive movements which form the basis 

of motor learning has been shown to accelerate recovery of hand function after a stroke 

(Bütefisch et al. 1995). However, the repetitive training of complex movements did not 

further enhance recovery compared to functionally based physiotherapy (Woldag et al. 

2003). The present investigation is based on this approach and was realized by arm cycling. 

The main purpose of rehabilitation is to improve motor function and the use of the affected 

limb in daily life. Recovery itself can be attributed to several factors. One important aspect is 

to reduce spasticity, which often arises some months after a stroke in anti-gravity muscles. 

The antispastic effect of exercises on a motorized ergometer, which move the legs similarly 

as during cycling, was documented by the F-wave, reflecting changes of motor neuron 

excitability during rhythmic movements (Rösche et al. 1997). Clinical follow-up by the 

Asworth Scale assessment confirmed these results (Durner et al. 2001). The assessment of 

spasticity is, however, controversial (Kakebekke et al. 2002). Even if spasticity is tested 

using its definition, i.e. a velocity-dependent response to passive stretching, results have been 

ambiguous with significant differences obtained in a supine and sitting position (Kakebeeke 

et al. 2002). In the present context, the main purpose is to evaluate whether a rehabilitation 

program can lessen the degree of spasticity. We are thus not so much interested in absolute 

values of spasticity but in values that change significantly by the training and are related to a 

reduced spasticity. Correspondingly we accounted for several factors related to spasticity, the 

Ashworth scale, the range of active movements, the breaking force of the biceps during 

cycling, and a relational value based on the surface EMG. 

Another factor contributing to recovery is muscle force. The muscle force, not just related to 

the trained movement, was quantified by several factors, in a similar way as spasticity: (1) 

the cycling force of the arms (the trained movement), (2) the Rivermead Motor assessment 

(RMA) and (3) the Motricity Index (MI). 
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The aims of our investigation were (1) to quantify spasticity, muscle force and the range of 

active movements of stroke patients trained on an arm-ergometer by means of the arm force, 

the surface EMG of the biceps and triceps and several clinical tests, and (2) to test whether 

the training changes them significantly. A preliminary account of some of the results has 

already been presented (Diserens et al. 2004). 

 
2.2. Methods 
2.2.1. Patients 

One female and 8 male patients with a mean age of 66.3 years (range from 51 to 84; Tab. 

2.1) participated in this study. Each of them had given his written informed consent. All 

patients had a stable hemiparalysis due to an ischemic lesion that occurred in the 22.7 months 

before inclusion in the study. As revealed by computerized tomography, no patient had more 

than one cerebral lesion. Inclusion criteria were (1) to be able to participate for at least 30 

min. of exercise using a hand ergometer, (2) to have no problems of comprehension, and (3) 

to be able to give their informed consent. Patients with aphasia, shoulder pain or serious 

neuropsychological deficits were excluded. 

 
Tab. 2.1: Patient data and clinical signs; F: female; M: male;  

Subject Gender/age Diagnosis Duration of 
disease(years) 

Part of the 
brain 
affected 

A 
B 
C 
D 
E 
F 
G 
H 
I 

M/84 
M/62 
M/71 
M/67 
F/85 
M/52 
M/52 
M/70 
M/54 

Ischemic supra capsular 
Ischemic capsular 
Hemorrhagic sylvian 
Ischemic center semi oval 
Ischaemic sylvian and cerebral front 
Ischaemic sylvian 
Ischaemic sylvian 
Paramedian Pontiac 
Sylvian originally Cardioembolic 

3 
1 
2 
4 
3 
2 
2 
1 
2 

Right 
Left 
Right 
Right 
Left 
Right 
Left 
Left 
Right 
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2.2.2. Material and Methods 

Training was conducted on a commercial motorized arm-ergometer (Motomed viva Reck; 

Fig. 2.2.A), which facilitated the training by allowing sophisticated manipulations. 

Physiotherapists usually have to perform such manipulations to bring patients in a condition 

ble results.  

The EMGs were low-pass filtered at 1 kHz to avoid aliasing and then, as the signals from the 

ergometer, fed into the ADC (3 kHz/channel) of a PC. 

 

 
Fig 2.1A. Training was conducted on a commercial motorized arm-ergometer (Motomed viva Reck), B. A 
second scientific ergometer, developed by the Fachhochschule für Technik und Architektur, Freiburg, was used 
to take quantitative measurements during cycling. 
 

to allow optimal training. A second scientific ergometer, developed by the Fachhochschule 

für Technik und Architektur, Freiburg (Fig. 2.1B), was used to take quantitative 

measurements during cycling. Strain gauges with a bridge circuit were mounted on the levers 

of the two pedals to allow torque measurement on both sides independently (only the sum of 

the left and right torque can be measured with the motorized ergometer according to the 

current consumed by the motor). Gliding contacts transmit the torque signals and the power 

supply between the turning levers and the body of the ergometer. The axes of both levers 

were connected to an angle encoder (12 bit resolution) in order to measure the angle of the 

pedals. In order to modify the difficulty of pedaling, the two pedals can be disconnected so 

that they turn independently. In addition, both pedals are equipped with a mechanical 

breaking system (friction), which increases the cranking resistance.  

The electromyogram (EMG) of the biceps and triceps muscles of both arms was recorded 

during some sessions with surface electrodes. Care was taken to place the electrodes in the 

same positions during the various sessions in order to obtain compara
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2.2.3. Experimental Protocol 

An A-B-A protocol consisting of the following 3 stages was used: 

• A base line (or reference line), which assesses the state of the patient prior to any 

treatment (pre-training Phase A). In the present investigation, this lasted one week 

(patients in chronic condition). 

• A treatment phase with a therapeutic procedure (Phase B) lasting 3 weeks. 

• A follow-up phase, during which the behavioral changes resulting from the treatment 

(post-training Phase A) were studied (duration 2 weeks).  

The patients were positioned in front of the ergometer, either seated in their wheelchair or on 

vements. They performed the arm training on 

days a week and over the 3 weeks of Phase 

 specially reserved for the present study, where a 

 cycling in the forward direction and 15 min 

in between. The training was performed without 

 resistance). Patients were not 

om verbal encouragement from the therapist. 

al arm performed the movement practically 

; (2) at T1, one week later, at the end of the pre-training phase; (3) at T2, 3 weeks after T1, 

t the end of the training period B; and (4) at T3, 2 weeks after T2, at the end of the post-

luded quantitative measurements on the scientific ergometer 

2.2.3.1. Recordings on the ergometer 

All the subjects cycled  direction during the test sessions. The hand moved away 

from the body on the upper half-circle of the movement trajectory (extension phase), and 

orque and the 

con connected, position signals on 

an armless chair, so as not to hinder cycling mo

the motorized ergometer for 30 minutes daily, 5 

B. The sessions took place in a room

physiotherapist took care of the patients. 

Each training session comprised 15 min of arm

in the backward direction with a 5 min break 

an activated motor (the motor would increase the cycling

assisted in any way during the exercise apart fr

For patients with severe paralysis, the contralater

by itself.  

Each patient was tested during 4 sessions: (1) at T0, the beginning of the pre-training phase 

A

a

training phase A. The tests inc

and a clinical assessment. 

 

 in the same

moved toward the body on the lower half-circle (flexion phase). The pedal t

angular position were recorded independently on both sides, usually during 40 sec of 

tinuous pedaling. Since the pedals always remained inter

both sides were equal except for a phase shift of 1800. The surface EMG of the biceps and 

triceps muscles was recorded on both sides in some of the sessions.  
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2.2.3.2. Clinical Assessment 

The same person performed all the following tests on a patient.  

). 

e sum of the quotation on the elbow flexors, elbow extensors, 

houlder flexors and shoulder extensors.  

 movements of the elbow and shoulder of both sides 

.2.4. Data Analysis 

processing, was performed using the LabView programming 

ta base Access (Microsoft), 

tients xerted on the pedals before and 

le duration varied from cycle to cycle within a recording session, and even more 

Rivermead Motorik Assessment (RMA; Lincoln and Leadbitter 1979; Collen et al. 1990): 

Physiotherapists use RMA to measure gross motor function, upper limb control, and lower 

limb and trunk control. In this study all 3 sections were evaluated, but only data concerning 

the upper limb control are presented under Results.    

Ashworth Scale: Spasticity was clinically evaluated by the modified Ashworth Scale (Sloan 

et al. 1992

Motricity Index (MI); Demeurisse et al. 1980; Collen et al. 1990): The force of the elbow and 

shoulder flexors and extensors was tested manually. Grading is derived from Medical 

Research Council grades ranging from 0 (no movement and no contraction can be palpated) 

to 5 (movements with normal power). The patients’ performance was evaluated on the 

lesioned side by taking th

s

Range of motion: The range of active

was measured with a goniometer. In order to quantify the performance of a patient, the sum 

of the angles on the lesioned side was taken: (1) for shoulder flexion and abduction (up to 

1800), (2) for elbow flexion (up to 1400) and (3) elbow extension (up to 00). 

Maximum cycling force: The maximum cycling force was measured on the lesioned side. 

The resistance to cycling could be adjusted on the scientific ergometer. The maximum force 

was evaluated at which the patient was able to cycle for 10 seconds at a constant frequency. 

 
2

Data acquisition, as well as 

language (National Instruments), data were saved using the da

and statistical analysis was performed using the statistical package SPSS (SPSS Inc.). 

 

2.2.4.1. Cycling torque 

In order to compare quantitatively the forces the pa  e

after the training, the data obtained during a recording session were averaged across cycles. 

Since the cyc

from session to session and from patient to patient, the data were normalized by computing 

the torque as a function of the angle, which was obtained by eliminating time from the angle 

- time and torque - time relations. After the transformation, each cycle had the same length 
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(from 00 to 3600) and concomitant signals could be averaged. The minimum torque on the 

lesioned side was measured for each trial on the averaged torque signal. These values were 

averaged across the trials recorded at one date.  

 

en low-pass filtered (cut-off frequency 5Hz) in order to obtain the activation level. 

ecordings, the cycles were normalized and the EMG activation level 

 EMG 

ctivation level. The curves were integrated between the windows and the relation between 

mputed (mean activity during the active phase divided by the mean 

son correlation coefficient between the data 

ets and its significance were computed. The 3 data sets cannot be combined directly to test 

ce they are measured in different units. 

h 

d the resulting values were divided by their standard deviation (z-

 
2.2.4.2. Cycling speed 

It was computed by dividing the cycles performed during a trial by the duration of the trial. 

 
2.2.4.3. EMG. 

In order to quantify the EMG activity, it was high-pass filtered (cut-off frequency 2Hz) in 

order to eliminate DC shifts and eventual slow movement artifacts, full-wave rectified and

th

Similarly to the torque r

as a function of angle could then be averaged across the cycles. In order to obtain the EMG 

modulation, a time window during which the muscle was active and another window during 

which it was inactive were determined manually on a display of the curves of the

a

the two integrals was co

activity during the inactive phase).  

 
2.2.4.4. Spasticity and muscular force 

Both of them were estimated in different ways. The spasticity was measured by (1) the 

Ashworth scale (Tab. 2.2), (2) the maximum active extension of the biceps, and (3) the 

minimum torque on the lesioned side during arm cycling, and the muscular force was 

measured by (1) the RMA, (2) the MI ( Tab. 2.3) and (3) the cycling force. There were thus 3 

data sets related to spasticity and another 3 related to muscular force. Both groups of data 

have been analyzed in the same way. The Pear

s

the effect of training sin

Therefore they were transformed. The mean of all observations was subtracted from eac

observation an

transformation). The data sets, which have then a mean of zero and a standard deviation of 

one, were pooled and an analysis of variance (ANOVA) was performed with the factors time 

of testing and patient.  
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2.2.4.5. Range of movement: 

The range of active movement of the elbow and the shoulder was evaluated by goniometry. 

A physiotherapist measured the degree of possible flexion and extension. Since the elbow 

and shoulder are involved in cycling movements, both were weighted identically to evaluate 

mobility. Angles of possible movements were thus added which resulted in a number ranging 

from 0 to 5000. 00 corresponding to an immobile subject and 5000 to a normal subject 

performing a shoulder flexion of 1800, a shoulder abduction of 1800, an elbow flexion of 

1400 and an elbow extension of 00. As above, an ANOVA was computed with the factors 

me of testing and patient. 

 
Tab. 2.2: An ANOVA of the spasticity of the patients. The spastictiy was evaluated by the Ashworth Scale, the 

inimum force during cycling (see text). The data were pooled 

after normalization (z-score).  The differences between the dates of testing are just not statistically significant, 

the differences between the patients, however, highly significant 

ti

active movement range of the biceps and the m

Source 
Sum of 
Squares df 

Mean 
Square F Sig. 

Dates of 
testing 

Hypothesis 2.200 3 .733 2.584 .076 

  Error 6.964 24.539 .284     

patient Hypothesis 71.495 8 8.937 31.491 .000 

  Error 6.964 24.541 .284     

time * 
patient 

Hypothesis 6.810 24 .284 .983 .499 

  Error 19.338 67 .289     

 
 e of the patients. The force was evaluaTab. 2.3: An ANOVA of the forc

maximum pedaling force. The data

ted by the RMA, the MI and the 

 were pooled after normalization (z-score).  The differences between the 

dates of testing and the patients are highly significant. 

Source 
Sum of 
Squares df 

Mean 
Square F Sig. 

Dates of 
testing 

Hypothesis 1.550 3 .517 17.260 .000 

  Error .718 24 .030     

patient Hypothesis 98.084 8 12.261 409.593 .000 

  Error .718 24 .030     

time * 
patient 

Hypothesis .718 24 .030 .464 .981 

  Error 4.647 72 .065     
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Tab. 2.4: Modulation of the biceps and triceps muscles during cycling for a subject. The mean EMG activity 

during the ranges was computed. The modulation ratio is the mean activity when the muscle is active divided by 

the mean activity when the muscle is inactive. 

Range M tion Ratio odulaMuscle 
active inactive contro test l 

Biceps 1000 - 
3250

3450 - 
700

6.58 1.18 

Tric 2650 - 
750

750 - 
265

3.42 0.70 eps 
0

 

Tab. 2.5: An ANOVA of the range  moveme differ between the dates of testing are 

atistically significant, the differences between the patients highly significant. 

of active nt. The ences 

st

Source 
Sum of 
Squares df 

Mean 
Square F Sig. 

Dates of Hypothesis 2935.417 3 978.472 5.786 .004 testing 
  Error 4058.333 24 169.097     
patient Hypothesis 1274375.00 8 159296.87 94 43 2.0 .000 
  Error 4058.333 24 169.097     
time * 
patient 

Hypothesis 4058.333 24 169.097 . . 

  Error .000 0 .     

 
2.3. Results 
 
.3.1. Pedaling 
.3.1.1. Minimum pedal torque on the lesioned side 

eter. If a subject is cycling with relatively 

little force as the subject presented in Fig. 2.2A (and al rque of either arm 

approxim  when losest to the body. At ition, p  on the lower half 

circle stops and pushing on the upper half circle starts the movement. At the moment of zero 

torque, the contralateral side comes up with full force ontrast t torque signals of 

ormal subjects, the torque signals of patients who are partially paralyzed in the arm 

 extension phase. Since the 

two pedals are linked together, the intact arm can come up for the missing force in the 

paralyzed arm and correspondingly develops m  torque. During the extension phase, the 

contracted flexor m a ne tive to  the sp ide when the 

2
2
The torque signals vary during a cycle in a normal pedaling subject (Fig. 2.2A). The signals 

from the left and right side, which are 1800 out of phase, add up to the total torque 

corresponding to the breaking force of the ergom

l the patients), the to

ates zero  it was c t shis po ulling

. In c o the 

n

contralateral to the stroke are lower on the paralyzed than on the normal side (Fig. 2.2B). The 

patients are not able to relax spastic arm flexor muscles during the

ore

uscles can even result in ga rque on astic s
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f ter in the flexors than xtenso Fig. 2. lecting the spastic flexors, 

which the subject cannot relax. ignals  Fig. irm that the biceps, one of 

the flexor muscles was constantly active on the affected side and scarcely modulated during 

cycling. 

orce is grea  in the e rs ( 2B), ref

The EMG s  on  2.2C conf

 

     

 

Fig. 2.2A. Torque and position signals of a normal subject during 20 s of pedaling. From top to bottom: torque 
signal on the left side (calibration: 3 Nm), torque signal on the right side (calibration: 3 Nm) and position signal 
of the left pedal (calibration: 3600). The position signal is reset with the stretched left arm. The horizontal lines 
indicate level 0. Torque signals are nearly symmetrical in a normal subject. B. Torque, position and EMG 
recordings 
(calibration

from a subject with a paretic right arm. From top to bottom: torque signal on the left side 
: 3 Nm), torque signal on the right side (calibration: 3 Nm) and position signal on the left side 

alibration: 3600). The position signal is reset with the left stretched arm. The horizontal lines indicate level 0. 
. Subject with paretic right arm, from top to bottom: EMG of the left biceps (calibration: 3.6 mV), EMG of the 

left triceps (calibration: 3.6 mV), EMG of the right biceps (calibration: 3.6 mV), EMG of the right triceps 
(calibration: 3.6 mV), and position of the left pedal (calibration: 3600). The EMG signals on the right side are 
nearly not modulated during cycling. D. Rectified and averaged EMG signals from a subject with a paretic right 
arm. From top to bottom: EMG of the left biceps, EMG of the left triceps, EMG of the right biceps, EMG of the 
right triceps, and position of the left pedal. Limits on the left side are used to define time window during muscle 
activation and relaxation. Corresponding limits on the right side are used to compute muscle activity modulation 
during cycling (see text). Calibration: 1 mV. The EMG signals on the right side are nearly not modulated during 
cycling. 
 
2.3.1.2. Cycling speed 
Since the patients were not able to maintain a fixed cycling speed, they were free to choose 

their speed, even though it is obvious that the cycling speed is important when judging 

(c
C
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performance. As the biceps and triceps muscle are alternatively shortened and stretched 

during each cycle, we can expect that spasticity in the stretched muscles increases with 

cycling speed. Although the patients could chose different speeds, there was not a consistent 

relation between the time of testing and the cycling speed and we were not able to identify a 

significant relation between spasticity and cycling speed (not documented). The cycling 

speed was considered in the further presentation of the results. 

 
2.3.2. Spasticity 
The level of spasticity in the arm muscles, which differed from patient to patient, was 

ces due to the date of testing were just not significant (p = 0.076). The numerical data 

ith the confidence limits (Fig. 2.3D) confirm this finding. Due to the data transformation, 

ring the inactive period was 

etermined manually on a display of the average EMG curves of the biceps and triceps of the 

o lower curves of Fig. 2.2D). The relation of the mean EMG activity during 

evaluated by (1) the Ashworth scale, (2) the maximum active extension of the biceps, and (3) 

the minimum torque on the lesioned side during arm cycling. As expected the 3 data sets are 

correlated: The correlation between the Ashworth scale and the biceps extension was -0.634 

(Fig. 2.3A), between the Ashworth scale and the minimum torque -0.578 (Fig. 2.3B), and 

between the biceps extension and the minimum torque 0.760 (Fig. 2.3C). We used all these 

data to test whether training on the arm ergometer decreased spasticity. The data were 

transformed (z-transformation) pooled and an ANOVA was performed (Tab. 2.2). The 

differences of spasticity from patient to patient were highly significant (p < 0.001) but the 

differen

w

the average of all values is 0 and the ordinate is dimensionless. It can clearly be seen that 

before the training (test times 0 and 1) spasticity was larger than after the training (test times 

2 and 3), the confidence limits are, however, large and the differences are not significant. 

Having identified spastic movements on the lesioned side, we analyzed EMG recordings in 

order to identify the involved muscles. The EMGs from the biceps and triceps muscle (Fig. 

2.2D) were analyzed in a patient with the Ashworth scale 2, a maximum active extension of 

the biceps of –200 (00 corresponding to full extension) and a mean minimum torque during 

cycling of -.04 Nm. A time window during the active and du

d

intact side (the tw

the two windows quantifies the degree of modulation of muscle activity during arm cycling. 

In the present example, the relation was 6.6 for the biceps and 3.4 for the triceps (Tab. 2.4), 

i.e. the biceps was 6.6 times more active during the flexion than during the extension phase, 

and the triceps was 3.4 times more active during the extension than during the flexion phase. 

The same limits were applied to the contralateral side, but 1800 out of phase. A similar 
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relation would result in a normal subject. In this patient, the relation was 1.18 for the biceps 

and 0.70 for the triceps muscle (the two upper curves of Fig. 2.2D). The patient was 

practically unable to modulate the activity of biceps so as to assist the cycling movements. 

The condition of the triceps was even worse; the activity was modulated in such a way as to 

hinder the cycling. 
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Fig. 2.3. Training effect on the spasticity of all the patients. The Ashworth Scale, the range of active extension 
of the biceps and the minimum torque on the paretic side during pedaling were assumed to be related to 
spasticity. Correspondingly they were correlated: The dots corresponding to the patient performance with 
corresponding relation values. Ashworth Scale – extension of biceps (A): r2 = -0.634, p < 0.001; Ashworth 
Scale – minimum torque (B): r2 = -0.578, p < 0.001 and extension of biceps – minimum torque (C): r2 = -0.768, 
p < 0.001. The 3 variables were normalized (z-score) pooled in order to obtain a measured for spasticity, an 
ANOVA was performed and confidence limits were computed (in D). D: Average spasticity 3 weeks before (0) 
at the beginning (1) at t
differences are not sign

he end (2) and 3 weeks after (3) the training. Bars are confidence limits (p = 0.05). The 
ificant. 

2.3.3. Muscular Force 
Muscular force was estimated by the Rivermead Motorik Assessment (RMA), the Motricity 

Index (MI) and the cycling force. Similar as with spasticity, the 3 data sets are correlated. 

The correlation RMA – MI was r = 0.939 (Fig. 2.4A), the correlation RMA – cycling force  

r = 0.945 (Fig. 2.4B) and the correlation MI – cycling force r = 0.91(Fig. 2.4C). All of them 

were highly significant (p < 0.01). As for the spasticity, the data were normalized, pooled and 

an ANOVA with the factors of time of testing and patient was performed. The differences 
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between the patients and between the recording times were highly significant (P < 0.001, 

Tab. 2.3). The force of the patients remained constant during the base line and during the 

following up period, but increased significantly over the period of training (Fig. 2.4D). The 

confidence limits are not overlapping, illustrating thus significant training effect. The patients 

are sorted according to decreasing force in Fig. 2.5 providing the details of the individual 

patients. All the patients gained force during the training and this force increase remained 

during the following 3 weeks. 
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Fig. 2.4. Training effect on the arm force. The RMA, MI and the maximum cycling force during pedaling were 
assumed to be related to the arm force. Correspondingly they were correlated: The dots corresponding to the 
patient performance at with corresponding relation values, A. RMA – MI: r2 = 0.939, p < 0.001; B. RMA – 
cycling force: r2 = -0.945, p < 0.001 and C. MI – cycling force: r2 = -0.917, p < 0.001. The 3 variables were 
normalized (z-score) pooled in order to obtain a measured for arm force, an ANOVA was performed and 
confidence limits were computed (in D). D: Average arm force 3 weeks before (0) at the beginning (1) at the 
end (2) and 3 weeks after (3) the training. Bars are confidence limits (p = 0.05). The differences are significant 
(p < 0.001). Due to the normalization, values can be negative. There was a significant increase of arm force 
after the training. 
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Fig. 2.5. Training effect on the relative arm force in the individual patients. Blocks of bars represent data of 
individual patients who are arranged according to decreasing forces. Due to the normalization, there are 
negative force values. Bars within a block show, from the left to the right, the average force before (0) at the 
beginning (1) at the end (2) and 3 weeks after (3) the training. The arm force was larger after than before the 
training in all the patients. 

 

2.3.4. Range of Movement 

The range of movement was evaluated as the sum of the angles at a maximum shoulder 

flexion, shoulder abduction, elbow flexion and elbow extension. All patients had 

approximately normal values on the non-lesioned side (not presented here). On the lesioned 

side, the variability was very large ranging from 200 to 5000 with a mean range of 2880. In 

the ANOVA, the F value obtained for the differences between the subjects was extremely 

high (F = 942, Tab. 2.5). The average range of possible movements during the 3 weeks 

                                 

before the training and during the 3 weeks after the training remained nearly the same, 

however, there was a marked increase of 180 (p < 0.005, Fig. 2.6) due to the training on the 

ergometer.  

 

Fig. 2.6. Training effect on the range of active movements. The maximum flexion and extension movements of 
elbow and shoulder were measured in degrees and the values were added, resulting in mean values around 300 (see 
text). The 4 bars with confidence limits represent the data at the testing dates as in A and B. The differences between 
the values before and after the training are significant (p < 0.001). 
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2.4. Discussion  
 
2.4.1. Arm Ergometer 
An ergometer is suitable for training stroke patients who usually are paralyzed unilaterally. 

The intact side can help pedaling the affected side, which often is not able to perform the 

rotating movements itself. In sophisticated ergometers, the difficulty of the task can be varied 

by increasing the pedaling resistance or by disconnecting the two pedals and the torques 

acting on the right and left side can be measured separately. The performance of the affected 

plicated and time-consuming than the analysis of torque recordings.  

he situation is more favorable when cycling is performed with the legs rather than with the 

ls downward with the legs and usually no pulling forces can be 

 measure torques separately on both sides allows comparing the performance of 

the intact side with the performance of the lesioned side. The activation of individual muscles 

cannot, however, be studied since, at each joint, several muscles contribute to the torque. The 

aim of the present investigation was to test whether the EMG can be used to quantify 

spasticity of individual muscles during arm cycling. We assumed that spasticity during arm 

cycling can be quantified by comparing the modulation of the muscle activation on the 

lesioned side with the modulation on the unaffected side. A typical example in Results 

illustrates the technique, which we could not systematically apply due to methodological 

Gs were rectified, normalized in relation to cycle duration, averaged 

across cycles and low-pass filtered in order to obtain the activity pattern as a function of the 

e muscle was relaxed. The relation between the mean activities during these two windows 

as taken as the value for the modulation of muscle activity (biceps: 6.6, triceps: 3.4). The 

limb can then be investigated quantitatively. An alternative solution for quantitative studies, 

EMG recordings, would require the presence of a specialist and the analysis of EMG 

recordings is more com

T

arms. Subjects push the peda

observed during the upward movements (except during bicycle race sprints). In this situation, 

forces from the right and left leg can be separated since at one time only one leg is 

developing torque. The arms, however, pull and push during circular movements and these 

torques have to be measured independently in order to quantify the contribution of each arm. 

However, even in the legs, the situation is more complicated if a spastic limb slows down the 

movement. 

 
2.4.2. EMG 
Being able to

restrictions. The EM

angle. On the unaffected side with normal cyclic muscle activation, a time window was 

defined during which the muscle under investigation was active and a second window when 

th

w
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same calculations were performed with the EMGs on the lesioned contralateral side, but with 

1800 in relation to the unaffected side (biceps: 1.2, triceps 0.7). We 

 

 (1) the type of electrodes; (2) the distance 

etween them and, (3) their position in relation to the muscle, and furthermore it does not 

ical characteristics of the muscle (Tate and Damiano 2002). The EMG – force 

the windows shifted by 

propose as index for the spasticity of a muscle the relation between the two values. We 

obtain then for the biceps 4.2 and for the triceps 4.9. The corresponding values in a normal 

subject would be close to 1. This spasticity index was found to be efficient to quantify the 

spasticity of a muscle and it has the main advantage not to be affected by amplitude 

variations due to different electrode positions and other factors. If a patient is partially 

paralyzed but does not show signs of spasticity the different activation levels of the affected 

muscles are reduced by the same factor and the spasticity index would be similar as on the 

unaffected side, i.e. close to 1. We can thus conclude that the value of the index is mainly

dependent on the spasticity of the corresponding muscle. The final goal is to estimate how 

paralyzed and spastic muscles affect adversely pedal torque. Of main importance in this 

context is co-contraction which can cancel forces of agonists and antagonists. Knowing EMG 

activities, relative muscle forces can be estimated. In steady-state contractions, the relation 

between EMG and force is approximately linear (Lawrance and De-Luca 1983; Woods and 

Bigland-Ritchie 1983). Relative values can, therefore, be obtained as long as dynamic 

components are of minor importance. Absolute forces cannot be obtained from EMG 

recordings since their amplitude is influenced by

b

reflect anatom

relation of fast time-dependent muscle contractions is highly non-linear. In the case of arm 

cranking at constant speed, movement patterns are similar at each cycle and, in consequence, 

useful information about muscle force might be derived. 

From the present results, we can conclude that EMG recording is a valuable tool to estimate 

the motor performance of muscles, their spasticity, and relative forces in cycling subjects. 

 
2.4.3. Patient Performance 
 
2.4.3.1 Spasticity 
The biceps to assist the cycling after regeneration of the motor end-plates. This could be 

expected sinced Botulinum toxin injection changes the cortico-motor representation (Byrnes 

et al. 1998). Aspects of spasticity were assessed by (1) the Ashworth scale; (2) the range of 

active elbow extension, and (3) the minimum torque during cycling (negative values indicate 

that the movement was slowed down). All 3 of them were correlated at a significant level, 
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indicating they are indeed related to spasticity and they were therefore used to test whether 

training reduced spasticity. The results clearly showed that training was beneficial for the 

patients, but the data were statistically just not significant due to their high variability (within 

a date of recording but also during the pre- and post-training period). These first quantitative 

results regarding the effect of repetitive training by an arm-trainer on spasticity are 

corroborated by Durner et al. (2001), who evaluated spasticity by the Ashworth rating scale 

immediately after training on an arm-trainer.  Furthermore, Roesche et al. (1997) reported 

that the mean F-wave amplitude, the mean F-wave/M-response ratio and the maximum F-

wave/M-response ratio were significantly lower after leg training with a motorized exercise-

bicycle, documenting a decrease of spasticity.  

Trying to objectively quantify spasticity is a well-known problem (Kakebeeke et al. 2000). 

Several clinical tests carried out to assess spasticity correlate only poorly, suggesting that 

such tests evaluate different aspects of spasticity (Priebe et al. 1996). Spasticity is defined by 

the velocity-dependent response to passive muscle stretching. Accordingly, Kakebeeke et al. 

(2000) used isokinetic dynamometry, which proved to be an adequate technique to assess 

spasticity in leg muscles.  We have developed a quantitative method based on the surface 

EMG to assess spasticity during arm cycling. The spasticity index is of interest since during 

cranking arm movements are more complex than leg movements and a relation between 

spasticity and torque is more difficult to establish. In contrast to arm movements, leg 

movements are within a plane orthogonal to the pedal axis. Furthermore, at relatively high 

forces, arm muscles develop torque during the extension and flexion phase, leg muscles, 

however, only during the extension phase. The spasticity index can easily be assessed during 

routine studies since (1) it is independent of the electrode properties (it is computed with the 

be 

omputed. Spasticity and exaggerated cocontractions are often the main reason for a 

ovements and proved also to hinder arm-cycling in the patients 

articipating in the present study. The question arises whether a cycling training after 

ect of the injection or even enable. 

ter 

he 

he 

EMG activities recorded from one electrode pair during one session) (2) it can be performed 

on each muscle of interest, and (3) it requires standard techniques and can easily 

c

functional reduction of arm m

p

Botulinum toxin injection would prolong eff

 
2.4.3.2 Force 
After the training, all patients were able to cycle against a higher resistance and performed bet

in the clinical tests related to force. A force increase due to the training could be expected on t

control side since the patients did not experience any arm cycling before they participated in t
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investigation. It was, however, not known whether training can produce a force increase on t

lesioned side. The observed increase can be due to training mechanisms as on the control si

or/and other special mechanisms, such as plasticity. Independent of the mechanisms, it is cle

that the force increase is favorable not only for arm cycling but also for activities of daily li

which is finally the principal aim of rehabilitation. This is also reflected by the RMA, whic

covers the shoulder, elbow and hand function with and without manipulation of objects as well

the MI reflecting elbow and shoulder function. 

2.5. Conclusions 

Although the stroke of the patients participatin

he 

de 

ar 

fe, 

h 

 as 

g at this investigation occurred on average nearly 

an 

nd 

ur 

he 

lin 

 a 

tor 

d 

g 

al. 

4). 

ry 

an 

et 

w 

as 

2 years before the study and their condition remained stable, an additional adequate training c

expected to be effective since recovery can occur over the course of several years (Bard a

Hirschberg 1965; Heller et al. 1987; Broeks et al. 1999). This finding was corroborated by o

study, confirming that arm cycling significantly improved the force of the patients, increased t

range of active movements and decreased spasticity, and by Sunderland et al. (1989) and Col

and Wade (1990) who observed a parallel improvement in several tests during recovery after

stroke. Repetitive movements seem to be particularly effective in rehabilitation and mo

learning (Bütefisch et al. 1995). The major mechanisms are attributed to synaptic plasticity an

synaptic efficacy in existing neural circuits (Asanuma and Keller 1991). Alternative descendin

pathways, secondary and ispsilateral motor areas and other brain areas implicated in motor 

control can also contribute to motor recovery (Freund and Hummelsheim 1985; Aizawa et 

1991; Chollet et al. 1991; Fries et al. 1993, Weiller et al. 1993; Rossini and Dal Forno 200

This investigation confirmed that simple repetitive movements are suited for functional recove

(Bütefisch et al. 1995; Hesse et al. 2003a). Patients, who are motivated to continue training, c

do it themselves, which is an alternative to the hand-to-hand therapy, often limited by budg

constraints. Cycling is one of the easiest trainings to achieve. It just requires a bicycle. A ne

field, robot-assisted motor rehabilitation, has emerged for other repetitive movements, such 

walking, which are more complex to achieve (Hesse et al. 2003). 
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3. Climbing as therapy for the patients with cerebellar disorder 
(pilot study) 
 
3.1. Introduction 
In addition to the motor cortex and the basal ganglia, the cerebellum is considered as one of 

the 3 important brain areas contributing to motor control. It receives not only information 

from other modules of the brain related to the programming and execution of movements, but 

also sensory feedback from receptors about ongoing movements. Many neural pathways link 

he motor cortex—which sends information to the muscles causing them 

ot unlike those seen during 

intoxication: uncoordinated movements, swaying, unstable walking, and a wide gait (Ivry et 

l. 1988). 

 lesion to the paleocerebellum causes severe disturbance in muscle tone and bodily posture, 

sulting in weakness to the side of the body opposite the lesion. A neocerebellar lesion is 

ssociated with deficits in skilled voluntary movement, such as playing the piano. A lesion to 

e intermediate zone causes problems with fine-tuning and corrective movements. Patients 

the cerebellum with t

to move—and the spinocerebellar tract—which provides feedback on the position of the 

body in space (proprioception). The cerebellum integrates these pathways, using the constant 

feedback on body position to fine-tune motor movements. Because of this 'updating' function 

of the cerebellum, lesions within it are not so debilitating as to cause paralysis, but rather 

present as feedback deficits resulting in disorders in fine movement, equilibrium, posture, 

and motor learning (Fine et al. 2002). 

Patients with cerebellar lesions (injuries) typically exhibit deficits during movement 

execution. For example, they show "intention tremors"—a tremor occurring during 

movement rather than at rest, as seen in Parkinson's disease. Patients may also show 

dysmetria, i.e., an overestimation or underestimation of force, resulting in overshoot or 

undershoot when reaching for a target. Another common sign of cerebellar damage is an 

inability to perform rapid alternating movements (Bastian et al. 1996). 

The anterior and medial aspects of the cerebellum represent information ipsilaterally; thus, 

damage to this region on one side affects the movement on the same side of the body. The 

posterior and lateral aspects of the cerebellum represent information bilaterally; damage to 

this region has been shown to impair sensory–motor adaptation, while leaving motor control 

unaffected. In certain instances, a patient experiences a focal lesion. Such localized lesions 

cause a wide variety of symptoms related to their location in the cerebellum. A striking 

example is archicerebellar lesions, which cause motor symptoms n

a

A

re

a

th
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with this type of lesion who hold their fingers in front of them have great difficulty 

moving those fing

in 

ers together. Patients with a lesion to the lateral zone have difficulty in 

ontrolling fine muscle movements and exhibit symptoms similar to those of patients with an 

pka et al. 1998a, b). One strategy has been to study a 

ly 

ovement (kinetic tremor) 

st 

te 

sy 

climbing wall. The main purpose of this pilot study was to investigate whether 

c

intermediate zone lesion (Hallett and Massaquoi 1993). 

Lesions of the cerebellum interfere with voluntary movement and produce a characteristic 

cluster of neurological signs, as impairments of balance and gait. Balance abnormalities are 

characterized by increased postural sway, either excessive or diminished responses to 

perturbations, poor control of equilibrium during motions of other body parts, and abnormal 

oscillations of the trunk (titubation). Gait ataxia has distinctive features including variable 

foot placement, irregular foot trajectories, a widened base of support, and abnormal interjoint 

coordination patterns (Hallett and Massaquoi 1993; Crowdy et al. 2000; Bastian et al. 2000). 

Many studies have investigated potential mechanisms for cerebellar limb ataxia (Bastian et 

al. 1996; Brown et al. 1990; Goodkin et al. 1993; Hallett and Massaquoi 1993; Hore et al. 

1991; Massaquoi and Hallett 1996; To

specific aspect of ataxia (e.g., hypermetria, dysdiadochokinesia) using a single joint 

movement paradigm (Brown et al.1990; Hore et al. 1991). Spatial errors are a fundamental 

clinical sign in cerebellar ataxia, yet there have been few studies of these aspects of 

movement in human cerebellar disease. 

Furthermore, arm movements are impaired. The ataxic arm is slow to start moving, moves slow

once under way, develops oscillations and jerky movements during m

and towards the end of movement as the target is approached (intention tremor), with pa

pointing (dysmetria). Even while maintaining a posture the ataxic limb may begin to oscilla

(postural tremor). The rapid alternating movements may be fragmented and clum

(dysdiadochokinesis, Thach and Bastian 2004). 

We chose climbing on a wall as a rehabilitation paradigm because it is a complex task for the 

motor system, which probably demands the integrative function of the whole cerebellum, and 

all the sensory systems. It requires precise pointing movements of the feet and the hands to 

the grips, planning of movements in advance in order to avoid impossible body positions 

within the 

different tests (partly on the climbing wall partly independent of it) are adequate to quantify 

an eventual improvement of the motor performance by climbing wall training. In particular, 

we wanted to investigate the effects of climbing on: (1) a reduction of the dismetria, (2) a 

reduction of the tremor, (3) an improved ability to maintain 
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of the clumsy, impaired ability to perform the rapid alternation movements, (5) a decrease of 

reaction time (RT) and (6) an improved performance on the climbing wall. 

3.2. Methods 
 
3.2.1. Patients 

 

mpared to that of a group of 4 healthy subjects. All 

ion of 
se(years) 

 Case Part of the 
brain affected 

Five patients (one female and 4 male, between 19 and 52 years old) participated in this study. 

The patients were diverse in terms of pathology, duration of illness and age. Clinical details 

of these patients are summarized in Tab. 3.1. Patient A had cerebellar ataxia (i.e. loss of 

muscle coordination caused by disorders of the cerebellum) as the result of an accident and 

noticeable motor problems in some every-day life activities with respect to fine motor control 

and production of steady muscular force. Patient B had a cerebellar lesion and an eye 

movement defect (ocular dysmetria: abnormality of ocular movements in which the eyes

overshoot on attempting to fixate an object), and difficulties moving the upper and lower 

limbs. Patients C and E had multiple sclerosis. Patient D had a tumor in the frontal part of the 

brain and exhibited minor motor problems in every-day life activities and sustained a 

metabolic encephalopathy with cerebellar component from unclear origin eight months 

before study onset. All patients had bilateral motor disorders. The patients were cognitively 

and physically able to take part in the training program and experiments. Patient performance 

during the experimental sessions was co

subjects, except one control, were right-handed. All subjects gave informed consent before 

participating in the study. The local research ethics committee approved the experiments.  

 
Tab. 3.1: Patient data and clinical signs; F: female; M: male; CT: cranial trauma; AE: anoxic encephalopathy 
(failure of oxygen to be delivered to the brain resulting in brain dysfunction) ; MS: multiple sclerosis; MEC: 
metabolic encephalopathy with cerebellar component (encephalopathy characterized by memory loss, vertigo, 
and generalized weakness, due to metabolic brain disease); FP: frontal part of the brain.  

Subject Gender/age Diagnosis Durat
disea

A 
B 
C 
D 
E 

M/19 
M/22 
M/39 
M/42 
F/52 

CT 
AE 
MS 
MEC 
MS 

2 
22 
14 
4 
8 

Accident 
Anoxia 
Inflammation 
Infection 
Inflammation 

All 
All 
All 
FP 
All 

 
 
3.2.2. Material and methods. 
Movement paths were recorded with a 3-dimensional movement system CMS30S 

(ZEBRIS®, Isny, Germany) consisting of a sensor and a basic unit (Fig.3.1). The 

measurement principle is based on the travel-time of ultrasound pulses from transmitters (i.e. 

3 markers attached to the hands) to 3 microphones built into the sensor. The pulses are 
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transmitted to the sensor and the 3-dimensional position of each marker is obtained in real-

time by triangulation. The direction in front of the patient is defined as the X-coordinate, the 

n as the Y-coordinate and the up-down direction as the Z-coordinate.  

 

he 

ccuracy of the system under static and dynamic conditions (CMS-system: about 1 mm). The 

                                         

left-right directio

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.1 Motion measuring system CMS30 P (Zebris Medizinaltechnik GmbH, Isny). 
 

The positional data of the ultrasonic transmitters is affected with spatial and temporal errors. 

The resulting error in the positional data is then a combination of all and these systematic and 

unsystematic errors. Generally the resulting error is not determined by the spatial resolution 

of the measuring system (CMS-system: about 0.1 mm), but is better described by t

Ultrasound 
Transmittor 

Basic Device 
CMS30 P 

Measuring 
Sensor 

PC 

a

standard deviation σ of the velocity and acceleration signal resulting from errors in the spatial 

coordinate x is given by 

 

[ ] ( )
[ (xa

xv

x

x

σσ

σσ

⋅Ν⋅

⋅Ν⋅
2

2

w re N is th pling rate, he velocity and is the ac

T  program data of th bris syste ecorded 9 coordinates (3 of each of the 3 

arkers) and in addition a 4 bit digital input at a sampling frequency of 50 Hz. The data were 

n a. text and a name was given by 3 digits with the following 

] = 2 )
=

 

he e sam v  is t  a  celeration 

he  Win e Ze m r

m

saved on files with the extensio

meaning (Tab. 3.2): digit 1 encoded the experiment, digit 2 the date of the experiment (4 

dates: 0, 1, 2 and 3), and digit 3 the mode for the experiment (i.e. code 101 was defined as a 

pointing movement with the left hand at first experimental date). The file contained a table 

with the columns: time, digital input and X-, Y- and Z- coordinates of the 3 markers. Each 
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digit in the digital input channel corresponds to an input bit 0 or 1. The program 3DAwin of 

the Zebris system suppresses missing data points by interpolation (see below) and enables to 

display data in various ways. 
 
             Tab. 3.2: Codes of the 3-digit data file names 

 Digit 
1 

Digit 3 

Calibration 0 Right 
Left 

0 
1 

Pointing task 1 Right 
Left 

0 
1 

RT task 2 Simple – right 
Simple – left 
Complex -right 
Complex - left 

0 
1 
2 
3 

Flexion/extension task 3 Right 
Left 

0 
1 

 
For the experiments the markers were positioned on the patients. On the left hand, the first 

marker was placed on the nail of the index finger, the second marker left on the first joint of 

e index finger and the third marker near the wrist. On the right hand, for the 

n directly in front of the subject’s midline, 14 cm from the table 

dge. The target balls of a diameter of 1 cm were marked in the middle with a point. They 

were suspended on stands at the height of 20 cm from the table surface. The 4 balls were 

 1 was located 60° t the left of the midline, 31 cm from the starting 

ng position, target 3 

th

flexion/extension condition, the 3 markers were on the palm, at the positions corresponding 

to those on the back of the left hand. 

The subjects were seated at a table with the height of the chair adjusted such that when the 

arms rested on the table, the forearms were parallel with the table surface. The chair was 

pushed towards the table until the subject’s chest was in contact with the table edge, in order 

to prevent any trunk motion pointing to the targets.  

In the first task, the subjects pointed to 4 targets on the table, initiating each movement from 

the same starting positio

e

arranged such that target o 

position, target 2 was 45° to the left of the midline, 28 cm to the starti

was 45° to the right of the midline, 30cm from the starting position and target 4 was 60° to 

the right of the midline, 26 cm from the starting position. 

For the RT task, a box with two lights (red and green) and two buttons was placed on the 

table. The movement started from the starting position directly in front of the subject’s 

midline, 18 cm from the table edge. The distance of the box from the starting position was 42 

cm and between buttons 10 cm. The lights could be turned on with switches on a trigger box. 

The light and trigger box were connected to the digital input of the Zebris system. The green 
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light with its switch was connected to bit 0, the red light with its switch to bit 1, the response 

button for the green light to bit 2 and the response button for the red light to bit 3. The 

patients performed (1) a simple RT task, where always the same light was turned on and they 

ad to press the corresponding button, and (2) a complex RT task, where either of the buttons 

turned on in a pseudo-random sequence. 

 
3.2.3. Experimental protocol 
An A-B-A protocol with the following 3 stages was used: 

• A base line (or reference line)  3 wee essed the state of the patient prior to 

any training (pre-training Phase A).  

• A training phase of 3 weeks d ing wh s we rained for 45 minutes daily 

on 5 days a week) on the climbing wall (Phase B) lasting 3 weeks.  

first day of the pre-training phase, (2) at T1, 3 weeks 

. 

erformance of each patient (up to 

h

of ks, which ass

ur ich the patient re t

• A follow-up phase, during which the behavioral changes resulting from the training 

(post-training stage A) were studied (duration 3 weeks).  

Each patient was tested for the RT, the pointing movements and flexion/extension 

movements of the upper limbs and the climbing performance on the climbing wall during 

following 4 sessions. (1) at T0, the 

later, at the end of the pre-training phase, (3) at T2, 3 weeks after T1, at the end of training 

period and (4) at T3, 3 weeks after T2. The subjects practiced trials in order to familiarize 

themselves with the apparatus and the experimental protocol. Control subjects did not run 

through the training phase and were tested only once

 
3.2.4. Climbing training 
For the climbing training two climbing walls of a height of 2.5 m with different degrees of 

difficulty were used. The inclination of one wall could be adjusted from 0° vertical to 45°, 

(Fig. 3.2B) enabling to adapt the climbing difficulty to the abilities of the patient. The 

training was accompanied by at least two persons, one of them being a physiotherapist. 

During climbing, they were secured with a climbing harness. 

The frequency and the duration of the training sessions on the climbing wall were scheduled 

in consideration of the state of health and the physical p

maximally 45 minutes during 5 days over a week). Climbing tasks were prepared as manifold 

as possible in order to facilitate a transfer of learned motor patterns in everyday life and to 

keep the training interesting for the patients. Each patient performed exercises which 

challenged (1) the body equilibrium, (2) the movement accuracy in pointing and grasping, (3) 

the planning of movement sequences, (4) the smoothness of movement performance, (5) the 
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integration of sensory information and (5) the velocity of single movements and movement 

sequences. For example, the patients were climbing as fast as possible, in slow motion, 

bottom-up, diagonally, horizontally, with the face to the wall, laterally and using specific 

grips or using only the structure of the wall. The rope with which the patients were secured 

was used to unload the body weight according to the climbing abilities and the strength of the 

atients who rested whenever they felt tired. p

A              B 

            
 
Fig. 3.2 Climbing training. A wall for advanced climbers with rough surface. Patient in lateral position 
performing precise pointing movements to all reachable grips. B adjustable wall. Patient  climbing to the top. 
 
3.2.5. Tests 
3.2.5.1. Climbing tests 
Climbing performance was investigated with the following tests.  

• The subjects were asked to touch as many grips as possible within 30 sec. They were 

whole body except their feet. The test was carried out separately 

ft and the right foot. 

allowed to move their 

for the left and the right arm.  

• The subjects were required to touch alternatively two selected grips as fast as possible 

during 30 sec. The test was carried out separately for the left and the right arm. 

• The subjects were required to touch alternatively two selected grips as fast as possible 

during 30 sec. The test was carried out separately for the le

• The subjects were asked if they could touch grips shown by the investigator without 

moving their feet. They had first to specify they can reach them and then to verify it. 10 

grips were selected in a random order. 5 grips were selected out of reach and 5 grips in 

the range of the patient. 

• The subjects had to climb as fast as possible over a specified track of 5 grips. The 

subjects had to use the specified grips with their hands but they were free to choose the 

grips for the feet. 
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3.2.5.2. Pointing task 
Before the onset of the experiment, the position of the 4 targets and the starting position were 

calibrated for each subject. The subjects were instructed to start slow regular movements 

from the starting position to one of the 4 balls, to stay there for 3 sec, and to end the 

movement at the starting position. The subject made 5 movements to each target in a pseudo-

random sequence.  

 
3.2.5.3. RT task 
As for the pointing task, a calibration was performed before the experiment onset. On the 

starting position, the subject’s arm was slightly flexed at the elbow, the wrist was in a neutral 

position and the index finger was extended while the remaining fingers were flexed. This 

position was maintained as stable as possible throughout the RT measurements. When a light 

turned on, the subject had to press the corresponding light button as fast as possible and to 

return to the starting position. During the simple RT condition, only one of the two lights (for 

the right hand red light and for the left hand green light) was switched on in an irregular time 

sequence. During the complex RT condition, both lights were switched on in a pseudo-

ion/Extension movements 
 movements in a position, where the elbow was on the table and the 

required to flex and extend 

car

mo

3.2

orie ses. Such 

s

par

mis

data point was interpolated by a straight line between the two neighboring points. If two 

calc

(thi  a constant acceleration of 2 data points) and the interpolated data  

random sequence and in an irregular time sequence. We recorded 20 trials for each condition.  

 
3.2.5.4. Flex
The subjects started the

forearm in a vertical position in front of them. The subjects were 

their forearms from the vertical to nearly the horizontal position. The movements were 

ried out in a regular rhythm given by the instructor. We recorded 20 flexion/extension 

vements. 

 
.6. Data analysis 

The data of the ultrasonic transmitters (markers) can be affected, when the markers were 

ntated in such a direction that the sensor can not receive the ultrasonic pul

mi sing data were replaced by NaN in the data file a. text. The program 3DAwin which is 

t of the Zebris system can input the data files with extension a. text and replaces the 

sing data in each dimension separately by interpolation. If one data point is missing, this 

subsequent data points were missing, the velocity before and after the missing points was 

ulated, then the velocity was interpolated using the information on the covered distance 

s corresponding to
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replaced the NaN values in the b. text file. The data with the interpolated values were saved 

ted the data from the file b. text and detected accelerations bigger than 25 

/sec2 which were assumed to be too large to be of physiological origin. The data values that 

 

ogram computes the pointing movements of the data 

d click on saves as rest period etc. It saved the data in access table, which was 

reated for the pointing task. The saved data for the interval (go and holding period) from the 

 analyzed for the tremor as the number of the direction changes from 

in files b. text. 

Some movement parameters which were sensitive to the time course of the movement path 

could not be computed on the basis of data with the interpolated values. For these 

parameters, the data in the files b. text were treated with a program developed in LabView. 

The program impor

m

gave rise to these high accelerations were replaced by 10,000 (a value which can be detected 

by the data analysis programs) and the ensuing data were saved in files c. text. 

Since errors were more frequent in data from the first then from the second and third marker, 

only data from the first marker are further analyzed. 

 

3.2.6.1. Parameters of the pointing task 
Parameters from the pointing task were saved in a table of the data base Access (Microsoft). 

The table contained the following columns: (1) series, (2) subject, (3) day, (4) side, (5) target, 

(6) interval, (7) start, (8) end, (9) file path, next 21 columns for the 3 coordinates of three

markers and their relation (e.g. X1, Y1, Z1,…, X1Y1…..X3Y3Z3) and direction changes for 

the coordinates of the first marker. A pr

written in Labview and imported the data from files b. text. The program displayed the data 

for the X-, Y- and Z-direction. The pointing movement has four targets and for each target 

four positions (rest, go, holding and return periods).  

In the Labview program, you put the cursor on the start and end position of each position of 

the targets an

c

data base Access was

the go signal to the holding period of the pointing movements.  

Direction changes X-, Y- and Z-direction were detected on the velocity signals which were 

obtained by subtracting succeeding position signals. Each change of sign in the velocity 

signals was taken as direction change. In order to eliminate the influence of velocity and the 

distance between the initial position and the target, the number of direction changes was 

divided by the movement time.  

3.2.6.2. Parameters of the RT task 
The RT task data were saved in a table of the data base Access. The table contained the 

following columns, (1) series, (2) subject, (3) day, (4) side, (5) file path, (6) target, (7) 
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reaction time, (8) simple/complex, the next 9 columns for the response to the target position 

for the 3 coordinates of the 3 markers and 21 columns for the relation of the 3 coordinates for 

The endpoint error was defined as the 

istance between the movement end point and the target position.To test how the movement 

first computed the standard deviation (eq.1) for the 

3 markers. A program computes the RT of the data written in Labview and imported the data 

from files b. text. The program displayed the data for the XY, YZ and ZX direction. The RT 

was defined as the interval between the ‘go’ signal (light) and the response to the 

corresponding light button. If the subject pressed the wrong button in the complex RT 

condition, data table filled with error (yes) in the table. It saved the data in an Access table, 

which was created for the RT task. The trials were rejected if the RT was <100 msec or >2 

sec. We determined simple RT and the complex RT from each subject.  

The dispersion of endpoint errors (hitting and sliding into a target, or hitting the target and 

sliding out) was measured in the RT experiment. 

d

variability changed after the training, we 

dispersion of the endpoints. Then we computed the confidence limits (eq.2) for dispersion of 

the endpoints of the first marker for the 3 coordinates (X, Y and Z)  

                              
( )

1

2

−Ν

Χ−Χ
=
∑

i
i

σ               (eq.1)                                            

                             CL= ( ) Ν±Χ −Ν σα 1,2t                       (eq.2) 

where σ  is the standard deviation, Χ  the sample mean average (number1, number2,…etc), 

N the sample size, X the sample mean, α =0.05 and t (α /2 is the upper critical value of the t 

ere compared using 

distribution with N-1 degrees of freedom. The stored data values in the data base Access 

were transferred to the SPSS statistical program (SPSS inc. Chicago, IL. USA) for 

subsequent analysis. We applied analysis of variance (ANOVA) with the fixed factors (1) 

dates before (T0 and T1) and after the training (T2 and T3), (2) subject, (3) side, and (4) 

simple/complex RTs. The means of the patients and the controls w

Student Student’s t test. 
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3.3. Results 
 
3.3.1. Global results 
All the tests were measured (1) at T0, the first day of the pre-training phase, (2) at T1, 3 

weeks later, at the end of the pre-training phase, (3) at T2, 3 weeks after T1, at the end of the 

training period and (4) at T3, 3 weeks after T2. Since the two means for the climbing 

performance, RT, endpoint variability and tremor before and after the training were not 

significantly different, the data before the training (T0, T1) and after the training (T2, T3) 

were pooled. 

 
3.1.1.1. Climbing performance. 
The climbing performance was evaluated by the number of times the patients could touch 

alternatively 2 prescribed grips. The mean number (no) was 11 before and 17 after the 

training within 30 sec (Fig. 3.3A). The training had a significant effect on the patients (p < 

0.05; Tab. 3.3). 

The no of grips that could be touched was about a twice larger for the controls than the 

patients. The difference between the arm and leg was significant (p ≤ 0.01; Tab. 3.3, Fig. 

3.3B). The controls could touch 18 grips more with the arm and 12 grips more with the leg 

 
es obtained with an ng performance of the patients with 

gn

 

than the patients. 

Tab. 3.3: Significance of F valu  ANOVA of the climbi

the fixed factors and their interaction. The si ificance levels are ***= p ≤ 0.001, **= p ≤ 0.01 and *= p ≤ 0.05. 

 
 
 
 
 
 
 
 
 
 
 

Source 
Significance of the climbing 
performance 

Subject 
Day 
Side 
Arm/leg 
Subject*day 
Subject*side 
Day*side 
Subject*day*side 
Subjec
Day*a

.000*** 

.034* 

.068 

.004** 

.068 

.124 

.144 

.678 
t*arm/leg 
rm/leg 

Subject*day*arm/leg 
Side*arm/leg 
Subject*side*arm/leg 
Day*side*arm/leg 
Subject*day*side*arm/leg 
 

.028* 

.016* 

.012* 

.050* 

.473 

.240 

.192 
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Fig. 3.3. Mean no of times the grips could be touched. A: patients before training (left column), patients after 
training (medium column) and controls (right column). B: patients (left 2 columns) and controls (right 2 
columns) with arm an
 

d leg. Bars are confidence limit (p=0.05). 

hich was a significant difference. However, even after the training they 

ould touch 15 with the arm and 10 with the leg less than in the controls who did not have 

ght arm, and 8 and 11 for the left and right le ls, it was 35 and 37 in 

e arm, 21 and 23 in the leg (Fig. 3.5). The difference of 6 between the left and right arm 

nd the difference  between the left and eg in the patients were significant (p ≤ 

.05, Tab. 3.3). The s could touch abou the no of grips of the patients. 

There was a significant interaction between the arm/leg and the training effect. The mean no 

of the grips that could be touched was 15 (arm) and 9 (leg) before, and 22 (arm) and 13 (leg) 

after the training (Fig 3.4). The patients improved thus by 7 for the arm and 4 for the leg (p < 

0.05, Tab. 3.3), w

c

any training  

The mean no of grips that could be touched in the patients was 15 and 21 for the left and the 

ri g where as in the contro

th

a of 3 right l

0  control t twice 
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Fig. 3.4. Mean no of times the grips could be touched during the climbing performance on the dates before and 
after the training by the arm and the leg of the patients and controls without training. Bars are confidence limit 
(p=0.05). 
 

 
Fig. 3.5. Mean no of times the grips could be touched by the left and the right arm and the leg of the patients 
(left 2 columns) and controls without training (right 2 columns). Bars are confidence limit (p=0.05). 
 
3.3.1.2. Simple RT 
The subjects performed the RT tasks during 4 sessions. After a light turned on, they had to press 

the corresponding light button as fast as possible. Tab. 3.4 shows the significance level for the 

fixed factors and for the interaction between the factors for the patients. The mean simple RT 

was 816 ms before and 807 ms after the training. The patients improved thus by 9 ms, which is 

highly significant (p ≤ 0.001; Tab. 3.4). However, even after the training they had a mean RT 

which was 271 ms larger than in the controls who did not have any training.  

Since all the patients and all except one control (bimanual) were right handed, RTs from the right 

and left hand were compared. The mean RT was 865 ms for the left and 756 ms for the right side 

of the patients, and 559 ms for the left and 523 ms for the right side of the controls. The 
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difference of 109 ms in the patients was significant (p < 0.001; Tab. 3.4), as well as the 

difference of 36 ms in the controls (p < 0.05; Tab. 3.5). The internal difference was longer for the 

patients than the controls (109 ms respectively 36 ms). 

 

Tab. 3.4: Significance of F values obtained with an ANOVA of the RT and the dispersion of the endpoints for the 3 

coordinates (X, Y and Z) in the patients. The significance levels are ***= p ≤ 0.001, **= p ≤ 0.01 and *= p ≤ 0.05. 

 

Tab. 3.5: Significance of F values obtained with an ANOVA of the RT and the dispersion of the endpoints for the 3 

coordinates (X, Y and Z) in the controls. The significance levels are ***= p ≤ 0.001, **= p ≤ 0.01 and *= p ≤ 0.05. 

Source RT 
 
       X                      Y                              Z 

Subject 
Day 
Side 
Simple/complex 
Subject*day 

ple/complex 
ay*simple/complex 

Subject*day* simple/complex 
Side* simple/complex 
Subject*side* simple/complex 
Day*side* simple/complex 
Subject*day*side*simple/complex 
 

.000*** 

.000*** 

.000*** 

.012* 

.000*** 

.000*** 

.001*** 

.757 

.000*** 

.226 

.595 

.241 
 

.000*** 

.549 

.208 

.000*** 

.480 

.297 

.073 

.933 

.450 

.922 

.134 

.540 
 

.000*** 

.001*** 

.018* 

.018* 

.195 

.114 

.875 

.935 

.328 

.396 

.459 

.349 
 

.013* 

.067 

.708 

.004** 

.100 

.714 

.462 

.941 

.512 

.413 

.365 

.948 
 

Subject*side 
Day*side 
Subject*day*side  
Subject*sim

.000*** 

.005** 

.662 

.001*** 

.061 

.072 

.291 

.285 

.430 

.133 

.069 

.435 

D

Source RT 
 
       X                      Y                              Z 

Subject 
Side 
Simple/complex 
Subject*side 

.000*** 

.017* 

.159 

.015* 

 

.021* 

.254 

.023* 

.064 

 

.031* 

.215 

.048* 

.080 

 

.007** 

.548 

.034* 

.218 

1 
 

Subject*simple/complex 
Side* simple/complex 
Subject*side* simple/complex 

.432 

.416 

.652 

.428 

.793 

.688 

.389 

.320 

.457 

.524 

.314 

.62
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Fig. 3.6. Mean simple RTs for the dates d after the A). The ge RTs for the and the 

atients (left 2 colu d controls ut training  2 columns, ars are 

as 877 m fore and 79  after the training of the patients and 

 wer  trained (Fig. 3.7A). It was 80 ms smaller after than 

efore the training of the patients  a highly signif cant difference (p ≤ 0.01, Tab. 3.4). The 

n 

the controls, it was 564 ms for the left and 546 m The difference between 

d left RTs was significan  smaller, r the 

k (109 ms) but more than in the controls (18ms, p < 0.05; Tab. 3.5). The mean 

as 286 ms and on the right side 278 ms longer in the patients than in the 

es were s r as in the s

 before an  training (  avera  left, 
mns) an witho (right B). Bright hand of the p

confidence limit (p=0.05). 

 
3.3.1.3. Complex RT 
The mean complex RT w s be 7 ms

552 ms for the controls who e not

b , i

mean RT was 245 ms larger in the patients than in the controls without training. 

In the patients, the overall mean RT was 850 ms for the left and 824 ms for the right side. I

s for the right side. 

right an t (26 ms  p < 0.001) wh as smaller ich w than fo

simple RT tas

RT on the left side w

controls. These differenc imila imple RT. 
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Fig. 3.7. Mean complex RTs before and after the training. (A). RTs for the left and the right hand of the patients 
(left 2 columns) and controls without training (right 2 columns, B). Bars are confidence limit (p=0.05). 
3.3.1.4. Interaction of fixed factors shown by RT. 

An ANOVA of the RTs was computed with the factors subject, day of training, side and 

simple/complex RT. There was a significant interaction between these factors. The most 

striking feature was that all interactions between the subject and factors were highly 

significant (p < 0.001, Tab. 3.6). This suggests, that there are important differences between 

the subjects. This is a reason, why the subjects are considered individually below. 

 

Tab. 3.6: An ANOVA of the RT with the fixed factors and the interaction between the factors of the patients. 

The differences between the dates of testing and the patients, patients and side and patients with RT conditions 

 training effect (p < 0.01; Tab. 

3.6, Fig. 3.8A). The training reduced the RT by 15 ms on the left and by 74 ms on the right 

side. 

There was a significant (p < 0.001; Tab. 3.6) interaction between the RT condition and the 

side in the patients. There was a difference between the right and the left hand of 109 ms in 

the simple and 26 ms in the complex RT condition (Fig. 3.8B). 

 

ource 
Sum of 
squares df 

Mean 
square F Sig. 

are highly significant. 

S
Subject 

Day*simple/complex 

27.005 
.809 

.515 

4 
1 

1 

6.751 
.809 

.515 

155.483 
18.463 

11.871 

.000 

.000 

.662 

.000 

.001 

Day 
Side 
Simple/complex 
Subject*day 
Subject*side 
Day*side 
Subject*day*side  
Subject*simple/complex 

1.814 
.274 
2.358 
2.670 
.343 
.104 
1.226 

1 
1 
4 
4 
1 
4 
4 

.1.814 

..274 

.590 

.667 

.343 

.026 

.307 

41.777 
6.313 
13.577 
15.371 
7.911 
.601 
7.060 

.000 

.012 

.000 

.000 

.005 

 

There was a significant interaction between the side and the

Subject*day* simple/complex 
Side* simple/complex 
Subject*side* simple/complex 
Day*side* simple/complex 
Subject*day*side*simple/complex 
Error 
Total 

.082 

.696 

.246 

.012 

.238 
70.773 
1209.777 

4 
1 
4 
1 
4 
1630 
1670 

.020 

.696 

.062 

.012 

.060 

.043 
 

.471 
16.037 
1.417 
.82 
1.372 
 
 

.757 

.000 

.226 

.595 

.241 
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Fig. 3.8A. .Mean RTs for the dates before and after the training for the left (left 2 columns) and the right (right 
2 columns) hand of the patients. B. Mean R he left and right hand f mple RT (left 2 columns) and 

 (right 2 columns) RT in the pati  are confid e limit ( . 

 End point variability 

se coordinates of th  buttons in e RT t re not kn e va  

nce limits of the end points of the movements to the buttons were computed in 

- and Z-direction. A si ant reduction of the endpoint dispersion due to the 

nd in the Y- on. The co dence  of the va ty in t -

ore and m after the ining o  patients a m f  

training t of 7 mm was significant (p ≤ 0.001; Tab. 3.4). The 

ere m precise than those of the patients (the variability was 

 smaller).  

he mean confidence limit of the endpoint variability in the Y-direction was 30 mm in the 

he endpoint variability in the patients was 11 mm on the left side and on the right side 

Ts of t
ents. Bars

or the si
p=0.05)complex enc

 
.5.3.3.1

Since the preci e push  th ask we own, th riance

and confide

the X-, Y gnific

training was only fou directi nfi limits riabili he Y

direction were 31 mm bef 24 m tra f the nd 21 m or the

controls (Fig. 3.9A). The  effec

movements of the controls w ore 

10 mm

T

left and 25 mm in the right hand and in the controls 19 mm and 22 mm respectively (Fig. 

3.9B). The difference of 5 mm of both sides was significant in the patients (p < 0.05; Tab. 

3.4). T

3 mm larger than in the controls. 
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Fig. 3.9A. Mean confidence limits of the end point variability in the Y-direction for the d

e training in the patients and controls without training. B. Mean confidence lim
ates before and after 

its of the end point variability 
e right hand of the patients (left 2 columns) and controls without training 

its (p=0.05). 

th
in the Y-direction for the left and th
(right 2 columns). Bars are confidence lim
 
In the patients, the mean confidence limit of the endpoint point variability in the X-, Y- and 

Z-direction was 33 mm, 25 mm and 30 mm in the simple and 42 mm, 30 mm and 43 mm in 

the complex RT condition in the controls 21 mm, 19 mm, 23 mm and 22 mm, 21mm and 24 

mm respectively (Fig. 3.10). The differences of 9 mm (p < 0.001), 5 mm (p < 0.05) and 13 

mm (p ≤ 0.01; Tab. 3.4) in the patients were significant in  the RT conditions. The endpoint 

variability differences were larger in the patients for the simple and the complex RT 

condition than in the controls. 

 
Fig. 3.10. Mean confidence limits of the end point variability in the X, Y- and Z-direction for the simple and the 
complex RT conditions of the patients (left 2 columns) and controls without training (right 2 columns). Bars are 
confidence limits (p=0.05). 
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3.3.1.6. Tremor 
The tremor was computed in the X-, Y- and Z- direction on the basis of the recordings from 

the pointing task. It was defined as the number of direction changes per sec (1) from the 

beginning of the movement till the patient reaches the target (go period) and (2) during the 

period he pointed to the target (holding period, Fig. 3.11). Tab. 3.7 shows the significance 

levels for the factors subject, day of training, side and simple/complex RT and interaction 

between the factors for the patients. 

 

 
Fig. 3.11. The pointing movement towards the 4 targets in the 3 coordinates (X-axis, Y-axis and Z-axis) 
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Tab. 3.7: Significance of F values obtained with an ANOVA of the tremor during pointing movements for the 

 

Tab. 3.8: Significance of F values obtained with an ANOVA of the tremor during pointing movements for the 

fixed factors (subject, day of training, side and simple/complex RT) and their interaction in the X, Y and Z 

coordinates in the controls. The significance levels are ***= p ≤ 0.001, **= p ≤ 0.01 and *= p ≤ 0.05. 

 the patients as well as in the controls, the tremor was slower in the X-direction, slightly 

ster in the Y-direction and fastest in the Z-direction (most differences are not significant). 

he training had a beneficial effect on the patients. The effect was larger in the X- and Y- 

irection (from 4.3 movements/sec to 3.4 and from 4.6 to 3.5) than in the Z- direction (from 

.1 to 4.5). All these changes were highly significant (p < 0.001, Tab. 3.7). However, even 

fter the training, the tremor was significantly faster in the patients with training than in the 

ontrols without training patients (X-, Y- and Z- direction): 3.4 movements/sec, 3.4 and 4.5, 

ontrols: X-, Y- and Z- direction: 2.7, 2.9 and 3.0).  

fixed factors (subject, day of training, side and simple/complex RT) and their interaction in the X, Y and Z 

coordinates in the patients. The significance levels are ***= p ≤ 0.001, **= p ≤ 0.01 and *= p ≤ 0.05. 

 

Source Direction change in 
the X-axis 

Direction change 
in the Y-axis 

Direction change 
in the Z-axis 

Subject 
Day 
Side 

.203 

.000**

.001**

.001*** .000*** 

In
S

terval 
ubject*Day 

Subject*Side 
Day*Side 
Subject*Day*Side 
Subject*Interval 
Day*Interval 
Subject*Day*Interval 
Side*Interval 
Subject*Side*Interval 
Day*Side*Interval 
Subject*Day*Side*Interval 

* 
* 

.000*** 

.000*** 

.045* 

.619 

.042* 

.624 

.000*** 

.000*** 

.244 

.017* 

.392 

.056 

.000*** 

.035* 

.000*** 

.000*** 

.008** 

.220 

.050* 

.000*** 

.000*** 

.096 

.066 

.001*** 

.455 

.263 

.000*** 

.003** 

.000*** 

.000*** 

.003** 

.052 

.002** 

.000*** 

.000*** 

.090 

.945 

.036* 

.032* 

.004** 

Source Direction change for 
the X-axis 

Direction change 
for the Y-axis 

Direction change 
for the Z-axis 

 

Subject 
Side 
Interval 
Subject*side 
Subject*interval 

.000*** 

.000*** 

.000*** 

.000*** 

.000*** 

 

.000*** 

.001*** 

.000*** 

.002** 

.006** 

 

.030* 

.114 

.000***. 

.100 

.001*** 

 

Side*Interval 
Subject*Side*Interval 

.837 

.169 
.545 
.068 

.110 

.175 

In

fa

T

d

5

a

c

c
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Fig. 3.12. Mean no of the movemen n the X-, Y- and ns on the date  and after the 

ts and controls without training. Bars are con e limits (p= 0.05). 

he tremor was faster on the left than on the right side (Fig. 3.13). In the patients, the 

1; Tab. 

3.8). 

t changes i Z directio s before
training of the patien fidenc
 
T

difference between the left and right side was 0.4 movements/sec in the X-direction (p ≤ 

0.001), 0.2 in the Y-direction (p < 0.05) and 0.6 in the Z-direction (P ≤ 0.01; Tab. 3.7). The 

corresponding values in the controls were 0.8 movements/sec, 0.4 and 0.1 (p < 0.00

 

 
Fig. 3.13. Mean no of the movement changes in the X-, Y- and
patients (left 2 columns) and controls without training (right 2 c

 Z- direction on the left and the right hand of the 
olumns). Bars are confidence limits (p=0.05). 

e tremor was about twice faster during the holding 

patients, the difference was 4.6 movements/sec 

 
In the patients as well as in the controls, th

than during the go period (Fig. 3.14). In the 
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in the X-direction, 3.7 in the Y-direction and 2.3 in the Z-direction. In the controls the 

corresponding values were 2.7 movements/sec, 2.4 and 1.8 and all these difference were 

highly significant (p < 0.001; Tab. 3.8). 

There was significant interaction between the intervals during which the tremor was 

measured and the training effect (p < 0.001; Tab. 3.7). The reduction in tremor was much less 

during the go period than during the holding period (Fig. 3.15). During the go period, it was 

0.24 movements/sec in the X-, 0.18 in the Y- and 0.12 in the Z-direction, during the holding 

period it was 1.3 movements/sec in the X-, 1.04 in the Y- and 1.02 in the Z-direction. But 

even the relative decreases were much larger during the holding than during the go period; 

12.5%, 8.2% and 3.3% verses 19.3%, 16.9% and 16.6%. 

 

 
Fig. 3.14. Mean no of the movement changes in the X-, Y- and Z- direction for the go and the holding period of 
the patients (left 2 columns) and controls without training (right 2 columns). Bars are confidence limits 
(p=0.05). 
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F
tr

ig. 3.15. Mean no of the movement changes in the X-, Y- and Z- directions on the dates before and after the 
aining for the go (A) and the holding (B) period of the patients. Bars are confidence limits (p= 0.05). 

 
3.3.1.7. Non analyzable tests 
The main purpose of this pilot study was to evaluate how the performance in motor tasks can 

be tested in cerebellar patients who underwent a training on a climbing wall. It turned out 

that some of the tests mainly the tests on the climbing wall, were inadequate for this purpose. 

The following tests were concerned:  

• Body perception. The patients should tell whether they can touch a specified grip with a 

hand without changing the support of the legs. This could not be evaluated because 

different grips have to be chosen for each patient. Furthermore the same grips should be 

chosen at each session to be able to compare results. This, however, depends on whether 

the patient could remember the results from the preceding session. The results from this 

test could not be used for further analysis.  

e track was used for all the patients. It turned out that the task was 

too easy for one patient and for others it was too difficult so that they depended on 

external help to reach the top. It was therefore not possible to measure the climbing speed 

as a function of their capabilities. 

• There were no striking differences in the shape of the movement paths in the pointing 

task due to the training. 

• The patients were required to perform regular flexion – extension movements of the 

forearm in a given rhythm. The task was too difficult for some patients and learning 

effects could not be excluded. The results were therefore not further analyzed. 

 
 

• The patients should climb as fast as possible along an indicated track to the top of the 

climbing wall. The sam
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3.3.2. Results from individual patients 
Due to the inhomogeneity of the patients, the results obtained from the different patients 

were also inhomogeneous. The performance of the patients improved in general, however, 

the tests in which their performance improved were different from subject to subject. It 

seemed to us therefore reasonable to present the results individually for each subject. 

The results of the 5 patients are summarized in Tab 3.9. The effect of the training can 

roughly be estimated by the number of asterisks attributed to a patient. There are two groups 

of patients. There are many asterisks (10 to 14) in one group and zero to one in the other one. 

The patients in the second group, in which the training had no or nearly no effect, suffer from 

MS. Patients C and E are therefore not further considered in the presentation of the individual 

ab. 3.9: Significance of the training effect evaluated by an ANOVA of the climbing performance, the RT, the 

 the patients A, B, C, D and E. The significance levels are ***= p ≤0.001, 

results. 
T

end point variability and the tremor in

**= p ≤0.01 and *= p≤0.05. The total number of asterisks was taken as estimation of the global training effect. 

 Direction A B C D E 

Climbing performance  .743 .000*** .589 .002** .254 
RT  .962 .000*** .422 .000*** .144 

X .905 .154 .181 .474 .814 
Y .040* .733 .224 .322 .424 

End point variability 

Z .490 .062 .148 .358 .648 
X .000**

* 
.003** .081 .000*** .021

* 
Y .000**

* 
.001*** .234 .000*** .344 

Tremor 

Z .001**
* 

.000*** .086 .000*** .186 

Number of asterisks  10 14 0 14 1 
 

Thi

per

 
3.3
The evaluated by the number of times the patient could 

 

 

 

3.3.3. Patient A 
s patient has deficiencies due to a car accident (see section patients). His global 

formance improved less than in other 2 patients (B and D, Tab. 3.9). 

.3.1. Climbing performance 
 climbing performance which was 

touch alternatively 2 prescribed grips, did not increase due to the training (Tab. 3.10) 
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Tab. 3.10: Significance of F values obtained with an ANOVA for the climbing performance and the RT for the fixed 

 
 
3  tas  
The mean RT did not significantly decrease by the training (Tab. 3.10). There was, however 

a ence b een the sim nd the complex RT of 52 m < 0.001;  

3.10, Fig. 3.16). The tra ng did not d ase th n RTs ple, but the mean RTs 

decreased from 830 ms to 780 ms in the complex RT condition (p < 0.05; Tab. 3.10). It 

decreased 50 ms in complex RT (Fig. 3.17A)  

There was a significant difference between the sim  the lex R  ms i  

he rig t side (p < 0.0  Tab. 3.10). The mean RT was 773 ms in the left 

the simple, and 775 ms and 835 ms in the complex RT (Fig. 

factors and their interaction. The significance levels are ***= p ≤ 0.001, **= p ≤ 0.01 and *= p ≤ 0.05. 

 
 
 
 

Patients 
 A B D 
Climbing performance 
            Day 

.743 

.078 
.000*** 
.000*** 

.002** 

.055 
            Side 
            Arm/leg 
            Day*side 
            Day*arm/leg 
            Side*arm/leg 
            Day*side*arm/leg 

.068 

.756 

.654 

.868 

.862 
 

.062 

.001*** 

.056 

.235 

.124 
 

.052 

.062 

.125 

.204 

.488 
 

RT        
           Day 
           Side 

.166 

.503 
.000*** 
.919 

.000*** 

.978 

 
 

 

 

 

 

 

            Simple/complex 
           Day*Side 

.000*** 

.458 
.067 
.030* 

.156 

.201 
           Day*simple/complex 
           Side*simple/complex    
           Day*side*simple/Complex 
 

.033* 

.000*** 

.002** 
 

.001*** 

.152 

.695 
 

.170 

.018* 

.957 
 

 

 

 

.3.3.2. Reaction time k

 significant differ etw ple a s (p  Tab.

ini ecre e mea in sim

ple and comp T of 40 n the

left and 60 ms in t h 01;

and 733 in the right side in 

3.17B). 
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Fig. 3.16. The erage mean RTs (the left and right ha d) in the simple d complex RT condition in patient A. 

ars are confidence limits (p=0.05). 

av n an

B

 

 
Fig. 3.17A. Mean RTs for the dates before and after the training in the simple (left 2 columns) and the complex 
(right 2 columns) RT for both hands (B). the average mean RTs by the left and the right hand in simple (left 2 
columns) and the complex (right 2 columns) RT conditions in patient A. Bars are confidence limits (p=0.05). 
 
3.3.3.3. End point variability. 
The end point variability when pushing on the buttons in the RT tasks decreased due to the 

training only in the Y- direction (right-left). It was 26 mm, before, and 20 mm after the 

training (Fig. 3.18A). The difference of 6 mm was significant (p < 0.05; Tab.3.11).There was 

a significant difference of 13 mm (p < 0.05; Tab. 3.11, Fig. 3.18B) between the simple and 

the complex RT condition in the Z-direction.  
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Tab. 3.11: Significance values of F obtained with ANOVAs for the endpoint variability during the RT task with 

the fixed factors and their interaction. A separate ANOVA was performed for each direction and each patient. 

The significance levels are ***= p ≤ 0.001, **= p ≤ 0.01 and *= p ≤ 0.05. 

 
                     Patients Source 
A B D 

End point variability 
       X-axis.  
              Day 
              Side 
              Simple/complex 
              Day*side 
              Day*Simple/complex 
              Side*simple/complex 
              Day*side*simple/complex 

 
 
.905 
.386 
.349 
.517 
.196 
.292 
.148 

 
 
.154 
.144 
.005** 
.279 
.348 
.691 
.041* 

 
 
.474 
.015* 
.509 
.921 
.222 
.995 
.829 

       Y-axis.  
              Day 
              Side 
              Simple/complex 
              Day*side 

omplex 
ple/complex 

 
.040* 
.350 
.105 
.958 

.207 

.314 
 

 
.733 
.918 
.108 
.530 

.184 

.888 
 

 
.322 
.010* 
.019* 
.944 

.688 

.664 
 

              Day*Simple/complex 
              Side*simple/c
              Day*side*sim

.727 .540 .570 

       Z-axis.  
              Day 
              Side 
              Simple/complex 
              Day*side 
              Day*Simple/complex 
              Side*simple/complex 
              Day*side*simple/complex 

 
.490 
.291 
.018* 
.099 
.616 
.996 
.350 
 

 
.062 
.951 
.174 
.736 
.941 
.937 
.914 
 

 
.358 
.050* 
.078 
.434 
.878 
.618 
.672 
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Fig. 3.18. Me e dispersion of t oints in -direct ore and after the 
training (A) an n for the simple and th plex RT ition (B atient A. Bars are 
confidence lim
 
3.3.3.4. Trem
The tremor was com ed in the X-, Y- and Z- during the go and holding period in the 

pointing task

 
Tab. 3.12: Significance of F values obtained with ANOVAs r the trem ing poi ovements with the 

fixed factors an nce level ar ≤ 0.001, **= p ≤ 0.01 p ≤ 0.05. 

           

an confidence values of th he endp  the Y ion bef
d in the Z- directio e com  cond ) in p
its (p=0.05) 

or 
put

. 

test fo or dur nting m

d in their interaction. The significa e ***=p and *=

             Patients Source 

A B D 
Tremor for the three axes. 
           X-axis. Day 
                        Side 
                        Interval 
                        Day*side 
                        Day*interval 
                        Side*interval 
                       Day*side*interval 

 
.000*** 
.109 
.000*** 
.180 
.000*** 
.251 
.553 

 
.003** 
.771 
.000*** 
.770 
.094 
.063 
.754 

 
.000*** 
.385 
.000*** 
.573 
.007** 
.538 
.458 

 
          Y-axis. Day 
                       Side 
                       Interval 
                       Day*side 
                       Day*interval 
                       Side*interval 
                       Day*side*interval 
 

 
.000*** 
.509 
.000*** 
.529 
.000*** 
.427 
.195 
 

 
.000*** 
.078 
.000*** 
.215 
.002** 
.203 
.471 
 

 
.000*** 
.573 
.000*** 
.233 
.007** 
.766 
.972 

             Z-axis. Day 
                       Side 
                       Interval 
                       Day*side 
                       Day*interval 
                       Side*interval 
                       Day*side*interval 
 

.001*** 

.303 

.000*** 

.313 

.000*** 

.437 

.669 
 

.000*** 

.193 

.000*** 

.462 

.012* 

.188 

.350 
 

.000*** 

.697 

.000*** 

.878 

.009** 

.643 

.786 
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The tremor decreased from 4.3 movements/sec to 2.9 in the X-, from 4.2 to 3.1 in the Y- and 

from 4.7 to 3.6 in the Z-direction (Fig. 3.19). The differences of 1.4, 1.1 and 1.10 were highly 

significant (p < 0.001; Tab.3.12).  

The tremor was about twice faster during the holding than during the go period (Fig. 3.20). 

The differences were 4.4 movements/sec in the X-direction, 3.4 in the Y-direction and 2.4 in 

the Z-direction. All these differences were highly significant (p < 0.001; Tab. 3.12). 

 
Fig. 3.19. Mean no of movement changes in the X-, Y- and Z- direction for the dates before and after the training in 
patient A. Bars are confidence limits (p=0.05
 

 

).  

 
Fig. 3.20. Mean no of the movement chang s in the X-, Y- - direction f r the go and the holding period in 
patient A. Bars are confidence limits (p=0.05). 

e  and Z o
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There was a significant interaction between the training effect and interval (go and holding 

period) (p < 0.001; Tab. 3.12). During the go period, the tremor decreased 0.5 

movements/sec in the X-, 0.3 in the Y- and 0.3 in the Z-direction, during the holding period it 

decreased 0.4 movements/sec in the X-, 0.6 in the Y- and 0.40 in the Z-direction (Fig. 3.21). 

 

 
Fig. 3.21. Mean no of the movement change in the X-, Y- and Z- direction for the dates before and after the training 
for the go (A) and the holding (B) period in patient A. Bars are confidence limits (p=0.05). 
 
3.3.4. Patient B 

.3.4.1. Climbing performance 
The number of times patient B could touch alternatively two indicated grips improved by 9 

which was highly significant (p < 0.001; Tab. 3.10, Fig. 3.22A). There was a significant 

difference of 3 between the left and right hand (p ≤ 0.001; Tab. 3.10, Fig. 3.22B). 

The mean no times two grips could be touched improved significantly from 13 to 20 on the 

left and from 14 to 24 on the right hand (Fig. 3.23). The increase was significantly larger on 

the left than on the right side (p ≤ 0.001; Tab. 3.10) 

 

This patient had a car accident resulting in several brain lesions resulting e.g. in memory 
deficiencies. 
 
3
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Fig. 3.22. Mean no of times two grips could be touched in 30 sec for the dates before and after the training (A) and 
for the left and right hand (B) in patient B. Bars are confidence limit (p=0.05). 
 

 
Fig. 3.23. Mean no of times two grips could be touched for the dates before and after the training by the left (left 2 
columns) and right (right 2 columns) hand in patient B. Bars are co
 

nfidence limit (p=0.05). 

.3.4.2. Reaction time task 
The training decreased the mean RT by 158 ms (p < 0.001; Tab. 3.10, Fig. 3.24). 

There was a significant interaction between the side and the training effect (p < 0.05, Tab. 

3.10). The mean RT decreased from 901 ms to 779 ms in the left and from 939 ms to 745 ms 

in the right hand (Fig. 3.25A)  

The training decreased the mean RTs from 906 ms to 806 ms in simple and from 933 ms to 

718 ms in the complex RT conditions (p ≤ 0.001; Tab. 3.10). It decreased 100 ms in the 

simple and 215 ms in the complex RT conditions (Fig. 3.25B)  

3
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Fig. 3.24.The average mean RTs (the left and right hand) for the dates before and after th
re confidence limits (p=0.05). 

e training in patient B. Bars 

 

a
 

 
Fig. 3.25. The average  mean RTs for the dates before and after the training by the left (l t columns) and the right 

ple 

ef
(right columns) hand (A) and in the simple (left 2 columns) and the complex (right 2 columns) RT condition (B) for 
both hands in patient B. Bars are confidence limits (p=0.05) 
 
3.3.4.3. End point variability 
There was a significant difference 13 mm (p ≤ 0.01; Tab. 3.11, Fig. 3.26) between the sim

and the complex RT condition.  
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Fig. 3.26. Mean confidence limits values of the dispersion of the endpoints in the X- direction for the simple and the 
complex RT condition in patient B. Bars are confidence limits (p=0.05). 

.3.4.4. Tremor 
The tremor decreased significantly after the training by 1.06 movements/sec (p < 0.01), 0.96 

(p ≤ 0.001) and 0.82 (p < 0.001) in the X-, Y- and Z-direction (Tab. 3.12, Fig.3.27).  

The differences between the go and the holding period were 4.3 movements/sec in the X-

direction, 2.9 in the Y-direction and 2.3 in the Z-direction. All these difference were highly 

significant (p < 0.001; Tab. 3.12, Fig. 3.28). 

 

 

 
3

 
Fig. 3.27. Mean no of the movement changes in the X-, Y- and Z- direction for the dates before and after the training 
in patient B. Bars are confidence limits (p=0.05). 
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Fig. 3.28. Mean no of the movement changes in the X-, Y- and Z- direction for the go and the holding period in 

atient B. Bars are confidence limits (p=0.05). 

 holding 

ere significant (p < 0.05; Tab.3.12). 

p
 

The tremor in the X-, Y- and Z-direction during the go period was 1.9 movements/sec, 3.1 

and 4.6 before, and 1.4 movements/sec, 2.7 and 4.1 after the training, and during the

period 6.4 movements/sec, 6.4 and 6.6 before and 5.2 movements/sec, 5.4 and 6.1 after the 

training (Fig. 3.28). The differences before and after the training (0.5, 0.4 and 0.5 for the go 

and 1.2, 1.0 and 0.5 for the holding period) w

 
Fig. 3.29. Mean no of the movement changes in the X-, Y- and Z- direction for the dates before and after the training 

r the go (A) and the holding period (B) in patient B. Bars are confidence limits (p=0.05). fo
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3.3.5. Patient D 
This patient has a tumor in the frontal part of the brain and reaching deficits 
 
3.3.5.1. Climbing performance 
The number of movements between 2 grips he could perform within time 30 s increased 

significantly (from 31 to 38, p ≤ 0.01; Tab. 3.10, Fig. 3.30). 

 

 
Fig. 3.30. Mean no of times two grips could be touched for the dates before and after the training in patient D. Bars 
are confidence limit (p=0.05). 
 
3.3.5.2. Reaction time task 
The training effect of 90 ms in the RT was significant (p < 0.001; Tab. 3.10, Fig. 3.31A). 

The mean RT was 606 ms in the left and 589 ms in the right hand for the simple and 618 ms 

and 636 ms in the complex RT condition (Fig. 3.31B). There was a significant difference 

between the left and right hand of 17 ms in the simple and 18 ms in the complex RT (p < 

0.05; Tab. 3.10). 
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Fig. 3.31A. The average mean RTs (the left and right hand) for the dates before and after the training. B. The 
overall mean RTs for the left and the right hand in simple (left 2 columns) and the complex (right 2 columns) RT 
condition in patient D. Bars are confidence limits (p=0.05) 
 
 
3.3.5.3. End point variability 
The mean confidence limits of the end point variability was 38 mm, 27 mm and 34 mm for 

the left and 27 mm, 19 mm and 24 mm for the right hand in the X-, Y- and Z direction (Fig. 

3.32). The differences of 11 mm, 8 mm and 10 mm between the left and the right hand were 

here was a significant difference of 7 mm (p < 0.05; Tab. 3.11, Fig. 3.33) between end point 

a significant (p ≤ 0.05; Tab. 3.11). 

T

variability in the simple and the complex RT condition in the Y-direction.  

 

 
Fig. 3.32. Mean confidence limits values of the dispersion of the endpoints in the X-, Y- and Z-direction for the left 
and the right hand in patient D. Bars are confidence limits (p=0.05). 
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Fig. 3.33. Mean confidence limits values of the dispersion of the endpoints in the Y- direction  for the simple and the 
complex RT condition in patient D. Bars are confidence limits (p=0.05) 
 
3.3.5.4. Tremor  

he tremor decreased after the training. The effect was faster in the Y- and Z direction from 

d 2.7 in the Z-direction. All these difference were highly 

T

(4.6 movements/sec to 2.8 and from 4.9 to 3.3) than in the X-direction from (4.1 to 3.4). All 

these changes were highly significant (p < 0.001; Tab. 3.12, Fig. 3.34)  

The differences between the go and the holding period were 3.6 movements/sec in the X-

direction, 2.9 in the Y-direction an

significant (p < 0.001; Tab. 3.12, Fig. 3.35). 

 

 
Fig. 3.34. Mean no of the movement changes in the X-, Y- and Z- direction for the dates before and after the training 
in patient D. Bars are confidence limits (p=0.05). 
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ig. 3.35. Mean no of the movement changes in 3 coordinates (X-, YF

h
- and Z axis) direction for the go and the 

s D. Bars are confidence limits (p=0.05). 

≤ 

 

old period in patient
 

The tremor decreased after the training during the go and the holding period. During the go 

period, it was 0.4 movements/sec in the X-direction (p ≤ 0.01), 0.2 in the Y-direction (p 

0.01) and 0.5 in the Z-direction (p ≤ 0.01), during the holding period, it was 1.5 

movements/sec in the X-, 1.9 in the Y- and 1.2 in the Z-direction (Tab. 3.12, Fig. 3.36). The 

training was significantly faster during the holding (p < 0.001, p < 0.05, p < 0.01) than during 

the go period. 

 
Fig. 3.36 Mean no of the movement changes before and after the training in 3 coordinates (X-, Y- and Z axis) 
direction for the go and the hold period in patients D. Bars are confidence limits (p=0.05). 
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3.4. Discussion 
Abnormalities of movement execution in cerebellar patients are commonly referred to as 

limb ataxia. When used to describe limb movement it indicates an irregularity in the direction 

and range of the movement (Adams and Victor 1993). According to Holmes et al. (1939), 

this irregularity is always more marked with rapid and complex rather than with simple 

movements: “Simple actions which require movement at one joint only may be fairly 

accurately performed, though complex actions are irregular and ataxic; the patient can 

succeed much better in touching with either his finger or toe an object that he can reach with 

his limb extended than when movements at the elbow, knee or other joints are also 

necessary”.  

It was shown in this study that the climbing wall training improved the performance in all the 

ar disorders. Free, unrestrained reaching 

nd pointing movements of the arm, with emphasis on speed and accuracy, allowed the full 

discussion, the increase of RT and the spatial abnormalities, as overshoot, 

ndershoot and indirect movement paths are considered. 

RTs 

Our finding that the RTs were increased compared to normal subjects, supports the 

hypothesis that the cerebellum plays a central role in timing control, in terms of setting up the 

temporal parameters of a motor program (Ivry et al. 1988). This timing control might 

determine when each of a series of motor responses can be initiated or how long the specific 

response (such as setting the timing for the reciprocal activation of agonist-antagonist 

muscles) can last.  

The patients had even slower simple and choice RTs than patients with Parkinson’s or 

Huntington’s disease and the capacity to maintain a general motor readiness was reduced 

(Jahanshahi et al. 1993). These findings were supported by Nakamura and Taniguchi (1980) 

who found, compared with controls, increased RTs in 10 cerebellar patients who performed 

oss of excitatory 

edback from the cerebellum to the motor cortex.  

patients although they had various types of cerebell

a

expression of ataxia. 

The current study demonstrates that some patients improved their motor performance after 

training. An interpretation of the results from our patients is difficult, since the lesions were 

diffuse and not precisely localized. In spite of the large variability of the results it was found 

in the present study, that the RTs were significantly longer in the patients than in the controls. 

In the present 

u

forearm flexions and supinations. They suggested that the cerebellum is a critical area for the 

increase in RT and the lengthening of the RT might be the result of l

fe
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The patients with limb ataxia took longer to initiate movement and movements were slower 

rend, neurophysiological studies on monkeys indicate that the cerebellum may 

 movements (Krupa and Thompson 

 Takagi  et al. 1998). Constant pointing errors have also been observed previously in 

ding on task conditions. The one common feature across these studies is 

, then cerebellar ataxia should be more 

than normal, in keeping with the well-documented prolongation of reaction times and 

slowness of movement in human cerebellar disease (Hallett et al. 1991; Hore et al. 1991; 

Bonnefoi-Kyriacou et al.1995; Bastian et al. 1996). The slowness of our patients may have 

been partly due to the instructions, which emphasized accuracy and speed and not just speed. 

However, this is unlikely the cause of slowness since Bastian et al. (1966) found that 

subjects, who were asked to perform movements which were (i) slow and accurate, (ii) fast 

and accurate, or (iii) as fast as possible with no constraint on accuracy, moved slower than 

normal in all three situations (Bastian et al. 1996).  

In the same t

trigger motor programs elaborated elsewhere (Trouche et al.1980; Ito et al; 1974; Meyer-

Lohmann et al. 1977). RTs in monkeys are increased after lesions in the dentate nucleus 

(Trouche et al.1980; Beaubaton and Trouche. 1982). 

 
3.4.1. Spatial abnormalities 

A number of spatial abnormalities were observed in our patients. The spatial paths of the 

fingertip were more circuitous than normal, leading to longer path lengths. Bastian et al. 

(1996) found similar results in arm movements of cerebellar patients. It is well known that 

cerebellar damage affects motor adaptation (error-based learning) of several types of specific 

arm (Martin et al. 1996; Lang and Bastian 1999) and eye

1997;

monkeys after dentate nucleus cooling or ablation (Beaubaton and Trouche 1982). Studies of 

single jointed movements have revealed several parameters that the cerebellum may control, 

including timing and/or amplitude scaling in either the agonist, antagonist, or both muscle 

groups. However, no single deficit uncovered can be generalized across studies to explain the 

different features of ataxia. Instead, cerebellar damage appears to disrupt different aspects of 

a movement depen

that the movement deficits were always attributed to an imbalance of agonist-antagonist 

activity.  

 
3.4.2. Scaling 

An important feature of cerebellar control may be in predictively scaling the relative 

activities of different muscles in relation to the mechanical demands (e.g., inertia, interaction 

torques) during the movement. If this is the case
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pronounced during movements that require coordination of many muscles and/or have 

complex mechanical demands. Evidence from both humans (Bastian et al. 1996; Topka et al. 

1998b; Goodkin et al. 1993; Massaquoi and Hallett 1996) and monkeys (Thach et al. 

1992a,b) indicate that cerebellar damage impairs multi-jointed movements to a greater extent 

than would be expected based on single jointed deficits. Goodkin et al. (1993) reported about 

a cerebellar subject who could make relatively normal single-jointed wrist movements, but 

had impaired multi-jointed reaching movements.  Similarly, monkeys with an inactivated 

dentate nucleus had only mild impairments of single-jointed wrist movements, but gross 

impairments of reaching movements (Thach et al. 1992b).  

Interaction torques are the mechanical 

onsequence of moving limb segments that are linked together. During a reaching movement, 

 a torque at the shoulder, called interaction toque, and 

.4.4. Locomotion and Balance 

 of cerebellar involvement in balance and locomotion are more limited than the 

is 

 or 

or 

 
3.4.3. Interaction torques 

It has been suggested that the role of the cerebellum may be in generating interaction torques 

(Bastian et al. 1996; Schweighofer et al. 1998a, b). 

c

the elbow movement causes

reciprocally a shoulder movement causes an interaction torque at the elbow. Interaction 

torques may assist or oppose the desired movement at each joint depending on direction, 

velocity and acceleration of joint movements. A cerebellar ataxia during multi-jointed 

reaching may be due to an inability to adjust for dynamic interaction torques (Bastian et al. 

1996; Topka et al. 1998a, b). This is especially evident during fast, multi-jointed reaching 

movements. Specifically, the torque produced by the muscles did not counter the interaction 

torque appropriately, allowing interaction torques to contribute excessively to the generation 

of the movement. This results in an abnormal pattern of reaching, with the elbow and 

shoulder joints moving at inappropriate rates relative to one another and the fingertip 

overshooting the target (Bastian et al. 1996; Topka et al. 1998a,b). Cerebellar deficits, such as 

dysmetria, should be also be greatly improved when interaction torques are eliminated. Boose 

et al. (1999) have proposed that this impairment is a result of a generalized inability to 

quickly generate the appropriate muscle torque levels.  

 
3

Human studies

extensive animal literature. Cerebellar damage and disease occurs relatively infrequently and 

often accompanied by injury to other central nervous system regions such as the brainstem

spinal cord. Horak and Diener (1994) studied whether cerebellar subjects could learn to adjust f
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predictable postural perturbations during standing. Rand et al. (1998) studied adaptation

sudden but predictable changes in treadmill speed during walking in subjects with cerebel

damage and mild ataxia. Results suggested that the patients can adapt to changes in speed, b

they have a considerable variability in the timing and duration of muscle activation patterns a

use a strategy that is different from that used by healthy subjects.                                                
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4. Climbing as therapy for the patients with cerebellar disorder 
(Part2) 
 
4.1. Introduction 
In addition to the motor cortex and the basal ganglia, the cerebellum is considered as one of 

the 3 important brain areas contributing to motor control. It receives not only information 

 other modules of the brain related to the programming and execution of movements, but 

also sensory feedback from receptors about ongoing movements. After processing this 

formation, it modulates the motor output of the motor cortex and other systems within the 

. The functions of the cerebellum can be roughly attributed to 3 distinct zones. The 

vestibulocerebellum controls the axial muscles for equilibrium control, the spinocerebellum 

odulates the actual execution of the movement and the muscle tone, and the 

rocerebellum participates in programming the motor cortex for the execution of 

movement but also in the coordination of ongoing movements (Shumway-Cook et al. 2001). 

amage can result in severe ataxia of voluntary limb movements or gait and in 

igh-amplitude tremor. However, the exact function of the cerebellum in motor control is 

still subject of debate. It was suggested that the cerebellum controls timing or amplitude 

aling in the agonists, the antagonists, or both muscle groups or that it may coordinate the 

lative activity of multiple muscles and adjust movements at a given joint to oppose or assist 

rques that are caused by other linked segments (Bastain et al. 1996). In addition to its role 

otor control processes, the cerebellum seems to be important in cognitive processes and 

 motor learning. Several human and animal studies have thus dealt with the question 

hether motor learning is possible when the cerebellum is damaged.  

ovements in the air found limited but not absent 

otor learning in the movement task alone. However, in contrast to healthy subjects motor 

erformance deteriorated to prepractice levels when attention was focused away from the 

ovement during dual task trials. They concluded that cerebellar damage impairs the 

utomaticity of a recently practiced movements (Lang and Bastain 2001). Other studies 

dicate that cerebellar patients can improve their performance in a series of two-dimensional 

acing-tasks. Also when tested 24 h later, patients demonstrated significant retention of the 

cquired skill and tended to improve more rapidly when performing the same skill again 

immann et al. 1996; Topka et al. 1998a). It has also been shown that patients with 

erebellar lesions are able to adapt their gate pattern in response to repeated changes in 

eadmill speed, but that they do not establish a motor pattern comparable to that employed 

from
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by healthy subjects (Rand et al. 1998). In a case report two patients with cerebel

dysfunction

lar 

 demonstrated improvements in postural stability after a six-week balance 

luded that, if the cerebellum is not totally destroyed, adaptation or 

 movement impairment occurs perhaps in a neighbouring area of the 

s investigation was to 

training. It was conc

compensation for the

cerebellum or in another part of the brain (Gill-body et al. 1997). Both preoperative and 

postoperative trainings of cerebellectomised mice on a rotating rod improved the restoration 

of the equilibrium (Caston et al. 1995). Furthermore, rats with cerebellar damage improved 

significantly in motor skills tests, and the thickness of the molecular layer in the paramedian 

lobule of the cerebellum increased after complex motor skill training. However, motor skill 

tests showed no improvement after motor conditioning on a flat runway (Klintosva et al. 

2002).  It seems that, when the cerebellum is damaged, motor learning is impaired and 

probably different from that in healthy subjects, but nevertheless possible. However, under 

which training conditions and to which extent motor learning is possible when the whole 

cerebellum or parts of it are damaged is still unclear and up to now there is no directive for 

an adequate, efficient and valid treatment of cerebellar patients. Most human studies 

investigate short-term learning in a specific motor task in response to repetition. 

Rehabilitation of patients with cerebellar damage, however, requires a long-term learning 

process and the acquired motor patterns have to be transferred to everyday life. Since there 

are many parallel motor pathways for carrying out an action sequence, we cannot assume that 

the training effect will transfer to all other activities requiring the same set of muscles, simply 

by repeating one single motor task. Thus, further research is inevitable in order to investigate 

whether long-term learning of motor control in cerebellar patients is possible and in order to 

determine an adequate treatment for these patients. The aim of thi

evaluate the effect of a six-week climbing training on motor control of patients with 

cerebellar damage. Measurements taken before, during and after the treatment included 3-

dimensional movement analysis of arms and legs, clinical balance and motor skill tests and 

self-perception of symptoms. We chose climbing for the training of motor control because of 

its numerous positive aspects. Climbing on a wall is a complex task for the motor system. It 

involves the coordination of all 4 limbs and challenges equilibrium and body stability. It 

requires precise pointing movements of hands and feet to the grips, the planning of single 

movements and movement sequences and for more advanced climbers optimal body 

positions in order to put the largest possible weight on the feet and the least possible force on 

the hands. Climbing enables a variety of different movement tasks and the degree of 
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difficulty can be very well adjusted to the requirements of the patient. Last but not least 

climbing has a positive effect on strength and endurance.
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4.2. Methods 
 
4.2.1 Patients 
Four patients with cerebellar damage and 4 control subjects participated in the study. All gave 

their informed consent prior to participating. The patients were diverse in terms of pathology, 

duration of illness and age. Motor disorders of all patients were dominant on the right side of 

both the upper and lower extremities. The exact localisations of the brain lesions were 

unknown. 

Two years before the onset of this study, patient 1 (male, 19) sustained a severe craniocerebral 

injury with subarachnoid hemorrhage which damaged multiple brain areas and resulted in an 

ataxic paresis of all 4 limbs. Patient 2 (male, 56) suffered an ischemic stroke (two month 

before study onset) which damaged the cerebellum and caused ataxia and tremor in upper and 

lower limbs. In patient 3 (male, 22) an anoxic encephalopathy at birth with lesions in multiple 

brain areas caused spastic diplegia, visual and perceptive troubles and psychomotor retardation. 

Patient 4 (male, 42) sustained a metabolic encephalopathy with cerebellar component from 

unclear origin eight months before study onset. Three and half years earlier, he was diagnosed 

with cancer in the frontal cortex. Since then he suffered from repeated severe epileptic 

seizures. Clinically, the patient exhibited only mild motor disorders and no detectable tremor 

during movements. 

Patient performance during the experimental sessions was compared to that of a group of 4 (3 

males and one female with mean age of 33.5 years) healthy subjects. 

 
4.2.2 Experimental setup and procedure 
The long-run motor learning of the patients as a result of a 6-week climbing training was 

evaluated in 3 different ways, with (1) an analysis of 3-dimensional pointing movements, (2) 

clinical balance and motor skill tests and (3) self-perception of symptoms. All measurements 

and tests were taken 6 times, twice before, during and after the treatment at intervals of two 

weeks. During the climbing period, the patients were requested to complete a questionnaire at 

the end of each week. 

 
4.2.2.1. Kinematic and kinetic movement parameters 
The 3-dimensional motion measuring system CMS30 P (Zebris Medizinaltechnik GmbH, Isny) 

was used for data registration (Chapter 3.2.2).  

The experimental setup to measure arm movements was as follows: 4 ball targets with a 

diameter of 2 cm, with red points as precise marks and labelled with numbers were suspended 

from a fine wire above a table in a semicircle around two starting points. The starting points, 
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labelled with colours, were positioned on the table, one on the right ipsilateral side of the 

erforming arm (13 cm from the edge of the table) and the other one on the contralateral side 

ced on the starting point and the cables were fixed with straps around the 

ed to fix two transmitters 

n the tip of the big toe and on the back of the foot in order to keep them in the same position 

 2 different starting points) to 80 (20 movements/target from 

12 (3 movements/target) to 40 (10 

erimental session, which lasted about 1 h with a 

p

(34 cm from the edge of the table). The target positions varied in height (5-35 cm) above the 

table and horizontal distance to the starting points (14-48 cm), which resulted in 8 different 

movements. A device similar to a glove was used to fix two transmitters on the tip of the right 

index finger and on the back of the hand in order to keep them in the same position during all 

measurements. The cables were fixed with straps around the arm. The patients were 

comfortably seated on a chair with their right upper arm vertical and in the sagittal plane and 

their upper body upright. Patient 2 stayed in his wheel chair. The distance to the table was 

determined in such manner that the ankle of the horizontal lower arm was flush with the edge 

of the table.  

The experimental setup for the leg movements was similar: 4 balls with a diameter of 4 cm and 

red points as precise marks were suspended from a fine wire above the ground in a semicircle 

around one starting point. As for the arm movements, the horizontal distances between starting 

point and targets (25-36 cm) and the heights of the targets above the ground (13-32 cm) varied,  

which resulted in 4 different movements. An adjustable walking aid provided body stability. 

The patients stood with both feet on the ground holding the walking aid with both hands. The 

right big toe was pla

leg. Patient 2 was seated on the walking aid with both legs in the air, in a distance to the targets 

which allowed him to reach them comfortably. Special socks were us

o

during all measurements. 

The patients performed unconstrained 3-dimensional pointing movements under two different 

experimental conditions with their clinically more affected right arm and leg. Small trunk 

movements were accepted, although the distance of the patients to the table was such that all 

targets could be comfortably reached by the index finger without trunk movements. Each 

patient performed as many trials as his physical capacity and concentration allowed. These 

were 24 (6 movements/target from

2 different starting points) arm movements and 

movements/target) leg movements for each experimental condition. Seventy to maximal 240 

movements were thus performed during an exp

10 min rest in the middle. During a session, the slow-without vision movements followed the 

fast-accurate movements (see below). The 4 targets and the two starting points (arm 
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movements) were announced in pseudo-random order. The patient could practice each 

movement before the measurements started. 

 
4.2.2.2. Fast-accurate pointing movements 
The patients were instructed to reach out to an auditory go signal, touch the red dot on the ball 

target and come back as fast as possible. The target was announced at least 2 s before the 

acoustic signal. This period between target announcement and the go signal ensured an 

adequate time for the patients to prepare the movement and to minimize the reaction time. The 

patients were urged to react as fast as possible. Although the patients were asked to touch the 

target, the emphasis was clearly put on the speed of the movement. 

 
4.2.2.3. Slow-without vision pointing movements 

t 
mall barrier into two equal sections. About 100 wooden blocks of a 

(besides the climbing training), (2) the motivation for the climbing training, (3) changes of 

The patients were instructed to locate the target, close their eyes and move their finger without 

vision to an auditory go signal to the target and back to the initial position. The go signal was 

given immediately after they closed the eyes, at the earliest 2 s after announcing the target.  

The patients were not urged to react rapidly to the go signal but instead to move slowly and 

smoothly. The emphasis was put on the smoothness and the end point accuracy of the 

movement.  

 
4.2.2.4. Balance and manual dexterity 
To evaluate the patients’ balance abilities and manual dexterity, two clinical tests were 

performed, the duration of which varied from 15 to 30 min. 

 
4.2.2.5. Box and Block tes
A box was divided by a s

diameter of 2.5 cm were placed in the section ipsilateral to the tested hand. The patient was 

required to grasp one block at a time and transport it to the other section. The number of blocks 

transported to the other side during 60 s was counted. The test was performed with both hands. 

 
4.2.2.6. Berg test 
The patients were asked to perform 14 various functional activities such as standing 

unsupported, reaching forward while standing, turning 360° and retrieving objects from the 

floor. A 5-point ordinal scale from 0 to 4 was used to judge the performance of these functional 

tasks. 

 
4.2.2.7. Self-perception of symptoms 
For each patient a specific questionnaire was compiled to evaluate (1) their physical activities 
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specific movement characteristics (e.g. the performance of slow movement sequences, tremor 

or the movement velocity) and (4) the performance of certain everyday skills (e.g. brushing 

eth, cutting food or tying shoes). The patients were requested to complete the questionnaire at 

advanced climbers to do 

xercises without using grips (Fig. 4.1). Adjustable climbing belts, ropes and carabineers were 

 of 

ks were prepared as manifold as possible in order to facilitate a transfer of learned 

otor patterns in everyday life and to keep the training interesting for the patients. Each patient 

1) the body equilibrium, (2) the movement accuracy in 

ormation and (5) the velocity of 

ement sequences. For example, the patients were climbing with 

 the climbing abilities and the strength of the patients who rested whenever they felt tired.  

lar emphasis was put into the coordination of the limbs and the speed of single 

ovements as well as movement sequences. 

te

the end of each training week. Answers were given written by a nominal scale of 5 categories. 

 
4.2.3 Climbing training  
For the 6-week therapeutic climbing training two climbing walls of a height of 2.5 m with 

different degrees of difficulty were used. The inclination of one wall could be adjusted from 0° 

to 45°, enabling to adapt the climbing difficulty to the abilities of the patient. The other wall 

was almost vertical with a structured rough surface, allowing 

e

available. 

An experienced climber supervised the training. The frequency and the duration of the training 

sessions were scheduled in consideration of the state of health and the physical performance

each patient (up to maximally 3 sessions a week). In addition, the availability of the climbing 

wall as well as the patients’ transport and personal schedules had to be considered.  

Climbing tas

m

performed exercises which challenged (

pointing and grasping, (3) the planning of movement sequences, (4) the smoothness of 

movement performance, (5) the integration of sensory inf

single movements and mov

closed eyes, as fast as possible, in slow motion, bottom-up, diagonally, horizontally, with the 

face to the wall, laterally, with rice filled balloons on their limbs, using specific grips or using 

only the structure of the wall.  

The rope with which the patients were secured was used to unload the body weight according 

to

 
Patient 1: 
In the first half of the training period, the patient trained twice 45 min per week. The training 

frequency was increased in the second half of the training phase to 3 times 45 min per week. 

Particu

m
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Patient 2. 
The patient trained twice 30 min per week at the beginning of the training period. In the second 

week the duration of the climbing time was increased to 40 min and in the fifth and sixth week 

the frequency of the training sessions was increased to 3 times per week. Mainly movement 

ccuracy and balance were trained. 

ration and 

a

 
Patient 3 
In the first half of the training period the patient trained twice 45 min per week. The training 

frequency was increased in the second half of the training phase to 3 times 45 min per week. 

One of the training goals was the appropriate turning of the head and the integration of the 

visual information into the movement strategy.  

 
Patient 4. 
Despite the beginning of a chemo- and radiotherapy in the middle of the training period the 

patient was in good physical condition. He trained 3 times 60 min per week during the whole 

training period. Due to the fact that he already had experience in climbing he was training at a  

high level. He performed complex movement tasks which demanded concent

physical endurance. 

 

A              B 

     
 
Fig. 4.1. Climbing training. A wall for advanced climbers with rough surface. Patient in lateral position 
performing precise pointing movements to all reachable grips. B adjustable wall. Patient climbing to the top. 
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4.2.4. Data analysis 

 condition and the superimposed go signals were stored in 

text file for further treatment with several programs developed with the software 

puted automatically. The movement start was 

efined as the time where the sum of the absolute velocity values in x, y and z direction was 

e sum of the position coordinates at the time of the go signal was smaller 

an 5 mm. As before, the algebraic signs of the corresponding position coordinates were 

erte when e movement velocities were negative.  

With exception of the movement start, the time markers for the slow movements were set 

manually on the basis of a visual display of the movement path in all 3 dimensions. The finger 

was supposed to arrive at the target, when the position coordinates reached their maximal 

respectively minimal values in all 3 dimensions. It was supposed to quit the target when the 

movement started in at least one dimension. The time marker for the end of the movement was 

set when the finger touched the table. Movements with more than 3 missing values or with 

accelerations bigger than 25 m/s2 were excluded from further analysis. 

The parameters described below were calculated for each single movement and stored in an 

Access table from where they were exported to the program SPSS for statistical analysis. An 

nivariate analysis of variance (ANOVA) was performed for each patient with the respective 

 the 

efined between-subject factors on the dependent variable and the interactions for all 

ombinations of between-subject factors. The same statistical analysis was also performed for 

e healthy control group. A t-test was used to evaluate the difference of movement 

performance between each patient and the control group. For all parameters of each movement 

 
4.2.4.1 Kinematic and kinetic movement parameters 
The 3-dimensional position data of the movement path and the digital data which encoded the 

time of the acoustic go signal were stored with the software WinData. Each movement 

sequence of a specific experimental

an ASCII 

LabView. Only data from the transmitter positioned on the tip of the index finger was 

analyzed. In order to enable the calculation of the different parameters, several time markers 

were set in each movement. 

Some markers for the fast movements were com

d

bigger than 7.5 cm/s. The finger was supposed to reach the target when the sum of the position 

coordinates in x, y, and z direction was maximal (the algebraic signs of position coordinates 

were inverted, if the coordinates decreased towards the target). The end of the movement was 

defined as the time, when the difference between the sum of the position coordinates in x, y, 

and z direction and th

th

inv d  th

u

movement parameter as dependent variable and the time (before, after), the target (1-4) and the 

nitial position (left, right) as between-subject factors. The tests showed the influence ofi

d

c

th
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condition, the means of the control group were taken as reference values. To evaluate the effect 

eters were analyzed for both the fast 

with the equation of Pythagoras and taken as degree of the 

ent time. Since the algebraic sign 

f direction changes the 

of the climbing training, the kinematic movement param

and slow movements whereas the kinetic parameters were only analyzed for the fast 

movements.  

 
4.2.4.1.1. Kinematic parameters 
 
Endpoint error 
The endpoint error was defined as the distance between the movement end point and the target 

position. It was calculated 

movement accuracy. 

 
Direction changes 
The number of direction changes per s from the movement start to the reaching of the target 

served as a measure for the smoothness of the movement path. The more direction changes 

were, the more saccadic the movement was. Direction changes were detected with the velocity 

signals in the x-, y- and z-direction which were obtained by subtracting succeeding position 

signals. Each change of sign in the velocity signals counted as direction change. In order to 

eliminate the influence of velocity and the distance between the initial position and the target, 

the number of direction changes was divided by the movem

of the velocity only changes when a movement away from the origin of the coordinate system 

changes to a movement towards the origin of the coordinate system or vice versa, this 

movement parameter was only sensitive to pronounced and not to slight direction changes. 

 
Path ratio 
The path ratio was defined as the sum of the distances between adjacent data points from the 

position at movement start until the position where the target was reached divided by the length 

of a straight line between these two points. In contrast to the number o

path ratio was also sensitive to slight curves. Data was excluded if the path ratio was larger 

than 1.5 (fast movements) or larger than 3 (slow movements). 

 
4.2.4.1.2. Kinetic movement parameters 
 
Reaction time 
The reaction time was defined as the time interval from the go signal (tone) to the start of the 

movement. Data was excluded if the reaction time was shorter than 100 ms (the movement was 

anticipated) or longer than 1 s. 
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Movement time 
The movement time was defined as the time interval between the start of the movement and the 

end of the movement. Data was excluded if the movement time exceeded 2 s. 

 
Peak speed 
To determine the speed of the finger, the derivative of the 3-dimensional movement path with 

eak speed was the maximum velocity attained between the 

ement and the moment when the target was reached. Data was excluded if the 

ity profile 
he symmetry of the velocity profile was calculated by dividing the time interval from the start 

 the peak speed by the time interval from the start of the movement to the 

he number of transferred cubes was plotted against the time, for both the left and the right 

respect to time was calculated. P

start of the mov

peak speed was smaller than 0.4 m/s or larger than 2.5 m/s. 

 
Symmetry of the veloc
T

of the movement to

moment when the target was reached. This ratio provided information about the symmetry of 

the velocity profile. Data was excluded if the peak speed was smaller than 0.4 m/s or larger 

than 2.5 m/s. 

 
4.2.4.2 Balance and manual dexterity 
 
Berg Balance Test 

The sum of the obtained scores for all movement tasks was calculated for each test and plotted 

against the time. 

 
Box and Block Test of Manual Dexterity 
T

hand.  

 
4.2.4.3 Self-perception of symptoms 
Oral and written reports of the patients and observations during the climbing training and the 

experiments provided important information that helped to understand better the patients’ 

movement disorders and the effect of the climbing training.  
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4.3. Results and discussion 

onnaire for self-

erception of symptoms. Since the patients had different aetiologies, durations and symptoms 

 in some cases, the initial position influenced most of the 

aluate the effect of the climbing training it seemed nevertheless more reasonable 

 compare the means of the respective movement parameters before and after the training 

ether. 

 of the kinematic and kinetic movement parameters differed significantly 

s of the patients participating in this study. Patient 4 deviated the least from 

e reference values, which was expected since he showed only slight clinical symptoms. 

tation of kinematic and kinetic movement parameters 

ith healthy subjects, multi-joint pointing movements are straight or slightly curved and show 

2). 

This investigation evaluated the effect of a 6-week climbing training with a 3-dimensional 

movement analysis, clinical balance and manual dexterity tests and a questi

p

of cerebellar dysfunction, the effect of the climbing training was different from patient to 

patient. The results and the discussion will be thus presented for each patient separately after a 

general introduction. 
 
Remarks about data analysis 

The location of the target and,

kinematic and kinetic movement parameters. However, these factors are not subject of this 

study. Sometimes the change of a movement parameter over the time depended on the target 

location or the initial position. In these cases, it could happen that a deterioration of a 

movement parameter with respect to certain targets hides an improvement with respect to other 

targets. To ev

to

taking all targets and both initial positions tog

In all patients most

from the reference values of the control group. They were thus appropriate to investigate the 

movement deficit

th

 

Interpre

W

ripples when performed slowly (Fig. 4.
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Fig. 4.2. Movement paths of healthy controls in the frontal plane of the body for the fast-accurate (left) and the 
slow-without vision condition (right). Movements of the right index finger from the right ipsilateral initial position 
to one target in front and two contralateral targets (above). Movements of the right big toe to one target on the left 
and one target on the right side of the mid-sagittal plane (below). 
 
Visual inspection of the patients’ movement paths showed in addition to the ripples, which 

were considered as normal, two other types of deviations from the normal movement path: 

rom 

echanism (Day et al. 1996). However, since these squiggles 

ay have resulted from a 

enough to enable corrections. The 

ber of calculated direction changes was taken as indicator for this kind of movement 

disorder. 

Larger curves, which appeared in both the fast-accurate and the slow-without vision condition, 

made up the other type of deviation from the normal movement path (Fig.4.3, left). This type 

of larger curves which are mainly reflected in the path ratio were described in another study  

(Day et al. 1996) and suggested to be either the consequence of inappropriate programming of 

muscle activity or the result of proprioceptice feedback incorrectly modifying the central 

commands. It was also suggested that patients with cerebellar disorders have difficulties in 

scaling muscle activity to overcome inertial characteristics of the limb and to oppose or assist 

small squiggles or wobbles and curves, which were largely reproduced in every movement to 

the same target. The small squiggles or wobbles appeared exclusive in the slow movements 

and there mainly in the deceleration phase, before the reaching of the target (Fig.4.3A, right). 

They have also been described in another study, were they were considered to result f

errors in the visual guidance m

appeared also in our movement condition without vision, they m

disorder in movement correction due to a general deficient integration of sensory information. 

They would thus only appear in movements, which are slow 

num
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torques that are caused by other linked segments (Bastian et al. 1996). Others assumed 

impaired timing or amplitude scaling in the agonists, the antagonists or both muscle groups as 

cause for difficulties in coordination (Bastian et al. 1996). However, these larger curves were 

reproduced in nearly every movement to a specific target. We therefore assume that they result 

from an impaired multi-joint coordination related to a deficient movement planning or a 

constant error in the execution of the movement plan, rather than to errors in movement 

correction.  

The end point error can reflect either a disorder in movement preparation, when the patient 

pointed consistently to the same wrong position (wrong end point coordination) or a 

deteriorated movement execution, when the spread of the end points was larger than normal 

(dysmetria as a consequence of impaired multi-joint coordination leading to target under- or 

vershoot or impaired integration of somatosensory information). An increased end point error 

get location (Day et al. 1996). Variable 

s adopt after the lesion, in order to increase precision (Bastian et al. 1996). 

o

is expected in the slow movements without vision, because the motor instructions to the arm 

must be either completely determined before the movement start or they must be adjusted 

uring the movement according to the memorized tard

deviations from the normal movement path were suggested to be related to impaired movement 

regulation (probably to deficient integration of sensory information) and constant deviations 

rather to impaired movement preparation or consistent errors in the execution of the movement 

plan. 

The patients showed a tendency to longer movement and reaction times, a lower peak speed 

and a smaller symmetry (prolonged deceleration phase) than the healthy subjects. This might be 

related to a deteriorated timing and/or amplitude scaling of agonist and antagonist what leaded 

to an overall slowing down of movement velocity (delayed movement initiation, decreased 

acceleration rate, prolonged deceleration phase, slower inversion at the target). However, we 

cannot determine whether the overall reduction in movement velocity is a fundamental deficit 

of patients with cerebellar disorder or whether it is a result from a compensatory strategy that 

the patient
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Fig. 4.3. Movement paths of patient 2 in the frontal plane of the body before (above) and after the train
for the fast-accurate (left) and the slow-without vision condition (right). the patient 

ing (below) 
Because of fatigue of and 

oise during data recording only 3 leg movement path are shown in the slow movement condition before training. 
 movements of the right index finger from the right ipsilateral initial position to one target in front and two 

ontralateral targets. B movements of the right big toe to one target on the left and one target on the right side of 
e mid-sagittal plane. 
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Expectations 

Climbing means a permanent challenge of balance control and body stabilisation. The climbing 

grips provide only small supporting areas for the feet and vary in distance and form what 

forces the climber into a variety of different body positions. The climber has to repeatedly shift 

the body weight and to stabilize the trunk in order to reach adequate grips. The ability to 

control the body’s position in space is essential for movement tasks that require balance, as for 

example locomotion, and for moving one part of the body without destabilizing the rest of the 

body. Postural deficits have thus also a strong influence on upper extremity function and can 

affect speed and accuracy of reaching movements (Shumway-Cook et al. 2001). Furthermore 

climbing requires precise multi-joint pointing movements of hands and feet to the grips, the 

coordination of all four limbs and the planning of single movements and movement sequences. 

We hypothesized that the six-week climbing training would improve multi-joint coordination 

of upper and lower limbs, the control of the body position in space and the planning of 

movements.  

 
4.3.1 Patient 1 

 
4.3.1.1. Kinematic and kinetic movement parameters 
Most of the kinetic and kinematic parameters (except the end point error) improved 

significantly for the fast movements (Tab. 4.1) and approached and partly even reached the 

values of the controls (Fig. 4.4 and 4.6). The parameters for the slow movements did (except 

the end point error) hardly change. 

The path of the fast arm and leg movements changed from a movement pattern with 

convergent movement paths with ripples to straighter paths with increased end point variability 

(Fig. 4.5, left). The visual inspection of the slow arm and leg m nts showed altogether a 

decreased variability among different movement paths to the sam  target (Fig. 4.5, right). 

he number of cubes, which were transferred in the Box and Block test increased from 39 to 

7 out of 84.5 normal for his age group. The performance of the right more affected hand 

idn’t change, but stayed at about the same level of 39 transferred cubes (Fig. 4.7B).  

 

oveme

e

 
4.3.1.2. Balance and manual dexterity 
Patient 1 reached before the training period 54 of 56 possible scores on the Berg Balance Scale. 

The 6 balance tests showed a constant level of equilibrium control throughout the training 

period (Fig. 4.7A). 

T

4

d
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4.3.1.3. Self-Perception of Symptoms 

less towards its end what resulted in straighter paths and increased end point 

4.5A, left). The statistical analysis showed a decreased end point error in the 

low leg movements and the visual inspection a decreased variability among different 

esulted from an improved integration of 

 but not in this specific motor task? Grasping and releasing 

m or 

 training it was noticed that the patient was able to increase the velocity of 

climbing 

rips. These observations support the assumption that the patient was able to improve motor 

The patient reported a reduction of tremor and an improvement in handling cups and tying 

shoes. His motivation for the climbing training was moderate to good. He liked climbing as a 

change in everyday life. 

 
4.3.1.4. Discussion 
The fast arm and leg movements showed a general increase in movement velocity, what was 

interpreted as improvement in movement coordination (Fig. 4.6). However, considering that 

the end point error of the fast arm and leg movements was before as well as after the training 

smaller than that of the healthy persons and that the movement time remained also after the 

training considerably higher compared to that of the healthy subjects it would also be possible 

that the patient had reduced a compensatory strategy, which had caused a general slowing 

down of the movements with for the sake of increased accuracy. We suppose that as a result of 

the ability to increase movement speed, the patient corrected less during movement execution 

and adjusted 

variability (Fig. 

s

movement paths to the same target which could have r

somatosensory information. 

Dexterity improved considerably in the left less affected hand but stayed at about the same 

level in the right hand (Fig. 4.7B). Why would the right arm of this patient show improved 

coordination in pointing movements

wooden blocks involves other neural mechanisms than pointing to a target or grasping 

climbing grips. Presumably this patient improved motor performance in pointing and reaching 

for grips but not in this specific motor task. However, it cannot be determined whether the 

unilateral motor learning of this specific motor skill was related to damage in the cerebellu

in other parts of the brain. 

The balance abilities remained unchanged (Fig. 4.7A). They were already before the training 

period at a high level, and no great change was thus expected. 

During the climbing

specific movement sequences within one training session when practiced several times in 

succession. In the course of the training period the movement paths became smoother and 

fewer corrections were necessary towards the end of the movements to reach the 

g
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coordination. The performance of complex movements and climbing tasks which demanded 

ed very quickly and the patient, therefore, depended much on external 

edback. It has been suggested previously that in patients with cerebellar disorder the 

concentration caused sometimes difficulties. It seemed as if the patient had to coordinate the 

movements more consciously than healthy subjects and as if the memory of the initial 

movement task disappear

fe

automaticity of movements is disturbed and movements are performed more consciously (Lang 

and Bastian 2001). Obviously, this circumstance doesn’t inhibit motor learning but may imply 

a different neuronal mechanism for motor learning. 

In this patient the overall increase of movement velocity was considered as the main effect of 

the climbing training and interpreted as the result of improved coordination.  
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g. 4.4. Means with 95% confidence intervals of kinematic movement parameters of patient 1 and means of the 
ontrol group. Patient data for arm (-) and leg (----) movements before and after the training for the fast-accurate 
nd the slow-without vision condition. Data of the control group are indicated with reference lines (----, a: arm, l: 
g).  A. distances between the endpoint of the movement and the target location (index finger). B. sums of 
irection changes per sec in x, y and z direction. C. movement paths of the index finger (relative to the straight 

e between the initial position and the endpoint).  
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Fig. 4.5. Movement paths of patient 1 in the frontal plane of the body before (above) and after the training (belo
for the fast-accurate (left) and the slow-without vision condition (right).  Legend as for Fig. 4.3. 
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Fig. 4.6. Means with 95% confidence intervals of kinetic movement parameters of patient 1 and means of the 
control group. Patient data for arm (-) and leg (----) movements before and after the training for the fast-accurate 
condition. Data of the control group are indicated with reference lines (----, a: arm, l: leg). A. time intervals from 
the acoustic go signal to the initialization of the movement. B. time intervals from the start of the movement to the 
end of the movement C. maximal velocities attained in the interval between the start of the movement and the 
achievement of the target. D. durations of the acceleration phases divided by the whole movement times. A 
velocity profile with equal durations of acceleration and deceleration would show a ratio of 0.5. 
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Tab. 4.1. Change of kinematics and kinetic movement parameters of patient 1. Values are differences between means 
before and after training. p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: ***. 
 

 
Fast-accurate   

Slow-without vision   
Arm 

 
Leg   

Arm 
 
Leg 

Endpoint error (cm) +0.201 +0.799  +0.431 -1.831 * 

Direction changes (1/s) -2.399** -3.811 ***  -0.804 +0.673 

Path ratio +0.002 -0.094 ***  -0.076 +0.031 

Reaction time (s) +0.013 -0.095 ***    
Movement time (s) -0.408*** -0.445 ***    
Peak speed (m/s) +0.142 *** +0.261 ***    
Symmetry  +0.107 *** +0.143 ***    
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Fig. 4.7. Balance and manual dexterity of patient 1. A Berg Balance Scale. The maximal score (56) is indicated by 
the reference line (----). B The number of transferred cubes in the Box and Block Test of Manual Dexterity with 
he left (-) and the right (----) hand. The reference line (----) indicates the average number of trat nsferred cubes of 
ge matched healthy males (84.5)9. 

.3.2 Patient 2 

.3.2.1. Kinematic and kinetic movement parameters 
imilarly as in patient 1, most of the kinetic and kinematic parameters improved significantly 

r the fast movements (Fig. 4.8 left and 9). The parameters for the slow movements improved 

 the arm but not in the leg movements (Fig. 4.8 right). For statistics see Tab. 4.2. 

efore the training, the movement pattern of the fast arm movements was dominated by a lift 

uring the initial phase of the lateral deviation. After the training the lift and the lateral 

eviation were performed more simultaneously what resulted in a less pronounced curve of the 

ovement path (Fig. 4.3A, left). The leg movement paths showed a somehow s-shaped 

ovement pattern before the training, which was reproduced to a large extent in every 
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movement to the same target. This special shape disappeared after the training (Fig. 4.3B, left). 

The slow arm movement paths tended to become more convergent towards the endpoint and 

aried less among the different ame target (Fig. 4.3 , r

 

2 points in th Balance om 21 before the training to 33 after the 

ut of 56 maximal possible points (Fig

 cubes, which w nsferred x an Block test increased from 27 

ectively 31 (le efore g to 1 (right ha d) respectivel 34 

er the training .5 on trans rred cubes in his age group 

 et al. 1985). The curve of m tor skill performance over the time of the right m re 

ffected hand was always lower but in parallel to the curve of the left less affected hand (Fig. 

4.10B) 

 
4.3.2.3. Self-perception of symptoms 
Patient 2 reported an increasing force and endurance throughout the training period. He felt 

more stable and gained confidence in his body’s capabilities to control equilibrium and dared 

thus more to shift the body weight to a single leg during locomotion. He felt also a constantly 

improving accuracy and velocity of his right arm and leg movements in everyday life. In the 

second half of the training period he noticed slightly smoother movement paths of his right arm 

and leg and a slight increase of the velocity of movement sequences. In the second and third 

week, he felt a temporary increase of tremor. His ability to reach high placed object proved 

eriod. The handling of cutlery improved during the first two weeks and stayed stable until the 

ng period. He was always very motivated and appreciated the physical activity 

nd the upright body position during climbing for a change to the sitting position in the 

 movements 

v trials to the s A ight). 

4.3.2.2. Balance and manual dexterity 
Patient 2 gained 1 e Berg  Test fr

training o . 4.10A). 

The number of ere tra  in the Bo d 

(right hand) resp ft hand) b  the trainin 3 n y 

(left hand) aft out of 74  average fe

(Mathiowetz o o

a

s im

notably, especially towards the end of the training period. The difficulty to brush teeth did not 

change, but cutting food and tying shoes became easier towards the very end of the training 

p

end of the traini

a

wheelchair. 

 
4.3.2.4. Discussion 

The overall increase of movement velocity and the decreased path ratio in the fast

(Tab. 4.2) point at an improved multi-joint coordination. This is supported by the visual 

inspection of the patient’s movement paths, which were conspicuously less curved after the 

training, indicating that the joints were moved more simultaneously (Fig. 4.3 left). During the 

training sessions, this became apparent in fewer movement corrections before reaching 
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climbing grips. The number of direction changes in the slow leg movements increased 

significantly. It could be assumed that the patient decreased the fixation of hip, knee and ankle 

joints, that is performed the movements with more degrees of freedom, what leaded to more 

rrors in movement execution. In the slow arm movements the number of direction changes 

bility to perform corrections during 

roughout the training period. The equilibrium control also improved during climbing. 

ifficulties to control the rotation around the longitudinal body axis decreased towards the end 

easing force and endurance, climbing time could be 

e

and the end point error decreased (Fig. 4.8 right) and the end points were less variable (Fig. 

4.3A right). This was interpreted as an improved a

movement execution. 

We suppose that the improvement in manual dexterity (Fig. 4.10B) was due to an improved 

multi-joint coordination. This goes in line with our findings of more simultaneous joint 

movements especially during fast accurate pointing movements. The Berg balance test pointed 

to an improved balance (Fig. 4.10A), what was also confirmed by the patient, who felt more 

stable th

D

of the training period. Due to incr

prolonged and the body weight support decreased. 

Altogether, the patient improved considerably balance control, multi-joint coordination and 

probably the integration of somatosensory information during movement execution. These 

improvements have been supported by the increased force and endurance. 
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Fig. 4.8. Means with 95% confidence intervals of kinematic movement parameters of patient 2 and means of the 
control group. Patient data for arm (-) and leg (----) movements before and after the training for the fast-accurate 
and the slow-without vision condition. Data of the control group are indicated with reference lines (----, a: arm, l: 
leg). Legend as for Fig. 4.4. 
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Fig. 4.9. Means with 95% confidence intervals of kinetic movement parameters of patient 2 and means of the 
control group. Patient data for arm (-) and leg (----) movements before and after the training for the fast-accurate 
condition. Data of the control group are indicated with reference lines (----, a: arm, l: leg). Legend as for Fig. 4.6. 
 
 

 

 

Tab. 4. 2. Change of kinematic and kinetic movement parameters of patient 2. Values are differences between means 
before and after training. p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: ***. 
1Problems in data processing made analysis impossible. 
 
  

Fast-accurate   
Slow-without vision 

  
Arm 

 
Leg   

Arm 
 
Leg 

ndpoint error (cm) +0.926 1  -1.510 ** -0.487 E

Direction changes (1/s) +1.052 -3.271 **  -2.516 *** +2.164 *

Path ratio -0.110 *** -0.122 ***  -0.057 +0.056 

Reaction time (s)  **  ***-0.048 -0.074    

Movement time (s) -0.507 *** -0.743 ***    

Peak speed (m/s) +0.176 *** +0.027    

Symmetry  +0.091 *** +0.178 ***    
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Fig. 4.10. Balance and manual dexterity of patient 2. A Berg Balance Scale. The maximal score (56) is indicated 
by the reference line (----). B The number of transferred cubes in the Box and Block Test of Manual Dexterity 
with the left (-) and the right (----) hand. The reference line (----) indicates the average number of transferred 
cubes of age matched healthy males (74.5)9. 
 
4.3.3 Patient 3 

 
4.3.3.1. Kinematic and kinetic movement parameters 
In contrast to the two preceding patients, only the path ratio of the fast arm movements and the 

movement time of the fast leg movements improved significantly whereas the other kinematic 

(Fig. 4.11) and kinetic parameters (Fig. 4.13) hardly changed (Tab. 4.3).  

 37 after the training period (Fig. 4.14A). 

 the Box and Block test, the n mber of transferred cubes increased from 26 before to 40 (left 

and) respectively 45 (right ha d) after the tra ore points in the 

nd. Males in his age group transfer on average 87.3 

4.14B) (Rand et al. 1998). 

rception of sym

 a positive effect of the climbing training on body position and stability, and 

he visual system n the app e turning of e head toward movement 

e of the velocity of single movements and movement 

equences, and a slight amelioration in dressing, taking a shower and handling cutlery.  

 

The paths of the fast arm movements were straighter after than before the training, because the 

lift and the lateral deviation were performed more simultaneously (Fig. 4.12A left) and the end 

oints of the slow arm and leg movement paths were less spread (Fig. 4.12 right). p

 
4.3.3.2. Balance and manual dexterity 
Patient 3 reached before the training 29 out of 56 possible scores in the Berg balance test. He 

constantly increased the amount of scores up to

In u

h n ining. Patient 3 gained thus m

more affected right hand than in the left ha

cubes in 1 min (Fig. 

 
4.3.3.3. Self-pe ptoms 

Patient 3 noticed

on the use of t  i.e. o ropriat  th

targets. He also reported a slight increas

s
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4.3.3.4 Discussion 
The statistical analysis of the 3-dimensional movement paths of patient 3 doesn’t point at any 

striking improvement in motor performance (Tab. 4.3). The state of mind and the ability to 

concentrate on movement tasks had a great influence on his motor performance. Presumably 

these two factors varied between the different measurements and made it thus impossible to 

detect an improvement of motor performance. The patient’s troubles within the visual system 

are another possible explanation. He rarely turned his head to look at the climbing grips, but 

relied more on his sense of touch than on visual information while searching for climbing 

grips. This rendered the development of an appropriate climbing strategy more difficult and 

thus possible that his visual 

 impaired an improvement of motor performance. 

he decrease in the path length in relation to the ideal path (Fig. 4.11C left) may reflect an 

ty to control 

n in space and multi-joint coordination. 

caused also disadvantages in everyday life. In order to reach for an object successfully, we 

must first locate the object in space. Visual deficits affecting target localization also appear to 

affect hand motor function (Shumway-Cook et al. 2001). It is 

deficits somehow

T

improved ability to coordinate multi-joint movements, what would also explain the remarkable 

progress in manual dexterity (Fig. 4.14B). Most of the kinetic parameters tend to a higher 

movement velocity (Fig. 4.13). The slow arm and leg movement paths converged more and 

varied less among trials (Fig. 4.12 right) pointing to an improved somatosensory integration. 

Furthermore the patient made remarkable progresses in balance control (Fig. 4.14A). 

We conclude that the six-week climbing training may have improved the abili

body positio
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Fig. 4.11. Means with 95% confidence intervals of kinematic movement parameters of patient 3 and means of the 

control group. Patient data for arm (-) and leg (----) movements before and after the training for the fast-accurate 

and the slow-without vision condition. Data of the control group are indicated with reference lines (----, a: arm, l: 

leg). Legend as for Fig. 4.4.  
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elow) for the fast-accurate (left) and the slow-without vision condition (right). Legend as for Fig. 4.3. 
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Fig. 4.13. Means with 95% confidence intervals of kinetic movement parameters of patient 3 and means of the 
control group. Patient data for arm (-) and leg (----) movements before and after the training for the fast-accurate 
condition. Data of the control group are indicated with reference lines (----, a: arm, l: leg). The lower reference 
lines always indicate the means of the controls’ arm movements. Legend as for Fig. 4.6. 
 

 

 

Tab. 4.3. Change of kinematic and kinetic movement parameters of patient 3. Values are differences between means 
before and after training. p≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: ***. 
 

 
Fast-accurate   

 vision Slow-without
 

 
Arm 

 
Leg   

Leg 
 
Arm 

Endpoint error (cm) +0.314 +0.931  -1.087 -1.449 

Direction changes (1/s) -5.753 +1.114  -0.804  -0.571

Path ratio -0.121 * +0.009  +0.137 -0.105 

Reaction time (s) +0.017 +0.003    

Movement time (s) -0.010 -0.179 ***    

 

Peak speed (m/s) -0.023 +0.076    

Symmetry  +0.087 +0.068    
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Fig. 4.14. Balance and manual dexterity of patient 3. A Berg Balance Scale. The maximal score (56) is indicated 
by the reference line (----). B The number of transferred cubes in the Box and Block Test of Manual Dexterity 
with the left (-) and the right (----) hand. The reference line (----) indicates the average number of transferred 
cubes of age matched health  males (87.3)9

 
4.3.4 Patient 4 

 
4.3.4.1. Kinematic and kinetic movement parameters 
In patient 4, mainly the kinematic parameters for the leg movements improved significantly 

(Tab. 4.4). Changes of the kinematic movement parameters for all movement conditions are 

visualised in Fig. 4.15, the change of the kinetic parameters in Fig. 4.17.  

atient 4 didn’t show any difficulties to maintain the equilibrium during the different 

movement tasks. He got already before the climbing training e m the Berg 

balance test. 

ock test he sta th 59 tra  cubes i  60 s before the training 

ft hand) re ely 96 ( nd) tran err es after ining 

les in his age group (81.5) (Mathio et al. 1985) (Fig. 

lf-perception of sym
atient 4 reported that, after a temporary deterioration in the second training week, the ability 

 perform slow movement sequences improved and the tremor decreased. Slow movements 

erformed without vision became smoother from the third week onwards. Rapid movements 

became faster and improved constantly in accuracy from the fourth week until the end of the 

y . 

The fast arm and leg movement paths were less divergent after than before the training (Fig. 

4.16 left) and the paths of the slow leg movements were shorter and simultaneously less bent 

(Fig. 4.16B right). 

 
4.3.4.2. Balance and manual dexterity   
P

th aximal scores in 

In the Box and Bl rted wi nsferred n  second

and did with 89 (le spectiv right ha sf ed cub the tra

which was even better than healthy ma wetz 

4.18B).  

 
4.3.4.3. Se ptoms 
P

to

p
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training period. Despite serious problems of health, the patient noticed that he performed 

movements more natural and with greater ease. Clumsy movements became rare, also when the 

patient felt tired and concentrated less on movement execution.  

Patient 4 liked climbing as a physical activity and was always very motivated. In addition to 

the physical aspect, he appreciated climbing as a source of mental calmness and recreation. 

 
4.3.4.4. Discussion 
Patient 4 improved climbing strategies rapidly without external feedback in the course of one 

or several climbing sessions. He had a great power of concentration during the climbing 

ents. This observation and reports of himself led to the assu t 

vertheless improved the ability to correct on-going movements and multi-joint 

proved performance in the Box and Block test for manual 

training and the experim

he performed movements more consciously than healthy subjects, what may imply a different 

neuronal mechanism for motor learning than in healthy subjects. Inspite of mild clinical 

mption tha

symptoms, he ne

coordination in line with the im

dexterity (Fig. 4.18B).  
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Fig. 4.15. Means with 95% confidence intervals of kinematic movement parameters of patient 4 and means of the 

control group. Patient data for arm (-) and leg (----) movements before and after the training for the fast-accurate 

and the slow-without vision condition. Data of the control group are indicated with reference lines (----, a: arm, l: 

leg). Legend as for Fig. 4.4. 
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Fig. 4.17. Means with 95% confidence intervals of kinetic movement parameters of patient 4 and means of the 
control group. Patient data for arm (-) and leg (----) movements before and after the training for the fast-accurate 
condition. Data of the control group are indicated with reference lines (----, a: arm, l: leg). The lower reference 
lines always indicate the means of the controls’ arm movements. Legend as for Fig. 4.6. 
 

 

 

Tab. 4.4. Change of kinematic and kinetic movement parameters of patient 4. Values are differences between means 
before and after training. p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: ***. 
 
  

Fast-accurate   
Slow-without vision 

 

 
 

 
Arm 

 
Leg    

Leg Arm 
Endpoint error (cm) -0.673 * -2.815 *** -1.479  +0.928 

Direction changes (1/s) +0.360 -3.579 *** -4.705 ** -1.851 

Path ratio -0.008 -0.024 *** -0.054 * +0.014 

Reaction time (s) -0.032 * +0.053 ***    

Movement time (s) -0.120 *** 0.006    +

Peak speed (m/s) +0.018 -0.060    

Symmetry  +0.044 -0.034    
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Fig. 4.18. Balance and manual dexterity of patient 4. A Berg Balance Scale. No reference line, because the patient 
reached the maximal score (56). B The number of transferred cubes in the Box and Block Test of Manual 
Dexterity with the left (-) and the right (----) hand. The reference line (----) indicates the average number of 
transferred cubes of age matched healthy males (81.5)9. 
 

4.4. Conclusion 
A major problem with experiments on patients is that in most cases, as in the present 

investigation, the patients are different in terms of pathology, duration of illness and age. In 

addition, factors like motivation, the state of health and mind and climate influence the 

experimental results and render the interpretation of the results difficult. The patients 

ould have been more 

ensional unrestricted 

ointing movements. The maxi  increased and the ece  reaction 

me and the movement time decreased (Tab. 4.5) e took this as expression for an improved 

ddition, manu erity improved in all pat nts o patien oved 

xtent wher  two oth ’t have ala oblems initially and 

 did not improve 

ings took place at interval  

n performance c ttributed  practice of the experimental tasks. Since 

 a parallel improv of the ing perfo ma ce the improved motor 

erformance in the tests was likely the result of the 6-week climbing training. We do not know 

further improve motor performance, since, 

although we tested the patients each two weeks, we could not investigate the time course of 

participating in this investigation did not have lesions that were isolated to the cerebellum. 

Damage in other parts of the brain may thus have impaired motor learning. In addition, the 

xact localisation of the lesions was not known. Otherwise the training ce

focused on the specific deficits of each patient. Nevertheless the 4 patients, who participated in 

e 6-week climbing training, increased movement velocity in 3-dimth

p mal velocity d leration phase, the

ti . W

coordination. In a al dext ie  and tw ts impr

balance to a great e eas the ers didn  b nce pr

therefore

Because the record s of two weeks, it is unlikely that the

improvements i an be a  to the

there was ement climb r n

p

whether a longer duration of the training would 



------------------------------------------------------------------Chapter 4. Results and discussion  

motor learning due to the too large variability of the data. As could be expected, the potential 

for spontaneous recovery was greatest in patient 2, whose health problems started 2 months 

ago.  

An overall reduction in movement velocity occured often in patients with cerebellar disorders 

(Bastian et al. 1996; Day et al. 1998 and Shumway-Cook et al. 2001) and was also obvious in 

the present patients. Whether this slow-down is a compensatory strategy that the subjects adopt 

after the lesion in order to be still able to perform the required tasks or whether it is the 

expression of a fundamental cerebellar deficit remains unclear (Bastian et al. 1996). 

We suppose that at least two patients performed the movements much more consciously than 

ifferent neuronal mechanisms than in healthy subjects, perhaps in brain areas outside of the 

 

healthy subjects which has already been observed in patients with cerebellar damage (Lang and 

Bastian et al. 2001). Not only movement execution but also motor learning may thus involve 

d

cerebellum. 

The results of this investigation show a positive effect of the climbing training on the 

coordination of upper and lower limbs during pointing movements and on balance and of 

patients with cerebellar damage. The patients’ feedback supported these findings and at least 

two of them will continue climbing.  
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T  
m
cl
d ion. 
 

 

ab. 4.5. Test results of all patients. Stars indicate significant improvements of movement performance in the pointing
ovements. p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: ***. Arrows indicate the change of movement performance in the 
inical tests. Improvement:↑, unchanged: →. 1Problems in data processing made analysis impossible. 2Significant 
eteriorat

 
Patient 1 

 
Patient 2 

 
Patient 3 

 
Patient 4 

Endpoint error      
arm - - - * Fast leg - 1 - *** 
arm - ** - - Slow leg * - - - 

Direction changes      
arm * - - - Fast leg *** ** - *** 
arm - *** - - Slow leg - * 2 - ** 

Path ratio      
arm - *** * - Fast leg *** *** - *** 
arm - - - - Slow leg - - - * 

Reaction time      

F *** - *** 2ast arm 
leg 

- 
*** 

** - * 

Movement time      

Fast arm 
leg 

*** 
*** 

*** 
*** 

- 
*** 

*** 
- 

Peak speed      
arm *** *** - - Fast leg *** - - - 

Symmetry      

Fast arm 
leg 

*** 
*** 

*** 
*** 

- 
- 

- 
- 

Balance → ↑ ↑ → 
Manual dexterity ↑left arm → right arm ↑ ↑ ↑ 
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5. General. Discussion  
 
In the context of this work, stroke patients have been trained on a hand ergometer and 

cerebellar patients on a climbing wall for rehabilitation. Specific experiments and tests have 

ntify whether g has he mo ities o ts. 

motor perform ce improved s ificantly in b  groups of 

patients. In spite of the fact that both groups were inhomogen us and thus ha consider 

atients in ually, we w e able to show statistically sign cant results. 

lts should ave an influence on the further treatment of patients. Stroke 

ents shoul ther train o and ergome  The ergome  which has be veloped 

e present study has the advantage that it a  to quantify the performance of both arms 

since torque and position can be recorded separately on both sides. Ergometer 

ing seem e more ef ient than phy rapeutic tre ents which are to a large 

extent passive do corresp gly not requ  many active movements by the patients. 

 training olves furth ore less pres iotherapist. On the long run it 

han conven onal treatment. Similarly, cerebellar patients should train on a 

bing wall. Climbing has the advantage compared to physiotherapy that patients are 

vated to a e a goal, a . to reach  top of the c ng wall, 

reas similar goals are less evident in physiotherapy. 

ctors which were used to quantify th otor performance in stroke patients were 

e, spastici d range of ements. Spasticity was measured by 3 param ers :(1) the 

cal ) the range (3) the minimum torque during 

ling (negative values indicate that spastic m es slowed d n the movem t). All 3 of 

re correlated, indicating they are inde related to spasticity. In addition to the aim, 

 cranking i otor abilities of stroke patients, we wanted to test 

G can be used to quantify the spasticity of specific muscles. During 

 cranking, movements are more complex than during pedaling with the legs and a relation 

asticity and torque is more difficult to establish. Furthermore, arm muscles 

nsion and flexion phase, leg muscles, however, only during the 

were positive and we have developed the 

asticity index, which can be computed on the basis of the surface EMG. It has the 

dvantage that it is independent on the absolute amplitude of the EMG which can vary from 

atient to patient due e.g. to a different skin thickness. The index is close to one in normal 

subjects and larger in patients with spastic muscles. In the example we have presented it was 

been used to qua  the trainin improved t tor capabil f the patien

It could be concluded that the an ign oth

eo d to 

the p divid er ifi

These positive resu  h

pati d fur n a h ter. ter en de

for th llows

separately 

train s to b fic siothe atm

 and ondin ire so

Such  inv erm ence of a phys

would be cheaper t ti

clim

usually much moti chiev s e.g the limbi

whe

The main fa e m

forc ty an  mov et

Ashworth s e, (2  of active elbow extension, and 

cyc uscl ow en

them we ed 

to test whether arm mproves the m

whether the surface EM

arm

between sp

develop torque during the exte

extension phase. Our results on arm muscles 

sp

a

p
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close to 4. The spasticity index is a valuable tool to test the effects of drugs, physiotherapy or 

aining methods on the spasticity of specific muscles.  

ing before they 

tr

EMG recordings might also give some indication on how much a muscle contributes to pedal 

toque. In steady-state contractions, the relation between EMG and force is approximately 

linear (Woods and Bigland-Ritchie 1983). 

After the training, all patients were able to cycle against a higher resistance and performed 

better in the clinical tests related to force. A force increase due to the training could be 

expected on the control side since the patients did not experience any arm cycl

participated in the investigation. It was, however, not known whether training can produce a 

force increase on the lesioned side. The observed increase can be due to training mechanisms 

as on the control side or/and other special mechanisms, such as plasticity. Independent of the 

mechanisms, it is clear that the force increase is favorable not only for arm cycling but also 

for activities of daily life, which is finally the principal aim of rehabilitation. Positive results 

have also been obtained in stroke patients who performed aerobic ergometer exercises 

(Giuliani et al. 1989, Potempa et al. 1995). Significant improvements in maximal oxygen 

consumption, workload, and exercise time were measured, as well as lowering of the systolic 

blood pressure during a submaximal exercise test. We also observed a reduction of spasticity, 

similar as Durner et al. (2001), who evaluated spasticity by the Ashworth rating scale 

immediately after training on an arm-trainer. 

The main objective of the investigation on the cerebellar patients was to evaluate the effect of 

a 6-week climbing training. The effect was quantified with a 3-dimensional movement 

analysis, clinical balance and manual dexterity tests and a questionnaire for self-perception of 

symptoms. Since the patients had different aetiologies, durations and symptoms of cerebellar 

dysfunction, the results were different from patient to patient. 

The finding that cerebellar patients had even after the training significantly longer simple and 

complex RTs than the controls, supports the hypothesis that the cerebellum plays a central 

role in timing control. It was suggested that the lengthening of RT might be the result of loss 

of excitatory feedback from the cerebellum to the motor cortex. The patients not only took 

longer to initiate movement but the movements were slower than normal, keeping in line with 

the well-documented prolongation of RTs and slowness of movements in human cerebellar 

disease (Hallett et al. 1991; Hore et al. 1991; Bonnefoi-Kyriacou et al. 1995; Bastian et al. 

1996). Similar results were found in non-human primates with cerebellar dysfunction (Thach 

et al. 1995; Meyer-Lohmann et al. 1977; Trouche et al. 1980). The slowness of our patients 
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may have been partly due also to the instructions, which emphasized accuracy over speed. 

However, this is unlikely to be the main cause of slowness given the results of Bastian et al. 

mal for all 3 instructions. Nevertheless, Bastian et 

re the reaching of the target. They may have 

d healthy subjects may be due 

(1996). In their experiments, subjects were asked to produce movements which were (i) slow 

and accurate, (ii) fast and accurate, or (iii) as fast as possible with no constraint on accuracy. 

Cerebellar patients moved slower than nor

al. (1996) interpreted the slowness as a possible compensatory strategy, and this may also 

have been the case in the present study. Thus, moving at a slower speed may reduce or 

minimize other motor deficits. 

A number of spatial abnormalities were observed in our patients group. The spatial paths of 

the fingertip were more circuitous than normal, leading to longer path lengths. This has been 

described previously for arm movements of monkeys following cerebellar ablation (Gilman et 

al. 1976) and for human subjects with cerebellar disease (Bastian et al. 1996). Inaccuracy was 

present in two forms: increased spatial variability between paths to the same target, and the 

appearance of constant errors at the end of movement when moving in darkness. Constant 

pointing errors have also been observed previously in monkeys after dentate nucleus cooling 

or ablation (Beaubaton and Trouche 1982). In all patients, most of the kinematic and kinetic 

movement parameters differed significantly from the reference values of the control group. 

Small squiggles or wobbles appeared exclusively in the slow without-vision movements and 

there mainly in the deceleration phase, befo

resulted from a disorder in movement correction due to a general deficient integration of 

sensory information. They would thus only appear in movements, which are slow enough to 

enable corrections. The number of calculated direction changes was taken as indicator for this 

kind of movement disorder.  

The differences between the movement patterns in patients an

to disruptions in inter-joint coordination reflecting a deficit at the central level of motor 

control. The right hemisphere is thought to play a greater role in the fine temporal resolution 

needed for rapid complex movements (Haaland and Harrington 1989) whereas the left 

hemisphere in the integration of sensory information with movement control and in the 

selection of an appropriate motor program (Goodale et al. 1988). A further analysis of these 

deficits is difficult. Studies of single jointed movements have revealed several parameters that 

the cerebellum may control, including timing and/or amplitude scaling in the agonist, 

antagonist, or both muscle groups. However, no single deficit can be generalized across 

studies to explain the different features of ataxia. Cerebellar damage appears to disrupt 

 - 116 -



-----------------------------------------------------------------------Chapter 5. General discussion  

different aspects of a movement depending on task conditions. The one common feature is 

that the movement deficits were always attributed to an imbalance of agonist-antagonist 

activity. 

In the spatial domain, the difference between the vision and no-vision condition was most 

apparent towards the end of the movement. With vision the variability between paths was 

reduced as the target was approached and constant errors at the end of movement were 

eliminated, which was obviously not the case without vision. In the latter situation, the motor 

instructions to the arm must be either completely determined before movement start or 

ovements without vision, because the motor instructions to the 

adjusted during movement according to the memorized target location. This internal 

representation can then be used to compute the appropriate muscle activity to take the finger 

to the target. The movement errors may arise from errors occurring within these preparatory 

processes. We assume that they result from an impaired multi-joint coordination related to a 

deficient movement planning or a constant error in the execution of the movement plan, 

rather than to errors in movement correction. It was also suggested that patients with 

cerebellar disorders have difficulties in scaling muscle activity to overcome inertial 

characteristics of the limb and to oppose or assist torques that are caused by other linked 

segments (Bastian et al. 1996). 

The end point error can reflect either a disorder in movement preparation, when the patients 

pointed consistently to the same wrong position (wrong end point coordination) or a 

deteriorated movement execution, when the spread of the end points was larger than normal 

(dysmetria as a consequence of impaired multi-joint coordination leading to target under- or 

overshoot or impaired integration of somatosensory information). An increased end point 

error is expected in the slow m

arm must be either completely determined before the movement start or they must be adjusted 

during the movement according to the memorized target location (Day et al. 1998).  

We do not know how the nervous system encodes final arm position. In the “fast” condition, 

the delay between the onsets of agonist and antagonist activity becomes so small that 

feedback from the peak acceleration would “arrive” too late to “correct” the antagonist 

activity in time, which could lead to an increase in the overshoot. In the framework of the 

equilibrium point hypotheses, the CNS is proposed to specify a “virtual” trajectory (Flash et 

al. 1987) or an “equilibrium” trajectory (Adamovich et al. 1997), along which the equilibrium 

will move. 
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It has long been suspected that cerebellar kinematics movement abnormalities are more 

pronounced when subjects perform fast movements as opposed to slow ones (Hallett and 

Massaquoi et al. 1993; Hallett et al. 1991; Holmes et. al. 1939; Hore et al. 1991; Massaquoi 

ncreased accuracy. We suppose that as a result of the ability to 

ther and 

ents are performed more consciously (Lang and Bastian 2001). 

 

and Hallett 1996; Meyer-Lohmann et al. 1977). However, the suspected relationship between 

movement velocity and kinematics abnormalities has not been studied systematically. 

Massaquoi and Hallett (1996), in their detailed study of the initiation of planar multijoint 

movements, observed that the deviation from linear hand pathways was more pronounced 

with fast movements than slow ones. In contrast, in their recent study of multi joint pointing 

movements in cerebellar ataxia, Bastian and colleagues (1996) compared kinematics 

movement variables during slow-accurate and fast-accurate reaching movements and found 

that the curvature of the patients movements as measured by the ratio of target distance and 

the path the hand travelled during the movement was similar or even slightly larger if subjects 

performed slow-accurate movements rather than fast-accurate movements.  

The fast arm and leg movements showed a general increase in movement velocity, what was 

interpreted as improvement in movement coordination. It would also be possible that the 

patients had reduced a compensatory strategy, which had caused a general slowing down of 

the movements for the sake of i

increase movement speed, the patients corrected less during movement execution and 

adjusted less towards its end what resulted in straighter paths and increased end point 

variability. 

The current study demonstrates that the climbing wall training improved the motor 

performance in all the patients although they had various types of cerebellar disorders. During 

the climbing training it was noticed that the patients were able to increase the velocity of 

specific movement sequences within one training session when practiced several times in 

succession. In the course of the training period, the movement paths became smoo

fewer corrections were necessary towards the end of the movements to reach the climbing 

grips. These observations support the assumption that the patients were able to improve motor 

coordination. It seemed that the patient had to coordinate the movements more consciously 

than healthy subjects, that the memory of the initial movement task disappeared very quickly 

and that the patient, therefore, depended much on external feedback. Similarly, it has been 

suggested that the automaticity of movements in patients with cerebellar disorder is disturbed 

and movem
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